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The Atomic Energy Commission requires that a Reactor Hazards Summary 
Report he submitted and approved by the Advisory Committee on Reactor Safe­
guards prior to the operation of a neu reactor or the modification of an 
existing reactor in order to determine, and thus assure, the safety of the 
Commission's various reactor projects® In accordance with 1BAK-0R-8%01, 
Reactor Safety Determination, this report describes the hazards that may 
conceivably be associated with the Aircraft Reactor Test® 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 *-
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AIRCRAFT REACTOR TEST

HAZARDS SUMMARY REPORT

1. INTRODUCTION AND SUMMARY
The successful completion of a program of experiments, including the 

Aircraft Reactor Experiment (ARE),-*- has demonstrated the high probability 
of producing militarily useful aircraft nuclear power plants employing re­
flector-moderated circulating-fuel reactors® Consequently, an accelerated 
program culminating in operation of the Aircraft Reactor Test (ART) is under 
way. In order to adhere to the compressed schedule of the accelerated pro­
gram, it is essential that the Atomic Energy Commission approve the 7500 Area 
in Oak Ridge as the test site by February 15, 1955» This report summarizes 
the hazards associated with operating the contained 60-Mw reactor of the ART 
at the proposed Oak Ridge test site.

Descriptions are given of the reactor, reactor cell, test site, 'reactor 
controls, and -operating plan, prior to presentation of the hazards consider­
ations » The hazards are classified into three major categories: 1) acci­
dents with an appreciable probability of occurring, 2) accidents causing 
rupture of the pressure shell, and 5) accidents causing rupture of the re­
actor cell. Category (l) accidents would involve minor difficulties in the 
integrity of the reactor system and would not result in injury to operating 
personnel or the surrounding population* Category (2) accidents, which are 
extreme nuclear excursions, might be caused by and can eause major breaks in 
the reactor assembly, but due to the presence of the reactor cell which would 
remain intact there would be no injury to operating personnel or other 
people. The causes of category (2) accidents are described in a general man- 
aer since it has been impossible to date to describe a specific series of 
events that would lead to an extreme nuclear excursion. In the total facil­
ity destruction, category (3), the reactor and the reactor cell would be 
ruptured to release the accumulated fission products, but this could only be 
accomplished by means of extremely clever distribution of large quantities 
of explosives by a saboteur or by a large aerial bomb. In the analysis the 
most severe ease has been presumed; namely, that complete volatilization of 
all of the fuel would occur. This is highly improbable since any such acci­
dent would require a large amount of heat at a high temperature, and its oc­
currence without dispersion of much of the fuel in particulate forapseems to be 
unlikely. In addition, quantities of other materials that would also be 
present would appreciably increase the total heat input required-*

I Wa. B. Gqt:^lir“(^rj7~R5a5t^~,S^ram of the Aircraft luclear 
Propulsion Project, 0RSL-12^~(Sie^7~i952)1



The reactor of the ART is to he a 60-Msr reflector-moderated circu­
lating-fuel type whose basic design is suitable for reactors to be used in aircraft.? The size and weight of the reactor and shield will conform 
with aircraft requirements, and, insofar as possible in the limited time 
available, the design of the important components will be based on concepts 
satisfactory for airborne applications«

Operation of the ARE demonstrated that a high-temperature circulating- 
fuel reactor could be built and operated and that materials and machinery for 
satisfactory operation at elevated temperatures had been developed. It show­
ed that the predicted large negative temperature coefficient of reactivity 
and the resultant self-regulatory characteristics of the reactor could be achieved. In addition, it was found that most of the Xe-^55 was removed from 
the fuel into the gas blanket space in the pump so that the steady-state con­
centration of the was only j5$ of the normal equilibrium value.

The new principle of design introduced in the ART consists of circulat­
ing the fuel through the reactor in a single, thick, annular passage and 
achieving the major portion of the moderation with a beryllium reflector 
which will also serve as an important portion of the shield. With the re­
sulting reduction in shielding requirements it has been possible to design 
the ART reactor in such a way that the entire fuel system is contained with­
in a sufficiently small, shielded volume to provide a low-weight shield and 
a useful aircraft reactor* The purpose of the Aircraft Reactor Test is to 
validate the methods of construction and the predicted operating character­
istics of such a reflector-moderated circulating-fuel reactor.

A reactor power of 60 Mw was selected because it is approximately the 
power that must be reached to demonstrate that the engineering problems are 
solved and that the operating characteristics are satisfactory for the high­
er powered reactors to be used in high-altitude supersonic strategic bombers. 
In addition, a reactor with a power level in the 60-Mw range will provide 
sufficient power to fly radar picket ships, patrol bombers, and other desir­
able aircraft. For a power level above 60 Mw, the cost appears to be di­
rectly proportional to the power. Also it does appear that a thoroughly 
satisfactory 200-Mw reactor can be built more quickly by first building a 
60-Mw reactor and then following it with a 200-Mw reactor in which the 
benefits of the experience gained with the 60-Mw reactor will have been 
incorporated.

The design of the ART envisions an essentially spherical reactor in 
which the beryllium moderator will be lumped in a central island and in an 
outer annulus (see Fig. 2.1, Sec. 2, this report). Two centrifugal pumps, 
arranged in parallel, will circulate the fuel downward between the inner 
beryllium island and the outer beryllium reflector and out of the bottom 
of the core. The fuel will then turn and flow upward through the heat ex­
changer region, which is around the spherical core. From the heat exchanger 
region the fuel will return to the pumps and will again be discharged down­
ward into the core. The reactor heat will be transferred in the heat

2. A. P. Fraas and A. ¥. Savolainen, OREL Aircraftf'-luelear Power Plant 
Designs, QlSh~1721, May 195% (issued'Hoy* 10, 195%)* ™ ~~



exchanger fro® the fuel to the secondary coolant (laK)» The fuel will he 
one of a number of fluoride salt combinations which have been shown to have 
acceptable physical properties® In particular, the SaF-ZrFj.-OTY fuel mixture 
is known to be satisfactory* ' The mixture laF-IF-LlF-ISY has some very de­
sirable properties and is under intensive investigation.

Quite a variety of shielding arrangements has been considered for the 
ACT* The' most promising seems to be one functionally the same as that for 
an aircraft requiring a unit shield, namely, a shield designed to give 1 r/hr 
at 5© ft from-the center of the reactor* Such a shield is not far from being 
both the lightest and the most compact that has been devised® It will make 
use of noncritical materials that are in good supply, and it will provide use­
ful performance data on the effects on the radiation dose levels of the re­
lease of delayed neutrons and decay gammas in the heat exchanger, the gene­
ration of secondary gammas throughout the shield, etc. While the complica­
tion of detailed instrumentation within the shield does not appear warranted, 
it will be extremely worthwhile to obtain radiation dose level data at repre­
sentative points around the periphery of the shield, particularly in the 
vicinity of the ducts and of the pump and expansion tank region*

Several arrangements have been considered as means for disposing of the 
heat generated in the reactor* The most promising of these is one that re­
sembles a turbojet power plant in many respects® It will employ radiators 
essentially similar to those suitable for turbojet operation. Conventional 
axial flow blowers will be used to force cooling air through the radiators * 
This arrangement will be flexible and as inexpensive as any arrangement de­
vised. It will give thermal capacities and fluid transit times essentially 
the same as those in a full-scale aircraft power plant. It will also give 
some very valuable experience with the operation of high-temperature liquid- 
to-air heat exchangers that embody features of construction and fabricating 
techniques suitable for aircraft use*

In an effort to minimize the liklihood of important- troubles developing 
during the course of the test, an extensive series of component development 
tests has been initiated* These tests have been designed to establish sound 
techniques for the fabrication of pumps and heat exchangers and to provide 
detail design information on such factors as clearances, etc. The operating 
experience gained in the course of these tests should prove most helpful in 
minimizing operating troubles with the ART and in diagnosing such troubles 
as may develop* These component development tests include experiments with 
a hot (high-temperature) critical assembly which will consist of the pump, 
header tank, and core system envisioned for the full-scale reactor. The ex­
pensive pressure shell and heat exchanger will not be included in this hot 
critical experiment*

Experience with the ARE has indicated the advisability of building, in 
addition to the critical assembly, a complete reactor-pump-heat exchanger- 
pressure shell assembly for operation as a eosponent test in the experi­
mental engineering laboratory* In a structure as complex as this it is



felt that there will probably he a number of mechanical problems of construe- 
tion* Batter than, go to extreme and awkward lengths to try to correct these 
hy reworking the first unit, it is to he "built as expeditiously as possible 
and' operated simply as a high-temperature component test with no fissionable 
material. The experience gained in fabricating and shakedown testing this 
first assembly should not only prove invaluable in construction and operation 
of the second assembly for use with fissionable material* but should actually 
lead to an earlier operating date for the ART.

As the design of the facility progressed it became apparent that the 
major hazards would be much less serious than had at first been presumed.
Also* the use of circulating fuel with its high negative temperature coef­
ficient gives a reactor in which a nuclear explosion seems almost out of the 
question. In order to operate the ART at Oak Ridge under the safest possible 
conditions the entire reactor system* with the exception of the NaK-to-air 
radiators * will be enclosed in a cell consisting of an inner tank within which 
the reactor assembly will be installed and an outer water-filled tank. The 
cell will thus provide a water-filled annulus around the reactor assembly.
The very compact installation envisioned results in a very low investment in 
sodium and NaK (about l/20 of that required for the KAPL-SIR reactor designed 
for the same power level). A relatively small amount of energy would be re­
leased by reactions involving the liquid metals* and therefore a correspond­
ingly small-diameter cell can be used.

The cell with a water-filled annulus will be adequate to absorb the 
amounts of energy that could be released in an extreme reactor catastrophe.
It will be impossible for a fragment ejected from the reactor assembly by an 
explosion to rupture the inner tank of the cell because - the pressure shell 
surrounding the reactor has been deliberately designed to yield at a pressure 
of 1000 psi and the maximum velocity of a fragment ejected at this pressure 
would be substantially below that required to penetrate the cell wall,

The 60-Mw reactor test unit was designed originally to be operated at 
the National Reactor Testing Station (NETS) at Areo* Idaho. It was envision­
ed that the reactor could be pretested at Oak Ridge and then shipped to NRTS 
for the nuclear tests. However* a survey disclosed that construction and 
operation at NRTS would require at least six months longer than at Oak Ridge. 
Delays would be occasioned by conducting a construction operation 2*000 
miles away and any small difficulty that might arise in reactor operation 
would be likely to introduce a major delay if that difficulty were not fore­
seen and plans to cope with it made in advance. No delay would be occa­
sioned by construction of the small reactor assembly cell for use at the Oak 
Ridge site* and approval is being requested from the Atomic Energy Commission 
for operation of the Aircraft Reactor Test in such a cell at the Oak Ridge 
site.

Design data for the ART are presented in Table 1.1.
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1.1 AIB(mFT E1ACT0E BISISI Mm

Power

Heat, isaxlBiusi (tor) „
Heat fliax (Btu/lar/ft^)

Power (aax/avg)
Power density, naxinram (kw/liter of core) 
Specific power (kw/kg of fissionable
material in core)

Power generated in reflector, kw 
Power generated in island, kw 
Power generated in pressure shell, kw 
Power generated in lead layer, kw 
Power generated in water layer, few

Materials

Fuel

Fuel jacket
Moderator
Reflector
Shield
Primary coolant 
Reflector coolant 
Secondary coolant

Fuel System Properties
Uranium enrichment {$ Dl'p)
Critical mss (kg of TT^) ^-,s.
Total uranium inventory (kg of 
Consumption at maximum power (g/day)
Design lifetime (hr)
Burnup in 1000 hr at maximum power {$)Fuel volume in core (ft^)
Total fuel volume (ft?)

60,000
Heat transported out hy
circulating fuel

2sl
1400

%500
20hO
600
210
132
ik

HaF-ZrF-WjL, 50-46-4 mole $ 
or HaF-KF-LiF-UFju, 1142- 
kb-3 mole $
Inconel
Beryllium
Beryllium
Lead and horated water 
The circulating fuel
Sodium
HaK

934 
13 »5 
30
80
1000
11
2.96
5.64

Heutron Flux Density (avg)
2Thermal, maximum (b/ch^' sec) 

Thermal, average (n/cza » sec) 
Fast, Mxisrum (n/cnc»sec)- 
Fast, average (n/cm '“sec) g 
Intermediate, average (nfcw °see)

4 x lO^J
2 x lOrJ 
8 x 10,7
4
10

10;

10
;i4
14



Control

SMxn control
Bate of withdrawal
Temperature coefficient

One rod of 5$ Ah/k 
3=3 x lO-^ Ak/k -sec 
-5»5 x 10-5 (Ak/k)/°F

Cirenlatiag Fuel-Coolant Systems

Fuel in Core
temperature, UF 

Teaperatnre rise, °F 
Flow velocity, ft/sec 
Reynolds number

Li Fuel Zr Fuel
l,6oo i,6oo

koo 4oo
7 7

170,000 85,000

Fuel-to-flaK Heat Exchanger
Maximus temperature, % 
Teiaperat'ure drop (or rise},0? 
Pressure drop, psi 
Flow rate, ft*/sec 
Telocity through the tube matrix, 

ft/sec
Reynolds number

Li Fuel Zr Fuel 
1,600 1,600
400 400
35 55
2.7 2.7

SaK Coolant 
1,500 
400 
50
12.6

8 8 36
4,6oo 2,300 180,000

Cooling System for Sag-Fuel Coolant 
Maximum air temperature, ^ ’
Ambient airflow through Sag radiators, cfm 
Radiator air pressure drop, in Ho0 
Blower power required (total for 4 blowers), hp 
Total radiator inlet face area, ft^

750
300,000
10
600
64

Cooling System for Moderator
Maximum temperature of sodium, °F 
Sodium temperature drop in heat exchanger, °F 
NaK temperature rise in heat exchanger, °F 
Pressure drop of sodium in heat exchanger, psi 
Pressure drop of NaK in heat exchanger, psi 
Flow rate of sodium through reflector, ft^/sec 
Flow rate of sodium through island and pressure 

shell, ft^/sec
Flow velocity of sodium through, reflector and island, 

ft/sec
Reynolds number of sodium in reflector and island

1200
100
100
7
7
1.35

O.53
30
170,000

System Yolumes and Pump Bata Li Fuel
lumber of pumps 2 
Pumping head, ft 50 
Flow per pump, gpm 600 
Pump speed, rpm 2850 
Pump power, per pump, hp 40

Zr Fuel la Coolant NaK Coolant
2 2

F
50 250 280

600 430 1300
2830 4300 125

65 16 100
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PiBensiQBB
Core diameter (in.) 21
Island diameter (in.) , 11
Fael region thickness (in.) 4.5
Reflector thickness (in.) 12
Shield thickness, lead ? (in.) 7
Shield thickness,water (in.) 31



2. THE SHSHDID REACTOR ASSEMBLY

The reactor is to he of the circulating-fluoride-fuel, reflector- 
moderated type. It will employ sodium-cooled beryllium as the reflector- 
moderator material and is designed to operate at 60 Mw. The reactor assem­
bly will include the pressure shell, reflector, fuel and sodium pumps, and 
heat exchanger assemblies. The basic design is shown in Fig. 2.1, a vertical 
section through the reactor. A series of concentric shells, each of which is 
a surface of revolution about the vertical axis, constitute the major portion 
of the assembly. The two inner shells surround the fuel region at the center 
(that is, the core of the reactor) and separate it from the beryllium island 
and the outer beryllium reflector. The fuel circulates downward and outward 
to the entrance of the spherical-shell heat exchanger that lies between the 
reflector shell and the main pressure shell. The fuel flows upward between 
the tubes in the heat exchanger into the two fuel pumps at the top. From the 
pumps, which operate in parallel, it is discharged inward to the top of the 
annular passage leading back to the reactor core. The fuel pumps are sump- 
type pumps with gas seals. A horizontal section through the pump volute 
region is shown in Fig. 2.2. A schematic diagram of the reactor system is 
shown in Fig. 2.3*

Ref lee tor-Moderator Cooling 'System

The reflector will be cooled by sodium circulated by two pumps at the 
top of the reactor. The sodium will flow downward through passages in the 
beryllium and back upward through the annular space between the beryllium 
and the enclosing shells. The central beryllium island will be cooled in 
a similar manner, except that the sodium will leave the bottom of the is­
land to be returned to the top of the reactor through cooling passages in 
the main pressure shell. The sodium will return to the pump inlets through 
small torrodial sodium-to-MaK heat exchangers around the outer periphery of 
the pump-expans ion tank region. The sodium pump and heat exchanger sub- 
assemblies will be positioned on either side of the fuel pump volute region. 
The pipe from the sodium pump discharge will make a slip fit into the re­
flector sodium inlet tube. The leakage through this slip fit into the sodium 
return passage will simply recirculate with no penalty other than a small 
increase in the required pump capacity.

Pressure Shell

The Inconel pressure shell will constitute both the main structure of 
the reactor and a compact container for the fuel circuit. The design bas 
been modified somewhat from that shown in Fig. 2.1 to make the shell con­
tinuous through the vicinity of the headers and thus give better continuity 
of stress flow and a minimum of welding. Blisters made of 1-in.-thick plate 
welded to the outer surface of the shell between the NaK pipes will serve 
both to reinforce that weakened region and to provide for sodium flow up 
through the shell. The inner liner assembly of the pressure shell will con­
sist of a 0.75-in.-thick Inconel shell, a 0.125-in.-thick hot-pressed B^C



TUBE HEADER SHEET 
(STRESS = 1250 psi)

TUBE WALL 
(STRESS = 450 psi)

DWG. 22342

INCONEL JACKET

Be REFLECTOR

MODERATOR 
COOLING TUBE

COOLING TUBE 
CONNECTER

TUBE BUNDLE 
SPACERS

TUBE BUNDLE

JACKET FOR B10 
' LAYER

PRESSURE SHELL 
LINER

Na PASSAGE

PRESSURE SHELL 
(STRESS = 625 psi)

(STRESS = 1250 psi)

TUBE HEADER SHEET 
(STRESS = 600 psi)

Fig. 2.1. 60-Mw Reflector-Moderated Reactor.



