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with respect to the accuracy, completeness, or usefulness 
of the information contained in this report, or that the use 
of any information, apparatus, method, or process disclosed 
in this report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for 
damages resulting from the use of any information, apparatus, 
method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee 
of such contractor, to the extent that such employee or contractor 
of the Commission, or employee of such contractor prepares, dis­
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such contractor. 
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HAZARD SUMMARY REPORT FOR THE 
ARGONNE AGN-201 REACTOR 

by 

K, C. Ruzich and W, J, Sturm 

1, INTRODUCTION 

The AGN-201 Reactor was designed and built by Aerojet-General 
Nucleonics, San Ramon, California, The reactor was intended for use in 
education, r esea rch , medical diagnosis, and industrial process control. 
The design cr i te r ia were intended to provide low cost, maximum safety, 
portability, and high sensitivity, A large number of AGN-201 reac tors 
a re presently being used for nuclear education at universi t ies throughout 
the United States, 

The AGN-201, Serial Number 108, was installed at the International 
School of Nuclear Science and Engineering, Argonne National Laboratory, 
in the Summer of 1957, The reactor was then operated for severa l months 
under Aerojet-General Nucleonics supervision by special a r rangement 
between this company, Argonne National Laboratory, and the Atomic Energy 
Commission, In November of 1960, approval for operation of the reactor 
under Argonne supervision was obtained from the AEC, The reactor serves 
as a training and r e s e a r c h facility at the International Institute of Nuclear 
Science and Engineering, It is operated by trained members of the staff, 
and the Argonaut Responsible Reactor Supervisor directs the operation of 
the reactor as part of the Institute 's reactor training program. 

The AGN-201 reactor is located in Building D-24 in the east section 
of the Laboratory, This building also contains a number of experimental 
training facilities including three exponential assembl ies . Figure 1 is a 
diagram of the building floor plan. Locating the reactor in this building, 
which is adjacent to the Argonaut Reactor Building, makes the training r e a c ­
tor facilities of the International Institute a compact unit (see Figure 2), 

A number of additional modifications have now been made on the 
reactor both for safety purposes and convenience of operation. Locks have 
been placed on the glory hole to prevent unauthorized insertion or removal 
of ma te r i a l s . Two locks a re present on the thermal column tank bolts to 
prevent unauthorized removal and subsequent access to the core, A read­
out mete r for period measurement has been installed. Elec t r ica l changes 
have been made to prevent calibration of a flux indicator during operation 
of the reac tor . This was required because, previously, calibration of the 
indicators rendered the high- and low-level t r ips on as many as two 



detecting channels inoperative during the calibration, A positive current 
source has been installed for the purpose of checking out the cur ren t -
reading instruments prior to reactor operation. A neutron source drive 
mechanism has been placed in access port number two. This mechanism 
allows the reactor operator to drive the neutron source out of the reactor 
automatically when prescribed during the course of a reactor operation. 

Fig, 1, Floor Plan of Building D-24 

ARGONAUT 

^ 

eUlLDING 2i 

BUILDIHWSA 

o 
SCALM,. >20f... 

Fig- 2, IINSE Reactor Build 
m g s 



II. SUMMARY OF AGN-201 HAZARDS REPORT* 

The Hazards Summary Report for the AGN-201 reactor by the 
Aerojet staff covers the essential charac ter is t ics of the facility. The fol­
lowing is in part a summary of that document. Only the pertinent topics 
a re summarized, and no additions or modifications a re made. Since this 
report will be distributed to individuals participating in the Institute, the 
summary of the pertinent topics has been made as complete as possible. 

A. Physical Description of the Facility 

The AGN-201 is an industrially manufactured, homogeneous, ther­
mal reactor . It is polyethylene moderated, graphite reflected, and shielded 
by lead and water. The reactor operates at a power level of 100 milliwatts. 
The amount of fuel available res t r i c t s the reactivity which can be loaded 
into the reactor to 0,25% at normal operating temperature . 

1, Reactor Unit (Figure 3) 
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AGN-201 Reactor Unit 

*Aerojet-General Nucleonics Staff, Hazards Summary Report for 
the AGN-201 Reactor, Report Number 23, Revised 1 April 1959, 



a. Core 

The AGN-20 1 c o r e is m a d e up of a s e r i e s of c i r c u l a r d i s c s 
formed f rom a m i x t u r e of polye thylene and UO2. The c o r e con t a in s 20% 
enr i ched UO^ and has a c r i t i c a l m a s s of a p p r o x i m a t e l y 650 g m of U^^', The 
co re conf igurat ion is a p p r o x i m a t e l y a 25 x 2 5 - c m r i g h t c y l i n d e r . E a c h of 
the four bot tom d i sc s has four ho l e s , two for sa fe ty r o d s and two for the 
cont ro l r o d s . The g lo ry hole, which is a - i^- in , - ID t h r o u g h hole , p a s s e s 
through the cen te r of the c o r e , 

b. Core Tank 

The core and p a r t of the g r a p h i t e r e f l e c t o r a r e con ta ined 
in a gas - t i gh t a luminum (65-mi l ) tank. The tank has r e - e n t r a n t t h i m b l e s 
in i ts base into which four con t ro l and safe ty r o d s a r e i n s e r t e d . The c o r e 
tank may be cons ide r ed to be made of an upper and lower s ec t i on , s e p a r a t e d 
by an a l u m i n u m baffle pass ing th rough the fuel cy l inde r in the s a m e p lane 
as the g lory hole. A c c e s s to the co re is gained t h r o u g h the d e t a c h a b l e top 
and bot tom cover p l a t e s . The c o r e tank and i ts con ten t s a r e s k e t c h e d in 
F i g u r e 4, 
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Fig, 4, AGN-201 Core Tank and Contents 



c. Fusing System 

The lower section of the core tank contains one-half of the 
core mate r i a l as well as a cylindrical section of graphite reflector. This 
half of the assembly is supported by an aluminum tube hanging from a 
polystyrene fuse link which, in turn, is supported by an aluminum rod which 
is screwed into the bottom cover plate of the core tank. The polystyrene 
fuse, which supports a load of about 15 kg, is designed to soften at lOO^C, 
The fuse has a fuel density of 108 m g / c m , which is twice that of the core. 
Because of this high fuel density and because of the central position of the 
fuse, it is expected that the fuse will soften before the res t of the core. 
In the event of an accidental runaway, the lower section of the core will 
drop 2 in. to the bottom of the core tank. The separation of the core reduces 
the reactivity by 5 to 10 percent, hence rendering the reactor subcrit ical , 

d. Reflector 

The reflector consists of 20 cm of high-density graphite 
on all sides of the core. Holes a re provided for the glory hole, the two 
safety rods, the two control rods, and the four access ports , 

e. Reactor Tank 

The lead shield, reflector, and core a re enclosed in and 
supported by a ^ - i n , wall steel tank, A removable top cover is provided. 
This tank acts as a secondary container for the core tank assembly and, 
with the glory hole and access ports closed, is gas tight. The upper portion 
of the reactor tank contains a removable " thermal column tank" which can 
be filled with graphite or water, 

f. Shielding 

Ten cent imeters of lead, which is contained within the 
reactor tank, completely surround the graphite reflector. This serves as a 
gamma shield for the core . The water tank is the third and outermost tank. 
It is constructed of steel and is 6-5-ft in diameter . When filled, the tank 
contains approximately 1,000 gal of water and affords 55 cm of shielding 
for the fast neutrons. In order to limit the production of capture gammas 
in the water, boric acid can be added at a concentration of 6 gm/ l i t e r . This 
will reduce the gamma level at the surface of the tank by approximately 
one-ha If, 

