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DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or any agency
thereof.

DISCLAIMER

Portions of this document may be illegible in electronic image
products. Images are produced from the best available
original document.
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SECURI "‘FORMATION

FOREWORD

The Atomic Energy Commission requires that a Reactor Hazards Summary Report
be submitted and approved prior to the operation of a new reactor or to the
modification of an existing reactor in order to determine, and thus assure, the
safety of its various reactor projects. In accordance with USAEC-OR-RDV-1,
Reactor Safety Determination, this report describes the hazards that may con-
ceivably be associated with the aircraft reactor experiment. All possible
types of hazards are described as well as the extent to which these hazards
have been evaluated and considered in the design and proposed operation of the
reactor. The text is presented in summary form, and the detailed supporting
material may be found in the appendixes or in the various references.
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AIRCRAFT REACTOR EXPERIMENT HAZARDS
SUMMARY REPORT

INTRODUCTION

The aircraft reactor experiment
is aproposed medium power (3-megawatt)
reactor designed primarily to test the
feasibility of fluid- fuel, high-
temperature, high-power-density
reactors for aircraft. In such
reactors the heat is carried from
the reactor core by the fuel itself,
thus eliminating the need for large
heat transfer surfaces within the
active lattice. This, 1in turn,
reduces the amount of foreign material
in the core and thus reduces the
critical mass and size of the reactor.

To make such a reactor feasible
the liquid fuel must have the following
characteristics:

1. The liquid must contain suf-
ficient uranium for criticality.

2. No elements of high cross
section can be present.

3. The melting point must be
safely below the lowest design temper-
ature.

4. The vapor pressure must be low
at the highest design temperature.

5. The viscosity must be low
throughout the design temperature
range.

6. The coefficient of thermal
expansion must be large.

7. The heat transfer properties
(specific heat, thermal conductivity,
and heat transfer coefficient) must
be favorable.

8. The material must be stable
under radiation at the design temper-
ature,and otherwise-suitable structural
metals must be able to serve as
container materials.

9. The fuel must be amenable to
simple chemical reprocessing.

Additional advantages may be
obtained if the liquid fuel contains
sufficient light elements to make it
sel f-moderating.

Several fluoride salt combinations
have been prepared that fulfill the
above requirements more or less
satisfactorily. The one that best
meets the requirements, at present,
is the system NaF-ZrF-UF,, with a mole
per cent composition of 50-46-4,
respectively.

The reactor incorporating this
fuel, together with a beryllium-oxide
moderator in an Inconel structure, is
designed for short-time operation,
during which such characteristics as
controllability, temperature coef-
ficient and stability, and corrosion
under radiation will be studied. The
primary purpose of the reactor 1is to
obtain data on the reactor system.
The various components of the system
such as pumps, seals, valves, and
instrumentation have already been
tested, independently, with the
fluoride fuel mixture, but they must
be tested in an actual reactor as an
integrated unit to finally prove that
such a system is feasible.

A summary of the design data for
the reactor is contained in the
following tabulation. A separate
report{!) containing the detailed
design philosophy, calculations, and
description has been issued.

(I)W. B. Cottrell, Reactor Program of the Air-
craft Nuclear Propulsion Project, ORNL-1234, June
2, 1952,



ARE HAZARDS

AIRCRAFT REACTOR EXPERIMENT DESIGN DATA

General
Location
Operator
Purpose
Neutron energy
Status
Power

Heat, maximum (kw)
Heat flux (Btu/hr/ft?)

Power (max/avg)
Power density, maximum (kw/liter of core)

Specific power (kw/kg of fissionable material)

Materials and Amounts

Fuel

Uranium enrichment (% U23%)
Critical mass (kg)

Total uranium inventory (kg)

Fuel elements

Fuel-element jacket
Moderator

Reflector

Shield

Primary coolant

Reflector coolant

Oak Ridge
ORNL
Experimental
Epithermal

Design

3000

Heat transported out by
circulating fuel

2:1
5
400

NaF-ZrF-UF,, 50-46-4 mole %
93.4

12.5

65

66 parallel tubes (each 3 ft
long, 1.235 in, OD, 60-mil
wall) containing the circu-
lating liquid fuel

Inconel
Beryllium oxide
Beryllium oxide
Concrete

The circulating fuel
NaK

Circulating Fuel-Coolant

Maximum fuel-coolant temperature (°F)
Maximum Inconel temperature (°F)
Maximum moderator temperature (°F)
Consumption at maximum power (g/day)
Design lifetime (hr)

Burnup in 1000 hr at maximum power (%)
Inlet temperature (°F)

Outlet temperature (°F)

1500
1510
1675
3.0

1000
0.25
1150
1500



Flow velocity (ft/sec)
Flow velocity (gpm)
Pumping power (hp)

SUMMARY REPORT

4
84
10

Neutron Flux Density (avg)

Thermal, maximum (n/cm?:sec)
Thermal, average (n/cm?:sec)
Fast, maximum (n/cm?:sec)
Fast, average (n/cm?:sec)

Intermediate, average (n/cm?:sec)

Core
Reflector thickness
Shield thickness

Dimensions

Over-all (reactor and heat exchanger pits)

Shim control
Regulation
Safety

Temperature coefficient

e E

A2 7

Control

3 x 103
1.5 x 1013
7 x 103
3 x 103
4 x 103

33 in. dia, 35% in., high
7% in, on side, ends open
Approximately 7% ft, concrete

42 ft wide, 85 ft long, 28 ft
high

Increase UF4 concentration 1n

fuel

One B,C absorber rod (2 in. OD,
1% in. ID)

Three B4C absorber rods (2 in.
OD, 1% in. ID)

-6.2 x 10°% (Ak/k)/°F

Ao

3 -
s0-7 s
2 R






THE REACTOR AND ITS OPERATION

SITE OF THE AIRCRAFT REACTOR EXPERIMENT

The aircraft reactor experiment has
been located at a site 0,75 mile
southeast of the center of the present
OBRNL area, which places it about
0.24 mile northeast of the homogeneous
reactor experiment, Fig., 1, The
reactor experiment is near the center
of a valley that 1is approximately
4 miles long and 0.5 mile wide. This
valley is parallel to and separated
from Bethel Valley by Haw Ridge. As
is typical of the valleys and ridges
on the East Tennessee plateau west
of the Great Smoky Mountains, the
axls of the valley is oriented north-
east and southwest, The Clinch River
terminates both ends of the valley,
as well as forming a natural boundary
on an approximately 2-mile radius to
the southeast of the site,

The valley is unoccupied except
for the nearby homogeneous reactor
experiment, Between the site of the
aircraft reactor experiment (ele-
vation, 840 ft) and Bethel Valley,
containing ORNL (elevation, 820 ft),
is Haw Ridge, which averages 980 ft
in elevation, This ridge is con-
tinuous except for a narrow break
known as White Oak Creek Gap (elevation,
770 ft) through which a portion of
Bethel Valley drainage flows. This
gap is about 0.65 mile west-southwest
of the site and, in view of the local
weather conditions, does not signi-
ficantly decrease the natural pro-
tection afforded to ORNL by the
intervening ridge. To the south and
east of the site is a large area of
high and rough terrain that extends
to the Clinch River. This terrain
includes Copper Ridge, which forms
the immediate southeast border of the
valley, and Melton Hill, the highest
(1356 ft) point in the surrounding
area.

Within a radius of 1.9 miles, all
the land is owned by the AEC and 1is
already a security controlled (that
is, fenced and patrolled) area. Within
a 2.3-mile radius, there is approxi-
mately 0.3 square mile of farm land
that i1s not AEC owned or controlled.

DESCRIPTION OF THE REACTOR EXPERIMENT

The aircraft reactor experiment (ARE)
consists essentially of a high-tempera-
ture (1500°F), intermediate -power
(1 to 3 megawatts), circulating-fuel
reactor and the associated pumps,
heat transfer equipment, controls,
and instrumentation required for safe
operation. A schematic arrangement of
the reactor system is shown in Fig. 2.
The major functional parts of the
system are discussed separately below,
except for the off-gas disposal system
and the reactor control and safety
devices, which are described in separate
sections,

Core Design. The ARE reactor
assembly consists of an Inconel
pressure shell in which beryllium
oxide moderator and reflector blocks
are stacked and through which pass
fuel tubes, reflector cooling tubes,
and control assemblies. Elevation
and plan sections of this reactor are
shown in Figs. 3 and 4. The innermost
region of the lattice is the core,
which is a cylinder approximately
3 ft in diameter and 3 ft long. The
core is divided into six 60-deg
sectors, each of which includes one
serpentine fuel-tube coil that passes
through 11 stacks in series, as
illustrated. The six serpentine coils
are connected in parallel by means
of external manifolds.