DWG E-17986B

• •

• •• • »• • • • • •

••••••

• • *
9 • •
9 9
ft « 9 9 «

9 - ' i,
9 9 9 9 9

: • P• • 9 9 9 9» j

j /•99*99 ^ j
/

IMa RETURN FROM ISLAND 
AND PRESSURE SHELL

FUEL PUMP IMPELLER INLET

FUEL PUMP VOLUTE

Na PASSAGE IN ISLAND

Na TO REFLECTOR

Na FROM REFLECTOR

NaK INLET

Na-TO-NaK HEAT EXCHANGER

NaK INLET

Fig. 2.2. Horizontal Section Through Pump Region of Reactor.

0



* fr % f /

MODERATOR 
NaK-TO-AIR RADIATOR

PREHEAT BURNER 

I-------  GAS
8000 cfm BLOWER ORNL-LR-DWG 3091A

DISCHARGE TO STACK
DISCHARGE TO STACK

NaK PUMP NaK PUMP
DRAIN WATER MAINNaK PUMP

NaK FILL AND 
DRAIN TANK PREHEAT DOORS

\/
PREHEAT DOORSv LUBRICATION-OIL

COOLER

MAIN NaK-TO-AIR 
RADIATOR

MAIN NaK-TO-AIR 
RADIATOR

NaK BY-PASS 
FILTER

Na-TO-NaK 
HEAT EXCHANGER

FUEL-TO-NaK 
HEAT EXCHANGER /-FUEL-TO-NaK 

HEAT EXCHANGER
GAMMA
SHIELD-

-AIR FROM 
RADIATORS

LEAD

SHIELD J
-FILL AND DRAIN 

TANK - FUEL

LEAD * s
SHIELD J

AIR IN AIR INFILL AND DRAIN 
TANK - Na

Fig. 2.3. Schematic of Aircraft Reactor Test.



layer, and an inner 0.062-in * -tMck Inconel can. Seat generated in the 
pressure shell by the absorption of gaamas from the fuel will be removed 
by sodium flowing between the outer surface of the liner and the inner 
surface of the pressure shell so that the pressure shell temperature will 
be held close to 1200SF. A 0.062-in, -thicls: gap will provide sample flow 
passage area for sodium to flow upward from the bottom of the island to 
the top of the pressure shell, fransfer tubes there will direct the sodium 
from the outer surface of the pressure shell to the sodium-to-HaE heat 
exchanger inlets. Jhe hot-pressed boron carbide blocks win-be diamond- 
shaped, with 60-deg angles at their vertexes, and they win have rabbeted 
edges. This design makes it possible to cover a spherical surface with a 
single block size and shape. To facilitate' welding in the final assembly, 
the pressure shell will be split circumferentially at both 1*S and 35°N 
latitudes. By splitting the liner at 1®S latitude, it will be.easily ac­
cessible for welding, and the upper portion of the main shell can be lowered 
into place for the final welding operations.

Seat Bxcha'oger

The spherical-shell fuel-to-IaK heat exchanger, which makes possible 
the compact layout of the reactor-heat exchanger assembly, is based on the 
use of tube bundles curved in such a way that the tube spacing win be uni­
form, irrespective of latitude.-^ The individual tube bundles will terminate 
in headers that resemble shower heads. This arrangement win facilitate 
assembly because a large number of small tube-to-header assemblies can be 
made leak-tight much more easily than one large unit. Furthermore, these 
tube , bundles will give a rugged flexible construction that win resemble 
steel cable and will be admirably adapted to servieejjim''arhich large amounts 
of differential thermal expansion must be expected.

Pumps

Two fuel pumps and two sodium pumps are located at the top of the 
reactor. These pumps are similar, but the fuel pumps have a larger flow 
capacity. In addition to pumping, the fuel pump will perform several other 
functions. Most of the xenon and krypton and probably some of the other 
fission-product poisons will be removed from the fluoride mixture by scrub­
bing it with helium as it is swirled and agitated in the expansion tank.
The high swirl rate in the expansion tank is also desirable in that the 
centrifugal field will keep the free surface of the fuel reasonably stablfe 
in maneuvers or in "bumpy" flight. The expansion chamber will also serve 
as a mixing chamber for the addition of high-uranium-eontent fuel to the 
main fuel stream to enrich the mixture and to compensate for burnup. Fluid 
will be scooped from the vortex Tn the expansion tank and directed into the 
centrifuge cups on the backs of the impellers. Since considerably more fuel 
will be scooped from the vortex than can be handed by the centrifuge, the 
excess will be directed upward into the swirl pump where it will be accelerated

1. A. P. Fraas and M. B. talferne. Heat Exchanger .Design Charts, OBSIi-1330
(Dec. 7, 1952).
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and returned to the expansion tank. There it will help maintain a high 
rotational velocity. A slinger located on the pump shaft above the swirl 
pump will prevent fuel from splashing up into the annulus around the shaft 
below the seal.

A number of other special features have been included in the pump 
design to adapt it to the full-scale reactor shield. The pump has been de­
signed so that it can be removed or installed as a subassembly with the 
impeller, shaft, seal, and bearings in a single compact unit. This assembly 
will fit into the bore of a cylindrical casing- welded to the top of the re­
actor pressure shell. A J-in, layer of uranium just above a l/2-in. layer 
of BijS around the lower part of the impeller shaft will be at the same level 
as the reactor gamma shield just outside the pressure shell. The space be­
tween the bearings will be filled with oil to avoid a gap in the neutron 
shield. The pumps will be powered by d-c electric motors in order to provide 
good speed control.

Shield

The shield for the reactor has some characteristics that are peculiar 
to this particular reactor configuration. The thick reflector was selected 
on the basis of shielding consideration. The two major reasons for using a 
thick reflector are that a reflector about 1£ in. thick followed by a layer 
of boron-bearing material will attenuate the neutron flux to the point where 
the secondary gamma flux can be reduced to a value about equal to that of the 
core gamma radiation. This thickness will also reduce the neutron leakage 
flux from the reflector into the heat exchanger to the level of that from the 
delayed neutrons that will appear in the heat exchanger from the circulating 
fuel. An additional advantage of the thick reflector is that 99$ of the 
energy developed in the core will appear as heat in the high-temperature zone 
included by the pressure shell. This means that very little of the energy- 
produced by the reactor must be disposed of with a parasitic cooling system 
at a low temperature level. The material in the spherical-shell intermediate 
heat exchanger is about 70$ as effective as water for the removal of fast 
neutrons| so it too is of value from the shielding standpoint. The delayed 
neutrons from the circulating fuel in the heat exchanger region might appear 
to pose a serious handicap. However, these will have an attenuation length 
much shorter than the corresponding attenuation length for radiation from 
the core. Thus, from the outer surface of the shield, the intermediate heat 
exchanger will appear as a much less intense source of neutrons than the 
more deeply buried reactor core. The fission-product decay gammas from the 
heat exchanger will be of about the same importance as secondary gammas from 
the beryllium and the pressure shell.

Thermal insulation Oi'5 in. thick separates the hot reactor pressure shell 
from the gamma shield, which is a layer of lead about 7 in. thick. The lead, 
in turn, is surrounded by a 51-in.-thick region of borated water. The slightly 
pressurized water shield is to be contained in shaped rubber bags similar to 
fitted aircraft fuel tanks. Cooling of the lead shield will be effected by



circulation of water through coils embedded in the outermost portion of 
the lead and through auxiliary coolers* The horated water shield will he 
cooled hy thermal convection of the atmosphere in the reactor assembly 
cell.

Assembly and Testing

As each component of the reactor is constructed it will he cleaned 
and leak tested in the 1-12 area* The whole assembly is designed so that 
leah testing can he carried out as the components are added, piece hy piece, 
lass spectrographic technig.ues will he used for leak testing. The com­
pleted assembly of circulating-fuel and moderator-cooling systems can he 
leak tested before it is moved to the site. All thermocouples and other 
instrumentation will he checked as the assembly proceeds.

Assembly of the radiators, blowers, IaK pumps, fill and drain tanks, 
and other auxiliary equipment will proceed concurrently with the assembly of 
the reactor *at Building 7503. Cleaning and leak testing procedures will he 
the same as those for the reactor. AH instrumentation in the building will 
he checked out, as far as possible, prior to installation of the reactor 
package.

The reactor shield assembly (without water in the shield) will be moved 
as a package from the 1-12 area to the 7505 building. After all connections 
have been made, final leak testing will be carried out.

The BaK system will be filled with BaK and, with the heat barrier doors 
closed, the SaK pumps will be started. A heat input of approximately 300 kw 
will be attained by circulation of the BaK, and this energy in the BaK will 
be used to preheat the reactor. The presence of leaks, if any, from the BaK 
system to the fuel system will be determined at this time by a flame photo­
meter. In addition to the leak check, the circulation of BaK in the system 
will permit the checkout of all instrumentation and the determination of the 
system characteristics. After circulation for several hours, the BaK will 
be sampled and analyzed for oxygen content. If the oxygen content is within 
the capacity of the purification system, the BaK will be left in the system 
for the remainder of the testj otherwise it will have to be replaced. If 
the BaK is to be replaced it will be dumped hot in order to carry the oxide 
with it.

The sodium system for cooling the beryllium will be filled next, and, 
finally, the fuel system will be filled with a barren, fluoride mixture. - 
Circulation of the fluids in these circuits will permit final cleaning of 
the systems, operational checks of instrumentation, and a determination of 
the system operating characteristics. As with the BaK, samples will be 
taken and analyzed for purity. The barren carrier will then be drained from 
the fuel system and replaced with a fluoride mixture containing 80$ of the 
required uranium (as determined from the critical experiment).
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3. THE TEST FACILITY

Site

The ABE facility* (®1L Building 7503* as noted in the ABE Hazards Sum-' 
aary Report*1 is located at a site 0.75 mile southeast of the center of the
present CR1L area and about 0.24 mile northeast of the Homogeneous Reactor 
Test (BRT) facility. This ARE location is near the center of Melton Valley 
which is approximately % miles long and 0.5 mil® wide. With the exception of 
the nearby HRT, this valley is unoccupied. Between the ARE site (elevation 
8%0 ft) and Bethel Valley* which contains GR1L (elevation 820 ft)* is Haw 
Ridge which averages 980 ft in elevation. Within a radius of 1.9 miles* all 
the land is owned by the AEG and is already a security-controlled area. Within 
a radius of 2.3 axles there is approximately 0.3 square miles of farm land 
that is not AEG owned or controlled. Additional information on the surrounding 
area and the natural characteristics of the site i© presented in Appendix A.

Building

To modify the ARE Building to accommodate the ART* it is planned that an 
addition to the south end will be constructed to effect a 64-ft extension of 
the present 105-ft long building. The ART shielded reactor assembly and its 
container will be installed within this addition to the ASS Building. Such an 
arrangement will permit the use of ARE services and facilities that exist in 
this installation which has now served the purpose for which it was erected. 
For example* items such as the control room* offices* change rooms* toilets* 
storage area* water supply* power supply* portions of experimental test pits* 
access roads* security fencing* and security lighting are available for in­
corporation in ART plans. Fig, 3.1 shows the preliminary design of the facil­
ity in perspective.

The plan and elevation drawings of the ART facility are shown in Figs. 
3«2 and 3.3. The floor level of the addition will be at the ARE basement 
floor grade (ground level at this end of the building)* and the cell for 
housing the reactor assembly will be sunk in the floor up to 3 ft below the 
bolting-flange level. The reactor cell will be located in approximately the 
center of the 42-ft wide by 64-ft long high-bay' extension and directly in 
line with the ARE experimental bay. The reactor assembly will be positioned 
so that the top of the shield will be at the building floor elevation.

The south wall of the ARE experimental bay will be removed and the 
overhead crane facility will be revised from I0-to-20-ton capacity to per­
mit use of the experimental pits for installation of auxiliary equipment

1. J. H. Buck and W„ B. Cottrell* ARE Hazards Summary Report* ®SL-l4Q7j 
(1952).
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Fig. 3.1. Aircraft Reactor Test Facility.
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and possibly for underwater reactor .disaaseinbiy work after reactor oper­
ation. Also, the track door in the north -wall of the ARE-Building will 
he enlarged to proTide a large entry, door to the AST area.

Field maintenance and laboratory facilities will he installed in the 
area east of the new hay and south of the low hay of the ME, This area 
and the old experimental hay will be partitioned from the new hay with 
about a l6-in.-thick solid, concrete-block shield wall. This wall will 
not he erected until after placement of the upper sections of the reactor 
assembly container. , The only other major modification to the ABE facility 
to accommodate the, ART will he that of modifying and equipping one of the 
ARE experimental pits for underwater disassembly work on the reactor after 
operation.

Reactor Cell

The cell designed for housing the reactor assembly is shown, in 
Pig. 3»%• As may be seen, the cell'is to consist of an inner and an outer 
tank. The heat dump equipment will he located outside the cell, but nearby 
The space between the two tanks will be of the order of l8 in, and will be 
filled with water. The inner tank will be sealed so that it can contain 
the reactor in an inert atmosphere of nitrogen., at atmospheric pressure, but 
it will be built to withstand pressures of 1G0 psi, . The outer tank will be 
merely, a water ' container. ' ' ■

The inner tank will be approximately 2b ft in diameter with a straight 
section about 11 ft long and a hemispherical bottom and top. The outer 
tank, which is to be cylindrical, will be approximately 27 ft in diameter 
and about 47.5 ft high. When the reactor is to be operated at high power, 
the space between the tanks and above the inner tank will be filled with 
water so that in the event of an accident so severe as to cause a meltdown 
of the reactor the heat given off by the decay gamma activity will be car­
ried off by the water. Since the heat transfer rate-to water under boiling 
conditions-would-be exceedingly high (of the order of 320,000 Btu/hr«ft^) 
and since the thermal conductivity of the fluoride fuel is relatively low, 
the water-side teagserature. of the inner tank will not exceed the.water tem­
perature by more than 40°F. The water capacity of the space between the 
tanks together with the water in the reservoir above the inner tank (ap­
proximately 10 ft deep) will be of the order of 1^000,000 .gal.:’ Boiling of 
the water in the annulus and above the inner 'tank will suffice to carry 
off all the heat generated by the fission, products after any accident with­
out any additional water being supplied to the tank.

About 26 ft of the outer tank will be above floor grade« This portion 
of the tank, as well as the top hemisphere of the inner tank, will not be 
attached until completion of the reactor installation and preliminary shake 
down testing. Since the shielding at the reactor will be quite effective, 
the space inside the tank will be shielded fairly well so that it will be 
possible for a man to enter the inner tank through a manhole for inspection 
or'repair work, even if the reactor has been ran at moderately high power.
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The unshielded reactor' assembly will weigh approximately 10,000 lb; the 
lead gamma shield, approximately 30,000 lb; and the water in the shield, ap­
proximately 3^,000 lb. The first two of these items can be handled conven­
iently with a 20-ton crane, while the berated water will be pumped in after 
the rubber tanks have been installed for the water shield.

The reactor assembly, with its aircraft-type shield, will be mounted 
in the inner tank on vertical columns with the reactor off-center from the 
vessel axis and about 6 ft above an open-grated floor. This positioning 
will provide the space needed for movement of the portable fluoride fuel and 
sodium moderator coolant containers to their operating stations under the re­
actor. The off-center location will also serve to minimize the length of the 
HaK piping

The HaK and off-gas piping connected to the reactor will pass through a 
thimble-type passage or bulkhead in the double-walled cell. The openings 
will be covered with stiff plates which will be welded to the tank walls.
The piping will be anchored to the inner plate and connected with a bellows- 
type seal to the outer one. The volume within all bulkheads will then be 
maintained at a pressure above that of the inner tank to prevent out-leakage 
from the inner tank.

A doubly-sealed junction panel for controls, instrumentation, and 
auxiliary services will be installed through the tank below the building 
floor grade as a part of another bulkhead to pass wires, pipes, tubes, etc., 
required for the circuits and systems. The various thermocouples, power 
wiring, etc.,.will be installed on the reactor assembly in the shop and fit­
ted with disconnect plugs so that they can be plugged into the panel in a 
short period of time after the reactor assembly has been lowered into position 
in the test facility. This will minimize the amount of assembly work re­
quired in the field.

Two more bulkheads, in the form of manholes, will be installed in the 
upper portion of the container. One manhole will be about 3 ft by 5 ft and 
located just above the flange on the inner tank to allow passage through 
both container walls and thus provide an entrance to the .inner tank for use 
after placement of the upper sections of the container. The second opening 
will be a manhole about 5 ft in diameter in the hemispherical top of Jfche 
inner container to provide overhead crane service after placement of: the top. 
Sufficient catwalks, ladders, and hoisting equipment will be installed within 
the inner tank to provide easy access for servicing all equipment.

The control bulkhead in the cell will be located so that the associated 
control junction panel and the control tunnel will extend to the auxiliary 
equipment pit (formerly the ARE storage pit). The pit and basement equip­
ment will include such items as the lubricating oil pumps and coolers, 
borated shield water make-up and fill tank with a transfer pump, vacuum pump, 
relays, switch gear, and emergency power supply. The reactor off-gas flow, 
diluted with helium, will be piped through the HaK piping bulkhead to the 
disposal facility outside the building.