Radiation levels at the surface of the shielding have been 
thoroughly measured at 100-milliwatt operation. Assuming a dosage of 
7,5 m r e m / h r as the weekly tolerance for 40-hr exposure, it was found that 
the only position above tolerance was around the tank skirt (base of the 
reac tor ) . The exposure was found to be 120% of tolerance, but, since full 
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body i r r a d i a t i o n at this locat ion would be diff icult to obta in , th i s was not 
cons ide r ed a p rob l em. If g r aph i t e is p l aced in the t h e r m a l c o l u m n tank 
ins t ead of wa te r , a high r ad ia t ion l eve l does e x i s t a t the top of the r e a c t o r 
(730% of t o l e r ance ) , 

g. Safety and Cont ro l Rods ( F i g u r e 5) 

The AGN-201 has two safe ty and two c o n t r o l r o d s . T h r e e 
of these , the two safety and the c o a r s e c o n t r o l r o d s , a r e i d e n t i c a l in d e ­
sign although the i r functions a r e d i f ferent . E a c h con t a in s about 14,0 g m of 
U in the form of fuel sea led in a l u m i n u m c a p s u l e s and o p e r a t e s in a 
manner such that the r eac t i v i t y is i n c r e a s e d a s the rod is i n s e r t e d . The 
amount of r eac t iv i ty each rod c o n t r o l s is n e a r l y p r o p o r t i o n a l to the a m o u n t 
of contained fuel, A rod containing 14,2 g m of U"^ c o n t r o l s about 1,6% r e a c ­
tivity. The fine cont ro l rod is s m a l l e r in d i a m e t e r and is loaded n o r m a l l y 
to cont ro l about 0,15% reac t iv i ty . 

^ 

-̂-T ĵia 

CHAIN DRIVE 

LEAD SCREW 

Fig. 5, AGN-201 C o n t r o l Rod A s s e m b l y 
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The rods a re driven into the core by revers ib le DC motors through lead 
screw assembl ies which a re controlled by switches at the control console. 
The lead screws a re coupled to the coarse and safety rods through an 
electromagnet . This allows decoupling when the sc ram signal is received. 
The fine rod is driven in like manner but without the magnetic coupling. 
The total distance of t ravel of each rod is 25 cm. In the out position, the 
active fuel in the rod is just inside the lead shield and partially in the 
graphite reflector. The maximum rate of t ravel inward is 0.46 c m / s e c . 
The speed of t ravel yields a maximum reactivity change of 3 x 10~* s e c " ' 
for the coarse rod. The safety system is a "fail safe" design in that the 
scram signal opens the holding magnets, allowing the rods to be accelerated 
outward by both gravity and spring loading. The total withdrawal time is 
estimated to be 150 ms for the safety and coarse rods. The fine rod is 
automatically driven out until it is in its outermost position. 

2. Reactor Instrumentation and Controls 

a. Instruments 

The reactor has two BFj ionization chambers and one 
cadmium-covered BF3 proportional counter, all of which are located in the 
water tank just outside the lead shield. These detectors a re connected, 
respectively, to a logarithmic mic romic roammete r , a linear mic romic ro -
ammeter , and a pulse amplifier and count rate meter located on the reactor 
console. Each indicator is connected to a sensi t rol relay for high- and low-
level t r ip purposes . Any one of the three neutron-flux indicators may be 
selected to be recorded on a s t r ip chart r eco rde r . 

b. Scram System 

The flux-level s c ram is described as follows. The three 
instrument outputs a re each fed to a sensi trol relay which is set at 
desired high and low sc ram levels. When these levels a re reached, the 
relay closes and is held by its permanent magnet. This action interrupts 
the cur ren t to the safety and coarse control rod magnets and t ransfers 
the magnet power supply to actuate sc ram a la rm. The rods drop into their 
down position, the s c r a m light appears on the console, and an a l a rm bell 
r ings. An annunciator light also appears , which indicates which instrument 
initiated the sc ram. 

Scrams also resul t from low level of shielding water, low 
reac tor t empera ture (falls below 16°C), earthquake, main power failure, 
or manual s c ram. 

c. Startup 

The main switch and circuit breaker inside the rea r of the 
console is closed. The operator turns on an ignition-type lock which closes 
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the power switch. The rod carr iages a re then driven out to their down 
positions if necessary. If the shielding water level and tempera ture a r e 
up and the earthquake switch closed, the "Interlocks OK" indicator l ights. 
In'addition, the interlock light indicates that the cable connections to the 
rods are correctly connected. If none of the sensi t rol relays a re closed, 
the operator may then energize the holding magnets for the safety and 
coarse control rods. First , the number one safety rod is ra ised to its 
upper position. Next, the number two safety rod is fully inserted. After 
these steps have been completed, the control rods may be moved. Both 
the coarse and fine control rods have two speeds of insert ion. The slow 
speed is available for convenience in reproducing rod positions and adjust­
ing reactor power. The control positions a re indicated to the neares t 
0,01 cm on the console indicator, 

B, Nuclear Characteristics and Safety Considerations 

1, Safety Considerations during Nuclear Runaway 

To evaluate the safety charac te r i s t ics of the AGN-201 Reactor, 
a nuclear excursion resulting from a 2% instantaneous increase of reactivity 
is considered. The reactor would have a period of about 10 ms . The excur­
sion would last from 200 to 220 ms, at which time the average temperature 
rise of the core (approximately 70''C) would be sufficient to stop the reactor 
because of core expansion. The tempera ture at the center of the core would 
rise to about 110°C, Since the fuel mater ia l is exposed to about 5 megarep 
of ionizing radiation during fabrication, the polyethylene will not melt below 
about 200°C, During the excursion a peak power of about 54 Mw is reached, 
and the total energy released is 1,7 Mjoule, It is expected that all the fis­
sion products released would be contained in the core and reactor fluid-tight 
metal tanks. To insure that the system does not remain in a nea r -c r i t i ca l 
state (if there is also a failure to scram), the thermal fuse which melts at 
100°C will drop the lower half of the core to the bottom of the core tank, so 
that the reactor becomes subcrit ical. The total radiation dose to a person 
next to the reactor would be approximately one rem. If a loss of shielding 
water preceded the excursion, personnel next to the reactor would receive 
an exposure of about 200-300 rem of fast neutrons. 

The total elapsed time between a neutron-induced signal from 
an ion chamber and a 2% decrease of reactivity from the resulting s c r am­
ming of the safety rods may be as long as 300 ms . This breaks down to 
about 250 ms for the electronic c i rcui t ry and 50 ms for the necessa ry safety 
rod travel. Periods in excess of 30-50 ms will be adequately a r r e s t ed by the 
scram system. Periods of this magnitude are initiated by a react ivi ty in­
crease of about one percent. 
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2, The Criticality Experiment 

Three people, to include one reactor operator and the Reactor 
Supervisor ,* will be the minimum number of personnel required for conduct­
ing a cr i t ical i ty experiment. The Supervisor shall have the overall respon­
sibility for the safe conduct of the experiment. All the data, taken for the 
purpose of determining how much nuclear mate r ia l is to be added to the core, 
shall be processed independently by two people. The addition of mate r ia l at 
each step shall not exceed one-half of the est imated remaining amount r e ­
quired for cri t icali ty, except at the final steps where 5 to 6 gm of U has 
been taken as the maximum safe amount to add. 

