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The Staff

ABSTRACT

The safety aspects of the Plutonium-Rover Reactor Experiment (PPRE) 
are reviewed in Part I, and those of the proposed site at Santa Susana, Cali
fornia, are reviewed in Part II of this report. It is concluded that the re
actor experiment presents no hazard to the surrounding area under the most 
severe conditions of accident or sabotage which can be assumed. To achieve 
this degree of safety, a cooling system is recommended in which an inter
mediate heat exchange fluid is utilized to confine the radioactive sodium re
actor coolant circuit and the boiler water circuit to completely separate 
buildings. This feature as well as others incorporated in the PPRE design 
are also recommended for the full scale reactor power plant which the PPRE 
is intended to simulate.

This report consolidates NAA*"SR-»Memo 414 (Preliminary Safety Evalu
ation) and NAA~SR~Memo 420 (Meteorological Observations). Additional infor
mation has also been included. For ernmple, more details are given to describe 
the results of such incidents as a non-radioactive sodivim^water explosion, a 
failure in the reactor coolant system, and a nuclear runaway.
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PART I; EVALUATION OF THE PPRE REACTOR AND POWER PLANT

1. INTRODUCTION

This report describes features of the Plutonium and Power Reactor 
Experiment (PPRE) and its proposed site. The results of accidents and acts 
of sabotage which might conceivably occur during operation are analyzed. This 
information is intended, to provide a basis for evaluation of the characteristics 
of the reactor plant which affect the safety of the surrounding area and its 
population.

The purpose of the PPRE is to mock-up in all essential engineering 
aspects a large stationary reactor plant for "plutonium with power" or "power 
only'1 production. It has, therefore, been necessary to attempt to anticipate 
the problems which will arise in connection with the safety of the full scale 
reactor and its suitability for location at reasonably conventional industrial 
sites. For this reason no simplifications or design compromises have been 
me.de in the PPRE conception which might vitiate this mock-up philosophy or 
adversely affect the site problems of the full-scale installation. We believe 
that this approach has resulted in a reactor plant whose hazards to the general 
public are no greater than from conventional industrial plants in which chem
ically reactive substances are present.

The PPRE consists of a 30 megawatt, graphite moderated, sodium cooled 
reactor, fueled by slightly enriched uranium rods which are loaded into vertical 
channels. The sodium coolant (primary sodium system) passes through a heat 
exchanger, from which sodium in a secondary system carries the heat to a separate 
building where steam is produced in a boiler. The steam is then utilized for 
turbo-electric power generation. This arrangement employing an intermediate heat 
exchange fluid is illustrated schematically in Fig. 1 as an "indirect cooling 
system" and is compared to an arrangement employing no Intermediate fluid, re
ferred to as a "direct cooling system." For the PPRE, the indirect cooling 
system is recommended because of its greater inherent safety features. The com
plete PPRE cooling system is shown in greater detail in Fig. 2.
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CONCLUSIONS

2b1 Nuclear Incident

A severe nuclear incident, released Instantaneously,
will cause melting of the central fuel rods. The resulting pressures In the 
reactor and cooling system will be insufficient to cause rupture of the shield

QJL
or of the external sodium piping. All fission products and Na^ will be re
tained within the system.

2.2 Sabotage bv Explosives

No act of sabotage of the reactor by high explosives can disperse 
fission products contained in the fuel rods into the atmosphere. It is pos
sible for large, well placed, "shaped" charges of high explosives to produce 
breaks in the primary sodium coolant circuit. Such breaks would release the 
radioactive sodium into galleries normally filled with helium. If, however, 
this sodium came in contact with air, the reaction products from the resulting 
fire would be contained with the reactor building. This is assured t)y the 
design of the building, the ventilation system, and the fire control equipment.

fo2..lS9dfonHfafri>r Efflflqglon

The indirect cooling system makes it possible to physically separate 
the reactor and its complete primary coolant circuit from the building housing 
the steam generator. In the event of an explosive reaction between sodium and 
water in the steam generator, the most extreme conditions which can be postu
lated will not cause damage to the reactor structure. As a result it Is in™ 
conceivable that fission fragments could be released by such an accident. Sim™ 
ilarly, since the radioactive sodium is enclosed by the reactor shield and can- 
not participate in the reaction with water, no Na will be released.

2oZ. Coolant System Failure

In case of loss of all pumping power, the sodium coolant in the re
actor will continue to flow by natural convection. The afterglow energy will 
initially be absorbed by a temperature rise in the sodium (up to approximately 
30 minutes) and thereafter will be removed by means of an emergency cooling 
system. This emergency system uses gravity flow of water from an elevated storag 
tank.
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In ease of loss of sodium coolant from the reactor, the afterglow 
energy will eause the uranium fuel to melt and in time find its way to a 
sump below the floor of the sub-pile room. The afterglow energy will be 
transferred through the walls of the sump to cooling coils imbedded in the 
concrete. The coolant In the coils will be water taken from elevated storage 
tanks. In either of these events, loss of forced circulation of coolant or 
loss of coolant, fission fragments and Na2^ will be contained within the 

reactor shield and the sub-pile room.
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3„ DESCRIPTION OF THE PPRE

3el The Nuclear Reactor

The PPRE reactor is a 30 megawatt unit similar to the Hanford»type 
reactors in that it is graphite moderated, uranium fueled and in that sub
stantially all of the fissions are produced by neutrons of thermal energy.
The neutron generation time is about 0.0005 seconds. The fuel rods are 
3/4 inch diameter uranium metal, 12 feet long, contain 109 atom per cent 0^”*, 

and are clad by 0.010 inch of stainless steel. There is a 0.010 inoh thick 
stagnant sodium bond layer between the uranium and the steel. The clad rods 
are assembled in clumps of seven rods each,and the clumps are handled as units. 
The process tubes are vertical and consist of 2.77 inoh ID, 0.025 inch thick 
wall stainless steel. The fuel clumps are supported inside the process tubes 
by means of long steel rods attached to plugs in the top shield. Additional 
features of the reactor are summarized in the following table:

LATTICE CONSTANTS. COMPUTED REACTOR PERFORMANCE. MISCELLANEOUS GORE DATA

IflUioa Conataats Reactor Assembly

k cold clean 1.2888 Active fuel rod length 12.0 n

7 1.7171 Total number of clumps 26
e 1.047 Effective core volume 306 ft3

p (hot) 0.8857 Effective core diameter 5.7 ft

f (cold) 0.8400 Diameter of flattened region None

f (hot) 0.8771 Fuel weight 3.9 tons
Ak (temperature) + 0.060 Graphite weight 80 tons

A.k (poisons) - 0.065 Center to center rod spacing 12 9/16 in.