Heat Dttap System

fbe basic requirement of the &RT heat dump system is to provide heat 
dump capacity equivalent to 60 Mw of heat with a mean temperature level of 
1300°F in the HaK system* It has also seemed desirable that the MI heat 
dump system should, simulate the turbojet engines of the full-scale aircraft 
in a number of important respects, such as thermal inertia, laK holdup, and 
faTsricational methods*

Since heat dumps are required for use in heat exchanger.test rigs, and 
since work of this character has already progressed to the point where the 
cheapest, most compact, and most convenient heat dump is currently proving 
to he a round-tube and plate-fin radiator core, it is believed that this 
basic type of heat transfer surface should prove both sufficiently reliable 
and sufficiently well-tested to serve for the MI* fhe round-tube and plate- 
fin radiator planned for the MT makes use of type 310 stainless steel clad 
copper fins spaced 15 per inch and mounted on 3/l6-in«-OD tubes placed on 
2/3-in*. square centers* Individual radiator cores will have an inlet face 
2 ft square* Haohiinferiwbion has been obtained in tests of similar units,

Ia£ will be circulated through five separate systems. Four will con­
stitute, the main, heat dump system, while the fifth will be the moderator 
heat dump system* In the main heat dump system a group of four fill-and- 
drain tanks will be used, but these will not .require the remotely operable 
couplings desired for the sodium or fuel systems * The BsK will be forced 
Into the main cooling circuit by pressurizing the tanks* The 2k tube bundles 
of the fuel-to-IaK heat exchanger will be manifolded in four groups of six 
each* The Sale will flow from these tube bundles out to th« radiators which 
will be arranged in four vertical banks with four radiator cores in each bank 
The SaK will flow upward through the radiator bank to the pumps* A small by­
pass flow through the expansion tank will allow it to serve as a cold trap*
A filter to remove oxides will be placed in the return line from the tank*

The- moderator heat dump system will be essentially similar except that 
its capacity will be about one-quarter that of one of the tow? circuits of 
the main heat dump system® laK will be circulated to the Sa-to-IaK heat ex­
changer in the top of the reactor where the laK will pick up from the 
sodium the heat generated in the island and reflector. The JfaK will pass, 
to a small laK-to-air radiator where it will be cooled and returned to the 
pump suction. An expansion tank and by-pass filter will be included, as in 
the main JfaK system* 'It is planned to have only drain and filter by-pass 
throttle, valves ii the laK systems, since the Hal will be drained if any 
repairs are required.

As shown in Fig* 3<*2, the SaK-tb-air radiators will be mounted in an 
air duet close to the reactor cell. This duct traverses the southwest cor­
ner of the building addition® The rsdiakoys will-be located at floor grade

f. ' ;W# S#;'Farjaer et al®. Preliminary Design and Performance of Sodium' 
to-Air Badlatprsf OB£35W*Itogr'^7 19531* "*"*



over the laK pipe-line pit. Four axial-flow blowers will force 300,000 cfm 
of air through the radiators and out through a 10-ft-dia discharge stack 78 
ft high. Since the axial-flow blowers will stall and surge if throttled, 
control can be best accomplished through by-passing a portion of the air 
around the radiators. This arrangement require# only constant speed a-c 
motors and simple duct work with a controllable louvre for by-passing. The 
heat dump rate will be modulated by varying the number of blowers in oper­
ation. A set of counterweighted self-opening louvre vanes in the inlet or 
discharge duct from each blower will prevent backflow through the blowers 
not in operation. Thus each blower will be driven with an a-c’motor inde­
pendently of the others, and the heat dump capacity can be increased in in­
crements of 25$ from zero to full load. An additional % ft by 8 ft set of 
controllable louvres will be mounted in such a my as to bleed air from the 
plenum chamber between the blowers and the radiators to get vernier control 
of the heat load,

1
Heat barriers mounted on either side of the radiators will be required 

to minimize heat losses during the warmup operations. Warmup will be accom­
plished by energizing the -pumps and driving them at part or full speed.
Since approximately 400 hp must be put into the pumps in the laK circuits, 
this power will appear as heat in the fluid pumped as a result of fluid 
frictional losses. A mechanical power input of %QG hp to the JfaK pumps will 
produce a heat input in the NaK system of approximately 300 kw. This should 
be enough to heat the system quite satisfactorily with the radiator cores 
blanketed to prevent excessive heat losses. Relatively simple sheet stain­
less steel doors filled with 0.5 in, of thermal insulation when closed over 
both faces of a radiator (64-ft2 inlet-face area) filled with 1100°F HaK will 
give a heat loss of JG kw«

Heat load control for the low-power range presents some problems. The 
plenum chamber pressure with the 4 ft by 8 ft by-pass louvres wide open and 
one blower on will be about 0,3 in. HgO.” This will give a heat dump capa­
city of 3 Mw if all the radiator heat barriers are opened. Lower heat 
loads can be obtained by varying the number of heat barriers opened. Oper­ating the heat barrier doors against a pressure of 0.5 in. HjjO (2.6 lb/ft^) 
should not be difficult.

The heat appearing in the moderator will be about 3°5$ of the reactor 
power output. The moderator cooling circuit will also remove heat from the 
core shells and the pressure shell so that the total amount of heat to be 
removed from the moderator cooling circuit will be about 6$ of the reactor 
output. This must be removed at a mean HaK circuit temperature of about 
1050°F. A radiator having a 2-ft^ inlet-face area and the same proportions 
as those used for the main heat dumps will be employed. This radiator will 
be supplied by a 2-ft-dia blower operating at about 3^00 rpm.

Fill-and-Drain System
To permit fairly easy fuel loading and removal, an effort is being made 

to develop a good, reliable, relatively simple fill-and-drain system incor- 
pomting a remotely operable coupling. Such a piece of equipment will permit



removal of the fuel from the reactor and provide considerable flexibility 
in the conduct of operationso It is believed that by removing the fuel 
the radiation level can be cut for maintenance operations ® Easy installa­
tion or removal of the fuel.will also facilitate reprocessing the fuel or 
modifying the fuel composition. Should a reliable remotely operable coup­
ling not be developed in time, welded attachments will be made between the 
various fill tanks and the fluid systems«

For handling the heavy, shielded fluoride and sodium containers inside 
the pressure vessel, a track will be installed on -the floor and inside the 
wall. Wheels will be mounted on the tank dolly, both on the bottom and one 
one end, so that the assembly can be lowered by the overhead crane to the 
floor track with the end wheels on the dolly rolling against the vertical 
track* Once on the floor track, each dolly will be moved to its operating 
station under the reactor. Each track pair in this area will be mounted on 
a lift for raising the tank connection nozzle to the contact position within 
the reactor shield#

Other requirements of the fill-aad-drain system include provision for 
accurate.measurement of the quantity of fluid in the drain tank at all times 
during either the filling or the draining operation* This is particularly 
important in connection with reactor fuel systems because it is important 
that the 'exact amount of fuel in the reactor be known at all times.

. The shielding required for the fuel tank will be 10 in. of lead to re­
duce the dose to 1 r/hr at 5 ft from the tank one week after full-power 
operation# ' The resulting shield weight for a T-ftJ-eapacity tank will be 
about 15 tons. The lead shield required for the l-ft2 sodium drain tank 
will be 5 to* thick, and it will weigh approximately 2 tons.

Fill and drain systems for fuel or for sodium from the moderator circuit 
will include- provision for both preheat and the removal of decay gamma heat. 
These functions will be carried out by diverting laK from the radiator cir­
cuits and directing it through a jacket surrounding the drain pipe and 
through coils in the drain tank#
Off-gas Msposal System

The design of the off-gas system was based on the pessimistic assump­
tion that all the fission products will be given up to the off-gas system 
as they are formed and will be swept out with 1000 liters' of helium per 
day. They will be passed through a long charcoal-filled pipe designed so 
-that, no more than 0.001 curie/sec of radioactivity will go up the stack*
AboutMr of-the 60.3Sw-will appear as fission-product decay energy. Since 
the design was based on all of. the fission products being released to the 
off-gas system, a decay of was used in calculating the heat released.

The gases will be removed from the fuel in the expansion tank at the
top of the reactor and vented through a l/h In. inconel line 20 ft long 
to-& 2-in* steal pipe 1050 ft long. The-first 50 ft of this pipe will be 
open, but the balance will be filled with activated charcoal. The gas
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will exhaust from the charcoal bed to the stack where it will mix with the 
670,000 cfm of hot air from the radiators. On this basis, the holdup time
and heat generation for each component of the off-gas system will be as 
follows:

Component Volume
(cm£)

Holdup' Time
(see)

Heat Generation
(M)

Expansion tank (gas volume) 7 x 105 600 3000

l/4 in. line 20 ft long 200 17 10

2 in® line 50 ft long 3.4 x IQ4 3 x 1G5 525

2 in. line 1000 ft long 
(assuming l/2 volume
is charcoal) 3.4 x IQ5 43 x Hr 665

The entire 1050 ft of 2-iru pipe will be in a trench under 6 ft of water for 
heat dissipation. Additional shielding will he used as needed.

00 If the gases are held up for one or twOodays, calculations s 
Kx presents the greatest hazard^■since Kr and its daughter Kb 
out about 2»k Mev per disintegration of Kr°°. The activity in curies/sec 
is

6 x 10 (w) x g x 10J~ (fissions/sec»w) x 0.04 (atoms/fission) x\e
3.7 x 10^0(dis/see»;curie)

= 1*9 x 10^ .

For a decay constant of 6.9 x 10~^ dis/sec^atom and after a holdup time 
of 48 hr? there will remain less than lO”"5! curies/sec.

The amount of activated charcoal required to assure holdup of krypton 
may be evaluated as follows

where t is the holdup time, LA is the length times area (volume) of the
charcoal bed, f is the volume flow rate of the off-gas, and K is a con­
stant with a magnitude of about- 500 for the type of charcoal to be used. 
For a holdup time of 48 hr and a flow rate of 1000 liters/day, it is found 
that only 4 liters of charcoal will be needed, whereas 600 lifers will be 
available®

rthat
give

3. The formula, which was obtained from M. T. Kobinson of the QBHL Solid 
State Division, is based on experimental evidence.



Since afrout 0.5 Mw of heat will be given np by the fission products on 
the charcoal, the limiting factor will be the heat transfer. Upon entering 
the charcoal, the gas will be absorbed very rapidly, and the first few feet 
of charcoal will soon rise in temperature to around 400°F» She temperature 
will start to decrease in less than 10 ft, and,-by the time the gas has passed 
through about 100 ft of charcoal, the temperature will be down to near the 
ambient temperature of the surrounding water

A by-pass line around the off-gas system is to be provided for use in 
ease there is a leak along the pipe in the trench. In such an event, the 
reactor will be shut down and the gas will be vented into the reactor cell. 
After a two-day holdup, a vent line will be opened directly to the stack.
This auxiliary vent line can also be used if fission-product gases leak from 
any of the reactor components into the reactor cell. Monitrons will be pro­
vided at suitable locations in all gas lines. In the event that the off-gas 
system is to be operated at a time when no power is being abstracted from the 
reactor, the air from the blowers will be ducted around the radiators to 
avoid difficulties which would otherwise follow from cooling of the HaK,
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Control Philosophy

The early GRHL effort to develop the circulating-f-ael type of aircraft 
reactor was motivated in part by a desirable control feature of such, 
reactors. This feature is the inherent stability at design point of the 
over-all power plant that results from the negative fuel temperature coef­
ficient. of reactivity. In a power plant with this characteristic the 
nuclear power source is a slave to the turbojet load with a minimum of exter­
nal control devices.

This predicted master-slave relationship between the load and power 
source was verified by the AB1, Controlwise the power plant consists of 
the nuclear source, the heat dump (in the ease of ART) 3 and the coupling 
between source and sink (the laK circuit), Control at design point can be
effected to some extent by nuclear means at the reactor, by changing the
coupling (ice,, changing the laK flow), or by changing the load (i,e,<, the
heat dump from the HaK radiators).

For the ART at design point the regulating rod will be used mainly for
adjusting the reactor mean fuel temperature» In particular, an upper tem­
perature limit will cause the regulating rod to insert until the fuel out­let temperature does not exreed l600°F. This limit will override any normal 
demand for rod withdrawal. Furthermore a low laK outlet temperature from 
the heat dump radiators will automatically decrease the heat load to keep 
the lowest laK temperature of the system at no less than 105G°P, This lower 
temperature limit will override all other demands for power.

Critical experiments will be performed with the system isothermal at 
1200°F. This temperature was chosen to increase the life expectancy of the 
beryllium moderator. The mean fuel temperature at design point will be 
ltoO°F, the moderator being held at 1200%, Since the fuel temperature coefficient is 5 x'lO”^ per °F, X«0$ Ak/k will be required to raise the 
mean fuel temperature this 200°F.

The total worth of the regulating rod over its stroke will be about 
5$ Ak/k. In addition to its use in changing the mean fuel temperature, 
this amount of rod will supplement the fuel addition by solid pills (dis­
cussed at the end of this chapter) in compensating for burnup and fission-
product poisoning.

For operation in the design-point range (from 20 to 120$ of design- 
point power, which is the useful range for an aircraft power plant), a 
manual change in load demand or in operating temperature will be restricted 
by the maximum rate at which the load can be changed or by the maximum 
rate at which the regulating rod can be withdrawn, respectively. In the 
design point power range the maximum rate of withdrawal of the regulating 
rod will be obtained by adding Ak/k at the rate of 3*53 x per second.



This will raise the fuel outlet temperature at the rate of 12°F per second 
until the maximum fuel outlet temperature of l60Q°F is reached, at which 
point the temperature limit will hold. In this range a permissible load 
change rate of.one-half design point power in 1 min is comparable to the 
requirements of engine performance for a nuclear-powered aircraft. Load 
changes are effected by manual demand for changing the air flow over the 
NaK radiators.

Control of the AST is classified in three different categories of 
operation: namely, (l) startup, (2) operation between startup and design 
point, and (j) operation in the design point range. For the second and 
third of these categories the nature of the reactor^and power plant is so 
different from that of conventional high flux reactors that control must 
be based on inherent characteristics- of the reactor to a large extent rather 
than on conventional reactor control art. There is no conventional art for 
these categories with high flux reactors. Control at startup utilizes, in 
principle, old reactor control art with short-period "scrams^ that are con­
ventional in principle. ELsqperlmentation will take place primarily in the 
startup and design-point regions. In the intermediate region between these 
two, little testing will take place. Consequently, operational procedure 
will be followed to take the reactor from the low-level adequately control­
led region to the high level region in one simple manner. This procedure 
will be assured by permissive Instrument interlocks that are described in 
a following section of this chapter.

Fission chambers and compensated ion chambers will be located beneath 
the reactor shell between the fill and dump tanks and the reactor. The 
region around the pipes between these tanks and the reactor will be filled 
with moderator material, either Be or BeO, through which cylindrical holes 
for these chambers will run radially out from the centerline of the system. 
From four to six such holes will be available. Chamber Sensitivities will 
be adequate for the entire range of nuclear operation.

The fuel expansion chamber is a key item in providing safety for the 
ART. The fuel temperature coefficient of reactivity provides stability 
for the system by the expansion of fuel from the critical region. Adequate 
expansion volume will be available attall times.

Scram System
A conventional scram system achieved by dropping poison rods into the 

critical lattice will not be used with the ART. The reasons for elimina­
ting this feature are the following:

1. In the design-point range described, analysis shows that limiting 
the rate of rod withdrawal and the rate of load increase will limit the 
period of the reactor when it is operating normally. A limited rate of 
rod withdrawal and a limited rate of load increase near the design point
in the ARE gave a minimum period-of about 10.see. The-same technique will be 
used on the ART.



Short periods, of the order of 1 sec, can occur in the design-point 
range only in the event of structural failure. The total ^k/'k required in 
the rod to overrite an increase resulting from such failure cannot he ob­
tained from one rod nor could such a rod, were it available, be inserted 
fast enough to prevent a serious accident. The temperature coefficient will 
react so rapidly that it will limit the signal which would normally actuate 
a scram, except for an extremely high rate of increase in reactivity. It 
1ms not been possible to devise a control system that would react rapidly 
enough, in such cases,to prevent the accident. Therefore, in the design- 
point region the conventional scram would be of little merit.

2. For the initial loading and critical experiments a scram system will, 
be used, but it will not involve dropping the one control rod. The method 
described below was proposed because the single-rod system lacks the safety 
feature of a plurality of rods, as ordinarily found in conventional reactors. 
The actuating signal will be a short period, a high flux, a manual scram, or 
any of a number of failures in the system, and the signal will be supplied 
through an auction circuit in the conventional manner.

Essentially, the safety of the system lies in the procedure of adding 
fuel in a subcritieal external loading tank and forcing it against gravity 
into the fuel system. This will be done by pressurizing the loading tank 
with helium through a valve which will fail closed. Two parallel helium 
outlet lines from the loading tank to the off-gas system will fail open. All 
zero power tests and measurements will he made with the valve between the 
loading tank and the reactor locked open, and the signal from the auction 
circuit will actuate the solenoid in the helium-pressurizing system in the 
manner described above. Actually, two parallel dump lines, one to the fill- 
and-drain tank and one to the emergency dump tank, will contain valves which 
will be actuated simultaneously on the dump signal from the auction amplifier 
circuit. This system has the merit that if too rapid addition of fuel to the 
system causes a short period, reversal of the operation will reverse the period 
Control of the helium pressurizing system will limit the rate at which the fuel 
is added to the system. The helium system can be designed so that it will fail 
safe, except for the case of a plurality of simultaneous failures comparable 
in probability to the failure of a plurality of magnetic clutches all of which 
simultaneously fail to open in the conventional rod-dropping reactor scram.