The experiment is initiated by loading the core with dummy fuel 
(pure polyethylene), A small neutron source is brought near each of the flux-
monitoring detectors to demonstrate operability and to cause a sc ram. Addi­
tional neutron detectors a re placed in the access ports and water tank. The 
source is placed in the glory hole near the core, and the positions and sens i ­
tivities of the additional detectors , as well as the exact location of the source, 
a re adjusted to insure rel iable counting ra tes when high multiplications a re 
achieved during the approach to cr i t ical . After proper positioning, an 
unmultiplied count for the system is taken from each instrument. 

The approach to cr i t ical is carefully followed. For each step, 
three multiplied counts from each neutron detector a re taken: 

(1) al l rods out; 
(2) control rods out, safety rods in; 
(3) control rods in, safety rods in. 

The rat io of multiplied to unmultiplied counts gives the neutron multiplica­
tion, the rec iproca l of which is plotted versus mass of U at each step. 
Extrapolation to a rec iproca l multiplication value of zero gives a se r ies 
of increasingly more accurate es t imates of the cr i t ical mass as the core is 
built up,** The initial loading for the multiplication experiment is the 
complete lower half of the core . 

After cr i t ical i ty has been reached, it is necessa ry to calibrate 
the power level, cal ibrate the control and safety rods, measure the t empera ­
ture coefficient of reactivity, and evaluate the shield, T 

*At ANL, this person is designated the "Responsible Reactor 
Supervisor ," 

**For a further discussion on the multiplication experiment, see: 
Glasstone and Edlund, The Element of Nuclear Reactor Theory, 
Van Nostrand (1952), page 221, 

t in A. T. Biehl et al . . Elementary Reactor Experimentations 
(Oct 1957) a re given the methods used to cal ibrate or measure 
these factors . 
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3. Opera t ion of the AGN-201 R e a c t o £ 

a. G e n e r a l Safety R u l e s 

(1) Two people sha l l be p r e s e n t when the r e a c t o r i s 
s t a r t e d up, one of whom m u s t be a qual i f ied r e a c t o r o p e r a t o r . 

(2) A log book sha l l be kept of a l l r e a c t o r o p e r a t i o n s . 

A p r e - s t a r t u p check l i s t sha l l a l s o be e m p l o y e d . 

(3) The n e u t r o n s o u r c e s h a l l be in the r e a c t o r a t l e a s t 

dur ing each s t a r t u p p r o c e d u r e . 

(4) The r e a c t o r s h a l l not be o p e r a t e d if a n y of the i n s t r u ­
m e n t s or c o n t r o l s a r e not functioning p r o p e r l y , 

(5) E x c e s s r e a c t i v i t y a v a i l a b l e s h a l l be l i m i t e d to 0,25 pe r ­
cent , which g ives r i s e to a p e r i o d of about 15 s e c , 

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

(1) O p e r a t o r s i gns the log book, u n l o c k s the m a i n power 
swi tch and the c o n t r o l c o n s o l e , and s t a r t s the c h e c k l i s t , * 

(2) A v i s u a l i n s p e c t i o n of the r e a c t o r i s m a d e . E a c h 
r e l a y is checked and se t a t s c r a m l e v e l , and a n e u t r o n s o u r c e is b rough t 
n e a r each n e u t r o n d e t e c t o r to i n i t i a t e a t e s t s c r a m . 

(3) M e t e r r e a d i n g s a r e r e c o r d e d for e a c h of the i n s t r u ­
m e n t s with s o u r c e in the r e a c t o r and out , and a r e c o m p a r e d wi th the 
p r e v i o u s s t a r t u p da ta . 

(4) Safety r o d s a r e i n s e r t e d one a t a t i m e and s c r a m m e d 
by m e a n s of the m a n u a l s c r a m bu t ton . 

(5) The sa fe ty r o d s a r e f i r s t i n s e r t e d , then the c o a r s e 
c o n t r o l rod is s lowly d r i v e n in to the c o r e , whi le the count ing r a t e i s 
ca re fu l ly m o n i t o r e d , 

(6) The fine c o n t r o l r od is u sed for the f inal c r i t i c a l i t y 
a d j u s t m e n t . M e t e r r e a d i n g s a r e r e c o r d e d p e r i o d i c a l l y , 

(7) The r e a c t o r i s shu t down by se t t ing the s c r a m power 
l eve l l e s s than the a c t u a l p o w e r . T h i s s e r v e s to t e s t the h i g h - l e v e l - t r i p 
sa fe ty s y s t e m . M e t e r r e a d i n g s a r e t aken ; the r e a c t o r e l e c t r i c a l p o w e r 
swi tch a t the c o n s o l e and the m a i n power swi tch a r e t u r n e d off and locked . 

* A e r o j e t - G e n e r a l N u c l e o n i c s , The AGN-201 R e a c t o r M a n u a l O p e r a t i o n r o j 



C, Summary of Appendices 

1. Assembly Drawing of the AGN-201 Reactor 

Cf. Reactor Hazards Summary Report for the AGN-201 Nuclear 
Reactor , by the AGN staff, AGN-23, Revised April 1, 1959-

2. Core Fabrication Procedures for the AGN-201 Reactor 

Cf. Reactor Hazards Summary Report for the AGN-201 Nuclear 
Reactor, by the AGN staff, AGN-23, Revised April 1, 1959. 

3. P re l iminary Test - Control and Safety Rods* 

ABSTRACT 

In the rod sc ram test it was found that the control 
rod scrammed essential ly as calculated in the sc ram design 
calculations. The overall sc ram time was found to be ap­
proximately 150 ms , with the first 5 in, of t ravel taking 
88 ms, Curves give the complete resul ts in graphical form, 

a. Purpose 

It was the purpose of the control rod sc ram test to de ter ­
mine the s c r a m rate of the control rod assembly itself. 

b. Equipment and Wiring 

Figure 6 shows the e lect r ical wiring of the test setup, A 
general description of the equipment follows: 

The control rod assembly and slide wire assembly were 
rigidly bolted in a ver t ica l position to a jig fixture. The control rod 
assembly (control rod, magnet, motor drive, dash pot, springs, capsule, 
thimble, etc.) was complete, including a wood cylinder used to mock up 
the polyethylene and graphite components in the capsule. The slide wire 
assembly consisted of an insulating rod used to support the nichrome slide 
wire and two b rass s t r ips used as a slide to grip the slide wire. The 
slide, bolted to and insulated from the magnet plate, was lined up so that 
it would move down the slide wire and pick off a voltage proportional to 
its distance from the starting point. This voltage was placed on the 
ver t i ca l scale of the oscilloscope. Thus the voltage vs time curve obtained 
on the scope gave the displacement vs time curve desired. 

*See Reactor Hazards Summary Report for the AGN-201 Nuclear 
Reactor , by AGN staff, AGN-23, Revised April 1, 1959, 
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•«POWER SUPPLY 

© 

, SCOPE PROBE TO SEE DC 

I VOLTAGE CHANGE ACROSS 

NICHROME RESISTANCE WIRE 

AS A FUNCTION OF TIME 

Fig, 6, Wir ing Sketch (Rod S c r a m T e s t ) 

D i s c u s s i o n 

The s c r a m data p r e s e n t e d in F i g u r e s 7 and 8 have been 
c o r r e c t e d for the t r a n s i e n t effect of the c o l l a p s i n g m a g n e t field and w e r e 
ver i f ied by the fact that s u c c e s s i v e r u n s gave r e p r o d u c i b l e r e s u l t s . F r o m 
ana lys i s of this c u r v e , it is a p p a r e n t tha t m a g n e t d e l a y is a p p r o x i m a t e l y 
20 m s . This de lay was obta ined when the m a g n e t was o p e r a t i n g a t 35 ma 
or 120% of the m i n i m u m c u r r e n t r e q u i r e d to s u p p o r t the c o n t r o l rod a t the 
upper s top . The f i r s t 5 in. of t r a v e l is r e a s o n a b l y a p p r o x i m a t e d by a con­
s tant 5-g a c c e l e r a t i o n . The l a s t 5 in, of t r a v e l show the d e c e l e r a t i o n 
effect of the d a s h pot. 