A reflector with a nominal thickness
of 7.5 in, is located between the
pressure shell and the cylindrical
surface of the core. The reflector
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ARE HAZARDS

consists of beryllium oxide blocks
similar to the moderator blocks but
with 0.5-in. holes for the passage of
the reflector coolant., The reflector
coolant (NaK) is admitted at one end
of the pressure shell, passes through
the reflector, bathes the pressure
shell, fills the moderator interstices,
and exits at the other end of the
pressure shell,

Fluid Circuit. Circulation of both
the fuel and NaK 1s obtained by
packed-seal centrifugal pumps, and flow
rates of 84 gpm are realized. The
reactor heat is abstracted from the
circulating-fuel outside the core by
means of four fuel-to-helium heat
exchangers, each capableof dissipating
750 kw, through which the fuel is
circulated. The helium is then cooled
by passing i1t through four helium-
to-water heat exchangers, and the hot
water 1s discharged. The Nak is
cooled by a comparable NaK-to-helium-
to-water heat exchange system.

Helium flow rates in the fuel-to-
helium heat exchanger are controlled
by variable-speed hydraulic systems
that drive the helium blowers. Control
of the helium flow rate in this manner
permits smooth control of reactor
power at any reactor temperature for
which the nuclear controls are set,
within the capacity of the heat
removal system. At very low powers
the temperature of the helium passing
through the fuel heat exchanger closely
approaches the fuel temperature. At
design conditions, the helium will be
heated and cooled 500°F (that is,
between 250 and 750°F) as it passes
through the sets of heat exchangers.
The system is designed so that when
the rate of power generation is equal
to or less than the power loss through
insulation, electrically heated

helium passes through the fuel-to-

helium heat exchanger. The fluid
circuit flow sheet is shown in Fig. 5,
together with the design condition

values of temperature, pressure, and
flow.

12

Monitoring and Preheating Systems.
Leakage monitoring of both the fuel
and NaK systems is effected by the
use of double-walled pipes that
provide an annulus through which
helium is pumped on all lines and com-
ponents containing fuel or reflector
coolant., The helium pumping head is
maintained by drawing helium from
the system, cooling it, and admitting
it to rotary-type compressors at
various points in the system. Moni-
toring for fluoride leaks into the
helium is achieved by passing helium
samples through halogen detectors.

The relatively high melting point of
the circulating fuel (around 500°C

for the NaF-ZrF, ,-UF, fuel with a
composition in mole per cent of 50-
46-4) requires that all equipment with-
in which this coolant would be cir-
culated be heated to permit loading,
unloading, and also the possibility of
low-power operation. Preheating, as
well as the addition of heat during
low-power operation, will be accom-
plished by means of electrical heaters
attached to all components of the
fuel and NaK systems, thatis, pressure
shell, heat exchanger, pumps, tanks,
and the outer pipe of the double-
walled fuel and NaK piping. Within
the piping, the helium flow in the
annulus acts as a heat conveyer and
transports heat to sections that are
not directly in contact with heaters.

Fuel Fill and Dump System. The
fuel carrier, NaF-ZrF, (50-50 mole %),
is first loaded into fill tanks
provided in a shielded pit adjacent
to the reactor and heat exchanger pits.
This molten salt is forced into the
fuel system by helium pressure. The
uranium-bearing fuel component,
NaF-ZrF,-UF, (50-25-25 mole %), 1is
then added by the fuel-enrichment
system (cf., section on shim control
under “Reactor Control and Safety
Devices’) the composition of the
ultimate fuel, that is, the enriched
mixture plus the carrier, will be



somewhere in the neighborhood of
50-46-4 mole % of NaF-ZrF,-UF,. The
precise composition will be determined
by the critical loading of the reactor.
At the conclusion of the experiment,
or as a result of a reactor scram, the
fuel can be dumped into a special
tank designed to be subcritical when
filled with the dumped fuel. At the
time the fuel carrier is loaded to
the reactor system, the valves to the
then empty fuel-carrier fill tanks
will be sealed so that the enriched
fuel cannot accidentally be dumped
into these tanks. The design of all
the tanks has provided for heat
addition to maintain the fuel mixture
in a molten condition and, in the case
of the fuel dump tank, for removing
the afterheat evolved within dumped
fuel after power operation.
Instrumentation. Since a basic
purpose of the aircraft reactor experi-
ment is the acquisition of experimental
data, the importance of complete and
reliable instrumentation cannot be
overemphasized. Most ARE process
instrumentation is intended to observe
and record rotational speeds, flow
rates, temperatures, pressures, or
liquid levels. The values of tempera-
ture, pressure, and flow at various
stations around the ARE fluid circuits
are shown in Fig. 5. Most commercially
avallable equipment for performing
these functions is limited to tempera-

tures considerable lower than the
minimum operating temperature of the

ARE and employs open lines in which
the ZrF, vapor would condense and plug
the tubes. Accordingly, a bellows
type of device 1s employed as the
pressure indicator, and a fluid-
immersed inductance type of instrument
has been developed for measuring flow
and liquid level.¢!’ Conventional
Chromel -Alumel thermocouples located
in wells are used to determine tempera-
ture.

(I)The instruments are described in greater
detail in the Aircraft Nuclear Propulsion Project
Quarterly Progress Report for Period Ending
September 10, 1952, ORNL-1375,

SUMMARY REPORT

Building. The ARE building is a
mill type of structure designed to
house the ARE and the necessary facili-
ties for its operation. The building
has a full basement 80 by 105 ft, a
crane bay 42 by 105 ft, and a one-
story service wing 38 by 105 feet.
The reactor and the necessary heat
disposal systems are located in
shielded pits in the part of the
basement serviced by the crane. One
half of the main floor area is open
to the reactor and heat exchanger pits
in the basement below; the other one
half houses the control room, office
space, shops, and change rooms.

In one half of the basement are
shielded reactor and heat exchanger
pits; the other one half of the base-
ment is service area. The control
room, office space, and some shops
are located on the first floor over
the service area. The first floor
does not extend over the one half of
the basement that contains the pits.
The crane is a floor-operated, 10-ton,
bridge crane having a maximum lift
of 25 ft above the main floor level.
Plan and elevation drawings of the
building are shown in Figs. 6 and 7.

The entire reactor system 1s con-
tained in three interconnected pits:
one for the reactor, another for the
heat exchangers and pumps, and a third
for the fuel dump tanks. These pits,
which are sealed at the top by shielding
blocks, are located in a large crame
bay of the building. The crane bay
is separated from the control room and
offices, and the heating and air
conditioning systems maintain the
control room at a slightly higher
pressure than the crane bay.

OFF-GAS DISPOSAL SYSTEM

The off-gas disposal system provides
for the collection, holdup, and con-
trolled discharge of the radioactive,
volatile, fission products that may
be evolved as a consequence of reactor
operation. In addition to keeping

13
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the normal release of radiocactive
gases within the maximum permissible
concentration (MPC), the system will
perform a similar function in the
event of certain catastrophies (cf.,
chapter on “Reactor Hazards’). It is
assumed throughout the discussion of
the off-gas system that all of the
volatile fission products that are
created will evolve from the fuel and
be discharged through the system.
This is not the case, however, and
preliminary experiments with a static
fuel mixture have shown that only a
small fraction (2.5% or less) of the
Xe!3% will evolve from the mixture.(?)

Description of System. A helium
atmosphere 1s maintained over the
surge tanks in the fuel system and the
fuel dump tanks. This helium gas,
which will contain the volatile
fission products (Br, I, Xe, and
Krh(3) passes through a NaK vapor
trap (where the Br and I are removed),
then into two holdup tanks (to permit
the decay of Xe and Kr), following
which the gases are released up the
stack. However, the release of gases
to the stack is dependent upon the
following conditions: (1) the wind
velocity 1s greater than 5 mph and
(2) the activity, sensed by a monitor,
is less than an established maximum
value. The monitor is located between
the two storage tanks, which are
connected in series. Provision is
also made to exhaust the reactor pits
through the holdup tanks inthe off-gas
system at a rate of 27 cfm (the limit
of the exhaust system). The off-gas
system 1s shown schematically in
Fig. 8.

With a static helium atmosphere in
the surge and dump tanks, the volumetric
flow rate of fission gases 1is a
maximum of 0.0014 cfm. In order to
have a measurable flow of gas, the
fission gases are mixed with a fixed

(Z)ANP Quar. Prog. Rep.
ORNL-1375, p. 153.

(3)M. M. Mills, A4 Study of Reactor Hazards,
NAA-SR-31 (Dec. 7, 1949).

Sept. 10, 1952,

SUMMARY REPORT

air bleed of 10 cfm between the first
holdup tank and the monitors. The
minimum flow rate past the monitors
then is 10 cfm and the maximum 37
cfm (that i1s, 10 cfm from the fixed
air bleed plus 27 c¢fm if the room is
being exhausted at the same time).
The monitor setting can then be based
on the premise that the flow is 37
cfm and the setting will be conservative
by a factor of 3.7:1 when the minimum
flow rate prevails.

The second holdup tank is placed
between the monitors and the stack
valve to increase the gas transit time
between the monitor and the valve
to ensure that the valve has time to
close after the monitor signals the
presence of excess activity.