Startup
A rather close estimate of the critical concentration should be avail­

able from the hot critical experiment so that 80fs> of the uranium will be in 
the fuel at the time of the ART startup. The final 20$ of the required 
uranium will be added in steps. After each uranium addition the fuel will 
be forced from the fill tank up into the reactor by means of helium pres­
sure. The scram circuit will be available, as described previously. The 
rod will be inserted for each step, a given amount of uranium will be added, 
the rod will be slowly withdrawn, and a count will be taken on the fission 
chambers to determine the subcritieal multiplication as a function of uranium 
concentration. A polonium-beryllium source of approximately 15 curies strength 
will be installed in the central island of the reactor to provide neutrons 
for startup.



Before ’beginning the critical eaqoeriaeat,, the speed of the puMps will 
he set so that the flow through, the core will be about 50 gpu Thus over 
OBfi-balf the delayed aemtrons will be available'for -control while going 
critical, fbe, whole system is to be isothermal at ISOQ0??.

Oontrol for zero power operation (rod calibration., fuel enrichaent, 
deteraiaation of the temperature eoefficient, etc.) will be manual with the 

. wJEiwim rod speed providing a rate of change in A&/k of 3*33 x 10"^ per 
second. Overriding the 'manual rod withdraml will be a 5-sec period rod 
reverse and a 1-see period fuel dump. by relieving the helium pressure ia 
the loading tank, as described above„

A holding servo system will be used at zero power for experiments re­
quiring constant neutron flux. Operation with the servo system will be 
essentially the sane as that for the ARE, Limits will be maintained on the 
rod speed, and overrides will be maintained on period and temperature.

Operation Between Startup and Design Point
Since most of the nuclear data will have been obtained from the hot 

critical experiment, the low power operation will be held to a minimum.
After going critical, the reactor will be leveled, out manually at about 
10 t© 100 watts, , She pumps will be stopped, and the reactor will be al­
lowed to go on a period, Shis will be a check on the effects of flow rate 
on the reactivity contribution of the delayed neutron fraction. When the 
power level has reached about 1 kw, the ’ pumps will be started and the rot 
will be inserted to drive the reactor suberitical. Sufficient uranium will 
be added to give about 0.5$ excess reactivity. She pumps will again be 
stopped and the. reactor will be brought to about 10 wattsi the rod win be 
withdrawn; and the reactor will be allowed to go on a period until a level 
of 1 kw is reached.' She pus^s. will again be started, and the rod will be 
inserted to drive the reactor subcritieal. Shis procedure will be repeated 
to give 2 or 3 calibration points on the regulating rod. Since a similar 
rod will have been carefully calibrated is the hot critical eaperieent, only 
a few rough check points will be, necessary.

The power level will then be elevated to about 10 kw and leveled out
manually with the rod. At this power level, the shielding and off-gas 
systems will be checked out thoroughly without great hazard to personnel.
She pump speed will then be increased so that the fuel flow rate will be 
increased from 50 Si® to the design flow rate of 1200 gpm. Shis will cause 
a decrease ia reactivity of tte order to 0.2$ Ak, mad the rod will be with­
draws accordingly. She reactor will then be ready to deliver power.

She negative fuel -temperature coefficient of the ABS makes »a«al. con­
trol mandatory in taking the reactor from zero power to some power at which 
the. beipemture coefficient provides stability while the reactor gets its 
power demand from the load. Accordingly, a single operation procedure for 
every operation ia this range will be followed. She load will be interlocked 
so that pemissioa to start adiiiig the load will eoss© only when a compensated 
ion chamber current reaches some prescribed value, Shis value will be determ­
ined in the aaaaer described below the first time the reactor'is taken to power



With all loop flow rates at design point and the reactor at about 10 
kw and isothermal at 1200°F, the regulating rod will he withdrawn until 
the reactor is on a positive period. This period will gradually increase 
until it becomes infinite and finally negative because of the temperature 
coefficient. Meanwhile> both the log 1 and micromicroammeter readings will 
go through a maximum. This maximum log 1 reading will provide the signal 
to permit opening of the heat barrier doors to the HaK radiators, natural 
convection from the radiators with these doors open will be about J00 kw. 
Accordingly if these doors are opened when the log H reading reaches this 
value, the temperature coefficient will always suffice to provide regula­
tion and stability, provided the rate of load demand above this minimum 
is restricted to the values cited previously.

If after shutdown the flux exceeds the log H reading required to open 
the heat barriers, opening of the barriers will not "shock" the system 
even though the reactor may be subcritieal at the time the doprs are 
opened. If on the other hand the flux is too low to permit opening of the 
barriers, there is only one procedure for getting permission.

Design-Point Operation

With the reactor at about 300 kw (estimated from the power extracted 
by opening the heat barrier doors) the blowers will be started and heat 
will be extracted from the HaK, which, in turn, will extract heat from 
the fuel. The, reactor will be leveled out at 3} 15? 30, and 60 Mw. A 
heat balance will be obtained at each level of extracted power vs nuclear 
power. The operation of all components will be observed at each power level. 
Care will be taken not to exceed the maximum temperature of l600^P.or fall 
below the minimum temperature of. 1150°F. ' The reactor will then be operated 
for 1000 hr at 60 Mw,

Xenon will be removed continuously from the fuel by helium injected 
into the pump chamber and escaping in the swirl chamber. The rate of re­
moval by this mehns can be determined only by operating the power plant. 
However, experience with the ABS has indicated that less than 1$ £k/k of 
the regulating rod will be needed to cope with the xenon that is not re­
moved. Should the purging be much less than is anticipated, the xenon 
could and would under some circumstances shut the reactor down. The low- 
temperature limit on the HaK radiator outlet temperature will automatically 
remove the load to effect this shutdown. In case this happens the fuel 
will hevdumped until the Xenon decays.

Fuel enrichment to compensate for burnup will be accomplished by adding fuel in,the form of high-U^5-content "pills” of solid fluoride 
fuel* These will be introduced into the reactor fuel circuit through an 
entry provided in the fuel expansion tank located on the north head of 
the reactor. The pill-addition mechanism will be carefully designed and 
tested to make - it jam-proof and incapable of ejecting all its pills in 
one spurt. It will permit the introduction of only One pill at a time to 
the reactor system.



The total tearnp is ©fiaimlaat to about 2*5# Ak/i* The capacity of 
the pill siaeMi* fill be such as to hold no more pills than that a»onnt 
equiyaleat to 2*5# Ak/k* Accordingly^ the rod -will always be ea^ble of 
OTerriding aay fuel addition* Pnrtheaore^ the rate at which smecessiire 
pills can be added win be meh lees than that which can be effeetiwely can-^ 
celled by «j¥@iemt of the control rod* Coapensatiem for bnrnmp and fission- 
prodmct poisoning can be accomplished by both control rod withdrawal for 
fine-control and by fuel enriehaeat for coarse control*

The best choice for a pill material is the eomponai IfegOFg. This was 
used as the enriched fuel eomponest for the All test* Its melting point is
approximately H60°F, and its solid density at 1000°F is about 4.9 g/enP.
It is eo^osed of ap^oxi«,tely 6©# #35, n# fe, and 29# F (by weight)* 
Several pill dispenser (and container) mnSem have been prepared that are 
based ©a the use ©f pills l/2 in* is dia*ter by l/h ia* thick* Pill* of 
this size have a volume of b„80 cm3# they weigh k>0 g3 and they contain about
2.k g of 11235. The rate of pill addition required to maintain a constant 
reactor fuel inventory will thus be 0.5 pill per Mwd of operation. For 
operation at a power level of 60 Mw, this will require the addition of 30 
pills per day, or a total of about 1200 pills for the 1000 hr of full- 
power operation.



5. . EEACiTOR HAZARDS

In attempt has been made to envision as many hazards as possible that 
might occur during the course of the operation of the Aircraft Reactor Test, 
Included in this chapter, therefore, is a discussion of the normal radi­
ation hazards, the hazards resulting from operational or equipment failures; and fluid leaks, as well as the nuclear and chemical hazards peculiar to the 
cycle» The dispersion of airborne activity, either from the off-gas system 
or following a hypothetical accident in which all the fuel is volatilized, 
is described in the following chapter, "Dispersion of Airborne Activity."

The radioactivity of the ART will be inherently confined by the nature 
of the design and materials in such a manner that the uncontrolled disper­
sion of the activity outside the reactor cell will be virtually impossible« 
Consequently, the hazard from most failures will be negligible, since the 
only action required will be dumping of the fuel; the activity would not 
even be released to the cell. Furthermore' it is shown that while a hypo­
thetical nuclear accident could rupture the reactor pressure shell, the reac 
tor cell would remain intact and the accident would be safely contained.

Some consideration has been given to cases in which the reactor cell, 
as well as the pressure shell, would be ruptured, and the resulting subse­
quent dispersion of activity has been examined in detail. It is believed 
that such an accident could occur only as the result of aerial bombing or 
sabotage.

Radiation Dose Levels
The radiation dose levels to he expected at representative stations at 

the facility have been estimated for a variety of conditions and have been 
tabulated in Table 5.1. The shielding assumed for these estimates was the 
following: (1) the primary aircraft-type reactor shield designed to give 
1 rem/hr at 50 ft at full power, (2) the reactor cell steel and water walls, 
(5) 16 in. of concrete block stacked around the reactor cell to a height of 
10 ft, (k) l6. in of concrete block stacked between the reactor room and 
the maintenance shop and between the reactor room and the former ARE main 
test bay, (5) concrete block stacked around and on top of the air duct for 
the HaK-to-air radiators in such a way that the equivalent of 12 in. of 
concrete will be imposed along any radial line extending outward from the 
radiators.

The concrete blocks to be stacked around the periphery of the reactor 
test room and around the air duct and radiators are intended to provide 
shielding in case a fuel leak developed either into the reactor cell or 
into the HaK systems.



TABLE $.1, RADIATIQH DOSE LEVELS

FORMAL OPERATION DOSE LEVEL 
frem/hr)

DOSE LEVEL (rem/hr) WITH
1$ OP FUEL IN MsK IN RADIATOR

DOSS LEVEL (rem/hr) WITS 
ALL FUEL 11 BOTTOM OF CEIL,

Location
Pull
Power

1$ min
After

Shutdown

10 days
After
Shutdown

Full "
Power

15 min
After
Shutdown

10 days
After
Shutdown

15 min
After
Shutdown

10 days
After
Shutdown

Reactor shield 
surface 100 k 1 3 x 105 105 42 x 10 10lf 2.x 103

Outside reac­
tor cell “210 h x 10^ well.

10 1500 500 120 60 15

Outside reac­
tor room 10*4 4 x 10~6 10"6 3 1 0.25 0.3 0.08

Control room 10"5 4 x 10-7 OH 0.6 0.2 0.05 0.04 0.01
"6 r-
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As may be seen from Table 5»1<> tbe reactor will be adequately shielded 
so that the control room operators will receive much less than 1 rem/hr 
even 'with 1$ of the fuel in the radiator and much less than 0.1 rem/hr 
even if the pressure shell is ruptured. The dose rates would be consider­
ably higher, however, if it were postulated that the reactor cell was also 
ruptured, in which case the activity would no longer be confined. This ex­
treme situation is considered in the following chapter, "Dispersion of 
Airborne Activity." "

Typical Operational and Equipment Failures

There are any number of operational or equipment failures that can he 
envisioned in a system as complex as the Aircraft Reactor Test, In this 
section are listed those failures which would have the greatest effect on 
the operation and which therefore seem to offer the greatest hazards. For 
each failure some probable causes are given, as well as the result, and the 
action required in order to minimize the hazard is stated. In aH cases, 
as will be shown, the failure would be inconvenient, but no serious danger 
would ensue, since the most drastic action required would be dumping of the 
fuel (and/or sodium) into the dump tanks. Therefore it is also apparent 
that the operability of the dump system must be assured.

Fuel Freeze, Excessive cooling of the primary lag circuit could cause 
fuel to freeze in the heat exchanger and stop the flow of the fuel. The 
heat exchanger would not be seriously damaged, but some cracks might form 
in tube walls. Because of fuel flow stoppage and consequent lack of cool­
ing, the temperature of the fuel in the fuel circuit would rise 13®f/sec 
(boil in 2 min) as a result of fission-fragment decay heat, which will be 
5800 Btu/sec (6$ of power) immediately upon cessation of cooling in the 
circuit. In the reactor structure, the cooling available from conduction 
after damping of the fuel would not be adequate to keep pump blades, wells, 
and other points where fuel might be trapped from being raised to fuel 
vaporization temperature. Excessive cooling in the primary HaK circuit 
would, therefore, require that the fuel be dumped*

Sodium Freeze. Excessive cooling of the secondary HaK circuit could 
cause sodium to freeze in a so&ium-to-HaK heat exchanger and stop flow in 
the moderator cooling circuit. The temperature of the beryllium moderator 
would increase 0»5cF/see at full-power operation and».l0P as a result of 
decay heat of activated materials in the moderator region. It would he 
necessary to dump the fuel immediately.

Structural Failures. Corrosion, excessive heating, and pressure 
surges would-be the possible causes of structural failures. If a pressure 
surge caused a 0.020-in. expansion of the outer core shell, there would,.be 
a reactivity change of 40.002. If the outer shell were to collapse under 
an excessive external pressure- load, there would he a large reactivity de­
crease and the possibility of leakage of sodium into the fuel circuit. The 
results of deformation would be similar, but the effects would be of a 
lower magnitude. A failure of the pressure shell would release fission 
productsj hot, highly radioactive fuel and attendant decay heat| and HaK.



A failare ia fael-to-HaE teat exchanger- would cause a JfaK or a fuel 
leak* IteforaatioB. in the fttel-to^laK teat exchanger would possibly result 
in alight changes in pressure deops and teat transfer characteristics. It 
would probably be necessary to chragp the fuel if any of these postulated 
crests occurred, with the possible exception of slight deformation in the 
fael«*to-laK heat -exchanger ,

Feoap Failures, loss of power to pwap drires, as well as seizing of 
shafts4 bearings,.or impellers, eould cause pwap stoppage* If.one of the 
two fuel- ptaaps stored puaping, the fuel flow pattern would be. altered and 
roughly oae-fcalf the fuel«to»l^C teat .exdianger would be starred* There 
would be a consequent reduetion-- in power output* If both the fuel pusg?s 
failed, fuel■flow .would stop and the fuel temperature would rise.13®F/sec 
-because of fission fragment decay heat- {tee item on'"Fuel Freeze"..above)-.,.
If only on© fuel pm® failed the fuel wouia. be dumped or the reactor would 
be operated at .reduced power| if both pa^s failed it would be necessary to 
dump the fuel.

If one sodium pump failed at full power operation, the .temperature of
the sodiua would .rise Q*25#F/®ee to accommodate the .increased heat load on 
the operable pump, and it would be necessary to dump, the fuel or to oper­
ate the reactor at reduced power. If both sodium pumps failed, the tempera­
tures' of the beryllium in the moderator and'the sodium would rise 0*5eF/sec. 
and it would be necessary to dump the fuel*

The failure of one laK pump in the primary heat exchange circuit would 
reduce laK flow and consequently reduce the reactor power output* As with 
other pump failures, it would be necessary to dusrp the fuel or to operate 
the reactor at reduced power* If aH the laK puB©s, in the primary, heat 
exchange system failed, the fuel temperature would rise 13®F/see (see item 
on "Fuel Freeze** above), and the fuel would be dumped immediately* Fail** 
ure of the HaK pump in the moderator cooling circuit would cause tempera-, 
tares of the sodium and the beryllium to rise 0*3sF/see.. As in the case of 
the sodium pump failures, it would be. necessary to 'dump-the'.fuel*

If the pumps for providing cooling oil to the pumps were to fail, 
there would be a slow increase in temperature, of the oil .coolant, the fuel 
pump shaft,, the bearings, and the gas-seal mechanism* failures of this 
type would be taken care of by switching to the auxiliary pump and 'repair­
ing the pump"that failed.. -

Blectrleal Fewer Failure*, An emergency power supply will be available
and aSTSi^SSentation.and" essential equipment would be transferred to it.
Therefore, there would be no immediate .hazard following such a failure*
.The -emergency power system will be adequate to operate at least one fuel 
pu^p, one sodium pus^p, one Has puap, one blower, and aU the necessary in­
struments. This equipment will be sufficient to prevent excessive tea^era- 
tare rises from the; fu@l afterteat, AH possible measures will iBBediately 
be taken., to restore the normal power supply as rapidly as possible*. How­
ever, if the failure lasts an extended period of time, it may be necessary 
.to dis^i the fuel*.
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Fuel Channel Hot Spots» Flaw separation in tfee core or failure of 

the core-shell coolant system could cause hot spots in the fuel channel.
In this event there would he the possibility of fuel boiling in the core 
and causing irregularities in power or increased corrosion. The power 
level would be reduced until the fuel boiling ceased, or, if necessary, 
the fuel would be dumped.

Excessive Fuel Feed. A failure in the enrichment system might result 
in the'addition of 'excess fuel. In this event the reactor would heat to a 
new and higher equilibrium temperature. An excess of 0.6 lb of lj235 intro­
duced instantaneously would make the reactor prompt critical. A Ak/k of 
0.0G2 would occur and result in an immediate fuel temperature rise of li-0oF. 
The reactor would quickly level out at the new temperature. If the equi­
librium temperature were excessive, the fuel would be dumped.