TIME (MILLISECONDS) 

Fig , 7, C o a r s e and Safety Rod Reac t iv i ty 
D e c r e a s e vs T ime 
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Fig, 8 

Coarse and Safety 
Rod Scram 
Characteris t ic 

160 200 
TIME (MILLISECONDS) 

d. Conclusion 

The data described above give evidence that the initial 
design specifications have been approximated. However, the flexibility of 
the present design allows the use of a stronger spring in the control rod 
assembly, which will be incorporated to give a faster sc ram time, 

4. Nuclear Behavior of Core in an Accidental Runaway 

a. Evaluation of Energy Released during a Nuclear Runaway* 

ABSTRACT 

An evaluation of the energy released in a nuclear 
runaway accident in the AGN-201 has been made. For a 2% 
step increase in reactivity, about 1,7 Mjoules is calculated 
to be released, which is sufficient to heat the core about 
71°C, The peak power is about 54 Mw. 

(l) Introduction 

One of the principal problems in evaluating the 
AGN-201 reactor is the extent of the energy generated in an accidental 
nuclear runaway. In this problem, the assumption is made that a step 
increase in reactivity is imposed upon the system and the only source of 
limiting the excursion is the negative temperature coefficient. A discus­
sion of the problem is given in The Reactor Handbook - Volume I - Physics, 
and this general procedure is followed in this ana.lysis. 

*See Reactor Hazards Summary Report for the AGN-201 Nuclear 
Reactor, AGN-23, Revised April 1, 1959. 



As a first approximation, consider that a 2% step in­
crease above delayed critical is imposed upon the reactor . In order to 
bring the reactor to just critical again, there must be a tempera ture 
increase of 

Au = Ak/Cn 
0.02 

55°C 'T 3.6 X 10"* 

or an energy liberation of 

AE = (Au) Mc 

AE = 55 X 12000 X 0.55 = 3.7 x 10^ cal 

= 1.46 Mjoules 

Adynamic analysis indicates that approximately 1.7 Mjoules is actually 
released in such an accident. 

(2) Analysis of Accident 

Considering the time-dependent behavior of the 
neutron density, including one average group of delayed neutrons, one 
obtains for the time-dependent diffusion equations: 

Po - c^^e /3 
n = ^ n - - n + XC 

In . \c 

P = E = 2^nve(Vol) 

A E 
pc(Vol) 

Sjven 

(1) 

(2) 

(3) 

pc 

where 

n - neutron density (n/cm^) 

Po = excess reactivity (dimensionless) 

C T = temperature coefficient of reactivity (°C'') 

9 = temperature rise, (°C) 

I = effective neutron lifetime (sec) 
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/3 = f r a c t i o n of d e l a y e d n e u t r o n s ( d i m e n s i o n l e s s ) 

X = r e c i p r o c a l of the a v e r a g e m e a n l i f e t ime of the 6 g r o u p s of 
d e l a y e d n e u t r o n s ( sec ) 

C = a v e r a g e c o n c e n t r a t i o n of d e l a y e d n e u t r o n p r e c u r s o r s 

2 = m a c r o s c o p i c f i s s i o n c r o s s s e c t i o n ( c m " ) 

V = a v e r a g e t h e r m a l n e u t r o n v e l o c i t y ( c m / s e c ) 

e = e n e r g y p e r f i s s i o n ( w a t t - s e c / f i s s i o n = j o u l e s / f i s s i o n ) 

M = m a s s of c o r e (gm) 

p = d e n s i t y ( g m / c m ) 

c = spec i f i c h e a t c a p a c i t y ( w a t t - s e c / g m - ° C = j o u l e s / g m - ° C = 
c a l / g m - ° C ) 

Vol = c o r e v o l u m e ( c m ) 

E = e n e r g y ( w a t t - s e c o r j ou l e s ) 

P = p o w e r (wa t t s ) 

The so lu t i on to the coupled n o n l i n e a r d i f f e r en t i a l 
e q u a t i o n s ( l ) , (2), and (3) y i e l d s the n e u t r o n d e n s i t y (and thus the p o w e r and 
e n e r g y ) , the t e m p e r a t u r e , and the d e l a y e d n e u t r o n p r e c u r s o r d e n s i t y a s a 
funct ion of t i m e . S ince only a f i r s t i n t e g r a l of the e q u a t i o n s can be ob t a ined 
a n a l y t i c a l l y , a n u m e r i c a l f ini te d i f f e r e n c e m e t h o d wil l be u s e d in which 
e q u a t i o n s ( l ) , (2), and (3) b e c o m e 

" i+ j (t) = " i (t) + At 

C.^j (t) = Ci (t) + At 

Si+i (t) = e. (t) + At 

Po - C x S A A 
' * n , (t) - - ^ n ^ (t) + C ^ ( t ) X 

^ ni (t) - X C, (t) 

Sfve 

p c 
n i ( t ) 

T h e s e c a n be so lved a s func t ions of t i m e once in i t i a l v a l u e s for n, C, and 
9 a r e c h o s e n . The i n i t i a l v a l u e s and o t h e r p e r t i n e n t c o n s t a n t s in the c a s e 
of the A G N - 2 0 1 o p e r a t i n g a t 100 m i l l i w a t t s wi th a 2% s t e p i n c r e a s e in 
r e a c t i v i t y i n s e r t e d a r e : 

to = 0 

So = 0 

Co = 1 . 1 8 5 X 10"*"* a t o m s / c m ^ 

C-T. = 3 .6 X 1 0 " y ° C 
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P = 0.0075 

Zf = 0.074 c m " ' 

V = 2.22 X 10^ c m / s e c 

e = 76.6 X 10"'^ c a l / f i s s i o n 

e = 32.1 X 10"'^ w a t t - s e c / f i s s i o n 

no 
(P/Vol) _ J 58 X 10 n e u t r o n s / c m ^ 

Sfve 

X = 0.1 sec 

pc = 2 w a t t - s e c / c m ^ - ° C = 0.478 c a l / c m ^ - ° C 

f̂̂ ^ = 2.64 X 10"^ c m ' - ° C / s e c 
pc 

(3) D i s c u s s i o n of R e s u l t s 

(a) A s s u m p t i o n s 

It will be r e c a l l e d tha t in the above a n a l y s i s the 
following a s sumpt ions w e r e m a d e : 

1) At t i m e e q u a l s z e r o , a 2% s t e p i n c r e a s e in 
reac t iv i ty was i n s e r t e d with the r e a c t o r at 100 m w . 

2) At t i m e z e r o , the e n e r g y in the c o r e was 
negligible in c o m p a r i s o n with the e n e r g y l i b e r a t e d d u r i n g the a c c i d e n t . 
The re was no heat r e m o v e d f rom the c o r e d u r i n g the e x c u r s i o n . T h e s e 
a r e both v e r y r e a s o n a b l e a s s u m p t i o n s for the A G N - 2 0 1 . 