Maximum Activity of Stack Gases.
The maximum activity of the stack
gases has been calculated, with the
assumption that the average energy
of disintegration is equal to 1
Mev.(3) The design of the off-gas
system includes two vacuum pumps that
deliver a maximum of 27 cfm and a
blower that discharges 10 cfm, giving
a total of 37 cfm maximum discharge
through the monitor. The maximum
permissible ground concentration for
the 1-Mev fission-product activity is

MPC = 1.6 x 10-% uc/cmd. (%)

At 37 cfm or 1.05 x 10° cm®/min and
with a permissible activity discharge
rate of0.832 curie/min, which produces
the above MPC, the activity per cubic
centimeter should not exceed

0.832
1.05 x 10°

as determined by the radiation monitor.
The monitors that control thepositions
of the stack valve will be set to
prevent discharge as soon as the
activity of the gas rises above a
predetermined level.

= 0.8 uc/cm?,

(4)K. Z. Morgan (Chairman), Maximum Permissible
Amounts of Radioisotopes in the Humaen Body and
Maximum Permissible Concentration indAir and Water,

NBS Handbood No. 52, to be published.
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The discharge rate of xenon and
krypton fission products to the
atmosphere must be such that the
activity is within the above limit.
The effective system holdup, before
the monitors, is 11.4 ft® or 3.53 x 10°
cm® (the volume of one tank plus
piping). If it can be assumed that
the decay time of the fission products
is equal to the system volume divided
by the flow rate, the total energy at
a particular time can be calculated.
This energy must be converted to
disintegrations per unit time by
considering effective energy changes
in relation to the variation of
1sotopic concentrations with time.
The values of permissible and calcu-
lated stack activity have been plotted
in Fig. 9, together with the per-
missible discharge rate, as determined
by the National Committee on Radiation
protection. (*) It will be noted
that at 8500 min of holdup, corre-
sponding to a discharge rate of 20.8
cm®/min through each restrictor, the
ground tolerance will not be exceeded.

Normal Discharge from the Surge
Tank. The maximum pressure within
the surge tank is limited by a 5-psig
pressure regulator in the gas supply
system. The maximum discharge rate
from the surge tank is limited by a
Bourdon restrictor to 20 cm®/min with

SUMMARY REPORT

a 5-psi pressure differential. At
this flow rate through each of two
restrictors, the holdup volume of the
system 1s such that it will allow
sufficient decay time, as required by
the above calculation, to permit the
discharge of the off-gas directly up
the stack. The change of effective
energy owing to the persistence of the
longer lived isotopes has been accounted
for when considering ground concen-
tration of this gas.

Gas Vented from the Fuel Dump Tank
During Dumping. In considering waste
gases from the surge tanks it has
been assumed that all gaseous products
escape into the surge tanks during
operation. Actually, it is expected
that some portion of the fission-
product gases will remain in the fuel
and that some fraction of this portion
will be released when the fuel 1is
admitted to the hot-fuel dump tank.
When fuel is admitted to the fuel
dump tank it is expected that helium
will be displaced at a rate of the
order of 5 c¢fm. This helium, after
passing through the NaK scrubber and
the first holdup tank, will be admitted
to the monitors. Should the monitors
sense excess activity, the stack valve
will prevent discharge and the vacuum
pumps will permit recirculation
through the holdup tanks and monitors.

TABLE 1. ACTIVITY OF XENON AND KRYPTON AS A FUNCTION OF HOLDUP TIME

STACK DISCHARGE | yoipyp rvg | DECAY EFFECTIVE | | o o cRATIONS MPC
(curie /min) POWER Mev /sec ENERGY (uc /cm™)
Calc. | MPC | Days| Minutes | (, (Mev) PER SECOND IN ATR
344 |2 1/2 720 | 600 | 3.75 x 10'% | 0.41 9.15 x 10'5 3.9 x 10-5
110 | 2.45 |1 1,440 | 320 | 2.00 x 10*%| 0.34 5.88 x 1015 | 4.71 x 10-6
39.6 |3.51 |2 2,880 | 160 | 1.00 x 105 | 0.237 4.22 x 10'5 |} 6.75 x 10-6
28.5 | 3.94 |3 3,320 | 128 | 8.00 x 10'*| 0.211 3.79 x 105 | 7.58 x 10-6
6.91 | 4.54 |5 7, 200 54 | 3.38 x 10'*] 0.183 1.84 x 105 | 8.74 x 10-
3.02 | 4.54 |7 10, 080 33 | 2.06 x 10'*| 0.183 1.13 x 10%5 | 8.74 x 10-°
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The recirculation should homogenize
the gases and ensure that the monitor
is sensing a representative sample.
When the gases have decayed suf-
ficiently to permit release, the
monitor-controlled interlock will
open the stack valve.

REACTOR CONTROL AND SAFETY DEVICES

Most of the control and safety
features of the ARE are similar, and
in many cases identical, to those of
certain reactors now in operation, The
nuclear instrumentation (such as
fission chambers and ion chambers) and
the electronic components (such as
preamplifiers and power amplifiers)
are copies of similar instruments and
gear in use on other reactors (MTR,
LITR, etc.). However, since the
fission chambers will be located in a
high-temperature region within the
reactor reflector, special high-
temperature chambers have been de-
veloped; helium cooling will be used
to keep them within a safe temperature
range., Alternate electrical power
systems are provided so that none of
the safety mechanisms can become
paralyzed by a simple power failure in
any one system.

There are three separate parts to
the control system: fuel shim control,
regulating system, and safety system.
The motor speed and gear ratio are
regulated so that safety rod with-
drawal cannot add Ak/k at a rate
greater than 0.015%/sec (that is,
0.005%/sec per rod). The regulating
rod can be inserted or withdrawn to
change Ak/k at a rate of 0,1%/sec.
The movement of this rod will be set
to provide a maximum change in Ak/k of
0.4% (approximately one dollar for
steady-state fuel circulation) between
the positions of maximum inserted and
fully withdrawn. The fuel loading
system cannot inject fuel at a greater
rate than that which would increase
the reactivity at arate of 0.013%/sec.

SUMMARY REPORT

These features are inherent in the
design of the control system; further-
more, since these three divisions
perform distinctive functions and
since each is almost, if not entirely
autonomous, each will be discussed
separately in the following.

Numerous automatic, as well as
optional, safety features are in-
corporated into the control system.
The automatic features scram the
reactor when activated; the optional
features warn the operator of potential
troubles. The specific situations for
each case are listed below. For every
scram the interlocks of the system are
such that the helium flow in the fuel
heat exchangers is cut off by opening
the electrical circuits to the motors.
This action is necessary to prevent fuel
from freezing in the heat exchangers.

Automatic Scram Signals,. For
certain instrument signals themagnetic
clutches holding the shim rods auto-
matically release the rods to fall and

scram the reactor. These signals are

the following:
1. reactor outlet temperature, upper
limit, 1550°F,

2, fuel heat exchanger outlet temper-
ature, lower limit, 1100°F,

3. one second fast period,

4, upper limit on flux, equivalent to
reactor power of 4500 kw,

5. fuel flow stoppage.

In addition, a 5-sec period inserts
the shim rods, which decreases Ak/k at
a rate of 0.015%/sec.

Optional Scram Signals. There are
certain optional scrams that have not
been made automatic for two reasons;
namely, the sensory signals usually
have already lagged the event to such
an extent that a fast scram cannot
provide better protection than an
optional or delayed scram, and second,
reaction to these signals requires
limited judgment. To build judgment
into the equipment would complicate
the instrumentation unnecessarily. For
each case requiring the exercise of
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limited judgment the equipment sounds

an alarm and annunciates to draw the

operator's attention to the possible
difficulty,

The following signals are provided

for the optional scram:
1. pronounced changes in differential
temperatures between reactor
outlet tubes (described in section
on ““Reactor Hazards”),
lowering level in any surge tank,
rising level in any surge tank,
alarm from a G-E halogen detector,
alarm from a radiation monitor,
lower limit on steady-state fuel-
flow indicator,

7. lower limit (1150°F) on fuel
outlet temperatures in fuel heat
exchangers,

8. oxygen concentration in pits,

9. humidity in the pits,

Shim Control. The reactor will be
made critical only after the fuel-
carrying liquid (NaF-ZrF,, 50-50 mole
%) has been brought up to a tempera-
ture of approximately 1200°F. The
liquid in the entire primary loop will
then be maintained at as nearly a
constant temperature as can be provided
by the external heating system. After
the system has been checked for leaks
and found to be tight, a fluoride
mixture (NaF-ZrF,-UF,, 50-25-25 mole%)
containing enriched uranium (93.4%
U?%% will be injected into the primary
fluid to bring the reactor to critical
at the temperature of 1200°F. This
technique for fuel enrichment comprises
the shim control of the reactor and is
designed only to add uranium to the
carrier; there is no plan to try to go
subcritical by fuel depletion.

[= N3, IR X

The fuel enrichment operation is
accomplished by means of the mechanism
shown in Fig, 10. A small fuel line
first carries the fuel from the storage
tank to the transfer tank and thence
to the pump inlet. Injection of the
fuel at the pump inlet assures mixing
of enriched fuel and carrier. The
enriched fuel i1s held in the trans-
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fer tank, where it is weighed, and when
the gas pressure over the liquidin the
tank is raised, fuel is forced through
the connecting line into the system at
the pump. The transfer tank is hung
from a beam balance so that an accurate
determination of the weight of fuel
is directly obtainable.