k hot poisoned 1.2834
L* cold 344 cm2 Data for Central Rod

hot 328 cm2 Power 1680 kw

L2 cold 276 cm2 Specific power 648 kwAg 2:
L2 hot 310 cm2 Max. uranium temp. 1200° F

2
B oold olean to-9 ^ 1&LW& 400° F
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lattice Constants Data for Central Rod
hot poisoned 406 x lO'^’cra'"^ Coolant outlet temp. 765° F

Ehrichment 0.0190 Coolant velocity 14.8 ft/sec

Power Distribution Operating Conditions

Reflected length/unreflacted Total reactor power 30 mw
length 0.806
Central/average rod power 1.44 Average specific power 450 kwAg 25
Peak/average thermal flux 1.91 Average thermal flux in metal 1*7 x 1013

Peak thermal flux in metal 3.3 x 1013
Peak thermal flux in moderator 1.3 x lO1^

Peak fast flux in moderator 5.5 x IQ13

Conversion ratio 0.45

Computed Neutron Economy

Fast neutrons from fission 100
Fast leakage 12.47
Resonance capture is 28 10.00

Neutrons becoming thermal 77 o 53
Thermal leakage 8.67
Thermal capture in graphite 5.44
Thermal capture in SS fuel tube 3.02
Thermal capture In Na coolant 0*71
Thermal capture In SS cladding 1*30
Thermal capture in Cr end Na 0.21
Thermal capture in Xe and Sm 2.7*?

Thermal capture in 28 10.38
Thermal capture in 25 (non-fission) 6.96
Thermal capture in 25 (fission) 38.06

77*53

Past neutrons from fission • 38.-06 x 2.5 x 1.047
10*0 ♦ 10.38
38,05 + 6.9t> 0.45

100

Conversion ratio
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Fig., 3 shows three cross sectional views of the reactor. The graphite 
stack is 16 feet high by 10~l/2 feet by 10-1/2 feet and contains 36 vertical 
fuel channels spaced 12=9/16 inches on centers in a square array. It is 
estimated that 24 loaded channels will bo required, for criticality. Sodium 
coolant enters at the lower ends of the process tubes, flows upward through 
the reactor core in contact with the fuel clumps and is discharged into a 
series of parallel troughs located in a chamber at the top of the reactor 
structure. There is a free surface of coolant at atmospheric pressure in the 
troughs, and flow is by gravity from the troughs through two 8-inch lines to 
the pump suctions (see Fig. 4). An inert atmosphere is maintained in the 
chamber. The coolant inlet lines at the bottom of the reactor are individually 
valved for control of coolant flow during the rod-changing operation. These 
valves ace arranged for manual operation from outside the shield, below tha 
reactor. The exit coolant temperature in each fuel channel is continuously 
monitored.

Fig. 4 is a simplified vertical cross section through the reactor and 
the primary (radioactive) sodium loop. The primary loop is located as close as 
possible to the reactor core in order to minimize the volume of radioactive 
sodium in the system and is entirely within a thick shield structure. The com
partment inside the shield has a gas-tight steel lining, and an inert helium 
atmosphere is maintained within it at all times. This compartment Is designed 
to drain any leakage of liquid sodium to a storage tank and to permit cleaning 
with a non-reactive solvent.

The fuel clump with its supporting rod and upper shield plug is 
shown in Fig. 5«

3.2 Control of the PPRE

The following table summarizes changes in multiplication which are 
of interest:

^keff $

Steady state temperature coefficient 
(Ambient to operating temperature)

+ 0.060 + 0.047 + 6.3

Poisons
(Zero power to full power equilibrium) - 0.065 - 0.051 - 6.8
Removal of 1 central fuel rod - 0.085 - 0.066 - 8.8



Removal of 1 outer fuel rod 
Insertion of 4 safety rods 
Insertion of 3 safety rods 
Insertion of 6 control rods 
Loss of sodium coolant
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& k' oo ^keff $

- 0.025 - 0.019 - 2.5
- 0.20 - 0.16 - 21.
- 0.16 - 0.12 - 16.
- 0.13 - 0.117 - 8.3
♦ 0.02 + 0.016 + 2.1

There are four vertical gravity operated safety rods and six hori
zontal, motor-driven control-shim rods. The safety rods are boron stainless 
steel tubes 2-1/4 Inches diameter, l/4 inoh vail thickness, 12 feet long.
They operate in 3«™l/2 inch square holes in the graphite and are uncooled. The 
four rods will hold subcritical a multiplication of * 1.48 in the PPRE core 
Based upon the following computed constants for the system, the mmrfmum pos
sible multiplication in the lattice is 1.38.

hot and poisoned lattice SB 1.28
A kSa due to steady state poisons S3 0.06 (a pessimistic value)
A ki10 due to loss of sodium coolant 8 0.02
A k_ in controls79

*4 0.02
Maximum available multiplication A 1.38

The safety system might therefore have to handle an excess k*, of 0»10. The 
minimum excess 6 k available in the four safeties for quick shutdown is there
fore 1.48 - 1.38 « 0.10. For any three rods the minimum excess A k available 
is 1.44 ~ 1.38 » 0.06.

The horizontal control-shim rods are 3 inches 0D and are made of 
boron carbide contained in a thin annular region between two aluminum cylinders 
The rods are liquid cooled. Under normal operating conditions, the horizontal 
rods will be required to control the poisons plus 2 per cent Ak allowance for 
one extra fuel clump, a total of about 8 per cent A k. Calculations indicate 

that between three and four rods are required. Six have been provided. Three 
of the rods will be used for shimming during poison buildup; one will be avail
able to compensate for the extra fuel clump; one will be used for regulation, 
and the sixth will be held in reserve. The control circuitry has not bean de
signed at this writing.
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3c3 The Liquid Metal System and Steam Plant

The primary sodium coolant flows through the reactor in two separate 
loops. The central rods are cooled by one loop and the outer rods by the 
second loop. The intermediate sodium circuit also consists of two loops to 
transfer separately the heat from the two primary loops to the steam gen
erating building. This arrangement is shown in Pig. 2. Its pin”pose is to 
improve the efficiency of the power cycle.

While sodium has been selected for use as the intermediate heat 
exchange fluid, there are other fluids which possibly could be employed. NaK 
would certainly be satisfactory but is not thought to be superior to Na for 
this application. Mercury is very attractive as far as intrinsic safety is 
concerned, but it is also very expensive. The Pb-Bi eutectic has been suggested, 
but its technology is not yet well understood. There may be a suitable organic 
coolant for this application, and experiments are being conducted at NAA to 
investigate this possibility.

The sodium-heated forced circulation steam generator is shown in 
Fig. 6» The unit contains six heat exchangers (one superheater, three evap
orators and two economizers) and four sodium pumps within a concrete blast 
shield cell. The water circulating pumps and steam drum are located outside 
the blast shield. The sodium is on the shell side of all exchangers. The 
tubes are double-walled, with mercury in the annular space between tubes for 
purposes of leak detection and isolation of the sodium. The steam generator 
is located at a distance of 150 feet from the reactor building.