(b) R e s u l t s 

The n u m e r i c a l so lu t i ons ( s ee F i g u r e s 9, 10, and 
11) to equat ions ( l ) , (2), and (3) y ie ld 54.4 m w for the peak power a t 
t = 204 m s , a total ene rgy r e l e a s e of 1.71 Mjou les and a t e m p e r a t u r e 
r i s e of 71.3°C, as c o m p a r e d with the c r u d e p r e l i m i n a r y v a l u e s of 55°C 
and 1.1 Mjoules a r r i v e d at in Sect ion 1. 
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b. Heat Flow Out of UOz P a r t i c l e s into P o l y e t h y l e n e 

M o d e r a t o r * 

A B S T R A C T 

An evaluat ion of the hea t flow out of the UO^ p a r t i c l e s 
into the polyethylene m o d e r a t o r is m a d e for the A G N - 2 0 1 
r e a c t o r . It is shown that for 2 0 - m i c r o n p a r t i c l e s the hea t 
flows into the polye thylene in about 0.69 m s . The t e m p e r a ­
t u r e r i s e of the c o r e at 100-mw power is c a l c u l a t e d to be 
0.044°C in the s t eady s t a t e . 

(1) In t roduct ion 

At l eas t two heat flow p r o b l e m s a r i s e in the A G N - 2 0 1 

r e a c t o r ; these a r e 

(i) the r a t e of flow of hea t out of the UO2 p a r t i c l e s 
and into the polyethylene c o r e , and 

(ii) the s t e a d y - s t a t e t e m p e r a t u r e of the c o r e a t a 
100-rnw power level . 

The f i r s t p r o b l e m is i m p o r t a n t in c o n n e c t i o n wi th the 
evaluat ion of the nuc l ea r r u n a w a y a c c i d e n t , for the p a r t i c l e s i z e m u s t be 
sufficiently s m a l l so a s not to offer any d e l a y in the n e g a t i v e t e m p e r a t u r e 
coefficient of r eac t iv i ty . The object of the i n v e s t i g a t i o n of p r o b l e m (i) i s 
to show that 2 0 - m i c r o n p a r t i c l e s a r e s a t i s f a c t o r i l y s m a l l . The ob jec t of 
the second p rob l em is to show tha t the t e m p e r a t u r e r i s e in the c o r e is 
negl igibly smal l , 

(2) Rate of Heat F low Out of UO, P a r t i c l e s 

As a f i r s t a p p r o x i m a t i o n to the p r o b l e m , c o n s i d e r 
the r a t e of flow of heat out of a s p h e r i c a l p a r t i c l e of UO2, The t i m e -
dependent heat flow equat ion is then 

Cp~ = k V % + S (4) 

where 

C is the specif ic heat ( c a l - g m " y ° C ) 

p is the dens i ty (gm/cm^) 

u is the t e m p e r a t u r e (°K) 

*^^'^ Reac to r H a z a r d s S u m m a r y R e p o r t for the A G N - 2 0 1 N u c l e a r 
R e a c t o r , AGN-23, R e v i s e d A p r i l 1, I959, 
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k is the thermal conductivity (ca l /cm-°C-sec) 

S is the source (cal /cm -sec) 

The source S has been taken as uniform in space and a delta function in 
time at t = 0. An approximate solution may be easily found by assuming 
S(r) is in the normal mode; then, by separation of var iables , 

u ( r , t ) = u{7) T ( t ) (5) 

and Eq. (4) becomes 

1 6T 2 V'u 2 ,L^ 
Y ^ = a ^ p = -B (6) 

•where 

a^ = k /Cp 

The solution must then be of the equations 

- ^ + B^T = 0 (7) 
6t 

and 

V'u -f-^ u = 0 . (8) 

The time constant is then 

I / B ^ - R'/ir'a' . 

Time for Diffusion in UOz Par t ic les 

The constants for UO2 are 

k ~ 10'^ ca l / cm ' - °C- sec 

Thus, 

C = 0.03 cal /gm-°C 

p = 10 gm/cm 

a^ =: 3 X 10~^ cmYsec 

R = 10^ = 10 x 10"* cm 

I / B ^ ~ 0.034 X 10"' sec = 0.034 ms 
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Time for Diffusion in (CH2)n about Par t i c les 

The amount of uranium per cm is 250 mg, con­
tained in 284 mg UO2. The volume ratio is then 34.2 to one, or the 
elementary cell around each UO2 is approximately of 32.8-/i radius . 
Using 

k = 8 x 10"* ca l / cm ' - °C-sec 

C = 0.55 cal/gm- °C 

p = 0.92 gm/cm' 

R = 3.28 x 10"' cm 

a^ = 1.58 X 10"' c m ^ s e c 

for the polyethylene, we obtain 

I / B ^ = 0.69 X 10 ' ' sec = 0.69 ms 

Discussion of Diffusion in UO2 and (CH2)j.| 

Thus we see that the heat gets out of the UO2 
particles (of 20-/H diameter) in about 0.034 ms and then diffuses into the 
(CH2)ĵ  in about 0.69 ms. Thus most of the delay is due to the poor thermal 
conductivity ofthe(CH2)n. Equations (7) and (8) could be solved to yield a 
slightly more accurate answer, but the additional effort is probably not 
justified by the small increase in accuracy. 

(3) The Steady-state Temperature of the Core 

An estimation of the core tempera ture may be made 
in an analogous manner by considering Eq. (4) and assuming a boundary 
condition at the surface of the core. This boundary condition may be 
approximated by assuming the carbon reflector to be a good heat conduc­
tor, and of infinite heat capacity, such that, at r = R, u = Uj or room 
temperature. Then the steady-state equation is 

kV^u + S(r) = 0 . (9) 

A simple solution may be found by assuming (as is very nearly the case) 
that 

S(r) = So ^iiii . 



Then 

/ \ A sinvr 
'^('^^ = — ; — . (10) 

where 

V̂  = So/uflk 

By the boundary condition. 

Thus, 

where 

v"- = TTVR^ = SoAok 

So / R r 
"° ^ T l - j ' (11) 

^^ ~ \ ' 12,000 ~ 1 7 ^ lO ' ^wa t t s / cm 'o r ^ x 10 *ca l / cm ' - s ec 

With k = 8 X 10'* ca l /cm-°C and R = 12.9 cm, 

(12,9) ' 
-̂ ^ = 4 8 x 8 x ^ ' = ° - ° 4 ^ ° ^ • 

Thus the tempera ture r i s e of the core is 0,044°C at a power of 100 mw, 

c. Tempera ture Coefficient of Reactivity* 

ABSTRACT 

The tempera ture coefficient of reactivity is calculated 
for the AGN-201 reactor to be -3,6 x lO'^^C"', For a water 
boiler the comparable value is -3,0 x 10"*°C"'. 

(l) Introduction 

The tempera ture of the AGN-201 reactor will vary 
during normal operating conditions (due to variations in the ambient 
room tempera ture) as well as during an accidental nuclear runaway 
excursion. In both cases the change in temperature will cause a change 
in react ivi ty. The purpose of this section is to evaluate the magnitude of 
the t empera ture coefficient of reactivity. 

*See Reactor Hazards Summary Report for the AGN-201 Nuclear 
Reactor , AGN-23, Revised April 1, 1959-
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As a first approximation, one would expect a value of 
about - 3 X 10'* "C"', similar to a water boiler reactor , because of the s imi­
larity of the two types. This is reasonable since the coefficient of thermal 
expansion is not too dissimilar for water and polyethylene. In fact, the 
cubical coefficients of thermal expansion a re : 

Water @ 20''C = 2.07 x 10"* ° C ' ' 

Polyethylene @ 20°C = 5,4 x 10"* °C"' 

(2) Calculation Procedure 

In order to calculate the temperature coefficient of 
reactivity, we follow the method of Glasstone and Edlund,* assuming the 
AGN-201 is a bare thermal reactor. 