This method of fuel addition
permits the addition of known amounts
of fuel, and the magnitude of these
guantities can be controlled over a
considerable range as a critical
loading is approached. By introducing
the fuel into the circulating system
just before the liquid enters the
reactor, safe loading of the system is
assured. Should a slight excess of
fuel be added to part of the fuel
stream, the reactor would give an
indication of supercriticality when
the enriched liquid entered thelattice
and before the uranium concentration
of the entire fuel circuit had been
increased. If this occurred, the
fuel addition could be stopped and
subsequent mixing of the supercharged
liguid with suberitical fuel would
lower the reactivity.

Regulating System. The reason for
providing a mechanical regulating
system is that the magnitude of the
reactivity change effected by the
expansion of the fuel cannot be
accurately predetermined. To supple-
ment the negative temperature co-
efficient, incase itis of insufficient
magnitude, a single absorber rod
having a total value of approximately
0.40% Ak/k is provided in the center
of the reactor, The maximum insertion
rate is 0.1% Ak/k per second.

The absorber rod is located in a
3-in.,-dia hole that runs through the
pressure shell and core in the center
of the lattice. By means of a direct
drive, a 2-in.-dia boron absorber rod
is inserted into this hole., Since the
regulating rod will run within the
core while the reactor is running at
full power, the rod must be cooled.
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This is accomplished by the forced
circulation of helium down and around
the rod in a closed loop.

The regulating rod is moved by a 200-
watt, 60-cycle, reversible motor of
constant speed that is either manually
or automatically actuated. For manual
operation the motor is energized by a
zero-position, momentary-contact,
reversing switch located on the operat-
ing console. Manual adjustments are
used during the critical experiment,
during the rod calibration operation,
and i fdesired during the power regime,
For automatic operation, the motor is
energized from a control error signal
derived from neutron fluxmeasurements,
from the reactor mean temperature, or
from a linear combination of the two
signals. The automatic system can be
operated only when a reasonable power
(greater than 300,000 kw) is being drawn
from the reactor.

The servo system is arranged so that
the reactivity changes introduced by the
regulating rod behave like a negative
temperature coefficient associatedwith
the fuel. When the regulating rod 1is
connected to the servo drive and temper-
ature or flux perturbations are intro-
duced into the reactor, control of the
reactor will be accomplished.

During normal operation of the
reactor, when power changes are being
made at a slow rate, the reactor will
be manually controlled., Improper
manipulation of the manual control,
which would result in getting the
reactor on too short a period, 1is
safeguarded by the cocked safety
system plus the coefficient of re-
activity associated with the expanding
fuel. Precautions in the form of
limit switches, interlocks, alarms,
etc,, in accordance with previous
reactor installations, are provided
to further minimize the opportunity
for improper manipulation of the manual
control.

The regulating rod drives are
located on the concrete slab directly
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over the reactor and are accessible
to personnel at all times. The rod
linkage goes through holes in the con-
crete slab and provides means for
positioning the absorber portion of
the rod in the center hole provided in
the reactor.

Safety System. Three safety rods
for the ARE are located in the core on
120-deg points at a radius of 7.5 in.
from the center of the reactor. The
rods insert into 3-in. sleeves that
pass through the reactor shell and
core vertically from top to bottom.
The rods are of hot-pressed boron
carbide slugs that are canned in stain-
less steel sections and slipped over a
flexible tube. Sections of the rod
are cored to permit passage of helium
down through the rod for cooling.
Helium also passes down and around the
rod in the space between the rod can
and the core sleeve so that cooling of
the outside surface and the inside of
the rod is accomplished by parallel
helium flow,

Located above the reactor, on top
of the reactor pit, are the actuating
mechanisms for each rod. An actuator
is provided for each rod, but all
actuators are energized simultaneously,
and the maximum speed of withdrawal of
the rods is fixed by the speed of the
constant speed a-c motor used to
actuate the driving mechanism. The
safety rods are suspended by electro-
magnets, This arrangement was used in
the MTR, and the ARE design has taken
advantage of the experience gained in
the operation of that reactor.

The driving mechanism is comprised
of a reversible 60-cycle motor con-
nected to a drive screw that 1is
arranged to drive an electromagnet in
a vertical travel of 36 inches. The
drive screw operates inside a cy-
lindrical enclosure, and the magnet
has a keeper that fits as a piston
inside the enclosure. The piston has
a small cable attached concentrically;
the other end of the cable is attached



to the absorber rod. When the magnet
is energized, the drive screw moves
the piston vertically within the cy-
linder and, by the cable attachment,
either raises the safety rod or allows
it to fall by gravity as the piston is
lowered on the drive screw, When the
magnet is de-energized, the piston
falls and permits the safety rod to
drop. As the piston reaches the end
of its travel, gas is compressed in
the cylinder, to a degree controlled
by vent holes in the cylinder wall,
and acts as a pneumatic cushion for
the rod.

Each of the three safety rods has
approximately 5% OAk/k negative re-
activity when inserted in the reactor.
Thus a total of approximately 15%
Ak/k is available to shut down the
reactor. Three large rods are used
because statistics indicate that at
least one of the three rods is certain
to drop without hesitation at a signal
to scram.

OPERATING PLAN

A clear concept of the object of
the ARE is essential for an under-
standing of the specific reactor
operation. The object, briefly
stated, 1s: to operate the system at
as near a 3-megawatt power level for
as nearly 500 hr as possible. Even
if the facility operates successfully
at a power level of 1 megawatt for
only 1 hr, the experiment will have
attained some measure of success.
The object, as stated above, 1is
essentially the development of an
operating unit. Consequently, practi-
cally all data derived from the ARE
will be data pertaining to this
particular type of nuclear power
plant. One piece of basic information
to be determined from the experiment
is the evaluation of the stabilizing
influence of the temperature coef-
ficient of reactivity.

Operation of the ARE depends, to an
extraordinary degree, on providing
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a leak-free system before fluorides
are introduced into it. For this
reason, several preliminary tests
have been proposed to ensure detection
of all possible leaks. These tests
must, and will be,made with the utmost
care. The following account of the
test procedure, in the interest of
continuity, omits details of the
repairs indicated from time to time
by these tests (for repair of leaks
see ‘“Appendix A”). Accordingly, the
description of each test step is
based on the assumption that the
system has been found tight by all
previous tests.

Installation of Piping. Installation
of the plumbing system, which involves
all basic components of the reflector
coolant and fuel circuits because of
the interconnecting piping, will be a
tedious and exacting job. The pipe
lines and components will be completely
encased with acirculating gas (helium)
system. All piping is to be installed
in a prestressed condition so that
thermal expansion will essentially
remove system stresses. All joins
of components to piping will be made
by inert gas welding, according to
strict functional specifications, and
will be inspected by dye-checks and
radiography. Each weld will be
approved before additional welds are
made.

The monitoring gas annuli, wherever
these are integral pieces, will be
installed as the piping is installed.
No welded joint will be covered by
the annulus until just prior to
installation of the heaters and thermal
insulation. After all plumbing is
installed, the checkout procedure for
the system will be started.

Helium Leak Test. The first check
of the system will be made by putting
the fuel and reflector-coolant circuits
under a helium pressure of about 50
psi. While the systems are maintained
under this pressure, each welded
joint and the flanged joints at the
pumps will be soaped and visually
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inspected for leaks. This test will
reveal gross leaks and will enable
repairs to be made with a minimum of
inconvenience.

Alcohol Leak Test. The pump shafts
on the reflector circuit will be
sealed with wax and the system evacu-
ated. A DPI halogen detector will be
installed in the vacuum pump circuit
and will be left there while the
fuel circuit is filled with alcohol.
The filling technique will be the
the same as that followed in subsequent
filling operations for NaK and fluo-
rides. This involves evacuating the
fuel system and filling slowly by
means of a positive gas pressure
over the fluid in the fill and dump
tanks.

With vacuum on the reflector
circuit, the alcohol in the fuel
circuit will be circulated at design
point flow, and the system pressure
will be raised to design point by
means of helium pressure over the
free liquid surface in the surge
tank. Then, if there i1s a leak
between fuel and reflector circuits,
alcohol vapor will be detected by a
DPI unit, and the core will have to be
repaired. This fault is extremely
unlikely, but the test must be made to
determine the integrity of the reactor
core.

While the alcohol is circulating in
the fuel circuit, all instrumentation
such as flowmeters, level indicators,
pressure indicators, and thermocouples
will be checked to assure that their
operation is at least qualitatively
correct. Pump speed will be checked
throughout the variable range, and a
hydrodynamic test of the system in
general will be made. All joints will
be inspected visually for evidence of
leaks. At this stage of the test
program, it will be essential to check
carefully all valve performance in
relation to the associated valve-
monitoring equipment, Gas space
between bellows will be sniffed with
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the DPI monitor for detection «of leaky
bellows.

On completion of the above tests,
the reflector circuit will be filled
with alcohol and checked almost exactly
as was the fuel circuit. Obviously,
no additional leak test of the core
can be made, since both circuits will
at that time be filled with alcohol.