A steam turbine generator set and auxiliary equipment will be in
stalled in the power generating facilities building. Electric power generated 
will be delivered to a local power company. For emergency dumping of steam, 
in case of loss of the turbine, there will be provided a pressure reducing and 
desuperheating station. This desuperheating station will bypass the turbine 
and deliver the steam to the condenser.

Standby or emergency cooling is provided to dissipate the residual 
heat generated by the reactor following a controlled shutdown or an emergency 
shutdown. Sodium will be circulated through the loops in both the primary and 
secondary coolant circuits by means of low capacity emergency pumps arranged 
in parallel with the main pumps. At least one emergency pump in each loop will
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be operated continuously. As an additional safety feature, cross-connecting 
pipes will be installed between the two loops in the primary circuit and 
between the two loops in the s econdary circuit at corresponding locations 
ahead of the pumps, just ahead of the heat exchangers and after 
the heat exchangers. These cross-connecting lines are not shown in Fig. 2.
They will make it possible by appropriate valving to isolate any pump or heat 
exchanger in case a leak should develop. Cooling of the reactor (assumed to 
be chut down) will continue as long as one heat exchanger and at least one 
pump, including the emergency pumps, remains operable in the primary circuit 
and in the secondary circuit. If, in spite of these provisions for emergency 
operation, forced circulation of the coolants is lost, the sodium in the primary 
circuit will continue to flow by natural convection and transfer the reactor 
afterglow heat to an emergency heat exchanger.

2h case of loss of electric power from the turbogenerator and from 
the power company, power for the emergency pumps will be furnished from bat
teries through a motor-generator set. During an extended outage of commercial 
power, emergency power will be obtained from a gasoline engine coupled to the 
motor generator set through a clutch. Standby or emergency pumps will also 
be provided in parallel with the boiler feed pumps, the condensate pumps and 
the cooling water circulating pumps. These will also be connected to the 
emergency power supply in case of failure of commercial power. The heat is 
ultimately released to the atmosphere by evaporation in the cooling tower. If, 
in spite of these provisions for emergency operation, it is impossible to use 
normal circulation in the steam circuit, cooling water from storage tanks may 
be fed by gravity directly into the exchangers where it may be allowed to re
move heat by boiling.

The maximum pressure in the primary sodium system will be about 
100 psi at full power. The minimum (at the free surface in the troughs) is 
1 atmosphere. The system will be welded stainless steel construction and will be 
monitored for Na leaks by radioactive and chemical detectors. It is believed 
that a reliable system can be designed and constructed using specifications based 
upon those prepared by KAPL for materials, meted working, welding, leak testing 
and system inspection.
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The primary heat exchangers are also of the tube and shell type, with 
reactor coolant sodium in the shell. These heat exchangers are housed, to
gether vith the primary coolant pumps, in a concrete shield cell located ad
jacent to the reactor (see Fig. 4)° The pressure is higher in the reactor side, 
so that an internal heat exchanger leak is very easily detected by the appearance 
of radioactivity in the secondary sodium circuit. If such a leak should de
velop, the reactor would immediately be shut down and the particular heat 
exchanger concerned isolated by the appropriate valving of the cross connec
tions. In this way, no appreciable amount of radioactive sodium can ever 
be introduced into the secondary circuit.

3.4 Plant Arrangement and Housing

The basic arrangement of the equipment has been dictated by consider
ations of safe and reliable operation. The equipment is arranged in three sec
tions. The first section includes the reactor, the fuel handling equipment 
and the primary heat exchangers, all housed in a reinforced concrete building.

The second section contains the steam generating equipment. It is 
separated from the reactor section and from the power generating facility 
section by a distance of about 100 to 150 feet and is enclosed by thick con
crete vails. See Section 9.4 tor discussion of safety requirements for the 
boiler bousing.

The third section of the power plant is the power generating facility 
and includes the turbogenerator, boiler feed water system and other auxiliary 
systems found in conventional steam electric power generating stations. Much 
of the equipment in the power generating facility will be located out of doors. 
Only the control room and vital auxiliaries will be indoors. A simple steel- 
frame, fireproof structure will be used for this purpose.

Systems for servicing the primary coolant Na and the He blanket gas 
will be provided in or adjacent to the r eactor building. The sodium service 
system will be mostly underground and will include facilities for draining, 
storing and purifying the radioactive sodium in the heat transfer loops. The 
helium service system is for the blanket and seal gas of the reactor and the 
sodium system.

Irradiated fuel assemblies will be stored under water in a basin
removed about 50 feet from the reactor building, and separated from it by a

wsm
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4. OBJECTIVES OP THE PPRE OPERATION
#

The experimental program will be directed toward the obtaining
* of design and component performance data for the full scale plant. No 

general-purpose experimental holes will be provided in the reactor. The 
following are illustrative of the information which will be sought.

1. Behavior of fuel elements; dimensional stability as affected 
by heat treatment, alloying element, irradiation time, power

" density; comparative performance of solid-bond vg fluid-bond
rods, etc..

2. Operating temperatures throughout the reactor structure 
(graphite, insulation, shield, rod thimbles, etc.) as a 
function of power, coolant temperature and time.

3o Distortion of reactor structure with temperature change.
4. Performance data for a moderately large scale radioactive 

sodium purification system.
* 5. Steam generator performance data.

6. Split flow cooling system performance.
7. Reactor-power plant control and instrumentation system 

operating data.
8. Operational procedures!

a. Technique of reloading during full power operation.
b. Start-up of system from low temperature.
c. Operation under varying electrical load.
d. Shutdown, normal and emergency.
e. Handling of spent fuel elements.

9* Maintenance procedures:
a. Pump replacement and repair.
b. Sodium valve replacement and repair.
c. Fire control measures.

10. Development of accurate operating cost data.
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5» MAJOR NUCLEAR INCIDEMT

5.1 Worst Realistic Runaway

One of the purposes of the PPRE will be to demonstrate the feasi
bility of refueling at frail reactor power. The refueling operation is carried 
out as follows: A shielded loading machine containing one fresh fuel cluster 
and space for one irradiated cluster is positioned over a fuel channel and 
is gasket-sealed to the outer surface of the top shield. The fuel channel 
plug, to which the fuel assembly is attached, Fig. 5, is slowly withdrawn into 
the loading machine. The length of the fuel channel Inside the reactor shield, 
see Fig. 3, is sufficient to permit the uranium to be entirely withdrawn 
from the active core while remaining in the sodium stream. The fuel cluster 
is allowed to "cool11 for about 30 minutes, in the sodium stream inside the 
reactor shield. It is then withdrawn into the loading machine, and the fresh 
duster is inserted into the reactor.