Nuclear Temperature Coefficients 

The change in cross sections as the reactor 
:hange in 

= T/TQ, then 

6p B^L^ 
"6e~~ • ~ 2 i r 

heats causes a change in reactivity. Assuming a^ = ci 9'^^, where 

(12) 

Since the U cross section varies nearly as v ' '" ' , the variation due this 
change is approximately 

Sp k , , 
^ ^ - —(i^-k)x , (13) 

where 

2 I 1,07^ 

' Density Temperature Coefficients 

The change in the density of the core will affect 
the leakage probabilities, which, in turn, changes the reactivity of the 
AGN-201, For an unconstrained system, the net change due to changes 
in L , T, and increased size is 

*S, Glasstone and M, C, Edlund, The Elements of Nuclear Reactor 
Theory, D, Van Nostrand Co., Inc., New York (1952) 



•5 P 4 k - 1 , , ^ , 

T T = - 3 - ^ ^ * (14) 

w h e r e a i s the c u b i c a l coef f ic ien t of e x p a n s i o n . 

E v a l u a t i o n of C o n s t a n t s 

An a p p r o x i m a t e e v a l u a t i o n of the c o n s t a n t s a r e 
a s fo l lows: 

B ' ~ ( 7 T / 2 0 ) ' cm"^ 

k =: 1.6 

V = 2.46 n / p i s s i o n 

L ' = 1.07 cm^ 

T h e s e t h e n y ie ld , for the t h r e e p a r t i a l t e m p e r a t u r e coe f f i c i en t s , 

- 1 ^ = - 0 . 8 2 5 X 10"^ ; -|;£- = - 0 . 2 8 x 10"* ° C " ' 12 
OD o T 

| | - = - 2 . 0 x 10-^ ; - 1 ^ = -0 .67 X 1 0 - * ° C - ' 13 
o y o i 

4 ^ = - 8 . 1 x 1 0 - ' ; | ^ = - 2 . 7 x 1 0 - * ° C " ' 14 
o f o 1 

o r a t o t a l of - 3 .6 x 10"* " C " ' 

In o r d e r to c h e c k t h i s , c o n s i d e r a w a t e r b o i l e r 
r e a c t o r w h e r e the p r i n c i p a l d i f f e r ence is in the coef f ic ien t of t h e r m a l 
e x p a n s i o n . By t h e s e s a m e e q u a t i o n s , 

- ^ = - 0 . 2 8 x l O " * ° C ' ' 12 
6T 

A E = - 0 . 6 7 X 1 0 - * ' ' C " ' 13 
6T 

- ^ = - 1 . 1 X 1 0 " * ° C - ' 14 
6T 

• ° c -

c o m p a r e d wi th a m e a s u r e d va lue of - 3 x 10" ° C " ' . Thus one m i g h t e x p e c t 
t he A G N - 2 0 1 e s t i m a t e of - 3.6 x 1 0 " * ° C " ' to be c o n s e r v a t i v e (low) if any th ing . 
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5, Radiation Levels of the AGN-201 Reactor 

Figure 12 shows the measured radiation levels at different 
positions in the reactor assembly during a 100-mw operation. 

N j : SLOW NEUTRON FLUX 

Np = FAST NEUTRON FLUX 

y -- CAMMA RADIATION 

TOL 1 0 0 % " 7 . 5 MREM/HR 

= WEEKLY TOLERANCE 

FOR 4 0 HOUR EXPOSURE 

H.O THERMAL C O L U M N 

I MR/HR 
•f 2 MR/HR 
TOL 4 0 % 

GRAPHITE THERM, COL, 
N j 10 NV 
Np 3 0 MR/HR 
y 18 MR/HR 
TOL 7 3 0 % 

I X 1 0 ' 

8 R / H R 

4,5 X l o ' 
~ 4 X I D ' 

R/HR 

1,5 X 1 0 * 

10 R/HR 

2 0 0 NV 
Np 1,5 MR/HR 

y 4 , 5 MR/HR 

TOL 8 0 % 

Np 7 ,5 MR/HR 
y 1,5 MR/HR 
TOL 1 2 0 % 

Fig, 12, Radiation Levels of the AGN-201 Reactor 
(100 mw Operation) 



III. PERSONNEL RESPONSIBILITIES AND REQUIREMENTS* 

A. Staff Organization and Responsibilit ies 

The operating staff of the AGN-201 reactor consists of the following 
categories of individuals: Reactor Supervisor and Reactor Operator. 

One Reactor Supervisor will be designated the Responsible Reactor 
Supervisor by the Director , IINSE. It will be his duty to coordinate the 
activities of the individuals involved in the operation of the facility. 

The Reactor Supervisor is a staff scientist or engineer who is , by 
training and experience, capable of understanding the reactor , can exercise 
judgment as to the safety of its operation, and can assume the responsibili ty 
for changes in the reactor system. He is appointed a Reactor Supervisor 
by the Director , IINSE, in a let ter to the Laboratory Director , which con­
tains a statement of his pertinent training and experience. 

The Reactor Operator is a Laboratory employee shown to be 
capable of operating the reactor according to the directions of the Reactor 
Supervisor. He is appointed a Reactor Operator by the Director , IINSE, in 
a let ter to the Laboratory Director , containing the recommendation of the 
Responsible Reactor Supervisor. One Reactor Operator will be designated 
the Responsible Reactor Operator. It is this individual's responsibility to 
a s su re that all operations are approved by the Responsible Reactor Super­
visor , that routine reactor operation is done within the precepts outlined 
in the Hazard Summary Report and the Operating Manual for the AGN-201, 
and that approved general laboratory procedures for work at a research 
facility be followed. 

In addition to the above, there exists the category of observer , 
which includes all individuals learning the propert ies of the reactor or 
using the reactor as a tool, as well as those who may be mere ly observing 
in the more s t r ic t sense of the word. The numbers of these people and 
their act ivi t ies shall be controlled by the Reactor Supervisor, consistent 
with the type of individual observing and the mode of operation of the 
reac to r . 

The safe operation of the reactor is the responsibility of the 
Reactor Supervisor , and it is his judgment that determines the action, if 
any, required in a given situation. He will review all operations and give 
the instruct ions to the Reactor Operator . The Reactor Supervisor will 
control the movement of fuel as well as of the pertinent reactor keys. He 
is expected to know and to follow the procedures and limitations set by the 
Summary Report on the Hazards of the AGN-201 Reactor. Any deviations 

^Operating Manual for the Argonaut Reactor, ANL-6036 (August 1959). 
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f rom th i s r e p o r t will be m a d e only with the p r o p e r r e v i e w s . He s h o u l d 
a l so keep the p r o p e r a u t h o r i t i e s i n f o r m e d of any m a t t e r s r e l a t e d to t h e 
r e a c t o r which m a y be of i n t e r e s t o r c o n c e r n to t he p r o p e r a u t h o r i t i e s , in 
a c c o r d a n c e with the pol icy and p r a c t i c e guide of t he L a b o r a t o r y . 

The safe ope ra t i on of the r e a c t o r is a l s o a r e s p o n s i b i l i t y of t he 
R e a c t o r O p e r a t o r to the extent tha t he fol lows the o p e r a t i n g i n s t r u c t i o n s 
given h im . It i s a l so h i s r e s p o n s i b i l i t y to d i s c o n t i n u e o p e r a t i o n s in t he 
event tha t , in his e s t i m a t i o n , an unsafe cond i t ion e x i s t s . 