Roth circuits will then be drained
of alcohol, to the extent possible, by
admitting high-pressure helium over
the top of the liquid. A vacuum will
be pulled on both circuits to complete
the removal of all alcohol by evapo-
ration. The alcohol thus drained into
the fill and dump tanks will be removed
from the building.

Assembly of Reactor, Gas Annuli,
Heaters, and Insulation. After the
alcohol leak tests, the top plug will
be installed over the reactor and
installation and testing of the control
mechanism will begin. Both circuits
will be on the vacuum pump continuously,
and they will be checked repeatedly
for leaks by the rate of rise of
pressure in each system.

Before additional tests are war-
ranted, the system must be brought up
to temperature. This firstnecessiltates
the installation of all annuli,
heaters, and thermal insulation, a
job which will require several man-
weeks of effort. The annulus system
must be made tight so that helium can
be circulated independently of the
pit atmosphere, for, at this stage of
the test, the pits will be open and
will not have a helium atmosphere.

Vacuum Test at 1200°F. After the
complete system has been equipped
with annuli, heaters, and insulation,
power will be turned on the entire
heating assembly to begin the warm-up.
Helium will be circulating in the
annuli to assist in eliminating
longitudinal thermal gradients. The
warm-up will proceed at a very slow
rate, about 35°F per hour. During the



warm-up, the heater system will be
carefully monitored, and any inequality
in temperature will be corrected by a
shifting of heater power source (there
are four such sources of independently
variable voltage). The entire system

will be brought to a temperature of
1200°F.

With an isothermal condition at a
temperature of 1200°F, a rate-of-
pressure-rise test will be applied to
both fuel and reflector systems as a
final check for leaks before the hot
NaK is introduced into the circuits,
Also, at this high temperature, the
control rodswill be given an operational
check to make sure that no interference
has resulted from thermal expansion.
At this point also, any heaters and
insulation damaged by thermal ex-
pansion will be repaired.

Hot NaK Test. One flush and fill
tank will be filled with NaK and the
heaters on the tank turned on to bring
the NaK to a temperature of 1200°F,
The fuel circuit will then be filled
with hot NaK. With NaK circulating in
the fuel circuit, the reflector circuit
will be carefully monitored with the
DPI sniffer to detect any leak that
might have developed in the reactor
core. All valve operation, thermo-
couples, flowmeters, level indicators,
and other instrumentation will be
checked for proper operation,

Once the fuel circuit has been
checked out, the reflector circuit
flush and fill tanks will be filled
with NaK, which will then be brought
up to a temperature of 1200°F, The
reflector circuit will be given the
same check as the fuel circuit, and
both circuits will be operated simul-
taneously in a shakedown run. This
run will involve operation of the
helium blowers of both circuits for
short periods of time. The heater
power will be inadequate to allow
extraction of much power by the heat
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exchanger loops, but the heat exchanger
outlet temperature will be reduced by
about 200°F for brief periods to see
that the equipment functions properly.
The system will be observed critically
and carefully for a period of con-
tinuous operation of about 40 hours,
Final testing will be done at 1500°F.

When the operation is satisfactory,
the fuel circuit only will be drained
of NaK and put under vacuum. When the
rate of pressure rise in the evacuated
circuit indicates that the NaK has
been removed, the system will be ready
for the fluoride loading. Since Nak
cannot be used in the fuel circuit
after the fluorides have been intro-
duced, the NaK will be removed from
the fill and dump tanks as well as
from the fuel circuit.

Tests with Fuel Carrier. If the
preliminary tests up to this point
indicate that the system is tight, the
loading of the fill and dump tanks for
the fuel circuit with the inert
fluoride fuel carrier, NaF-ZrF,, can
be started. The fluoride will first
be put into two fill and dump tanks of
the fuel circuit. Each of these tanks
has a usable capacity of approximately
12 ft3; the capacity of the fuel circuit
is approximately 7.5 ft®., To provide
a reserve of 7.5 ft3 of fluoride fuel
carrier for flushing the fuel system
and an empty dump tank for receiving
the mixed fuel and carrier, it is
proposed to divide the 15 ft3 of
fluoride fuel carrier in these two
tanks so that one will contain approxi-
mately 6 ft® and the other 9 ft?®, The
system will be filled by using the
smaller supply first, to empty that
tank, and then the larger supply to
provide the required amount, 7.5 ft3.
Once the fuel carrier has been trans-
ferred to the reactor system, the
valves to the fill tanks will be
isolated so that the enriched fuel
mixture cannot subsequently be dumped
into these tanks.
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Filling the system with molten
fluoride will 'be carried out in the
same manner as the previous fillings
with alcohol and hot NaK. The system
will be filled until the surge tanks
are approximately two-thirds filled.
With the pumps in operation, the gas
pressure over the surge tanks will be
increased by about 15 psi. A de-
pression of the level in the surge
tanks as a result of the increase in
gas pressure will indicate gas pockets
in the system.

A further check for gas pockets in
the reactor, as well as a check for
equality of flow in the six parallel
fuel paths in the core, can be made by
turning on the helium blowers to about
10% of full flow for a short time.
During all this time the fuel carrier
will be heated by external resistance
heaters. Unequal temperature rises
as the fuel carrier flows in the six
parallel channels will indicate
unequal flow rates, with the slower
moving fluid having the higher temper-
ature rise. Variations of as much as
5% in outlet temperatures between any
two parallel paths will indicate
unsatisfactory flow in the path -with
the higher outlet temperature. Changing
the speed of the helium blowers will
introduce a temperature transient
in the fuel circuit. These vari-
ations in speed will be introduced by
manual adjustment of the wobble plate
of the Vickers hydraulic drive to the
helium blower in such a manner that
the fuel heat exchanger outlet temper-
ature will not decrease more than
25°F. The wobble-plate-motor speed-
control setting required to give
this 25-deg drop in temperature will
be noted, since it will be used again
in a subsequent test.

At this point in the test program,
the system will be ready for a shake-
down run before the addition of the
enriched fuel. The period of operation
with the fuel carrier will be extensive
so that any weak points in the system
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can be discovered and final repairs
made before the fuel is added. All
instrumentation will be thoroughly
checked, as will valve and pump
operation. The system will be run for
about 50 hr before fuel addition 1is
started. The shakedown period should
be long enough to show up possible
danger points in seals, valves, rod
actuators, etc. Once this period has
been passed, the probability of
failure within the next 100 hr is
believed to be quite low. It is
imperative that every precaution be
taken to ensure the tightness of the
system before enriched fuel is added,
for 1t will be very difficult to
effect repairs after that time.

Critical Loading. When the 50-hr
test with the fuel carrier is completed,
the fuel (NaF-ZrF,-UF,, 50-25-25mole %)
will be brought into the building and
the fuel-enrichment system will be
filled. The fuel melt will be prepared
in “eversafe’ tanks atY-12 and brought
to the building for heating. All
temporary gas by-passes will be removed
and the pits covered so that the air
in them can be replaced by a helium
atmosphere, which will remain for the
duration of the experiment. With
helium in the pits, the heat loss
from the system will be increased, and
it will be necessary to increase the
heater power input to maintain the
temperatures at the desired point.
Steady isothermal conditions for the
entire system can be achieved after
sufficient time has elapsed.

With the system isothermal, or
approximately so, fuel enrichment will
be started. However, before this can
be done, it will be necessary to drain
approximately 1 ft3 of the fluoride
mixture from the system into the fill
and dump tank that already contains
approximately 6 ft3. Then one half
the calculated critical loading will
be made as rapidly as the enrichment
system will permit. The system
provides for injection of one quart



of fuel in approximately 3 minutes;
the system can inject no more than a
quart in each operation lasting 3
minutes. After each injection the
quart-measuring device must be re-
loaded. The 3-min loading-time
interval i1s approximately four fluid
loop transit times. Successive quart
loadings will be made in such a manner
that the start of no two loadings
will occur at the same point in the
loop cycle. This precaution should
ensure uniform fuel distribution in
the system, even though mixing after
injection should be good.

When one half the computed critical
loading has been made, the remaining
loading will be done with the care
and caution characteristic of loading
any reactor for the first time. The
safety rods will be approximately 75%
withdrawn, and the regulating rod,
which will be on ‘manual’’ operation,
will be in the midrange position.
The control system will be thoroughly
interlocked to prevent gross mis-
operation while permitting the operator
the maximum degree of freedom com-
mensurate with safety. Loading of the
fuel will be complete when the reactor
1s just critical at an isothermal
temperature of 1200°F with the shim
(safety) rods essentially 75% with-
drawn and theregulating rod completely
withdrawn.

Subcritical Measurement of Fuel
Temperature Coefficient. Loading will
be interrupted just as soon as a
measurable multiplication can be
detected on the nuclear instruments.
It is desirable to check the sign of
the fuel temperature coefficient of
reactivity as early in the operational
regime as possible. Therefore, when
the de finite multiplication is dis-
cernible, a cool-fuel temperature
transient will be induced in the
reactor. This will be done by setting
the helium speed control to that point
previously determined which gives a
maximum heat exchanger fuel-outlet
temperature drop of about 25°F.
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The characteristics of the temper-
ature transient can be determined
experimentally by starting and stopping
the helium flow for the fuel-to-helium
heat exchanger at that stage in the
test program in which the system
contains fluorides but no fuel in
the fuel circuit. Several helium-
flow time intervals will be used, and
the reactor inlet and outlet tempera-
tures for each will be recorded.
These records will be available so
that successively increasing time
intervals can be used in this test
for reactivity temperature coefficient.