A potential hazard in this operation is a failure in the loading
machine which would allow either the irradiated cluster or the fresh cluster 
to drop into the reactor. In the PPRE it is proposed to demonstrate full 
power reloading only for the outer fuel assemblies, each of which is worth 
about $3- In the full scale, 500 megawatt omit, reloading will be a less 
hazardous operation, since each central rod is worth $0.65.

The worst realistic runaway is assumed to be initiated by a rod-change
accident; 1.0., at time t = 0, one external fuel cluster begins to fall into 
its channel under gravity. When fully within the core, and contributing $3 
to the system reactivity, the cluster is assumed to jam in position and to 
remain so while the reaction continues.

The negative temperature coefficient of reactivity acts to restrain
the reaction. Reference to Fig. 8 shows that the reactivity of the system 
is a maximum (about 2.3 dollars) at 0.74 seconds post cluster drop and has 
been decreased to about 1«8 dollars at the conclusion of V - melt phase 
transition (1132° C). At 1132° C we assume a loss of 20 per cent of the 
central region coolant —> this fraction being weighted at 0.07 dollars. The 

'plant we take as being lost linearly with time until, at
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fuel vaporization (if attained), a total of 0«9 dollars has been contributed to 
the reactivity by the coolant, out of a maximum calculated worth of 1*5 dol
lars. The temperature coefficient is assumed to remain constant at the value 
attained at the end of the - melt transition. It is assumed that the four 
central fuel clusters begin to drop under gravity when the uranium reaches 
the melting temperature of the stepl. Each central cluster is calculated to 
be worth 8 dollars c Y | jjc

The c lie transient temperature coefficient, «< , is

based upon !he experiments reported in CP-597 and measurements on the X-10 re
actor (see Appendix A). We find, for PPRE over the range 450° C - 1132° C,

- (1.12 + 0.0008 At) x 10-5 reactivity/degree

where At, the change in fuel temperature, is zero at 450° C. We assume that 

cK.remains constant after 1132° C is attained. In terms of change in energy 
density in fuel (cal/gm), A'1* the change in reactivity properly averaged 
over the PPRE core, is calculated to be

Ar - -(0.02032 + 0.000242 Ah) Ah dollars

Figs. 7,8 and 9 show relative power, reactivity and energy density in the 
central fuel rods as functions of time. From Fig. 7, the relative power 
reaches 184 and returns to unity in 1.15 seconds. The reactivity, Fig. 8, 
reaches a maximum of + 2.50 dollars at about 0.8 seconds, then decreases 
sharply and is - 4»0 dollars at 1.15 seconds. The energy density in the fuel 
is about 150 cal/gm at 1.15 seconds, and the fuel temperature is about

g
2500° C. The energy release in the accident is about 2.54 x 10 calories, 
corresponding to about 37 seconds of normal operation.

5.2 Hypothetical Runaway

A runaway calculation has also been performed for a 3-dollar step 
increase in reactivity in the PPRE lattice. dr/dT was taken as -1.5 x IQ-5. 

It is assumed that all sodium is instantaneously lost when the rods melt 
and that, even though the rods melt, the uranium does not drop out of the 
reactor. The temperature coefficient is not weighted to take into account 
the actual power distribution in the core; a flat distribution is assumed.

Figs. 10, 11 and 12 show relative power, reactivity and fuel rod
temperature as functions of time. The relative power. Fig. 10, increases



to 355 at 0028 seconds and decreases to unity at 0.63 seconds. The reactivity, 
Pig. 11, decreases from the + 3 dollars initial value to about + 1.3 dollars 
after the fuel has melted. The instantaneous loss of all sodium then causes 
a step rise to about + 3 dollars, after which the reactivity drops rapidly 
to about - 2 dollars. The fuel rod temperature rises to about 3200° C in 
about 0.5 seconds and is then rising at a rate such that vaporisation of 
the fuel will start in about one minute.,

g
The energy release is about 3.23 x 10 calories, which is equivalent 

to 47 seconds of normal operation. This is about 30 per cent greater than for 
the "worst realistic" runaway described in paragraph 5.2.

5.3 Pressure Rise Inside Upper Manifold Room

The total energy developed in the uranium rods in the accident 
described in paragraph 5.1 is about 1000 megawatt-seconds. The time is 
apparently of the order of 1 second. If we assume, pessimistically, that 
l/4 of the average power of the burst appears in the sodium coolant, and 
3/4 is dissipated in the uranium, sodium will be vaporized at the rate of 
about 8 lbs/second. The peak over-pressure at the center of the tube will 
then be about 40 atmospheres, and all of the sodium will be expelled from 
the tube in about 0.1 second. It follows therefore that the surface area 
within the upper manifold room must be capable of condensing this sodium 
vapor (containing l/4 x 0.1 ■ l/40 of the burst energy) within 0.1 seconds 
if there is to be no pressure rise Inside the manifold room. The condensing 
area required is about 240 square feet. The actual surface area within the 
manifold room is about 600 square feet. The pressure rise Inside the manifold 
chamber should therefore be a very small fraction of an atmosphere.
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6. S0DI0M24 HAZARD

The total volume of sodium inside the active core of the reactor 
5 3is 1.43 x 10 cm . The average thermal neutron flux in the core, at full power 
13 2is 1.76 x 10 ■ycm -sec. The macroscopic absorption cross section for sodium

p 1
at the operating temperature is 0c00785/cm. The equilibrium Na^ activity 
in the system is therefore

1.43 x 105 x 1.76 x 1013 x 0.00785 - 1.98 x 1016 d/sec.

■ 5.33 x 10 curies

We take the inhalation tolerance for continuous breathing of con- 
—6 3 24^taminated air as IS) JA. c/cnr of Na^ and assume that this corresponds to a 

dosage rate of 50 mr/day.
24Assuming an explosion which releases all of the Na into the at

mosphere and^ following the general method of the Reactor Safeguard Committee 
Report, Wash 3, Appendix A, the following equation for total dose, due to 
inhalation of Na , as a function of wind velocity and distance from the 
explosion was obtained:

Distance
Dos. R (25)1. Velocity

-)

/ l (Distance)^(Velocity) i

Dose in roentgens 
Velocity in miles per hour 
Distance in miles
The cloud width was taken as l/7 the distance traveled, 
and the height was taken as 1/2 the width.

For a wind velocity of 3 miles per hour we have:

Dose Distance

33 r 1/2 mile
8o3 1
2 2

*KM-10, Minutes of the permissible doses confers 
Canada, September 29-30, If

held at Chalk River,
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p/
If we assume that the entire sodium1^ activity is somehow injected 

into the atmosphere and rapid, large-scale rain-out occurs, the ground area 
over which the material must be distributed in order to limit the dose (ex
ternal whole-body irradiation) to 25 r is about 5.2 square milest.