B, Review of Ope ra t i ons and E x p e r i m e n t s 

It will be the r e s p o n s i b i l i t y of the R e s p o n s i b l e R e a c t o r S u p e r v i s o r 
to r ev iew each r e q u e s t for o p e r a t i o n and to m a k e a d e c i s i o n as to i t s sa fe ty 
or p r o p r i e t y . This dec i s ion m a y be r e f e r r e d to the p r o p e r a u t h o r i t i e s for 
r ev i ew before the o p e r a t i o n is p e r f o r m e d ; it m a y be m a d e wi th t he c o n s u l t a ­
t ion of one o r m o r e of the R e a c t o r S u p e r v i s o r s , o r L a b o r a t o r y s c i e n t i s t s in 
the ca se of a somewha t new type of o p e r a t i o n ; o r it m a y be m a d e wi thout 
consu l ta t ion of o the r indiv iduals in the c a s e of a r o u t i n e o p e r a t i o n o r d e ­
veloped e x p e r i m e n t . 

The ope ra t i on of the r e a c t o r i s p e r f o r m e d only a c c o r d i n g to the 
d i r e c t i o n s of the R e a c t o r S u p e r v i s o r . The d e g r e e of c o n t r o l e x e r c i s e d 
m a y va ry f rom being at the conso le du r ing a type of o p e r a t i o n which is 
new, to being a w a r e of the s t a t u s of the r e a c t o r in c a s e of a r o u t i n e o p e r a ­
t ion. In al l c a s e s , the r e a c t o r i s o p e r a t e d a c c o r d i n g to h i s i n s t r u c t i o n s 
and by his consen t . While the r e a c t o r is o p e r a t i n g , it wi l l be u n d e r the 
d i r e c t con t ro l of e i the r the R e a c t o r S u p e r v i s o r o r a R e a c t o r O p e r a t o r who 
is in such a locat ion that he is a w a r e of the s t a t u s of the r e a c t o r at a l l 
t i m e s and can effect the p r o p e r ac t ion at any t i m e . 

Whenever work is being p e r f o r m e d on or a r o u n d the r e a c t o r , t h e r e 
sha l l be a m i n i m u m of two p e r s o n s p r e s e n t , e a c h to be a w a r e of wha t the 
o the r is doing. 



IV. REACTOR SAFETY EVALUATION 

A. Charac te r i s t i cs of the System 

1. During normal operation, negligible amounts of fission 
products a re formed within the core and a large part of these a re con­
tained within the UO2 par t ic les . 

2. The core and reactor gastight tanks are the pr imary and 
secondary seals which will retain the gaseous fission products re leased 
during a nuclear runaway. 

3. The tempera ture coefficient of reactivity is negative and large 
in absolute value (~-3.0 x 10"* °C"'). 

4. The amount of available excess reactivity in a normal loading 
of the core is res t r i c ted to about 0.25%. 

5. The safety and control rod system is a "fail safe" design in 
that the sc ram signal opens the holding magnets, allowing the rods to be 
accelerated downward by both gravity and spring loading. 

B. Causes of Hazards 

1. Sabotage and Unauthorized Use of the Facili ty. 

A well-informed saboteur presents a most effective means of 
destroying the reactor system. The main reliance must be placed upon 
the enforcement of Laboratory security regulations. The same is some­
what t rue for an individual who t r i e s to operate the reactor without direct 
permiss ion from the Responsible Reactor Supervisor. By installing locks 
on the cr i t ica l components of the system and by adequate control of the 
keys to these locks, performance of an operation of this kind is made 
very difficult. It i s , of course , assumed that any person on the reactor 
staff who has access to these keys is aware of his responsibil i t ies and will 
never operate the reactor without authorization. 

2. Accidental Operating E r r o r s . 

In general , accidental e r r o r s that occur during the normal 
operation of the reactor will be rectified before the resulting hazards a r i s e . 
Interlocks insure that the proper procedure is followed during the star tup 
of the reac to r . Abnormal conditions caused by human e r r o r will auto­
matical ly shut the reactor down. Scrams can be initiated by the following: 

(a) Exceeding a maximum preset power level. 

(b) Placing the reactor on a period which is less than about 12 sec 
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(c) Lower ing of the sh ie ld ing w a t e r l e v e l . 

(d) L o s s of e l e c t r i c a l p o w e r . 

(e) P r e s s i n g the s e n s i t r o l r e s e t bu t ton . 

(f) Reaching a m i n i m u m p r e s e t p o w e r l e v e l . 

(g) Di sconnec t ing the e l e c t r i c a l c a b l e s to the s a f e ty and 
con t ro l r o d s . 

(h) P r e s s i n g the m a n u a l s c r a m bu t t on . 

The w o r s t p o s s i b l e h u m a n e r r o r t ha t can a r i s e i s t he a c c i ­
denta l i n s e r t i o n of f i s s ionab le m a t e r i a l into the r e a c t o r . E n t r y to t he 
c o r e can be gained th rough the top of the r e a c t o r by the r e m o v a l of the 
t h e r m a l co lumn tank or t h rough the 1 - i n . - d i a m e t e r g l o r y h o l e . 

Dur ing n o r m a l o p e r a t i o n the fuel loading is f ixed, the t h e r m a l 
co lumn wa te r tank is i n s t a l l ed , and the top c o v e r p l a t e i s l ocked in p l a c e . 
Hence , it i s e x t r e m e l y doubtful that a c c i d e n t a l i n s e r t i o n of f i s s i o n a b l e 
m a t e r i a l would occu r t h rough th i s e n t r a n c e . The g l o r y hole i s n o r m a l l y 
locked in any of t h r e e p o s i t i o n s : c l o sed , open, o r c l o s e d wi th a l u m i n u m 
plugs in p l a c e . The a c c i d e n t a l i n s e r t i o n of f i s s i o n a b l e m a t e r i a l in to the 
c o r e th rough this en t ry is t h e r e f o r e p o s s i b l e only when the l ock i s left 
open. The unava i lab i l i ty of f i s s ionab le m a t e r i a l in the g e n e r a l a r e a l i m i t s 
the chance of th is o c c u r r i n g . 

3. Equipment F a i l u r e . 

As far as p o s s i b l e , a l l e l e c t r i c a l and m e c h a n i c a l e q u i p m e n t 
has been des igned so that an equ ipmen t f a i l u r e wi l l c a u s e the r e a c t o r to 
shut down. In the event of an e l e c t r i c a l power f a i l u r e , the s a f e ty and 
c o a r s e con t ro l r o d s , which a r e held in p l a c e by e l e c t r o m a g n e t s , wi l l be 
r ap id ly e jec ted f rom the r e a c t o r c o r e . Any e l e c t r i c a l c a b l e f a i l u r e s wi l l 
a l so s c r a m the r e a c t o r . Since each of the sa fe ty and c o a r s e c o n t r o l r o d s 
has a r eac t i v i t y wor th of m o r e than 1%, any one rod can shut the r e a c t o r 
down under n o r m a l cond i t ions . 

T h e r e a r e t h r e e flux i n d i c a t o r s which m o n i t o r the p o w e r l e v e l 
of the fac i l i ty . Each is connec ted to a s e n s i t r o l r e l a y for h i g h - and l ow-
leve l t r i p p u r p o s e s . The r e a c t o r can be s c r a m m e d a u t o m a t i c a l l y even 
though as many as two t r i p c i r c u i t s fail s i m u l t a n e o u s l y . If a l l t he t r i p 
c i r c u i t s fai l , a shutdown can s t i l l be i n i t i a t ed by a c t u a t i n g the m a n u a l 
s c r a m . 