The cool-fuel temperature transient
should itncrease the multiplication
because of the negative fuel tempera-
ture coefficient. If themultiplication
decreases, indicating a positive
temperature coefficient of reactivity,
the reactor will be shut down and
drained. It is the opinion of those
who will operate the ARE that no power
reactor having a positive temperature
coefficient of reactivity is safe to
operate, regardless of the type of
automatic control system associated
with 1t.

Regulating Rod Calibration. Before
the reactor is brought to power, it
will be necessary to calibrate the
regulating rod. This will be done in
the following manner: With the reactor
critical, as described above, the
regulating rod will be fully inserted
and a measured quantity of fuel will
be added uniformly to the system over
a complete loop circuit time interval.
By this time the quantity that must be
added to provide excess reactivity of
approximately 0.05% can be estimated.
The fuel can then be added uniformly
to provide an increase 1n excess
reactivity of 0.05% in a single fuel
enrichment operation. With the
enrichment operation completed, the
regulating rod will be withdrawn until
the reactor is again critical. The
position of the regulating rod will
then be noted and recorded and the
calibrating procedure repeated for
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the remainder of the length of the
regulating rod.

Zero Power Operation at 1300°F.
With the regulating rod calibrated and
the reactor critical, the temperature
of the system will be raised 50°F and
made isothermal at 1250°F. At this
temperature the regulating rod will be
adjusted so that the reactor 1is
critical again, since the temperature
rise will have caused it to go sub-
critical. The temperature will be
raised slowly so that the operator can
maintain critical or subcritical
conditions rather easily throughout
the operation by withdrawing or
inserting the regulating rod.

Another 50°F temperature elevation
will then be made in the same manner
as was the first one. A further
withdrawal of the shim rods may be
required before the attempt is made
to raise the temperature, since the
magnitude of the negative temperature
coefficients in fuel and moderator
may be such that the excess reactivity
contained in the regulating rod cannot
compensate for a 100-deg temperature
rise.

With the system isothermal at
1300°F and subcritical by shim and/or
regulating rod insertion, fuel will be
added in small increments until a
sufficient amount has been added to
maintain criticality at 1300°F with a
regulating rod at the mid-position and
the shim rods approximately 75%
withdrawn.

The calibrated regulating rod will
make possible determination of the
over-all reactivity temperature
coefficient by these above-mentioned
50°F temperature increases. However,
the precisionof the shim rodpositioning
mechanism is not good enough to
permit a reliable determination of
this coefficient if the shim rods are
moved during the operation of raising
the temperature.

It is doubtful that the fuel
temperature coefficient can be de-
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termined accurately and independently
from any of these tests. Evaluation
of the temperature coefficient can
probably be made by analysis of the
load transients on the reactor at
design-point power.

Power Operation. With the reactor
critical and isothermal at 1300°F
and the temperature coefficient tests
completed, power operation may be
undertaken. This step will be taken
as follows: The reflector coolant
helium pumps will be turned on. ' The
regulating rod will be withdrawn
sufficiently to provide a reactor
period of approximately 20 seconds.
If no further manipulation of the
rod takes place, this period should
continue until thepower level suffices
to raise the mean fuel temperature
and lengthen the period. As the
period increases to about 30 or 40 sec
the fuel coolant helium blowers will
be started and brought up, as rapidly
as the equipment will allow, until
about 500 kwof power isbeing generated
by the reactor. This power level will
be indicated by a differential temper-
ature between reactor inlet and
outlet of approximately 60°F.

The power extraction will then be
leveled off long enough to check
operation, and 1f the system is
performing satisfactorily, the power
level will again be raised. Present
plans are to go to a power output of
3,000 kw as soon as possible. The
exact procedure for getting to this
high power level will be dictated
by conditions at the time of operation
and cannot be outlined in detail at
this time, since so much depends upon
the history of the system, the number
of repairs that have been necessary,
the elapsed time which the system has
been at temperature, etc. A decision
may be made to go to 3,000 kw for a
few hours and then reduce the power to
a lower value for a longer period
of time. Again, the object of the
experiment, to get all operating time



at 3,000 kw commensurate with safety,
will dictate the exact procedure to
be followed.

Shutdewn. When the reactor has
been run at power for about 500 hr,
the experiment will be complete.
If operation has been satisfactory
and the condition of the various
components 1s good, one further
interesting test may be made. The
reactor will be scrammed and left
shut down for about 10 hr so that the
xenon poison peak will be reached.
At this time the rods will be carefully
withdrawn until the reactor is again
critical. If the reactor goes critical
at essentially the same rod position,
it will indicate that most of the
xenon has been evolved from the molten
fuel. 1If, however, the rods must be
withdrawn beyond the original position
to make the reactor critical, it
can be assumed that xenon is at best

incompletely evolved from the molten
fuel.

The reactor will be finally scrammed
and the fuel drained into the hot
fuel dump tank. This draining will be
done by blowing the fluorides out with
helium. The blow-down will remove all
liguid except that retained in the
bottom of the loops in the core. The
system will again be filled with
fuel-carrier fluorides from the fill
and flush tank. The flushing mixture
will then be drained back into an
empty fill and flush tank. This tank
may be removed from the building
for fuel recovery, with suitable
shielding around it if it 1s removed
from the pit.

The NaK coolant used in the reflector
circuit will also be drained into
the fill and flush tanks provided for
this purpose. The NaK will remain in
these tanks until the activity has
decayed to a tolerance level that
permits its being pumped out of the
pit. The NaK can be removed after a
cooling period of about 67 days.
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EXPERIMENTAL PROGRAM

As has been previously mentioned,
the main purpose of the ARE is to
test a reactor system and learn
everything possible about the reactor
itself. As a result, experiments not
directly connected with the reactor
have been discouraged. To date only
one such test is planned: a shielding
experiment of particular interest to
the entire ANP project. The purpose
of the experiment is twofold: to
obtain shielding requirements for
pipes containing flowing fuel and to
obtain some fundamental data on
delayed-neutron and gamma-ray emission.

To facilitate this experiment, the
exit fuel line from the reactor has
been routed through the corner of the
pit containing the dump tanks. This
will enable the shielding group to
set up equipment around the exit
fuel line close to the reactor but
shielded from any direct radiation
from it. The equipment will be set
up prior to reactor operation and the
data will be taken remotely.

CHEMICAL PROCESSING AND DISPOSAL

After the completion of the operation
of the reactor, the fuel will be
dumped into a special tank provided
for this purpose in the dump pit.
This dump tank is designed to be
subcritical at all times and in-
corporates helium convection channels
to remove the fission afterheat.
The fuel will be removed from this
dump tank, under helium pressure,
through a line in the bottom of the
tank that terminates at the outside of
the concrete shield. The fuel will
be removed in batches of appropriate
size for the chemical processing that
is being developed by the Chemical
Technology Division at ORNL. The
active wastes from the chemical
processing operation will be processed
and stored in the existing OBNL tank
farm and waste disposal system.
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REACTOR HAZARDS

The nuclear and chemical hazards
peculiar to the ARE are discussed in
this section. No discussion is in-
cluded of the normal hazards of
radiation associated with all reactors;
however, every precaution has been
taken to minimize these dangers., The
usual tolerances were followed in the
calculation of the shielding require-
ments for the reactor, and careful
health-physics surveys will be made
during the entire operation. Monitrons
and air monitors are being installed
inside and outside the building so
that the operators will have constant
knowledge of the radiation level
around the area.

The radioactivity of the ARE is
inherently confined by the nature of
the design and materials in such a
manner that the uncontrolled dispersion
of radioactivity, even following an
accident, is improbable. The bulk of
the radioactivity is in the fuel,
which has a melting point of about
520°C. Since the fuel solidifies at
lower temperatures and 1s not water
soluble, the fission gases, in the
event of a fuel leak or a fuel and
water leak, remain in the fuel. The
NaK coolant permeates the core and
becomes slightly radioactive, but the
chief danger associated with the NaK
is that it is a potential fire hazard.
Process water, which is in an external
heat exchanger, is sufficiently re-
moved from the radioactive source that
its disposal presents no hazard.
The off-gas system is designed so that
the released activity will not exceed
tolerance and is capable of safely
regulating the release of excess
activity following a disaster in which
the activity is confined to the pits.

Various possible failures are
di scussed below, including fuel
freezing, fuel inventory, fuel leaks,
and NaK leaks. It is apparent from
the discussion of these failures that

as a result of any single failure, no
serious damage will result and no
radiation hazard will occur. A
serious hazard could result only from
a coincidence of failures that would
permit the NaK and water to react and
release a large amount of energy, and
then all that energy, or some of it,
would be applied to volatilize the
the fuel. Since such a hazard would
require the coincident failure of
three independent fluid systems in
the immediate vicinity of each other,
it would appear that a serious catas-
trophe with the ARE is extremely
unlikely. However, for such a failure,
three situations have been examined
in some detail (cf., “Hazard to Sur-
rounding Area in the Event of a
Failure”). The situations are (1) the
activity is confined to the pits,
(2) the pits are ruptured and the
activity leaks slowly from the building,
and (3) the building, as well as the
pits, 1s violated and the activity
rises in a hot cloud.