UN&J®
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1. REACTOR SABOTAGE BY MEANS OF CHEMICAL EXPLOSIVES

Sabotage by chemical explosives becomes increasingly unlikely as 
increasing amounts of explosives are required• In the following analysis* 
the amounts which may do damage have been considered without regard to the 
feasibility or the practical aspects of the sabotage assumed.

The extent of damage to the reactor which may be caused by high 
explosives is severely limited by the mass of the moderator and by the 
mass and Inherent strength of theradiation shield. In all Instances studied* 
no hazard to the general public exists,

Chemical explosives inserted in place of graphite blocks during 
construction of the reactor lattice would be dispersed by melting and would 
be exploded during initial isothermal tests of the system. The fact that the 
fuel rods would not be radioactive precludes any hazard from fission products 
in this Instance.

After the reactor has been completed, the only spaces within the 
reactor available to a saboteur for inserting explosives are the trough chamber 
inside the top shield and the fuel tubes. Each tube would accomodate a max~ 
imum of 65 pounds of TNT. Using 15 of the 36 tubes, the total weight of the 
explosive would be approximately 1000 pounds. Simultaneous detonation of these 
charges might be expected to fracture the shield; however, there would be no 
release of uranium metal as a vapor and, therefore, no release of fission pro
ducts. This incident would result in release of radioactive sodium inside the 
reactor building.

Sabotage by high explosives placed outside the reactor shield would 
be less effective. Detonation of 1000 pounds of TNT placed beneath the reactor 
in the sodium inlet-manifold space might produce small cracks through the shield 
base of the reactor (5 feet of reinforced concrete), but would more likely re
sult only in heavy scabbing on the inside face adjacent to the reflector graphite. 
A crater approximately 30 inches deep would be expected on the outside of the 
shield-base next to the charge. Radioactive sodium would be released in the 
manifold space below the reactor.
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The 1000 pounds of TNT considered above would occupy a volume of 
the order of 10 cubic feet. This is equivalent to a cube 26 inches on a 
side, which it seems would be unlikely to escape detection. If,however,
10 times this weight and volume of explosive (10,000 pounds of TNT occupying 
a volume 4 feet by 5 feet by 5 feet) were detonated below the reactor, the 
top shield would not be breached. In this instance, of course, the reactor 
would be severely damaged. The most serious hazard to personnel would re
sult from expulsion of the fuel rods and radioactive sodium into the fuel 
unloading area above the reactor. There would be no dispersal of fission 
products, and the dispersal of radioactive sodium would be limited to the 
reactor building.

Shaped charges of between 60 and 100 pounds of TNT would be expected 
to produce a penetration of the reactor shield. The size of the penetration 
would be small, say a few inches in diameter, but might rupture the sodium 
piping and, again, cause release of radioactive sodium in the reactor building.
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So SODIUM FIRES

Although the primary sodium circuit will be heavily shielded and 
generally inaccessible, it is indicated In Section 7 that certain acta of 
sabotage can result in release of high temperature radioactive sodium inside 
the reactor building, where it will certainly react with the oxygen in the 
atmosphere and bum until extinguished or until one of the reacting substances 
is completely consumed.

Control of the combustion of sodium in air can be achieved by
proper design of the reactor building and its equipment. "Control" is here

o/
defined as containment of the Na^ radioactivity within the reactor building0 
This requires that the fire be extinguished before sufficient damage has 
been done to cause rupture of the building shell» The following features 
of the projxjsed design of reactor building and equipment will provide control 
of sodium fires!

lc All possibility of sodium=water reaction will be eliminated.
The coolant for the reactor shield and for the control rods will 
be helium, an organic material or a liquid metal, not water. There 
will be no water piping inside the reactor building.

2o A system of steel-lined sumps and dikes with drains to under
ground storage tanks will be provided for all floor areas, pipe 
tunnels and manifold rooms within the building. The reactor 
proper and the sodium coolant lines and manifold will be so 
arranged that escaping sodium will flow by gravity into the 
swaps. These sumps will be situated so that they will drain 
to one or more widerground sodium storage tanks. Cheeking and 
final extinguishing of a sodium-air reaction will be accomplished 
with a blanket of inert gas, sodium carbonate or calcium carbonate 
applied by means of a built-in fire-control system of nozzles 
and powder dispensers^

3o The building ventilation system will be arranged to scrub or 
otherwise process the exhaust air to remove any radioactive 
sodium oxideo After decontamination, the air will be exhausted 
through a stack of height determined by local meteorological 

conditions.

UNCWSSIFIED
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9ol Quantity of Sodium Available

The steam generating system consists of a superheater, two evaporators, 
an economizer and a steam drum. These vessels, with the exception of the 
steam drum, will be arranged as a unit in an enclosure. The steam drum will 
be situated outside the enclosure and will be connected to the evaporators 
through the risers and downcomers in the forced water circulation loops. The 
volume of sodium presumed to react in a sodium-water incident,is that contained 
in the evaporators and economizer and Interconnecting pipe only, since there 
is a negligible weight of water in the superheater. The weight of sodium in 
the heat exchangers is estimated to be 7500 pounds. An almost stoichiometrically 
equal weight of water is contained in these vessels and connecting feed water 
piping.

9.2 Assumed Method of Initiation of Incident

The vessels and piping will be conservatively designed and will 
be thoroughly inspected and tested before and after installation. Failure due 
to faulty materials or workmanship will most certainly result, therefore, in 
only minor leaks of water into sodium. Monitoring devices on the mercury-filled 
annuli (Section 3»2) will quickly detect such leaks by means of changes in 
pressure and ra-rcury level and permit draining of the system before a violent 
reaction could develop.

A major sodium-water incident may therefore be assumed to result 
only from planned sabotage by high explosives. The violence of the reaction 
will depend on the quantity of explosives and the skill with which they are 
placed and detonated. Large, shaped charges properly placed on each vessel 
and simultaneously detonated would be expected to produce the most violent 
reaction. Smaller charges detonated in succession would initiate a reaction, 
the full force of wtiich would develop only over a longer period of time. At 
present, however, no experimental data are available which would justify the 
assumption of a particular reaction time.