Fuel FiH-and-Brain System Failure. The fuel fill-and-drain system 
might TEST because of jammed valves or a coolant system failure. If such 
a failure occurred before the fuel was enriched, there would be no hazard. 
The system would be repaired, if possible, or the nonradioactive fuel would 
be drained on the floor of the reactor cell. In the event of an emergency 
drain of radioactive fuel coincident with a failure of the fill-and-drain 
system that prevents drainage, the reactor will fail at the weakest point 
and release hot fuel, fission products, sodium, and laK in the reactor cell. 
If the drain system functioned satisfactorily but the dump tank cooling sys­
tem failed after the fuel was drained, the tank would fail at its weakest 
point and release large quantities of hot fuel and fission products to the 
reactor cell. The reactor cell is designed to contain the hot, radioactive 
fuel, as described in a following section. If it were desired to drain the 
radioactive fuel under normal operating conditions and drainage was pre­
vented, it would be necessary to cool the radioactive fuel with the normal 
heat removal system until the decay heat had dropped sufficiently to permit 
shutdown of the HaK system.

Hag Circuit Beat Damp Blower Failure. If the blowers failed, heat loss 
from the radiators, would be by natural convection only and would be about 
•3 Mw. Fissioning would stop in the reactor, but the fuel temperature would 
rise 10°F/sec because of decay heat. In this event, the fuel would be 
dumped.

Fuel, Sodium or Hag Leaks
Since leaks between the various fluid systems can give rise to some 

of the most serious accidents that can be postulated for this reactor sys­
tem, it is important to examine the conditions which could cause a leak, 
the reactions which would subsequently occur as a consequence of the leak, 
and the ultimate hazard. If the many welds are good, as will be determined 
by radiographic techniques, as well as by preliminary testing, any leaks 
that might oceilr would probably result either from corrosion or a fatigue 
crack. Corrosion is far more probable apd is of particular concern, largely 
because of the uncertainties associated therewith.



fbe corrosion process is discussed in Appendix C. From the test data 
included there, it is estimated that the corrosion penetration in tbe hot 
sione of the AES would he of tbe order of 15 to 18 ails if no reductions,., 
in comparison with present experience, can he effected in the corrosion 
rate. ,fhe wall thicknesses to which the fuel is to he exposed will he 
125 mils in the core and 25 mils in the heat exchanger. In the core the 
wall thickness is believed to he ample2 in the heat exchanger the metal 
would sustain' a steep temperature gradient hecause of cooling hy the laK 
so that the'penetrations -given above may not apply* However, should com­
ponent tests fail to Justify this assumption, heavier tubing will he used.

If a leak, either from corrosion or fatigue, did occur, various chemi­
cal reactions could occur between the fuel and the la or laK, depending upon 
the fuel composition., the size of the leak, and whether the' leak was into or 
out of the fuel system. The consequences of the chemical reactions from 
each of 16 distinct leak conditions are also discussed in Appendix C. It 
is apparent that the resulting hazards axe dependent upon the assumptions 
made regarding-the leak size,, extent of completion of the reaction, and the 
precipitation of insoluble particles. The most severe ease ..imaginable is 
discussed in a following section entitled "Accidents Causing Eupture* of the 
Pressure Shell." The probable consequences are, however, much less severe 
and are discussed below. The action taken in each case would be to dump 
the fuel and the subsequent hazards would be small.

Fuel Leak in Core, Since the fuel pressure is maintained below that of 
the sodium, a core leak would most probably result in the addition of sodium 
to the fuel. The sodium would dilute the fuel mixture and, in the reaction 
of sodium with the fuel, would he produced. The reaction could continue 
until metallic uranium was produced, which, in turn, would be deposited in 
the hotter part of the system (i.e., between the core and the heat exchanger) 
This situation would be handled by dumping the fuel—no hazard would ensue. .

On the other hand, if the fuel were to leak into the sodium in the 
moderator region, the result would be more serious .because such a leak would 
certainly allow excess uranium to be present in the core region* In this 
event, the fuel would be dumped as soon as possible.

Fuel Leak Into the Heat Exchanger* A leak In the heat exchanger would 
either admit; !fuei' 'into the HaK'.''system-ar vice versa. A fuel leak into the 
SaK system would increase the activity outside the primary shield, while a 
HaK leak into the fuel system might result in excess uranium in the core. 
Either of these situations would be undesirable, but it Is now felt that a 
fuel leak into the HaK system would he the more hazardous; therefore 'the 
pressure of the HaK in the heat exchanger wiH be maintained higher than 
that of the fuel in the fuel system. '

Accordingly, a leak,in the heat exchanger would probably result in HaK 
entering the fuel. As with sodium, IJF5 would be formed and the fuel mix­
ture would be diluted. Eventually uranium would be formed and would be de­
posited in the hotter section of the system. • This situation would be 
handled by damping the fuel and no hazard would result.



If the fuel pressure were to be greater than that of the NaK and a
leak, occurred, some of the fission products would move outside the reactor 
cell. The radiation doses which would be experienced at various locations 
in the facility with as much as 1$ of the fuel in the NaK system are given 
above in Table 5.1. The dose rate in the control room 15 min after the 
shutdown is shown to be only 0*2 rem/hr. The fuel and then the NaK systems 
would be dumped.

Other Sodium or NaK leaks» In addition to leaks involving the fuel, 
tbe Nag system's 'might' leak'' "externally, and a leak might develop in the Na- 
to-NaK heat exchanger. A leak of sodium into the NaK would increase the 
gamma activity of the laK, while a lag leak into the sodium system would 
decrease reactivity in the,core, since potassium is more poisonous to the 
reactor than sodium is. Neither of the above situations presents a serious 
hazard and would require only that the systems in question be drained.

In the event of an external NaK leak to air, the resulting fire would 
release some activity (55 curies, maximum). The system would be dumped and 
the fire would be extinguished.

Sodium or Nag Fires. With regard to fire as a hazard, the building 
(FigsT~3^^S^r2j~c»ries a Uniform Building Code fire rating- of 2 hr * 
Inflammable materials are not used in any appreciable quantity in the con­
struction of the building or the reactor. The reactor, as well as the 
associated plumbing, pumps, and heat transfer equipment, has been examined 
rather closely from this standpoint .because of the high (up to l600°F) 
operating temperatures involved. However, except for the use of la and HaK 
as coolants in the system, even the high temperatures (in the absence of 
combustible material) present no hazard.

The possibilities of a sodium or a NaK leak have been previously dis­
cussed. However, during operation, the reactor cell will be filled with 
helium (or nitrogen) in which sodium and NaK are not flammable. In fact, 
experiments have shown that even the potentially dangerous reactions of HaK 
and water are greatly reduced in the absence of oxygen. A HaK leak external 
to the cell would, however, result in a fire, and therefore the Alkali Metals Area Safety Guide1 will be employed. Materials which will safely 
extinguish a Hag or Ha fire are graphite powder and Ansul-Met-L~X (sodium 
chloride coated to prevent the absorption of moisture).2 Adequate quanti­
ties of these materials will be kept at convenient locations.

■ Since such conventional extinguishers as water, COg, and sand should 
not be applied to a Nag fire, the conventional sprinkler system has been 
omitted from the design of the building; however, a fire hydrant on a 6-in. 
main is provided 20 ft from the building.

lT~T7'~Lr^[lT7~Al^li,^tSIs~Are^*S^^W~Guide, 1-811 (Aug. 15, 1951) •

2. A trade compound developed by Ansul Chemical Company, Marinette, tfis.



Accidents Caase4 W the Bataral Henegfes

As a eonse.g,aeaic# of the partfcalar location ©f the AB3? and the type 
and material of construction in the huilding, there is little prohahility 
of apy Manage oecorring from natoral -elements -which aoald create a hazard.

Floods and-Barfhqaates* leither floods nor earthgusies present a 
serious hazard to the 'A3S3?. As a eonseqjience of the partieulsr topography 
selected for the site, a flood, and therefore flood damage, is impossible. 
Farther, the data on the frefmeney and severity of earthqualses in the ©ak 
Hidge area ©how that the probability of earthquake damage is extremely 
small (see section on seismology of area in Appendix A, “Characteristics 
of Site®).

Windstorm. With regard to windstorms, the building is designed to the 
Wnifom*lSSM»g Code criteria® Shese criteria proiride for design against ■' 
wind loads of 20 lb/ft2 (about 100 ^h) without exceeding the allowable nor« 
mal working stress of 20,000 psi in the steel structure* A reTiew of the 
meteorological data for this area? shows that it is highly improbable that 
winds of this magnitude will even be approached at the sheltered site of the 
ABS,

Unclear Accidents Causing Rupture of the Pressure Shell

It is always, instructive to consider the consequences of what might be 
considered the worst conceivable nuclear accident* therefore the estimated 
reactivities from various changes in the reactor are given in Sable 5*2. 
From this table it may be seen that a Ak/k of 0.09 is the highest that may 
be ejected. It is then necessary to consider the maximum rate at which 
this or any other Ak could be introduced into ‘the reactor.

■ fAlSi 5*2* BSKOfl^BP BSACfXflfUS FROM MAJOR GBAiGlS g gBACTOR

fetal value of control rod 
Control rod motion

feaperature coefficient of
reactivity

0,005 Ak/k 
0.00055 (Ak/k)/sec

-5.5 x 10"5 (Ak/k)/#F

Kemoval of sodium fr08i_passages
through reflector +0.0015 Ak/k

Beaoval of soddua from passages
through island +0.0005 Ak/k

Fuel replacing sodium in core‘shell 
and reflector cooling passages 0.09 Ak/k

Sd J. A Meteorological, Survey of the
' Oak Ridge Area, ORO-99 (Soy.



It has 'been possible to conceive of two extreme situations which, 
appear to establish an upper limit on the rate at which the reactivity 
could increase* They are as follows: (1) fuel abruptly begins to pre­
cipitate, out in the core and the fuel stream enters the core at the nor­
mal rate but no uranium leaves in the exit stream, and (2) fuel abruptly 
enters the moderator cooling passages replacing the sodium, A third 
situation—one in which the beryllium reflector melts and mixes uniformly 
with the fuel—was examined, but it developed that this accident would 
not give nearly as large a rate of increase in feeff because the high heat 
capacity of the reflector would keep the beryllium from melting rapidly,
The rate of temperature rise in the portion adjacent to the fuel region 
would be only 20°F/sec at 60 Mw, The two most severe accidents are dis­
cussed below. In addition, the vulnerability of the reactor cell to pene­
tration by pressure shell fragments, if the pressure shell were to rapture 
as a consequence of other accidents, is examined.

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

1* The inherent stability of circulating-fluoride-fuel reactors 
derived from their high negative temperature coefficients make the pro­
posed 60-Mw reactor self-regulating even for extremely rapid changes in
keff*

2, Even if the pressure shell were to be ruptured as a result of an extremely high rate of increase of keff Qj0$ (Ak/k)/secJ , the pressure 
shell fragments ejected would not pierce the l/2-in, wall of the reactor 
cell „

5* The radiation hazard from all the fuel in the bottom of the
reactor cell would be even less than for the case with 1$ of the fuel in 
the B&K system, i.e., only 0.0k rem/hr in the control room. 15 min after the
accident (see Table 5*d)■

Fuel Precipitation in the Core. In the event of a sodium or laK leak 
into the fuel system, uranium might be formed which could deposit out in 
the core (Appendix C)* It has therefore been assumed for consideration of 
this hazard that (l) all the uranium fluoride in the fuel is reduced to 
free uranium, (2) this uranium precipitates out in the core as fast as if 
is formed so that no uranium leaves with the exit fuel stream, and (5) the 
fuel flow (and hence uranium flow) into the core is maintained at the maxl- 
aujBur&tfc.*,.

The consequences of the power surge in this case have been conceived 
as taking place in the following manner. The power and hence the tempera­
ture would increase and cause expansion of the fuel and an increase in the 
pressure level throughout the fuel circuit. This pressure rise would be 
propagated with the velocity of sound, i.e., at a high rate compared with 
the rate of the pressure increase* The fluid pressure would rise until 
the pressure shell ruptured. Thermal expansion of the fuel would continue 
until the reactivity was.reduced to less than unity and the power dropped 
back to a low level* Boiling of the fuel might or might not take place*



If ‘boiling does take place, tlie heat of vaporization of the ZrFij. is 
ij-Q kcal/mole,

This accident has been considered analytically in Appendix D and by 
a numerical approach, in Appendix £. The results of the two methods axe 
reasonably consistent and are suwaarized in Fig. £.1 of Appendix E® For 
this type of accident the pressure shell is ruptured only if the reactivity 
is increased at a rate higher than that corresponding to half- the rate:-at whi 
fuel would" be pumped into the core. If the pressure shell should rupture, 
the reactor fuel and sodium would he spewed into the shield where they would 
mix and react with each other and with-the shield water.-The resulting 
chemical reactions,are discussed in Appendix B. As may he seen in this 
Appendix all the chemical reactions may be contained, with the possible ex~ 
ception of the case discussed in a following section in which there is an 
air atmosphere in the reactor cell and a hydrogen explosion becomes a 
possibility*

Fuel in Moderator* If the sodium pressure is not maintained higher 
than that of the fuel in the core, fuel would enter the moderator region 
in the event of a core shell leak,. It has been assumed that as a conse­
quence of unforseeable events an abrupt rupture of the reflector shell close 
to the core inlet would begin to discharge fuel into all the cooling pass­
ages through the heryllium at a rate equivalent to that given by the sodium 
velocity. While the cooling passages would probably plug close to their 
inlets it is interesting to construct the probable course of the accident 
if it is assumed that no plugging occurs. The initial fuel velocity through 
the passages would he about the same as that for the sodium, i.e., 30 fps. 
Because of the higher density of the fuel, its velocity would fall off as it 
penetrated the reflector. The worst case would he that in which the fuel 
entered all the coolant passages simultaneously, thus giving the maximum 
rate of increase in reactivity* The initial fuel velocity through the re­
flector would give a transit time of about 1/7 sec, or about l/7 of the 
corresponding value for the core. The volume of;-.these .passages is about 
0*16 ft?, as compared with 3 ft? in the core* The increase in keff if fuel 
filled the passages in the reflector and island has been computed to be 
0*09*- Tb®, average power density in the fuel in the reflector was calculated 
to be six times that in the core. This would make the average rate of tem­
perature rise in the reflector fuel about equal to that for the fuel in the 
core. However, the rate of temperature rise at the nose of the fuel columns 
in regions of high importance would be at least twice the average so that 
the rate of temperature rise there should he at least twice the average 
value in the core.

Calculations were made for this case, except that the rate of increase 
in keff was taken to be twi.ce as great to give a truly extreme case. In 
this instance the power was found to rise to about 6000 Mw in about 80 msec, 
at which point the fuel in the beryllium would begin to boil. The pressure 
in the reflector cooling passages would rise abruptly to about 500 psi, the 
fuel would be expelled from them in about 10 msec, and, at that point, the 
core fuel would have reached a temperature of about 500°J? above normalj the 
reactor would then be on a 20-msec negative period.



The tabulated calculations for this accident are given in Appendix E, 
and the results are shown in Fig* S«2* Again, the resulting ehesieaX reac“ 
tions following a rapture of pressure shell could not give sufficient heat
to rupture the reactor cell unless, possibly, oxygen was present in the cell.

Penetrability of Reactor Cell by Pressure Shell Fragments, The pressure 
shell will be constructed to burst open at a pressure of 1000 psi. The 
velocity, of fluid escaping through a crack if rupture should occur at 
this pressure can be computed as follows i '

¥ = Npil ,

where g is the acceleration and 1 is the height of a fuel column giving 1000-psi pressure# With a fluid density of 200 lb/ff5, this height would be

1000 (lb/in,2) x 144 (in*2/ft2)
200 (Ib/ft?) 720 ft ,

and
¥ = = 215 fps *

This velocity of 215 fps is certainly a reasonable one and should not give 
any particular trouble. It is also important because it represents the 
maximum possible velocity of a fragment that might be broken out of the pres­
sure shell in the event of a hydrostatic rapture,' This velocity has 'to be 
compared with the velocity required to penetrate the l/2-in, wall of the en­
closure. As discussed in Appendix F, the penetrating power of projectiles 
varies with their shape, hardness, strength, mass, and, velocity, with a 
6-in. cast-iron sphere giving a rough standard for this case. As shown in 
Appendix F, the velocity for penetration of l/2-in. steel plate by such a 
sphere is roughly 580 fps. Since the pressure shell is designed to rupture 
at the bottom, and since the shielded drain tanks for the fuel and sodium 
will be carried on a substantial floor immediately under the reactor]; the 
tank bottom is well protected from any pressure shell fragments^' particu­
larly since only small fragments could have a velocity as high as 215 fps* 
Thus it is clear that, even in the most pessimistic case, penetration of 
the cell wall is out of the question, even if no account- is taken of the 
energy loss of the fragment during its travel through the lead and water.

Accidents That Might Rupture the Reactor Cell

It was demonstrated in the preceding section that the reactor cell will 
not be.ruptured As a consequence of even the worst conceivable nuclear acci­
dents. If it is postulated that one such nuclear accident may coincide with 
the production of all the heat that could possibly be released from the 
chemical combinations of various materials in the reactor and in an oa^rgen 
atmosphere, enough additional energy would be available to give still higher 
cell pressures and possibly rupture the reactor cell* As pointed out in the 
previous section, since the chemical reactions are more serious with an oxy­
gen atmosphere, the cell atmosphere will be maintained greater than 99$



nitrogen* She oxygen concentration ■will fee monitored^ and the instrumen­
tation win he interlocked (during power operation) to damp the fuel when­
ever the oxygen concentration is'greater than 1$, It then * appears that the 
only means hy which 'both the pressure shell and the reactor cell could he 
ruptured simultaneously would he as a result of host damage* The possi­
bilities of such a bombing^ either by sabotage or aerial bombing, are re­
mote* The principle hazard associated with the simultaneous rupture of the 
reactor pressure shell and cell would be from the dispersion of the activity* 
This is discussed in the following chapter on "Dispersion of Airborne 
Activity."