A ma jo r p r o b l e m would a r i s e if a l l the r o d s fa i l ed to s c r a m 
when the r e a c t o r power was r i s i n g . T h i s even t i s v e r y u n l i k e l y b e c a u s e 
ot the fail s a f e " des ign of the r o d s . The r e s u l t i n g h a z a r d s a r e a n a l y z e d 
below m P a r t C. o i 
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C. Hazards due to Accidental Operating E r r o r s and Equipment Fa i lure . 

1. An increase in the radiation level can a r i se if the shielding 
plugs and covers a re not in place. A visual inspection of the shielding is 
required in the checkout procedure . If the opera tor ' s inspection proves 
inadequate, the a rea gamma monitor will detect the e r ro r . 

2. If the reactor is operated without water in the shielding tank 
at 100-mw power, the radiation level just outside the reactor tank will be 
about 10 m r e m / h r of gamma rays and about 50 m r e m / h r of fast neutrons.* 
Although the radiation levels a re above the permiss ible level, the hazards 
are obviously far from acute. It is doubtful that the loss of the shielding 
water would not be detected during the checkout procedure. A shielding 
water level switch, included in the interlock system of the reactor , prevents 
operation of the reactor when the water level has dropped. 

3. If the control rods a re accidentally inserted after the operating 
power is reached, the power will r i se with a period of less than 15 sec. 
The reactor would then sc ram after a preset upper power level on the 
logarithmic channel or count rate meter is reached. If the scram mecha­
nism did not function properly, the reactor power would r ise until the negative 
t empera ture coefficient reduced the reactor to a "just cr i t ical" state at 
some high power. When the rods are fully inserted, approximately 0.25% 
of reactivity is placed into the system. Since the temperature coefficient 
of reactivity is about -2.5 x 10"*/°C, the equilibrium tempera ture reached 
at the higher power level will be about 10°C over room tempera ture . This 
will correspond to a fission rate of approximately 10 watts, a factor of 
100 above the normal operating power.** The radiation level at the least 
advantageous position adjacent to the tank would be approximately 9 0 0 m r / h r . 
This radiation level is indeed excessive, but it is inconceivable that it 
would go undetected for any length of t ime. 

D, Hypothetical Maximum Accident 

The accidental insertion of fissionable mater ia l into the core through 
the glory hole could produce a major accident. The hazards involved would 
be dependent upon the amount of fissionable mater ia l inserted, and the in­
ser t ion speed of the ma te r i a l . The hypothetical maximum conceivable 
accident occurr ing, which could hardly be called an "accident," would be 
the inser t ion of Argonaut-type fuel. The volume of the glory hole through 
the core is about 115 c m \ The volume of an Argonaut fuel plate, which 
contains about 20 gm U"=, is 106 c m \ The reactivity worth of a gram of 
U"^ ranges from 0.1% at the center of the core to 0.036% at the surface.** 

*A. T. Biehl et al . . Elementary Reactor Experimentations (Oct 1957), 

p. 21. 

**ibid., p. 99. 



34 

If it is a s s u m e d that the a v e r a g e w o r t h of a g r a m of U^^^ is 0.06% 
and that it is p o s s i b l e to i n s e r t i n s t a n t a n e o u s l y a r e s h a p e d fuel p l a t e , the 
induced r e a c t i v i t y will be a p p r o x i m a t e l y 1.2%. If a n a t u r a l u r a n i u m rod 
was i n s t a n t a n e o u s l y i n s e r t e d into the c o r e , the induced r e a c t i v i t y would be 
about 0.93%. The a c c i d e n t a l i n s e r t i o n of e i t h e r of t h e s e m a t e r i a l s s e e m s 
doubtful, s ince they would f i r s t have to be r e s h a p e d to fit into the g l o r y 
ho le . However , t he i r induced r e a c t i v i t i e s do have a b e a r i n g on the m a x i ­
m u m reac t i v i t y that can be put into the s y s t e m . As d i s c u s s e d in the nex t 
sec t ion , a 2% s t ep i n c r e a s e of r e a c t i v i t y is c h o s e n to d e t e r m i n e the h a z ­
a r d s of a n u c l e a r r u n a w a y . 

E . Evalua t ion of the Hypothe t ica l N u c l e a r Runaway 

An eva lua t ion of a n u c l e a r runaway a c c i d e n t in the A G N - 2 0 1 R e a c ­
to r has been m a d e by the A e r o j e t staff. A 2% i n s t a n t a n e o u s s t e p i n c r e a s e 
in r eac t i v i t y was a r b i t r a r i l y c h o s e n . As s e e n f rom the p r e v i o u s s e c t i o n , 
i n s e r t i o n of th i s magn i tude of r e a c t i v i t y i s within the r e a l m of p o s s i b i l i t y 
and should adequa te ly d e s c r i b e the m a x i m u m p o w e r e x c u r s i o n . 

Two a s s u m p t i o n s a r e used as a b a s i s for c a l c u l a t i n g the p o w e r 
g e n e r a t e d in the acc iden t . 

1. At t i m e equal z e r o , an ~ 2 % s t e p i n c r e a s e in r e a c t i v i t y i s 
i n s e r t e d with the r e a c t o r at 1 0 0 - m w p o w e r . 

2. At t i m e z e r o , the e n e r g y in the c o r e is n e g l i g i b l e c o m p a r e d 
with the ene rgy l i b e r a t e d dur ing the a c c i d e n t , and t h e r e is no hea t r e ­
moved from the co re dur ing the e x c u r s i o n . 

Some of the pe r t i nen t cons t an t s used in the c a l c u l a t i o n w e r e : 

1. P r o m p t neu t ron l i f e t ime = 10"* s e c . 

2. R e c i p r o c a l of the a v e r a g e m e a n l i f e t ime of the s ix g r o u p s 
of de layed n e u t r o n s = 0.1 s e c " ' . 

3. T e m p e r a t u r e coeff ic ient of r e a c t i v i t y = -3 .6 x 10"*/°C. 

4. Specific heat capac i ty = 0.52 c a l / g m - ° C . 

5. Core dens i ty = 0.92 g m / c m ^ 

The t i m e - d e p e n d e n t behav io r of the n e u t r o n d e n s i t y , i nc lud ing one a v e r a g e 
g roup of de layed n e u t r o n s , is c o n s i d e r e d . A n u m e r i c a l f ini te d i f f e r e n c e 
solut ion of the t h r e e non l inea r d i f f e ren t i a l e q u a t i o n s (for n e u t r o n d e n s i t y , 
p r e c u r s o r dens i ty , and t e m p e r a t u r e ) y ie lded a va lue of 54.4 Mw for the 

f o u l e s ' ' ° 7 . ' " ''"I"- ' ' ' " ' ' ' ° ' ° ^ ""' " " ^ ^ ' ° ' ^ 1 ^^--SV r e l e a s e of 1.71 m e g a -
j o u l e s . The r e s u l t i n g a v e r a g e t e m p e r a t u r e r i s e was 71.3°C, and the 
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t empera ture r i se at the center of the core was about I10°C. The total dose 
to a person standing next to the reactor was calculated to be about 1 rem. 
The prediction that the core does not melt and that the fission products are 
contained within the core and p r imary and secondary containers is reason­
able, since polyethylene does not melt below 200°C. The power excursion 
is self-l imiting because of core expansion due to the temperature r i se . 
This is strongly dependent on the magnitude of the temperature coefficient 
of reactivity. The measured value of this coefficient is given as -2.5 x 
10"*°C"',* whereas the value used in the calculation was -3.6 x 10"*''C"'. 
A higher tempera ture could therefore be reached during the runaway, but 
it is est imated to be considerably less than that needed to melt the 
polyethylene. 

*ibid., p. 169. 
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