4



9.3 Postulated Reactions

Three classes of sodium-water incident may be considered. These are 
characterized by their reppective speeds of reaction0

a. Detonation - Here it must be assumed that the exchangers (and 
piping) are completely ruptured by sabotage by high explosives. It is further 
assumed that such intimate mixing of sodium and water takes place, that the 
reaction is completed in a time of the order of 0.1 millisecond, thus approxi
mating a detonationo The products of the reaction are taken to be s odium- 
hydroxide and hydrogen, the oxygen available being assumed negligible. The 
energy released is all available for the blast effect and is equal to that 
released in the detonation of approximately 10,000 pounds of TNT0

b. Rapid Deflagration - If the vessels are not completely ruptured, 
the reaction will be slower and will amount to a deflagration rather than a 
detonation. The hydrogen is now assumed to burn to water, since there is 
sufficient time for mixing with the proper quantity of air. While this re
action is slower and while some of the energy will be consumed in completing
the destruction of the vessels and piping, the energy released is proportionately 
greater, and roughly equivalent blast effects will be expected. The blast 
effects from the deflagration of 7500 pounds of sodium are therefore assumed 
to be equal to those from the detonation of 10,000 pounds of TNT as in para
graph 1 above.

c. Slow Deflagration - The large volumes of sodium and water con
tained in the steam generating system (125 cubic feet of sodium and 700 gallons 
of water) make it appear highly unlikely that the sodium would be dispersed 
uniformly through the water in any Incident induced by sabotage. Where there 
is an appreciable mass of s odium, the hydrogen evolved in a reaction with 
water tends to retard the rate of reaction. The result of these effects, it
is believed, is to increase to something of the order of a minute the time re
quired to react the constituents completely. This would amount to a slow de
flagration for which less extreme protective measures would be required.

9.4 Basic Cooling System and Associated Hazard

The sodium coolant in the reactor flows through an intermediate 
sodium-to-sodium exchanger where the heat is delivered to a non-radioactive 
atyHiim stream. This inactive sodium is circulated through the steam generator
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system. Since the secondary sodium is not radioactive, there is no hazard 
from dispersal of radioactive material in a sodium-water incident or in an 
act of sabotage by high explosives. The problems are those usually associated, 
with the accompanying fire and blast in the event of a violent Na-H20 reaction. 
These problems may be met by protective measures similar to those used in 
chemical plants handling material subject to energetic reactions.

All components of the steam generator system containing both sodium 
and water will be located in a pit separated at an appropriate distance from 
the reactor building and the service buildings. The pit would serve to con
tain the liquid sodium and water in case of a break, thereby preventing a 
spread of the fire. The pit would also be effective in protecting personnel 
and equipment from flying fragments. Protection from the blast effect of a 
sodium-water Incident would be obtained by distance; that is, by separating 
the steam generator system from other buildings at the site. (Since the sodium 
in the boiler circuit is not radioactive, we need consider only the blast 
effeots.)

The maximum distance required between the steam generating facilities 
and the reactor building (measured from the center of the steam generator to 
the near face of the reactor building) is 165 feet. At this separation, the 
blast would be resisted by a reinforced concrete structure designed for earth
quake resistance - a requirement which must be met in any case. The separation 
might, if necessary, be reduced to 100 feet by designing the structure for a 
slde-on over-pressure of 100 psl* In both of these instances, the blast effect 
is considered to be equivalent to that resulting from the explosion of
10,000 pounds of TNT as required by the oases of detonation and rapid defla
gration .

9.5 Comparison with Other Chemical Practice

/ ha:

As an example of an existant operation which appears tcTBeTWl e —— -

r hazardous than the proposed PPRE steam generation facilities, there is the 
rocket motor testing program presently being conducted by NAA at the Santa 
Susana site. It may be helpful to describe the nature of the hazard associated 
with this work in order to establish a pertinent comparison with current prac
tice.

UNMFIED
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7^"

The static firing of a large rocket motor is a typical OMSiration. \jf 8
In the firing of a large motor (more thrust than the German V-2)/alcohol 
fuel and liquid oxygen amounting to approximately 16 tons are ^faoed In separate 

vessels, one ^irectly above the other. The mixture of liquor oxygen and 
alcohol under ideal conditions of detonation is regarded hr the Air Materiel 
Command, OSAF, to\have a TNT equivalent of 1.13. Since

bile
st of the system 
, the storage vesselscomponents are actual units to be flown in a guided ittL, 

have a low design factor of safety, while the missiljf is being fired, about 1.6.
\ if r

The firing sequence is briefly as follows: The propellants (liquid oxygen and 
alcohol) are fed to the thf*qst chamber of a turbojrjmp unit powered by the 
decomposition gases of hydrogel peroxide at a pressure of 750 psi. This 
feed system is a pre-calibrated\fixed-flew type in which the propellant mixture 

ratio is set by means of orifices}*;. Thrust of the rocket is controlled by ad
justing the pressurization of the peroxide ^tank; i.e., the pressure of the 
peroxide tank governs the rate at whien^ the decomposition gases are fed to the 
turbopump, thereby controlling its speeqpiL Starting and shut-off of propellant 

flow is controlled by pneumatically opbrat^d valves. Solenoid valves control 
the flow of high pressure (3000 psij/helium^jas for propellant tank pressuxi- 

zation and for pneumatically operated valves ok the rocket power plant. Thus, 
in this operation we have a systeft in which several potentially dangerous chem

icals are utilized in the presertoe of high pressurka (3000 psi), high tem-
peratures (gas temperatures tk' 5000° P), and high spl|ed moving parts (4600 rpm).

*

This static testing operation may be conduci
and ev^en as often as twi<j6 a day. Also of importance

/

several times weekly 
that the entire unit, 

motor, assembled inconsisting of storage iffessels, pumps, attendant piping
/

a cage, is transported several hundred feet by a gantry crake to the test 
stand, and during iihe actual firing is suspended by a balanc&thrust-measuring 
mechanism. The suspended unit may be subjected to unprediotab&e pressures 
due to uneven burning in the motor. The overall safety factor lor the operation 

is lower than the 1.6 factor of safety for the fuel and oxidizer Vessels them
selves.

These large rocket motors contain the equivalent of more tl%i 16 tons 
of TNT. The highest estimate for the PPRE sodium-water system is 5 tor!
TNT equivalent. North American Aviation obviously believes the Santa Si 
site to be adequate for the l6-ton explosion possibility, although in 3 ydfcrs

iiwrifiOTn
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of operation, there have been no such explosions.

The safety program for the Research Department at North American
Aviation, Inc. is under the direction of Mr, Joseph B. Fieklen, a chemical 
safety engineer well known in this field. (See Manual of Industrial Health 
Hazards, Service to Industry, Hartford, Conn., 1940). It is Mr. Ficklen's 
opinion that the potential hazard of the non-radioactive sodium-water system 
is less than existing hazards at the Santa Susana facility and that the opera
tion of such a system at Santa Susana would not increase the danger to the 
surrounding area.
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10. COOLANT FAILURES

The most serious failures which may be postulated in the operation
of the PPRE are those which result in inability to remove heat from the re
actor by normal means. This may involve the loss of coolant or simply in
terruption to the flow of coolant. Under either of these conditions, heat 
generated within the reactor must be absorbed by the materials of the reactor 
or by some independent cooling system. It is; of course, desirable that no 
excessive pressures to developed which might rupture the reactor system and 
allow radioactive materials, either the sodium coolant or fission products 
in the fuel, to escape to the atmosphere.