Hydrogen Explosion. In considering the various chemical reactions (see 
Appendix 3)} one way' that the reactor cell might conceivably be ruptured 
would be by a hydrogen e^losion following the reaction of the sodium or laK 
with water in an air atmosphere* As mentioned above, nitrogen is to be main­
tained within the reactor cell once any appreciable radioactivity has been 
generated in the fuel. Oxygen absorbers will be exposed to the atmosphere 
within the cell and an^oxygen monitor will be interlocked to open both the 
fuel and the Hag drain valves if the oxygen concentration goes above 1$.

The energy produced from the various reactions, including those requir­
ing an oxygen'atmosphere, have been calculated in Appendix B and are summar­
ized in Table 5.3, The most serious event would be that in which the shield 
water would combine in stoichiometric proportions with all the sodium and 
Sag in the system, and the resulting hydrogen would burn in the presence of 
the available oxygen in an air atmosphere in the reactor cell. If no heat 
were lost to the cell walls, the pressure in the eeU would reach 181 psia. 
Obviously, this is an overestimate because considerable heat would be re­
moved by the surrounding water during the course of the reaction.

TfiBBi 3.5. SOURCES OF EHSRO-I

Heat from reaction of 1000 lb of Ha 
and IMC with water

Heat from reaction of hydrogen with 
available oxygen in air-filled 
reactor cell

Heat from reaction of 1000 lb of la 
and HaK with air

Heat from reaction of 1200 lb of
zirconium-base fuel with sodium

Heat from extreme nuclear accident
Fission-product decay heat emitted

during first 2 hr after shutdown 
(assuming no fission-product removal.)

£
2.07 x MT Btu

I.36 x 10^ Btu 

£
2.90 x 10 Btu 

6O.98 X 10 Btu 
0.3 x 10^ Btu

8 x 10^ Bta
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If all of the hydrogen were to mix with the oxygen without igniting ? 
detonation could take place and give a shock wave that would increase the 
stresses in the walls of the reactor cell* Of the 181 psia only part, or 
66 psia, arises from the hydrogen -oxygen reaction. If it is assumed that 
the pressure increase associated with detonation is twice the normal pres­
sure rise, or 152 psia, and that the pressure from all reactions prior to 
the explosion is not relieved by heat removal by the walls of the ceU, 
then a peak pressure of 2kj psia would result* Shis value is about double 
that for the case in which a nitrogen atmosphere is maintained within the 
tank.

In all probability the hydrogen would burn as it was formed from the 
BaK-water reaction. The simultaneous occurrence of several unlikely events 
would be necessary for an explosioni namely, the oxygen absorbing and moni­
toring system would fail, an air leak into the cell would occur, a leak 
between the sodium or HaK and the shielding water would occur, and the 
hydrogen would not be ignited as it was formed but would react only after 
the major part of the BaK-water reaction had gone to completion* Even if 
all of these things did happen, it seems unlikely that the resulting shock 
wave could rupture the tank wall, particularly in view of the inertia of 
the steel wan and the water surrounding it.

Damage From High Explosives* Blowing up of the JBT with explosive 
charges set from within by saboteurs would be feasible, as for any instal­
lation* However, the effectiveness of such action would depend primarily 
on the proximity of the charge with respect to the most critical components, 
i.e., the reactor pressure shell and the fuel drain system. Accessibility 
to these components and therefore vulnerability will determine the effec­
tiveness of this type of sabotage* The double-walled reactor cell serves 
as a barrier against entry and would be formidable as protection against 
external explosions. However, the successful placement of an explosive 
charge within the container during servicing operations could be effective. 
In that event, the reactions of the reactor fluids, including the shield 
water, would take place as described in the preceding section*

If a charge of thousands of pounds of explosives were detonated just 
outside the reactor cell it would be possible to rupture both the pres­
sure shell and the reactor cell so that the fission product activity in the 
reactor would be released and a most serious situation would result. Both 
vessels might also be ruptured by aerial bombing. . Either of these cases 
seems exceedingly improbable. The questions of the strategic importance of 
the reactor test, its vulnerability because of the double-walled container, 
and its isolated location in regard to possible hazards to other installa­
tions and thickly settled areas must be taken into account. A bombing 
attack would most certainly be expected under wartime conditions, and ap­
propriate measures could be taken at that time should the eventuality occur.



IffeetlTeaess of the Reactor Cell ia Containing Bamris
No allowance for the temperature rise of the atmosphere within the 

double-walled reactor cell associated with the release of fission-product 
afterheat has been made. Calculations were made to include this factor as 
well, and it was found that the temperatures and pressures would fall off 
slowly after the accident. Thus these values represent mximumsj any 
severe accident would almost certainly involve marked quenching by the 
shield water, probably to the extent that little pressure and temperature 
rise in the tank would be experienced.

One of the main reasons for surrounding the inner tank with a thick 
layer of water was to provide a simple, positive cooling system. The worst 
heat load likely to be thrown on this cooling system would be that resulting 
from discharge of fuel into the bottom of the tank after a long period at 
high power. The lower portion of the tank will be designed so that the fuel 
will be spread out in a layer 2 in. at the thickest point. For this thick­
ness of fuel and a l/2-in.-thick steel plate tank bottom, it can be shown 
that?

Power density in salt from fission-produet activity 
1 min after 1000 hr at 60 Mw = O.33 x 300

Heat release rate from 2-in.-thick layer

At in steel plate 
At in water film

10 w/emf

4-7,000 w/ft2 
160,000 Btu/hr*ft2

4oo°f

4o°f

At in fuel layer (assuming no convection)

Area of layer against shell
Amount of water required to absorb 8 x 10^ Btu 
(heat from fission products in first 2 hr)

If its temperature rise is 130°?
If its temperature rise is 130°F 
and it vaporizes

Amount of water required to absorb a total of 
20 x 10° Btu (heat from fission products in
next 22 hr)

If its temperature rise is 130°F

If its temperature rise is 130°F 
and it vaporizes

400°F 
36 ft2

62.000 lb (1000 ft3)

8.000 lb (32 ft3)

154.000 lb (2500 ft3)

20.000 lb (32 ft3)
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Amount of •water in 27-ft-dia outer tank 1, OCX), 000 gp.1 (l4,000 ft^)
Amount of water in 27-ft-dia disk 1 ft thick 4,200 gal (570 ft^)

Actually, any accident severe enough to duffip all the fuel charge into 
the bottom of the tank would probably also rupture the shield so that the 
shield water would float on the surface of the fluoride * It would boil vio­
lently, and water vapor would rise, condense on the tank walls, and drain 
back to the bottom of the tank.

The double-walled cell was devised primarily in an effort to give a 
thoroughly reliable means for absorbing the heat evolved in any accident, 
no matter how severe. No pumps or other motor-driven equipment would be 
required and, even if the electrical power supply were to remain inoperable 
for days after the accident, there would be enough heat capacity in the water 
so that little, if any, of it would vaporize. The high surface heat transfer 
coefficient associated with boiling of the water should ensure good cooling 
of the cell walls.

Comparison of Various Reactor Assembly Containers
Because of the importance of containing the products of a reactor 

accident, several different potential reactor containers were examined. A 
comparison of key data for the most promising types of container is given in 
Table 5*4, and the worst set of conditions applicable to each case is pre­
sumed. As may be seen, the reactor assembly cell proposed in this report 
compares favorably with the hemispherical and ellipsoidal buildings. The 
double-walled cell also appears superior in that it would be less subject 
to sabotage. Even if both the inner and the outer tanks were ruptured by 
sabotage and the reactor melted down, the residue would tend to sink to the 
bottom of the tank pit where it would be flooded by the water that had filled 
the region at the top and between the tanks. This water would serve both to 
absorb the heat of any reaction and as a shield to reduce the radiation level 
at the top of the pit. After careful review of these and a host of lesser 
considerations, the 24-ft-dia double-walled cell was chosen as the most 
promising test facility.
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2h-ft-Dia
Double-Walled
Cell with ll-ft 
Straight Section

200-ft-Dia
Ellipsoidal
Building

: H5^ft'-Ma
Hemispherical
Building

Heat released* Btu 2*k x 106* 10^ 101

5Container volume* ft 12,250 1.2 x 106 6
0.4 x 10

pCoBtaitier surface area^ ft 2,6ho . k4*5 x 10
4

2.1 x 10

Peak gas temperature * °F 2,792 150 220

Peak gas pressure* psig 118 1.4 5*9

Required shell thickness, in* 1.0
(for allowable stress = 18,000 psi)

0.15 0.09

Weight of steel in inner shell. tons 56 154** 40

* She fission product afterheat was not included in calculating 
the peak gas temperature and pressure for the double-walled ceU 
because adequate cooling had been provided*

^Includes steel framing.
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6, DISPERSION OF AIRBORNE ACTIVITY1

Meteorological data have been used to calculate the possible radiation
hazards to the Laboratory and civilian population as a result of both nor­
mal and accidental release of radioactive materials from the ART. The nor­
mal method of discharging activity will consist of directing the off-gases 
through a charcoal-filled pipe which will remove most of the activity and 
effect a more than two-day holdup before ejecting the residual gases up the 
stack. The stack in carrying the large volumes of heated air produced by , 
the process systems will give very large plume rises in winds under 10 aph. 
The resultant ground exposures will be always and everywhere substantially 
below tolerance. In fact; even when there is no process air flow up the 
stack, the resulting exposures will be below tolerance. The process air will 
however^ effect a reduction in the resulting ground concentration of around 
10* which will be desirable in some emergency situations.

QIn the calculations for an accidental release ? a value of about 6 x 10° 
cal was used as the. minimum amount of heat which could cause all the fission 
activity to be given off in a gaseous cloud. The total activity present was 
then assumed to be that given by Mill,s foraula^2 even though ARB operation 
indicated that some of the activity was continuously removed and therefore 
not available to the disaster. This activity will be safely dispersed from 
a hot daytime cloud, but it will exceed tolerance at night by a maximum fac­
tor of 5 or 17, depending upon which tolerance value is used. As would be 
expected, the doses from the cold cloud or from rainout of either cloud 
would be well above tolerance.

It is worthy of note that the assumptions made for the calculations 
which follow, both for the case of the discharge of activity up the stack 
and for the dispersion of activity from a disaster, have been conservatively 
taken at every step. The resulting safety factors combine to effect indi­
cated doses which are at least an order of magnitude higher in most in­
stances and -many orders of magnitude higher in other instances than the 
doses which could reasonably be expected to occur. Since it wcpld become 
tediously repetitious if this conservatism were to be noted for every situ­
ation in the following section, the. more-pertinent factors are listed and 
discussed below.

Tolerances. A breathing rate of 30 liters per minute is used, even 
though this is the breathing rate for an excited man and such a rate cannot 
be maintained by an individual over a prolonged period. The krypton toler­
ance of 6.3 x 10*”5 eurie/»3 for continuous exposure used in the calculations 
gives only 300 mrem ever the duration of the test (1000 hr). No decay was 
taken in the krypton activity after it left the holdup system.

1. Most'.of' this section was''written by R. F. layers and D. R. Purdy of the 
17. S. Weather Bureau, Oak Ridge, Tennessee.

2. M. M. Mills, A Study of Reactor Hazards, HAA-SR-3^ p. 72 (Dec. 7, 19^9)
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Holdup System. Ia the claarcoal-filled. pipe tHere will 1?© ©Ter 100 
times the miaiBniB amount of charcoal required to effect a two-day holdup 
of krypton. In the calculations, no credit is taken for residence time 
ia the reactor system or travel time ia the off-gas system. '

Meteorological Parameters. A stability factor (nighttime) of 0.4 was 
used ia the disaster calculation rather than the more likely -value of 0.35*
She hot cloud aad the stack plume rises were limited ia some instances^ 
even though greater heights would have effected greater dispersions. Although 
the nighttime stable conditions will not last much longer than l6 hr, the 
unrealistic assumption of continuous nighttime conditions was not used for 
continuous exposures or for disaster-cloud travel times of greater than 
about l6 br. Low average wind velocity values were used for the hot cloud, 
even though equally justifiable higher values would have effected greater 
dispersions. Also, for each calculation that gives the maximum dose at any 
location, it is assumed that the wind always blows in that direction with a 
constant optimum value.

Fission Products in Hot Cloud. The amount of heat in the hot cloud is 
a lower limit for the amount of heat required to vaporize all the fuel be­
cause the heat of vaporization of the first component which comes off (as 
the fuel is heated) is used for determining the heat required to vaporize 
all the fuel. For determining the activity in the cloud, an upper limit 
is used, since all the fuel would never be in the right place at the right 
time to be vaporized. Also, operation of the ARE indicated that some 
activity may be removed continuously.

Radiation Tolerances
The maximum total dose which the civilian population should be permit­

ted to receive in any accident is 25 rem. The maximum permissible exposure 
to contaminated atmosphere which will give a dose of 25 rem by inhalation 
is therefore of considerable interest. A value for the maximum permissible 
exposure of 10 curie*sec/m3 has been given by MarleyS for total fission 
products. However, Marley used a breathing rate of the order of 6 liters/min 
that is considerably lower than that for the average excited man, which is 
around 30 liters/min. In applying Marley’s tolerance to a given condition 
the total radiation is assumed to decay according to t“^'2 as the radio­
active cloud moves out from the source.

On the other hand, T. J. Burnett of the 0RUL Health Physics Division 
has calculated,■ on the basis of a selected group of 30 long-lived fission 
products, that the maximum permissible exposure to these isotopes is 
1.44 curie°sec/m3 after 39 days5 of reactor operation. The 30 isotopes

3. W. G. Mar ley. Health Physics Cons iderat ions in a Reactor Accident,
R/SAF/lK/3 (no’**diteJI ' 1 ’™ ~ "

4. Appendix G, "Exposure Hazard Calculations," this report.
5. Thirty-nine days is used here (rather than 4l, which would be a closer 

approximation to the anticipated 1000 hr of operation time) because
some calcuXatioms were already available with this time and the dif­
ference is small.
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selected define the limiting tolerance for all fission products. After 
1000 hr of operation, these 30 isotopes represent about 876of the total 
activity present at 1 sec, if t-0.2 is assumed for all the activity.
Since these are long-lived isotopes, no decay correction is applied.
(It is further shown in Appendix G that this group of 30 isotopes may 
he reduced to a group of six isotopes which contribute over 95?^of the 
dose to the bone.)

As was noted previously the off-gas system is designed to routinely 
discharge less than 0.001 curie/sec of to the stack. The tolerance 
for Kr^o-Hb^S has been calculated^ to be 6.3 x 10-8 curies/m3 for contin­
uous exposure. This calculation permitted a dose rate of 0«3 mrem/hr for 
the 1000 hr of contemplated reactor operation.

Discharge of Activity up the Stack
The ART stack is ?8 ft high and 10 ft in diameter. Its dimensions 

were largely defined by the air flow from the process systems since it was 
desired to employ this air in order to effect greater dispersion of the 
off-gas. The design capacity of the air blowers is 3 x 105 cfm of air at 
ambient temperature. This volume of air when heated in the hot-air radi­
ators to 750°F expands to 6.7 x 105 cfm, and therefore, during power opera­
tion, this latter quantity of air is discharged up the stack.

The dispersion of activity from the stack has been considered for 
three conditions of air flow: (l) 6.7 x 10? cfm of 750°F air, (2) 3 x 105 cfm 
of ambient air, and (3) no air flow. With the two-day holdup provided in the 
off-gas system before the off gases reach the stacks, the off gases may be 
discharged without anywhere exceeding the Kf88 tolerance of 6.3 x 10-8 
curie/m3 for continuous exposure for the first two conditions. For no stack 
air flow, the Kf88 tolerance will he exceeded by a factor of 4. Further­
more, if it becomes necessary following a contained disaster to dispose of 
large amounts of activity, as much as 8 curies/sec could be discharged up 
the stack with 3 x 105 cfm of ambient air and still not exceed an internal 
dose rate of 1 rem/hr.

Horxnal Operation. During normal operation the Aircraft Reactor Test 
will produce about 6.7 x 105 cfm of air at 75oC>F from the air radiators.
This air will be ejected up the stack and hence will aid in the dispersal 
of the gaseous fission products which will be given off by the hot fuel.
The work of Davidson? (which has been compared with actual smoke observa­
tions® from a large TVA steam plant stack for verification) has been used 6 * 8

6. Private communication from T. J. Burnett.

7* W. F. Davidson, "The Dispersion and Spreading of Gases and Dusts from 
Chimneys," Ind. Hyg. Foundation Amer., Trans. Bull. No. 13 (1949) •

8. F. W. Thomas, TVA. Wilson Dam, Ala., Plume (Tbser vat ions. Watts Bar 
Steam Plant (1952), unpublished manuscript.



in estimating tbe plume rise expected from a 10-ft-dia stacks 78' ft high.. 
Figure ,6.1 shows estimated plume rises versus wind speed for both ’
6.7 x 105 cfm air at 750®F and 5 x 10^ cfm, of air at ambient temperature.