FUEL FREEZING

One of the most hazardous features
of the ARE is the relatively high
melting point of the fuel. Accidental
freezing of the fuel with attendant
flow stoppage at some region in the
system would probably terminate the
experiment. The high melting point,
about 950°F, has been determined in
the laboratory. Search for a suitable
lower-mel ting-point fuel continues,
with little promise that such will be
available by the time the ARE is ready
to be put into operation. The high
melting point is a basic feature that
had to be taken into account in the
design of the ARE reactor and auxiliary
equipment.,

The electrical heating system,
together with circulating helium in
the annuli about the fluoride-carrying
piping, has been designed to keep the
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fluorides external to and between the
reactor and heat exchanger at uniform
temperatures, Circulating helium will
minimize occurrence of cold spots that
would otherwise be found at points of
local heater failure. Since it is
impractical to locate thermojunctions
at all vulnerable points, this hot,
circulating, helium “blanket’’ ensures
against development of such an un-
detected cold spot that could freeze
the fuel.

Within the closed heat exchanger
loops and adjacent to either side of
the fuel-to-helium heat exchangers,
thermal shields or barriers are located
to reduce the radiant losses when fuel
coolant helium is not circulating.

Electrical heater units have been
installed around all fluoride-bearing
lines and components. The number of
these units installed provides a 10-
to-1 safety feature over the calcu-
lated power required to heat the
system., This over-design gives a
margin of insurance against heater
failures,

Means for monitoring the anticipated
lowest temperature points of the
system are a part of the basic design.
Permissible lower limits of these
temperatures automatically actuate
mechanisms to diminish heat extraction
from the system adjacent to these
monitored points, wherever suchmethods
are feasible. This method is appli-
cable to the control of the fuel out-
let temperature of the fuel-to-helium
heat exchanger, The helium blowers to
the fuel heat exchanger are inter-
locked with the outlet temperature to
shut them down when the temperature
drops lower than a predetermined safe
value,

LARGE FUEL INVENTORY IN SYSTEM

The presence of more than one
critical mass of U?3% in the system
constitutes a hazard. Any circulating-
fuel reactor that allows fuel external
to the critical core volume is part of
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a system containing more than one
critical mass of fuel that has access
to the critical lattice. Were there
any mechanism whereby this fuel could
precipitate selectively and conse-
guently increase the mass of U%3% in
the core, the system would be po-
tentially dangerous,

Extensive examination of the
fluoride-melt phase diagrams indicates
that the melt is homogeneous under all
contemplated operating conditions.
Radiation damage experiments have been
run at a flux level comparable to that
anticipated for the ARE., These experi-
ments fail to show the development of
inhomogeneity in the fuel. This
evidence of fuel stability provides
the only insurance against fuel
precipitation either in the core or in
the external loop.

If, in spite of this evidence,
selective precipitation should occur,
it may be possible to determine this
by the following proposed test. If,
after the reactor is made critical,
it is kept in this condition and it is
isothermal for an extended period of
time, such as 8 or 10 hr, precipitation
then would more than likely not occur
uniformly throughout the system. In
particular, it might occur most
pronouncedly in those areas where the
surface-to-volume ratio was highest.
Or, it could very well be that the
greatest precipitation would occur in
those regions of the system where fluid
turbulence would be at a minimum. In
any case, selective precipitation that
would deposit a relatively greater
amount of uranium within the critical
lattice than elsewhere in the system
would increase the reactivity. Like-
wise, selective precipitation of such
a nature as to ‘allow greater deposits
in the external system than in the
critical lattice would decrease the
reactivity. Since this would occur at
low power, the decrease in reactivity
could not be brought about by reactor
poisoning. Consequently, this test



should provide confirming evidence of
the absence of selective precipitation,

If, in the period of 10 hr of operation
at zero power under isothermal con-

ditions, the reactivity remains con-
stant, it can be concluded that there
is no selective precipitation. This
test, of course, does not furnish in-
formation on precipitation as in-
fluenced by radiation.

There are, however, certain ob-
servations that can be made when the
reactor is at design-point power, or
an appreciable fraction of this power,
which may give some information on
selective precipitation., Under these
conditions, if the precipitations occur
in the active lattice to a greater
extent than in the external system the
reactor will be put into a positive
period, the flux will rise, and the
reactor outlet temperature will slowly
rise; thus indications of trouble will
be given by both nuclear and process
instrumentation. If the predetermined
upper limits on any of these variables
(for example, too fast a period or too
high a temperature) is reached, the
reactor will be automatically shut
down. Unfortunately, an excess of
precipitation in the external loop
will decrease the reactivity, and
since there are other effects in the
operation of the reactor that also
tend to do this, it will not be likely
that any system presently provided will
discriminate between slow precipitation
in the external loop and these other
features. Consequently, the hazard
that has previously been extensively
investigated theoretically and which
accounts for a sudden release of
uranium previously precipitated in the
external loop into thecritical volume,
has not been guarded against by any of
the nuclear safety devices. It is
difficult to provide a means of
detecting this external precipitation,
should it occur. About the only
inherent safety features of the
system that afford protection for this
sort of situation are the negative
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reactivity temperature coefficients of
the reactor and the safety rods, which
will become effective when the dis-
lodged accumulation of uranium begins
entering the critical volume.

FUEL LEAKS WITHIN THE REACTOR

The basic design of the reactor is
such that fuel leaks occurring within
the critical lattice cannot accumulate
uranium in this region. All voids
(instrument holes, control rod holes)
that enter the active lattice are
vertical and open through the pressure
shell at the top and bottom. This is
done to eliminate the possibility of a
void filling with stagnant fuel in
case of a leak in the void. The volume
surrounding the fuel tubes is filled
with the reflector coolant, NaK. This
reflector coolant circuit is made
common to the core moderator so that
the NaK can permeate the interstices
between the beryllium oxide blocks.
Maintenance of a positive pressure
differential between the NaK and fuel
circuits minimizes any tendency for
fuel to flow into the moderator volume
in case of a leak between fuel and
moderator. Therefore, in the event of
a leak the direction of flow would be
from the NaK into the fuel, as dis-
cussed below. The fuel which might
back-diffuse into the NaK system would
be reduced into high-melting-point
solids.

NaK LEAK EXTERNAL TO REACTOR

The use of NaK as the reflector
coolant provides another hazard. The
NaK is circulated at a temperature of
the order of 1100°F, and consequently
its naturally pyrophoric nature 1is
accentuated.

Two features of the design are
effective in reducing the danger of
NaK fires. The monitoring system (a
helium filled annulus in which the
helium is monitored for NaK) that
encloses every piece of pipe and every
component carrying NaK will disclose
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the presence pf a leak within a few
seconds. In order for the NaK to get
into the pit area, it would be necessary
for a leak to occur simultaneously in
both the metal and annulus circuits.
Furthermore, the helium atmosphere in
the pit will not support a NaK fire.
It would, therefore, be necessary for
water to leak into the pit and come in
contact with the metal in order to
cause a fire. In addition to the
fact that the probability of these
coincidental failures is remote, the
reaction of large quantities of NaK
and water under a helium atmosphere
results in only a mild fire - not the
violent explosion that occurs when the
mixture reacts in air, Furthermore,
means for sensing the loss of NaK from
the system are essentially the same as
those used to detect a leak between
the fuel and the NaK system; that is,
an appreciable loss of the metal will
lower the NaK surge tank level. As
added safety features, means will
be used to continuously examine both
the oxygen concentration in the pits
and the relative humidity of the helium
atmosphere in the pit. These features
should indicate promptly the presence
of an air or water leak into this
region.

NaK LEAK WITHIN THE REACTOR

A NaK leak within the reactor
implies three possibilities: (1) NaK
leaking out of the core (through the
pressure shell or welds therein),
(2) NaK leaking into control rod or
instrument voids, and (3) NaK leaking
into the fuel circuit. A leak in or
around the pressure shell in which the
NaK escapes into the annulus surround-
ing the reactor will be detected by
the monitoring system. Such a leak
is, in effect, similar to the external
leak discussed above.

A NaK leak into the helium-filled
control rod holes is impeded by the
3/16-in.-thick, double-walled seamless
tubing, control rod guide sleeve. The
annulus between the two walls of the
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tubing is filled with diatomaceous
earth, The leak would be detected
either by the loss in volume in the
NaK system or by the halogen monitor-
ing system for the helium in the
control system.