10.1 loss of Primary Coolant

If all the sodium were suddenly lost from the reactor cooling
system, the reactor will be scrammed by any one of several interlocks or 
monitoring devices. Within approximately 5 minutes after scram, the residual 
heat or afterglow will melt the fuel rods. The molten uranium, by forming 
a low melting point eutectic with the stainless steel, will cause failure, 
first of the fuel tubes (cladding) and second of the inlet manifold below 
the reactor. This will permit the molten uranium-steel mixture to flow out 
onto the floor of the inlet manifold room (or sub-pile room). Heat generated 
in the uranium-steel mixture will be transferred to the concrete floor. Finally, 
heat in the concrete will be removed by the flow of a coolant, probably water, 
through a series of pipes imbedded in the concrete. This will be a "once- 
through" system in which the coolant will flow under the force of gravity from 
an elevated storage tank. This emergency cooling system will be designed to 
keep the temperature of the uranium below 1600° F, the boiling point of sodium 
at atmospheric pressure. This will limit the pressure of the sodium vapor within 
the reactor system, thereby insuring that no vapor will escape to the atmosphere.

An alternate scheme has been studied In which no emergency cooling
system such as that described above is required. In this instance, the molten 
uranium-steel mixture will drain from the sub-pile room into a series of sumps. 
The sumps consist of pipes driven into the ground for a depth of approximately 
50 feet. The sumps act like molds for the molten metal. The number, size and 
spacing of the pipes are selected so that the residual heat generated within 

the uranium will be transferred to the earth while maintai on
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the uranium-steel mixture below 2500° F. To obtain the necessary surface 
to volume ratio, the sump pipes will be partially filled with steel shot which 
will dissolve and suitably increase the volume of the mixture0 No uranium 
vapor and hence no fission products will be released into the system or allowed 
to escape into the earth below the reactor.

In this alternate scheme, if the sodium in the cooling system has also 
flowed down into the sub-pile room, the sodium, and therefore any metal in 
contact with the sodium, must be kept at 1600° F. 1600° F is the boiling point 
of sodium at 1 atmosphere pressure; higher temperatures would result in higher 
pressures, which might cause radioactive sodium vapor to escape from the re
actor system,.

Maintenance of the sodium vapor pressure at approximately 1 atmosphere 
is assured by the large surface area of the reactor structure in contact with 
the vapor. These areas are capable of absorbing residual heat generator by the 
uranium for any length of time after shutdown by condensing sodium at 1600° F. 
Ultimately, of course, the heat is transferred to the atmosphere by conduction 
through the concrete shield walls.

10.2 Loss of Forced Circulation of the Primary Coolant

If power to both main and emergency pumps in either the inner or 
outer loop of the primary sodium system is lost, the reactor will be scrammedo 
In that (primary) loop where pumping power is lost, the existing temperature 
differential between the sodium in the reactor and the sodium in the outlet 
of the sodiura-to-sodium heat exchanger will provide sufficient drive to main
tain a small flow of coolant in the system. This will be insufficient to re
move all the residual heat generated in the fuel rods immediately after shut
down, and the temperature of the rods will rise. The accompanying increase in 
temperature in the sodium in the reactor will increase the natural convection 
coolant flow until equilibrium is reached. A few minutes after scram, the 
top temperature in the sodium will be expected to reach a maximum of approxi
mately 1100° F; thereafter, the temperature of the sodium will drop, and the 
rate of circulation of the sodium will decrease. No pressure in excess of 
1 atmosphere will be experienced in the system at large in this incident and 
no radioactive sodium will leak out of the systemc

In this incident, heat is transferred from the primary system through 

the sodium-tq-jjq^ium heat exchanger to the secondary sodium system. The latter
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system is assumed to be operating normally. The residual heat of the reactor 
is finally taken up in the evaporation of water in the steam system and dis
sipated in the atmosphere.

Failure in the Intermediate Cooling System

Should a failure occur in the Intermediate sodium system (loss of 
coolant, loss of pumping power, etc.) or in the steam system which would make 
impossible removal of heat from the primary cooling system in the normal maimer, 
dependence will be placed on emergency means. For this most improbable In
cident sections of the main primary coolant pipes will be used as the heat 
exchange surfaces. These pipes have double walls, the outer wall being 
covered with Insulation. In normal operation, helium at low pressure is passed 
through the annuli between the inner and outer walls. In the emergency pos— 
tulated, water from the fire protection system would be substituted for helium0 
Water would be brought into the system by making a hose connection to a special 
hydrant outside the reactor building. Water would not be piped normally into 
the systemo

On the water side this would be a "once-through" system, in which 
water from an elevated storage tank would flow by gravity over the heat exchange 
surfaces and be discharged into the sewer. The use of water for emergency heat 
removal in this manner is believed justified on the basis that it is a "last 
ditch" defense against the development of excessive pressures in the sodium 
vapor which might result in the dispersal of radioactive materials into the 
atmosphere.

10.4 Failures in the Steam System

All components of the steam system which have moving parts, such as 
pumps and valves, will be spared. Should both the item of equipment in operation 
and its standby fail, the reactor will be scrammed due to a failure of either 
the boiler feed water pressure or lowering of the water level in the steam drum. 
There remains, however, the question of dissipation of the residual heat of 
the reactor which is delivered to the steam system by the intermediate sodium 
system. If the boiler feed water pumps fail, the pressure in the steam gen
erator will be reduced to atmospheric. This will allow water from the treating 
plant to flow into the boilers directly. Although no useful power can then be 

generated, the system will maintain its effectiveness in so far as it concerns 

the cooling of the reactor.
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If the water treating plant failed simultaneously, It will be by
passed autoaatioally, the raw water being at sufficient pressure to enter the 
steam generator, If In the most extreme Incident the normal water supply also 
falls, raw water from the elevated storage tank of the fire protection system 
will be admitted directly to the steam generator. This storage tank has 
adequate capacity for removing the residual heat of the reactor for a period 
of 300 days* Bven if the reactor were operating at full power, the water in 
storage in this tank will be sufficient for 15 minutes.