The calculated plume rise values,were used, together with appropriate 
meteorological data derived from the observations reported by Hyers and 
Holland,9 to -compute the maximum ground concentrations and the distance 
from the stack of the maximum ground concentration under a Mde range of 
wind speeds. The full plume rise was used in the unstable or daytime case, 
but thf plume rise was limited to about 600 meters at night, which- corre­
sponds %o the upper limit of observed rises from the large TWA steam plant 
stacks duping.stable conditions* The calculated rises,below the 600-meter 
level were’’used for the nighttime rise* This treatment of the stable .ease 
minimises- the., safety factor of the light-wind stable/ease which might be 
the most doubtful, pie important dispersion conditions which are considered 
are those which occur with winds under 10 mps and are representative of 99-9$ 
of the hoars of wind observed at the site. .The parameters used for these 
calculations are glPen in Table 6*1. /

The results of these calculations for steady emission of 0.001 curie/sec 
are given in Tables 6.2 and 6.3, .with and without the decay correction. The 
decay‘correction given here is that determined by the decay rate for equi­
librium reactor fission proliipts;- /

As previously noted (section on HEadiation Tolerances") the concentra­
tion of Ke*88 for continuous exposure is/6.3 x 10“8 curie/m^. Furthermore, 
for a reactor operating at 60 Sfe' tlia ephilibrium discharge rate of Kr®® 
after a two-day holdup, in the 0ff-g%/system is 0.0009 curie/see (section on 
"Off-Gas System"). The maximum concentration (with no decay correction) 
occurs during the day at 0*37 mile from the source when the wind speed is 
10 meters per second (1 mps = 2.2^ miles per hour). This concentration 
(6.08 x 10”9 curie/m^ per 0.001 curie/sec emitted) is a factor of 10 below 
the tolerance for continuous exposure. FaJthermore, it should be noted that 
the wind win not blow in the same direction'end with the same high (10 mps) 
velocity for 1000 continuous hfurs of daytime conditions, and, in addition,. 
the actual off-gas holdup system will have over *100 times the amount of char­
coal required'to effect the two-day holdup which kas' used in the above cal­
culations. / \

Operation Without Seating Stack Air. Except wheft%the reactor is oper­
ating at fun power the fir flow up the stack will be lass than 6«J x 1Q5 cfm 
and the air temperature /Will be less than 750®F. For thfxlimiting case with 
no power being removed .from the system, there will be 3 x Ip? cfm of ambient 
temperature air flow qp the stack. A by-pass air duct will’ve provided 
around the radiators ho that the air may be sent up the staek’fltbout cool­
ing the reactor* Tbd lower temperature and smaller air flow will produce 
the lower stack ris#s which axe given by the lower curve in Fig. '6.1. These 
plume rises, together with the. meteorological data derived from OE^99# 'S'ere

' and’^T*zr,,^3lSdr~A~lfeteorologieal Survey of the Oak Ridge 
Area, QRO-99 (Hot. 1953).
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TJ&1M 6.1, MEfECROLOGIGMu SOT© COlCElfSAHOI

Parameter'*
During lighttime

Value of Parameter Belative to gtn&spe'
Dur:

For 6.7 x lo3 cfm of Air at 750°F
Wind speed (mps) 1 2 •... 4 10 1 2 4 10

2c 3.6 x 10-3 3.6 X 10“3 3.6 x 10"5 9-0 x 10"5 1 X 10~2 2 x 10“2 2.9 x 10"'2 4.4 x 10"'
x0 (meters) 313 323 163 63 182 83 46 21
h + Ah (meters) 550 379 159 62 961 379 159 62
n 0.35 0.35 0.35 0-35 0.23 0.23 O.23 0.23

For 3.0 x 1Q'> cfm of Air at Ambient*Sjemperature

Wind speed (mps) 1 2 k y 10 1 "‘‘"“v 2 4 10
2c 5.0 x 10"5 6.4 x 10“3 8.1 x 10”3 J* 7 x 10“2 3.1 x 10"2 3*l*'x„10"2 4.2 x 10”2 4.8 x 10~‘

Xq 3^0 215 186 164 86 61 51 48
h + Ah (meters) 220 . 99 ., 53 33 220 99 53 33
n 0.33 0.35 0.35 0.35 0.23 0 a 23 0.23 0.23

e * • • 
e •

ivnJprI

2

b is the height of rise of the plume; and n is the stability factor,

j 4



Tmm S,2> caoiro coicBifRiaioi of cases rbssmsp from stags.
(Withoat Decay Corrections)

Mr Flows 6.7 x 105 efia at 7500F

Distance hgm - 
Stack .(mile^)

Concentration* (curies/m5) at Wind Speeds’of
1 mps 2'laps —Ymps .r"" 10 aps

Daring Daytime

O.Jl 2.77, X "lO”15 5.69 x IQ"9

0.62 7.67 x 10"17 X
10~10 4.65 x 10“9

1.86 2.24 x 10'53 8*11 x 10"11 ,4.10 X 10 "9 I.05 x IQ'9

%.35 7*54 X,!©”1? 7.76 X 10*y 7*45 X 10"10 ' 2,20 x 10“10

6.sit 2.80 x 10"12 7*27 x l#10 4*17 X 10"10 1.20 x 10"10
12»kB 1.62 x wix^ 3.92 ar'io"10 1.62 X

10“10 I.53 x 10”11

31.1 1.98 x 10“^ 7*84#!x IQ”11 2,74 X lO-11 7.10 x 10"12

37.28 I.63 x x 10*11 1.95 X
10"11 5,00 x lO"12

During "WigWtiae

0.31 9.18 x IO'15

0.62 2.30 X
■i0“24 8.53 X 10"10

1.86 1*72 x 10"53 2.40 X
2_0~11 5.90 X 10“9

h.35 5*25 x 10~23 1.87 x lO'1? 1.75 x 10"9 2.62 x 10“9
6.24 1.82 X 10“16 1.4 X ;10“12 2*31 X 10"9 I.59 x 10“9

12.48 2,28 x 10”11 3.26 x 10”10 1,53 X 10-9 2.50 x lO-10

31.1 7*21 x 10“10 7.70 x 10"10 4.65 X 10”10 i,25 x 10’10

37*28 7*76 X 10"10 6,8 X 10“10 3*39 X
10”10 9*12 x 10"11

* For unit emission of 0.001 curie/sec.



mmm cmmsmmtm or oases siack
D©c8,y Go3fx5,©c'tioBj ^^0 * 2)

Air Flow* 6.7 x 105 cfm at 7509F:'

Distance from 
Stack {miles}

eoBcentratioa* (curies/k^) at Wind Speeds of
1 . 2 ops' ¥J5E® 10 »ps

Jogjog Lae

0.51 /l .0? "V' 10*-13 2 .60 X 10'-9
0.62 2*2k ,x 10‘"17 1 .82 X 10’-10 1 .86 X 10*-9
1.86 ,50 X 10'-34 1.87 X 10'.n 5 *35 X 10'-10 3 .40 X 10*-IQ
%»55 1. 29 X 10*-15 1.52 “UP IQ*4o ■ 1..67 X 10'-10 5 .,95 X 10'-11
6,24- .43 X 10*-13 1.32 X. 10'-10 @ •-*71 X 10*-ll 3 .02 X 10'-11
12nk& 2 e 2%. X lO"-11 2.31 10*-11 2,.96 X 10*-11 7-.80 X 10*-12 ■
5L.1 21.28 X 10*.ais. 1.03 ,x 10'»u 4..13 X j_q-12 1..28 X 10*-12
57*28 1..82 X 10"**U "'^*4 X 10*-12 2,.83 10*-12 8,.90 X 10 •13

0«.31 4..20 X 10*-13

0,62 1 ;*73 X 10'-24 3 .41 X 10'-10

1,.86
-24

3..98 ■y 10*-34,, 6.-39 X 10*-12 1,90 X 10*•9
4. 35 9-.00 X lie* 3 .67 X 10-16 '• :\3-=93 X 10’*10 7 >'.08 X 10“-10
6..24 2..88 X 10*-14 2-.66 X 10"-13 ¥*85 X' 10 -10 4 .00 X 10 -10

12..48 3 .15'' X 10*—ll— 1..08 X 10”*10 2 ,80 X 10*-10 1 ,19 X 10*-10
^1«.1 8, X 10*-11 1 .02 X 10*-10 7 .04 3L 10“-11 2 .29 X 10’-11
Pi * 28 4.70 X 10'-11 8..64 X 10 -01 4..92 X 10 •11 1,a 6l X 10*-11

For wait emissioa of 0.001 curie/sec.



then used to calculate the resulting ground concentration at various dis­
tances for several wind speeds during both daytime and nighttime conditions * 
The meteorological parameters used for these calculations are given in 
Table 6.1. The results of these calculations for a steady emission of 
0.001 curie/sec (without the decay correction) are given in Table 6.4.

TABTuF 6.4. GR0USID COHCEITRATIOI OF GASES RELEASED FROM STACK

Air

(Without Decay Correction)
Flow: 3*0 x 10^ cfm at Ambient Temperature

Distance from Concentration* (curies/m3) at Wind Speeds of
Stack (miles) 1 mps 2 mps 4 mps ' 10 mps

During Daytime
0.31 1.18 X 1G"22 1.85 x 10’9 2.09 X 10-8 1.34 x 10”8
0.62 9*86 x UT* 1.12 x 10“8 1.27 X 10“8 5.35 X 10"9

1.86 3*85 x 10“9 5*71 x 10~9 2.48 x 10“9 8.85 x 10”10

4*35 3*72 X 10”9 1.49 x 10~9 5*80 X 10-10 2.04 x 10”10

6.21 2.27 X !0-6 8.05 x 10 3.13 X 10-10 1.09 X 10
12.42 8 53 x 10'10 2.40 x 10“10 9*24 x 10-11 3*22 x 10”11

31.1 1.77 x 10“10 4.85 x 10-11 1.74 X io-11 6.34 x 10”12

37*28 1.29 X 10-10 3*54 x 10"11 1.29 x 10"11 4.60 X 10”12

During lighttime

0.31 5*94 x 10”21 2,16 X 10"10 2.53 x 10’10

0.62 -121.23 x 10 ^ 7*38 X 10"9 I.69 x 10~8

1.86 7.25 x 6.62 X 10’9 1.82 X 10”8 1.49 x 10”8

4.35 9*59 X 10-10 1.09 x 10“8 7*32 x IQ”9 5.05 x 10”9

6.21 3*09 x 10-9 8.70 x 10"9 4.39 X 10”9 2.97 x 10"9

12.42 4.69 X 10“9 3*47 x 10“9 1.52 X 10"9 -109*90 x 10 ^
31.1 1.88 x 10“9 8.42 x 10"10 3*40 x 10”10 2.23 x 10”10

37*28 1.45 X 10-9 6.34 x 10"10 2.54 X 10”10 I.65 x 10”10

* For unit emission of 0.001 curie/sec.



By extrapolating the data in Table 6.4, it may be shown that the 
maximum ground concentration of 2.43 x 10“8 curie/m3 is attained during 
the daytime with a wind speed of 6.6 mps and at 0,22 mile. Even so, 
this maximum ground concentration is a factor of 3 below tolerance for 
continaoms exposure—again assnmisg that the wind always blows in the 
same direction and at the same velocity.

Operation With Xfo Stack Air Flow. Should it become necessary to 
discharge the off-gases up the stack with no process air flow, the ground 
concentrations that will he obtained during the daytime and nighttime 
conditions are given in Table 6.5 for average wind speeds during the day­
time and the nighttime of 2-3 and 1*5 mps, respectively, for which the 
diffusion parameters are 0.005 and 0.001, respectively.

TABLE 6.5. GROUND COUCEHTRATIOH OF GASES RELEASED FROM STACK

Distance
(miles)

0.125

0.37
0.62
O.89

5
10
15
20
50

100

(No air flow and no decay correction)

Nighttime Concentration* 
(curies/m3)

^112.2 x 10 
1.6 x IQ-?
2.5 x' 10
2.1 x 10
2.3 x 10

-7
-7
-8

7-9 x 10“*
''4.1 X 10“9
2.6 X 10"9
6.0 x 10"10 

-102.0 x 10

* For unit emission of 0.001 curie/sec.

Daytime Concentration* (curies/m3)
1.6 x 10“7
5.8 x 10"8
2.6 x 10~8
1.4 x IQ-8

6.8 x 10
-102,0 x 10

9.7 x lO”11
5.8 x lO'11
1,2 x IQ"11
3.4 x lO-12

The highest ground concentration, 2*5 x 10~7 curie/m^, which occurs 
at 0.62 mile during the nighttime, is above the continuous tolerance of
6.3 x 10-° curie/m5. This condition is amenable to routine reactor opera­
tion, since it would never be permitted on a continuous basis nor would 
the meteorological conditions which combine to produce this peak concentra­
tion at that particular location he attained continuously.
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Operatioa With Holdup System By-Passed. An emergency exhaust line 

•will he provided to the interior of the reactor cell for venting the 
fission-product gases up the stack in the event of a leak in the off-gas 
holdup system or in the event of some failure -which would allow fission- 
product gases to eater the cell. If such an operation were contemplated 
on a continuous "basis, the criteria for the amount of activity discharged 
would have to he determined "by the method used in the preceding sections.
If it becomes necessary, in some emergencies to dispose of large amounts 
of activity, much more than 1 curie/sec could he sent up the stack without 
exceeding an internal dose rate of 1 rem/hr. The exact discharge rate may 
be obtained by spreading out the l.%h curie*sec/m3 (Burnett's tolerance 
for the 3° isotopes) over a 24-hr period, with the result that a continuous 
exposure of 1.6 x 10“5 curie/m3 will give dose rates of 1 rem/hr. Since, 
for example, the maximum concentration with 3 x 10^ cfm of ambient air up 
the stack is 2.%3 x 10“5 curie/m3 per curie/sec emitted, 8^of which is 
applicable to the above tolerance, then (1.6 x 10"2)/(0.08 x 2.43 x 10-5) 
or 8.3 curies/sec will give a maximuai dose rate of 1,rem/hr. IfIfe^hl^ttbhe 
gaseous activity was used as the source strength and a decay factor for 
this activity was included, the resulting dose rates would be substantially 
smaller.

If still larger amounts of activity must be disposed of, reference 
will be made to the calculated concentration appropriate to the current 
meteorological condition to determine the feasibility of opening the stack 
line. However, at any given distance the ground concentration (in curie/m3) 
from a continuous source (curie/sec) is numerically identical to the total 
integrated dose (in curie•sec/mS) from an instantaneous source (curies).
Again by using the tolerance of 1.44 curie*sec/a3 for 8j£of the activity, 
the data from Tables 6.1 through 6.4 may be used to determine the maximum 
allowable curies in a puff. Therefore, for example, the highest ground 
concentration with 3 x 105 cfm of aatoient air up the stack is 2.43 x 10-5 
eurie/m3 per curie/sec emitted, which is identical to 2.43 x 10"5 
curie*sec/m.3 per curie. Therefore, 1.44/(0.08 x 2.43 x 10"5) or 7*4 x 105 
curies may be sent up the stack in a single puff. Again, the value was 
obtained by assuming all fission activity to be present and that no decay 
had. occurredj also the wind speed was assumed to be constant.

Smoke Tracking, of the Stack Plume. Ia order to provide some assurance 
that the stack is able to handle the high concentrations for which it is 
designed and to provide a visible trace of the radioactive cloud during opera­
tion if the design capacity is exceeded, a smoke generator of the oil-fog 
type will be included in the off-gas system. Estimates of the required 
capacity have been made to ensure that the cloud will be visible at adequate 
distances. The distance at which the output of a generator will be
visible are shown in Table 6.6.

: 7



10

6.6. LXMIf OF flSIBILIfr OF A SMOKE FEOME 
FROM A gO-gpli SgERAfOB

Yislbllity (miles) 
iJnstal3le (DaytSai) Sta'63^" tfig^ltloe')

23«8 

12.0
\ k'k

1.3
1 0.4

The miaiaium visible saok^ deasitv per 
line of sight is taken to be 3»\x 10“^ g/a2 
lag level of 0.33 g/a2* The cal^gation is
Sutton’s equation as given in ORO-99”

^It cross section area in the 
lr l/lO of the accepted screen-
sed on an integration of

In the event of an unexpected releasf or a release larger than the 
design capacity of the off-gas systeA thrf smoke generator will provide a 
guide for monitoring and will also acp%as/a .visible warning to the Laboratory 
personnel. The long travel time requiredf to reach much greater distances 
would not permit the visible smoke to reach any of the large population
areas.

Discharge of Activity Following a Disqfeter

If a disaster occurred ia which sufficient energy was evolved to rup­
ture the reactor cell, as well as th| pressure i^ell, the fission activity 
would be released to the atmosphere/ and therefore the hazards ia terms of 
radiation doses resulting from such a disaster have been calculated. In 
this calculation it was further assumed that there was sufficient heat 
available to the disaster to vaporize all the fuel (including that external 
to the reactor core) and. thus plafe the activity in s/hot cloud, (in actual­
ity, if the pressure shell does rhpture, most of the fuel will leak into the 
reactor cell where, because of its high melting point, it will rapidly 
solidify.) With the activity in gaseous form, the dispersion of the result­
ing cloud can he determined and the total integrated doses at any distance 
from the site can be calculated. Even if the building is not ruptured the 
building exhaust fans will effect a complete turnover of thl\ building air 
in less than 5 min and the resulting radioactive cloud may he regarded as 
the hot cloud case. With theihot cloud the activity will always be safely 
dispersed during the day, butf at night the activity will exceeoVthe 25 rem 
tolerance' factor of 17 or 5^/depending upon which tolerance is u^ed. A 
calculation has also been mtfde for the cold cloud case.