The condition wherein NaK leaks into
the fuel system because of the lower
pressure maintained therein, must be
further subdivided according to
whether the leak is large or small.
If the leak were large (the result of
a tube rupture), the resulting reaction
between the NaK and the fuel would
create sufficient solid reaction
products to completely plug the tube,
(This will be discussed in considerably
more detail below.) On the other hand,
if the leak were small (a few cubic
centimeters per second), up to 5
volume % of NaK might be added to the
fuel circuit without noticeably
affecting the fuel flow., The slow
leak would be detected by the lowering
of the level in the NaK surge tank,
together with a rise in the level of
the fuel surge tank. If these two
levels change in this manner, the
reactor will be shut down and the
system drained.

With regard to a large leak, it has
been found that when sufficient NaK is
mixed with the fluoride fuel a high-
melting-point compound that is solid
at design-point temperatures is formed;
therefore a large leak of NaK into the
fuel circuit could block one of the
fuel passages by the formation of such
a solid mix, The reactor behavior for
a condition wherein one of the fuel
tubes becomes blocked has been care-
fully studied for one set of circum-
stances. It was assumed that the
reactor was operating at design-point
power when one fuel tube became
blocked by the leaking NaK and fuel
mixture and the fuel flow in the tube
stopped instantly. Although it is
difficult to define the cause or type
of fuel tube failure that could bring
about this result, the stoppage seems
to represent the utmost in perversity,



This condition was simulated on the
ORNL reactor power-plant simulator.

If one of the six parallel circuits
is blocked, the temperature of the
stagnant fuel in this passage will
rise rapidly, but there will be no
appreciable over-all reduction in
fluid flow in the circuit owing to the
plugging of the one passage. However,
the flow rate in the five passages
remaining open will be increased. The
increased flow rate will lower the
mean temperature of the fuel in these
five passages if the power remains
constant, Lowering of the mean
temperature in five-sixths of the fuel
will tend to offset the increase in
mean temperature of the fuel in the
blocked passage. Furthermore, the
temperature coefficient of reactivity
tends to maintain the reactor critical
in spite of the rise in temperature of
the fuel in the blocked tube. Both of
these effects will bring about a
pronounced decrease in the mean temper-
ature of the fuel in the five un-
blocked passages and, consequently, in
the fuel outlet temperature for these
five channels.

Calculations indicate that the mean
temperature of the fuel in the blocked
passage rises exponentially to an
asymptotic value of 875°F above design
temperature, while the temperature of
the fuel in the remaining five passages
drops exponentially to an asymptotic
value of 175°F below design point.
This calculation has been checked for
the initial period on the reactor
simulator; the results are shown in
Fig. 11. The curve shows that after
3 sec the temperature in the blocked
tube is 120°F above design point,
whereas the temperature in the five
other tubes has dropped 23°F., The net
result of these temperature changes is
to put the reactor on'a25-sec negative
period. For these studies it was
assumed that there was no shift in
flux distribution for a transient
condition in which the reactor inlet
temperature remained constant and no
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compensating action was provided by
the control and safety system. Dropping
of safety rods would, of course, limit
the amount of the temperature rise,

On the basis of the results derived
from the simulator studies, means have
been provided to sense the reactor
fuel tube outlet temperature sepa-
rately. Any appreciable change in
differential temperatures between any
two of the six outlet tubes will
automatically scram the reactor and
cut the helium coolant, Of necessity,
there is a transport lag between the
actual tube plugging and sensing of
the temperature changes caused by this
plugging, since the change in fuel
flow will not be abrupt even for the
assumed case of instantaneous blocking,
but rather will be of the nature of a
ramp function of time,

FUEL LEAK EXTERNAL TO REACTOR

The hazard of fuel leakage into the
pits naturally must be kept to a
minimum., In the first place, were all
the fuel to leak into the pit, there
must be assurance that it will not
accumulate in a compact volume so that
it will remain subcritical with any
conceivable surrounding., If the fuel
leaks onto the concrete pit floor, the
resulting solidified puddle will be
subcritical. The equipment in the
pits will have to be examined after
installation to ascertain that in the
event of a fuel leak no critical
accumulation can occur in the equip-
ment, Furthermore, fuel leakage into
the pits after the reactor has been
operated at power will release fission
fragments into the helium atmosphere
there. The results of a study of
atmospheric contamination caused by
fuel leaks of specified magnitude into
the pits are discussed below,

The fuel fluid circuit is in a
rather complex fabricated system.
There are a great number of joints in
this system and fuel leakage could
occur at any joint.
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G-E halogen detectors will be used
to sniff continuously samples of
helium flowing in the annuli about the
fuel-bearing pipes between reactor and
heat exchanger. Minute fuel leaks in
the piping system will be sensed
promptly, and the detector will
actuate an alarm system whenever a
leak occurs. A sizeable leak will
cause a lowering of the level in the
fuel surge tank., With positive
evidence that the fuel level in the
surge tank is dropping, the operator
will shut down the reactor and drain
the fuel. If such a leak occurred
during or after power operation it
would also cause the radiation monitor
to actuate an alarm system. These
three signals, namely, an alarm from
the G-E halogen detector, lowering of
the fuel level in the surge tank, and
an alarm from a radiation detector,
constitute what is considered ample
evidence of the loss of some fuel from
the system, and other than draining
the remaining fuel there is not much
the operator can do to rectify the
situation,

The helium system of the fuel-to-
helium heat exchanger is nominally
closed to the pits but there is leakage
between the two systems. Consequently,
a fuel leak in the heat exchanger will
be discovered by either the halogen
detector or a radiation monitor after
the leakage products have entered the
pits external to the heat exchanger
loop.

BOMB DAMAGE

Blowing up of the ARE with explosive
charges set from within by saboteurs
is feasible but could be done only
with great difficulty because the
entire reactor system is enrnclosed
within concrete pits., The only way in
which access can be gained to the pits
is by lifting at least four of the
concrete blocks covering the top of the
reactor pits. Since these blocks
weigh a minimum of 6 tons, it would
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require the cooperation of several men
experienced in rigging and it would
take considerable time. This type of
event appears extremely unlikely.
Should it occur, the mixture of water,
NaK,and fuel would react in the manner
described in the section below on “The
Ultimate Catastrophe.”

The situation with regard to a
bombing attack does not appear to be
any more hazardous or probable than
that resulting from the sabotage
described above. Again, the questions
of strategic importance of the ex-
perimental reactor, its invulnerability
because of the 7%-ft-thick concrete
pits, and its isolated location in
regard to possible hazards to other
installations and thickly settled
areas must be taken into account. A
bombing attack would most certainly
occur under wartime conditions, and
appropriate measures could be taken
at that time should that eventuality
occur.

OPERATIONAL SABOTAGE

To effect a serious accident by
sabotage would require deliberate
misoperation of the controls subsequent
to blocking out several interlocks in
the safety system. This method of
sabotage is feasible only by cooperation
(voluntary or otherwise) of all of
the operators and guards on a shift.

The only time that serious damage
can be produced by addition of fuel is
the period between the attachment of
the enriched fuel tank to the system
and the final procurement of criti-
cality. It is conceivable that a
saboteur by severing interlocks
could stop the pumps and then force
all the enriched fuel into the piping
system. With all of the fuel con-
centrated in one section of the
process piping, subsequent starting
of the pumps would place up to five

"critical masses in the reactor at one

time. This possibility has been
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discussed with the ORNL Protection
Division and a special guarding system
is being worked out for this period
of operation. Once the reactor has
been brought to critical with the
required excess k, any fuel remaining
in the fuel tank will be removed so
that this method for sabotage will no
longer exist. ‘

Probably the most likely and
serious possibility for sabotage
arises after the reactor has been
operated for some time at full power.
The best method of sabotage at this
point would be to simply stop all four
fuel and secondary coolant pumps and
turnon all the process piping heaters.
While the reactor would kill itself
immediately by interlocks dropping
the safety rods or by its negative
temperature coefficient, the fission-
product heat and the electrical power
would raise the entire piping tempera-
ture.

By using the Way-Wigner equations,
as summarized in ORNL-963,(!) for the
fission-product energy, the cumulative
heat after shutdown has been calculated,
assuming that the reactor has been
continuously operated for 20 days at
3 megawatts. The results of the
calculations are given in Table 2.

(I)J. H. Buck and C., F. Leyse, MNaterials
Testing Reactor Project Handbook, ORNL-963
(May 5, 1951},

The worst possible condition that
one can assume is that all the heat
is transmitted to and retained by the
fuel and its immediate Inconel piping.
The heat capacity of the 8.5 ft3 of
fuel mixture and its associated piping
is approximately 2 X 105 calories.
Again, assuming no losses to the NaK,
beryllium oxide, or annulus piping in
2 hr, the fuel temperature would rise
(130 x 10%) /(2x 10°) or 650°C (1170°F).
assuming that the fuel started at a
mean temperature of 735°C (1350°F),
its temperature at the end of 2 hr
would be 1385°C (2570°F). This 1is
only slightly below the melting point
of Inconel and somewhat above the
boiling point of the fuel. It must
be noted that no credit is taken for
the heat capacity of the annulus
piping, heaters, and insulation or,
more important, the large increase
of radiation to the walls of the pit
as the temperature rises above 1700 or
1800°F, Therefore, it must be assumed
that some time, that is, considerably
more than 2 hr, would be required for
the inner Inconel to give way and
allow the fuel to run into the annul<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>