It will be noted that In not one of the failures postulated above was 
it possible for either radioactive sodium or fission products to escape into 
the atmosphere. It is concluded, therefore, that no radiological hazard to 
the public would result from any of the postulated equipment failures.
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APPENDIX A

SOME CQr^iMSNTS CM PROMPT TEMFERATORE COEFFIC3IMT

CF REACTIVITY IN A REACTCR

The data on the temperature coefficient of reactivity in the Brook- 
haven reactor is presented in BNL-152. The major prompt coefficient is 
that due to Doppler broadening of the resonance captures

HrB~A ...d)

A = 0" (11)J eff E ...U.i;

The temperature coefficient of A, (1/A)(dA/dT), has been measured by Creutz, 
et al, (CP-110) who give 1.7 * 10"4/°C and by Mitchell, et al, (CP-597) who 
give 1.1 x 10”^/°C in the range from 20 to 650° C and 1.7 x between
650° C and 1000° C. On the other hand, Wigner calculated 3 x 10^fy°C (C-4), 

and Dancoff estimates 1.2 - 1.7 x (CP-1589).

From Eq. (1) xta have

_ & _ 3._-_p dA 
p2 P A

so that

« 0(1 « o) (2)p dT pv py A dT ...V*/

so that with p = 0.88 and (l/A)(dA/dT) = 1.7 x 10"^ we find

=-1.8 x lO*5/^ ...(3)

Actually, all these measurements and calculations of the temperature 
coefficient of A measure only the mass term dependence but do not measure 
the surface absorption temperaturo dependence. The analysis above assumes 
that surface and volume coefficients are the same; actually, the formulation
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of the resonance integral by Wigner (CP-4) appears to imply that the surface
coefficient should be, at least approximately, twice the volume coefficient, 
if we write

A = a +/6 S/to (4)

with df * l*? x 1°""^/^ we are then led to the expression

-L3A = 4..*.&£s/to) 1. ga
A dT (a + tfS/M) a dT -(5)

Using the values /S/a = 2.84* S/to = 2/^r, /° = 18.8 ga/anr, we 
obtain the following expression for the temperature coefficient which is now 
somewhat dependent on the size of the rod.

+ i + rfe)(1-7110"4>

for Hanford r = 1.73.centimeters, and the final coefficient is 1.95 x 10 .

On the basis of all the Imown experimental data and the possible vari
ations in its interpretation, a number between 1 x ICT^ and 2 x 10'*VQC is 

probably the best that can be definitely stated. One might say, on the basis 
of Mitchell's data, that the temperature coefficient is temperature dependent; 
at room temperature the coefficient might be between 1.0 and 1.5 x lO^/^C, 

while at higher 'temperatures (650 - 1000° C) the coefficient would be 
1.5 - 2.0 x 10'"V0C. Using Eq. (2) end p = 0.88, which is approximately 

correct for PPRE ^^2QQSSSS2fi!!S388CSS8RSBPSBP^^ the reactivity 

coefficient is

IT d? = ■(1*° “ 1,5) * 10"‘5/CC . 20° - 600° C

a -(1.5 - 2.0) x lO”5/^ 200° - 1000° C

In comparison with this, the Oak Ridge X-10 uniform metal coefficient was 
measured by Borst (1BJES IU-5) as

§£* a -1.04 x 10“5/°C (X-10)
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Thi Brookhavon pile coefficient, (natal only) (BSL-152)

df
dT

= -1.0 3: 10~5/°C

MMMtt9MU.Mli ■■llWMW li(4lll
(BE!L)

P. Gast has reported (Reactor Physics Conference, Los Angeles, October, 1951) 
on the metal coefficient zeasured at the start-up of the H and DR piles at 
Hanford

^ = -0.4 inh/°C = -1.1 x 10"5/°C (H-pile)

= -0.5 inh/^ = -1.3 x 10”5/°C (DR-pllo)
mmm

All of these measureaents apply to uranium in the lower temperature range 
(20° to 650° C) so that it is not unreasonable to use

= "1.5 x 10~^/°C 650° - 1000° C

at higher temperatures (i.e., in a reactor runaway) in the PPRE).

The temperature dependence of da/dT is very uncertain, and in spite 
of the observed increase in its absolute value It is probably to be expected 
on theoretical grounds that at high enough temporatureo da/dT should approach 
aero. The effect of the Doppler broadening in increasing the absorption in 
the resonances will, saturate when the effective peak resonance cross section 
is reduced by the thermal broadening to a value comparable to the uranium 
scattering cross section. On the basis of the model of the resouvaoe struc
ture given by Dancoff (CP-1589), assuming a 10-volt level spacing, a tempera
ture of 3000° C will, saturate only those resonances above 500 ev., and, 
assuming Dancoff'a 25-3V. spacing, the thermal broadening saturates only in 
those resonances above 3 tov. Since most of the resonance absorption occurs 
below 150 gv, there should be no appreciable decrease in the absolute magnitude 
of the reactivity coefficient up to the vaporizcvbion point of uranium. There 
is, however, a need for more experimental data on this point.
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APPENDIX B

XENON PRCBIEM IW PPRE

The build-up of xenon in PPRE affects the pile operation in severed 
iiays. The first of these is the steady state reactivity loss produced by 
the xenon absorption} there is also the xenon override after shutdown and 
the existence of an instability in power level under operating conditions.
The last effect, the instability under operating conditions, is ■unimportant 
except in the flux range above 16* n/cm2-3ec. For lower fluxes the instabi
lity period is long enough ( 200 sec.) that there is no difficulty with 
control.

The xenon steady state reactivity loss is given by

where y, the fission yield of xenon is 0.065 (BNL-152 quotes experimental 
values ranging from 0.059 to 0.069) J A2 is the decay constant of Jar ,

A = 2.05 x lo”^ seconds. We use nv = 2.2 x 1(T^ n/cm2-soc, as the average 
operating flux level and CT = 3.05 x 10^ barns for the Xe^ cross section. 

Then with thermal utilisation f = 0.34 and <X ^ 0.183, wo find

A f- 0.0275

This is the loss in reactivity as a result of the build-up of steady state
1/Q

Ze poison. Sa , with a yieM of 0.014 and a cross section of 47,000 barns, 
151end Sm , Triith a yield of 0,0045 and a cross section of ‘72,000 barns, aust 

also be considered. These tcgethor contribute

4 jO = •> 0.0102

The total Xe and Xm loss ia -0.0377, or a requirement In excess of 0.0484.

The xenon override after shutdown is also important. With the
135neutron flux no lohger destroying it, the 2e builds up to a larger con

centration, because of the continuing decay, and passes through a peak
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value 1.803 times Its steady state value at about 8-1/2 hours after shutdown.
The la concentration then falls slowly, reaching approximately 1.09 times normal 
level after 24 hours and 0.26 of the steady state value after 48 hours. The 
following table Indicates this transient behavior.

Time after 
shut-down 
(hours)

Relative la 
Concentration Reactiviter Chance

0 1.0000 -0.0275
2 1.3919 -0.0383

4 1.6309 -0.0449
6 1.7548 -0.0483
8 1.8001 -0.0495

10 1.7838 -0.0490
12 1.7268 -0.0474
H 1.6424 -0.0452

20 1.3158 -0.0362

25 1.0372 -0.0285
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