Mintmaia Heat Liberated in a Disaster. An atteapt was made to calculate 
the minimum amount of heat that would he required to get all the fission 
activity into a vapor cloud, These calculations invariably Involve a number 
of assumptions and approximations which, for the purposes of this calcula­
tion, have been conservatively tahen. The calculation has been made for both 
the zirconium-base and the aliali-metal-base fuel mixtures. The vapor pres­
sure for ZrF^ above the Mai’-ZrFij.-UFij. (5^-43-^ mole fS) fuel, is represented by

log P = + 7.37 ,
where P is in mm Hg and T is in °K. The boiling temperature is then found 
to be 22k6°¥, The heat of vaporization of ZrF^ from the above mixture is 
4-0 kcal/mole. Since the ZrPij, is the first constituent to be vaporized, its 
heat of vaporization represents- a lower limit for the fuel, The heat re­
quired to vaporize the fission products is the heat required to reach the 
boiling point plus the heat required to vaporize all the fuel, as determined 
here by using the heat of vaporization of the J£rF^. The total fluoride vol­
ume of 5.6h ft^ is used for this determination because the fission activity 
is distributed throughout the fuel.

The heat required to boil the fuel is given by
§ (Btu) = ¥pc (m) ,

where AT is the temperature rise in °F (930), c is the heat capacity in 
Btu/lb«®F (0.25), and p is the density of the fuel (185 Ib/ft?). The heat 
required to reach boiling, is 2*W3 x IG^ Btu, or approximately O.63 x 10^ keal.

The heat required to vaporize the fuel is

§ (keal) = YpHyH ,

where Hy is the heat of vaporization (kO kcal/mole) and I is the number of 
moles per pound. The heat required to vaporize the fuel is 5*24 x IG? keal 
and therefore the total energy required to vaporize the fission products is
5,9 x lo5 keal. r \

In the UaF-KF-LiF-UF^ fuel system the is the first constituent to vaporize. The temperature at which UF^ boils^is 1388°C, and the heat of 
vaporization is 66 kcal/mole,10 The heat required to raise this fuel to
the boiling point is -=

f> (Btu) = 5,64 x ,185 x 1235 x 0.4

= 5.1 x 10^ Btu (or 1.3 x lO^ keal) ,

10. A. D. Byon and B. P. Twichell, Vapor Pressure and Belated Physical - 
Constants of UFk, H-5.385.2 (July 25, 1947).



and tie beat required to -vaporize it is
$ (ieal) = 5.,6% x 185 X -66 x isjpljL 

■ = 4-.8 x 105 kcal .

merefore the total heat required to toil and then raporize the HaF-LiF“ 
E*-TO'||, fuel is 6.1 x 105 kcal, i*e., slightly greater than that for. the ..

■ lircsnium-hase fuel. An average value of 6 x 10? kcal is used in'the 
JfoUowing calculations.

laving determined a value for the minimum amount of heat to he released 
in a .disaster^ it is then" necessary to estimate the resulting temperature I rise of the building air in order to determine the height of rise .of the hot 

: gases, fhe volume of the enlarged building is approximately 48 x l<y ft^ 
(1*36 x 10^ w?). Since air has a density of 1.2 g/m3 and a specific heat of 
0.25^. the te^erature of the air will be increased 265°F (l47°C) by the 
6 x 105 kcal of heat required.for vaporization ...of fhe fission products in the

Height of Gloud Rise, fhe height of rise of a heated cloud may be cal­
culated from work by 0. £« Suttonj^-*^ and, from the height of rise, the 
volume of the cloud may be derived. Sutton’s basic equation gives an approxi 
mate solution for the temperature.excess of a rising hot puff that originates 
in. an instantaneous point source' of heat and mixes with its environment by 
eddy diffusion* Satisfactory verification of the equation was obtained with 
published data on the frinity explosion. The equation is

(1) A©e = —^3/2-^572 #

15where A@c = fhe difference (in ®C) between the average potential v tempera­
ture of the cloud and the' potential temperature of the atmos­
phere, which is assumed to be constant j 

Qjj » the total heat liberated (in cal) and transferred to the build­
ing air; - -

Cp = the specific heat of air at constant pressure (0.25 cal/g»®C); 
p * the air density (1.2 x 10^ g/in.3)|
C = the virtual diffusion coefficient (allows for natural hurbu-

lenee of the air and the enhanced turbulence introduced by the 
hot puff| a value of O.J is used here because fhe calculation 
is for .a relatively' stable thermal stratification);

z ~ the height above the source (in meters);

u!r~^T~Grsijttop7~^S^Srr*pTIo8,~TApr ♦ 1947).

12. 0. G. Sutton, The Diffusion of Matter from an Explosion, p, 6,
(Bee.

Ij. Potential temperature is the actual temperature of the air if it 
is compressed adiabatieaHy to 1000 millibars.
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a = a parameter ttot results from the increase in size of the

effective diffusion eddies during the spreading of the cloud 
and is estimated by Button to be 1.75> in the average case.

In order to determine the level in a stable atmosphere at which the
cloud reaches thermal equilibrium, it is assumed that the vertical gradient 
of potential temperature in the atmosphere is a constant, 0a' , and that at 
the equilibrium level the temperature excess of the cloud with respect to a 
neutral atmosphere is just balanced by the actual increase in potential tem­
perature of the atmosphere with height, Shen,

(2) A@e = A©a * Zjaax ®a
and

Qg \2/(5® + 2)

In the stable case, for 0^ = 0*02°c/meter, which is an average night­
time value for the Oak Eidge area, the calculated cloud rise is about 225 
meters. Since, from Eq. 2, A@e is equal to k.^Q, the volume of the night­
time cloud may be approximated' by assuming that the decrease in temperature 
excess is accounted for by corresponding increase in volume, i.e„.

w £82 lx 
“ ?2

The nighttime cloud volume at 225 meters would therefore be k.k1? x 10^ 
as determined by using the value arrived at above of I.36 x 10^ w? for the 
source volume with an excess temperature of 147*0.

In the unstable ease (daytime), it is assumed that the cloud levels off 
at about 1500 meters (500 to 500 meters above the daytime natural cloud base). 
Then, according to Sutton;s formula (Eq. 1)/the temperature excess would be .

(5) *3 A©; 1*2)2.62.
(zjj

which gives a value of 0,052*0. The daytime cloud volume may then be deter­
mined (in the same manner as the nighttime cloud), and is found to be equal 
to 6.25 x 10T m^.

Fission Products in the lot Cloud. The activity contained in the reac­
tor after a normal' "shutdown, if it is assumed that none of the fission prod­
ucts has been removed, may be calculated from a formula by Mills,^

(6)
where A = activity (in curies), 

P = power (in watts), 
t = time (in seconds).



For a reactor operating at 60 Mw, the equilihrium activity 1 sec after 
the catastrophe would be 6.6 x 10° curies, if an average energy of 1 Mev is 
assumed:. However, Mill’s formula contains no augmentation from the addi­
tional activity produced by a power excursion during a run-away type of 
catastrophe. If it is assumed that the additional activity produced during 
the catastrophe is that required to effect the minimum heat release.

(7) A (curies)

Qh (esajx^Sgh- Mev ^ 
sec'fission

3.7 x 10 10 Mev
sec»curie,

Q A }Since Qg s= 6 x 10° cal, the activity from the excursion is 32 x 10°,curies^
at 1 sec after the catastrophe. Although at 1 sec this activity is of the 
same order as that in the reactor at equilibrium, it decays according to
■fc-i.2 so that after a few seconds it is insignificant as compared with the 
activity id the reactor, which decays according to t”0*2. Consequently, the 
calculations of ground exposure from the hot cloud need consider only the 
activity initially'in the reactor. Furthermore, it is assumed that only 50$ 
of the equilibrium activity, or 3.3 x 10° curies, is present in the cloud 
following the disaster.

Internal Exposures from the Hot Cloud
Sutton has also developed a general equation for isotropic diffusion 

from an instantaneous point source.^-5 jn the ABE Hazards Summary Report,^-® 
this ■ equation was developed to provide not only the maximum dose at every 
point as the cloud moves out but, also, the integrated exposure at the ground 
for the entire time of the cloud as found by integrating the concentration 
equation, fflaese calculations have now been further extended by allowing 
for the decay ‘in the activity of the cloud as it moves out.

6In the total reactor tragedy which has been postulated, 2,k x 10 Btu 
or 6 x 10° cal represents the minimum amount of heat which would vaporize 
the 5.64 ft? of fuel and hence make the total stored activity in the reac­
tor available in airborne pollution, fhe height of rise has been calcu­
lated (in the preceding section) for a cloud of hot air containing the 
fission products in the I.36 x 10^ jb3 volume of the building with the addi­
tion of the 6 x 108 cal of heat, fhe basic meteorological data-used in 
these estimates are taken from previous studies reported by My6rs and 
Holland.9 fable 6.7 summarizes this data.

14. fhis value,"as' determined here, is higher than that which could be 
produced in a excursim as determined from nuclear considerations in 
ApSehdixesrJiLiaBd E»

15» 0. G. Sutton, Froc. Roy. Soe. (london) 1^5A, 155 (1932),
16. J. H. Buck and W. B. Cottrell, Aircraft Reactor Experiment Hazards 

Summary. Report, GRHL~l407 (Bot
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Parameter Beflaitioa

fa Heigfat of rise
g Diffusioa 'parameter
n Stability
¥ Initial, cloud volumeo
x Distance correctiono
n Wind speed (average)

Average ¥alae of Parameter
Stable? light Ptotable? Day

225 meters
0.055
OM
4.^5 x 10^ sP 
kVJO meters 
5 ffltps

1500 meters 
0.11% ,
0.23
6.25 x K>7 m3 

525O meters 
8 ups

-0.2■ - The total integrated internal doses with no decay and with, t decay 
and as calculated by both Burnett and Karley (see preceding sections oa 
radiation tolerance) are given in Table 6.8. As was shown previously, the 
total activity in the hot cloud is 3»3 x 10® curies. Since the tolerance, 
as derived by Harley’s work, is based on total fission products, it is con­
sistent to permit this activity to decay as the cloud moves out. However, 
the tolerance of l.tt curie°sec/m3, as derived by Burnett (Appendix <*), is 
based on 30 isotopes which, represent only 8^of the total and hence the 
source strength is only 2.65 x 107 curies; no decay xmj be applied since the 
isotopes axe relatively long lived ( 12 days). Consequently, column h of
Table 6.8 was obtained by multiplying column 2 by 2.65 x loT curies and 
column 5 was obtained by multiplying column 3 by 3.3 x 10° curies. Columns 
6 and 7 were then obtained by dividing the numbers in columns k and 5 by 
their respective tolerances, i.e., l.W- and 10 curie * sec/m3. Although 
columns 6 and 7 permit a comparison of the overdoses according to the two 
tolerances, they are, strictly speaking, not comparable because of the 
factor of 5 lower breathing rate employed by Harley. It is of interest, 
however, that the highest dose is only 5.3 (Harley) or 17 (Burnett) times 
above the maximum. Furthermore, if the Harley value is multiplied by 5> 
to give comparable breathing rates, the agreement between the two tol­
erances is exceptionally good.

External Bgosure from the Sot Cloud
The dosages that would result from external radiation as the hot cloud 

passed overhead are given in Table 6.9. The method devised by Waterfield-^7 
and the units and the conversion factor furnished by S. Visner were used for 
the calculations. In WaterfieM’s equation, the total activity was in terms 
of number of fissions, and it contained a decay factor of Visner
expressed the activity in terms of reactor power and substituted a decay

17* B. I». WaterfieM, Cloud Dosage Calculations, XDC 51-4-12 (Apr. 1954)“
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• • « •« •

““nr—
Pistanee .
{miles)

' (2)Integrated Dose• 
per Curie, 
no decay(curie.see/m^)

Integrated Dose
per Curie y 
t~0.2 decay
{curie* sec/#3|

TID
(Burnett) 

(curie»sec/m^)

* "157-----
sip

(Marley)
(curie * sec/vfi )

--- -W—~
Overdose 
(units of

25 rem) (Burnett)

■“IfT-”
Overdose 
{units of
25 rem) (Marley)

• «• * •• •••••••••••• ^ liglittiae Average
• «••••••*••••» 0.57 1 c; -sr 1 n“12 «*» * ^ 3.92 x 10"1? 4.0 x 10“5 12.9 x 10“5 2.8 x 10"5 1.3 x 10"5

• • •• « 0,8.9 1.76 x 10"10 if-.29 x 10 4.7 x lO"5 14.1 x lo"5 3.3 x 10“3 1.4 x 10-3• • •a « «• ' «« * • « • 5 9.78 x 10"8 2.05 x 10”8 2.5 6.8 1.7 0.7
*;’*■* *: 10 6.25 x 10“7 1.19 x 10“7 16.3 39.2 -1. ^1 T 3.9
. . 15 8.98 X 10“7 1.60 x 10”7 23.8 52.8 16,5 5.3

• • 20 9.18 x 1©“7 1.56 x 10-7 24.3 51.4 16.9 5.1
•»•» 50 k.k6 x 10“7 6.35 x 10“8 11,8 20.9 8,2 2*1

100 2.23 x 10"8 2.23 x 10”8 4.7 7.4 3.3 0.7

Daytime Average
0} 0.37 9.45 x 10"21 2.49 x 10-21 2.5 x 10"15 8.2 x 10"l5 1.7 X IO"15 8.2 x .KT14

0.89 I.65 x 10-V k.Ok x 10'18, 4.3 x 10“7 1,3 x 10“9 3.0 x lo“7 1.3 x 10~10

5 3,8.5 x 10"l1 8.92 x 10"10 1.0 x 10“5 2.9 x 10'1 6.9 x lQ~k 2,9 x 10“2
10 3.00 x 10"9‘ 8.78 x 10“10 8.0 x 10"2 2.2 x 10“^ 5.6 X 10~2 2,2 x 10"2

15. 8.98 x 10“9 1.85 X 10”9 2.4 x 10"1 6,1 x 10_J- 1.7 x 10~^ 6,1 x 10~2

20 1,23 x 10“8 2.28 x 10“9 3*3 x 10'1 7.5 x 10"1 ' 2,3 x lO*1 7-5 x IQ"2

50 8,28 x 10”^ 1.29 x 10"9 2.2 x 10-1 4.3 x 10”1 1.5 x 10”1 4.3 x 10“2

% 100 3,18 x 10~9 4.56 x 10-1Q 8.4 x 10"2 1.5 x 10"1 5.8 x IQ**2 1.5 x 10“2

t
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factor of If only one-half the total activity is in the cloud, the
resulting equation is:

Dose (in rem) 1,086 x 10* 1/2 power (in Mw)
Wind speed ("in mps I

The values of Ig can be found from a nomogram given by Waterfield.^ So 
results for daytime are given since the parameters for this, case are beyond 
the scales of the nomogram. It is estimated that the daytime results -will 
be less bhdn those for the nighttime by a factor of about 15.

TUBES 6.9* EXTERML DOSE FROM HOT CLOUD M WIGHT

Distance Dose
(miles} frem

0.37 1,81

O.89 1.87
5 2,kk

10 3.51

Distance Dose
(miles) (rem )

15 3.^3
20 3.12

50 1.18

100 0.51

Rainout from the Hot Cloud

One of the major hazards from any reactor disaster would be the release 
of the fission products into a cloud through which a rain shower would fall. 
In this case the scrubbing efficiency of the rain would depend on the rate 
of rainfall, the size of the droplets,. and the relative velocity of the drop­
lets with respect to the cloud. These may all be maximized for the purposes 
of this report if the total amount of activity in the cloud is considered to 
be deposited directly on the ground under the cloud by a hard shower. This 
spreading of the contained activity over the .area of the cloud would result 
in decreasing contamination with distance as the cloud spread and as the 
activity decayed. To give the maximum hazard, the deposition at the ground 
in the center of the cloud was calculated and the effect of the Gaussian 
distribution was ignored. The ground exposure following a rainout of the 
hot cloud is given in Table 6.10. The dose rate in rem/hr was obtained by 
multiplying the surface contamination in curies/m^ by 10,

• * •• t * • •• •
• » « • ^ • • « • * •

• • •-< ^ «rr: : j y / " a



KffiBi S.xo. motm Eipostiffi wousmsa bmmqws of gas ^acg cusoj>

tree (miles} Average' paytiaie Average' Slghttxae
0.37 I.7 X 10^ k.e X 105

0.89 1.1 X 10^ '■ 3.5 X 105

5 k.2 % 105 , 1,0 X 105
10 1.8 x IQ^ ^.5 X 10^

15 1,0 X 105 2.6 X
lo1*'

20 6.5 x 102 1.8 X 10^
50 1,5 x 102 ^.5 X 103

.100 1.7 x IG1 1.6 X 105

The probability of the occurrence of rain at the time of an accident 
may he obtained from the folio-wing data:

Month Hours of Si

January • ll.k
February 7.5
March 8.6
April h.%
May 6.1
June 2.5
July 3.2
August 2.2
September 3.1
October 2.0
Uoveaber 3.8
December 10.9

Annual Average 6,5

Based on two years data, the results represent the percentages of all hours 
during which G.01 in. or more of rain occurred.

fflae area covered hy any rainout may he determined from the following equation1* for the radius of the cloud, if it is assumed that the cloud is 
projected on the earth's surface?



where
r = radius.in meterst 
c « diffusion parameter, 
n = stability coefficient,
Xo s= corrected distance.

She meteorological parameters may be obtained from the preceding sections. 
The above equation defines the edge, of a cloud as being where, the activity 
is 1G$ that of the peals. An average dose over the affected area may be 
obtained by assuming the total activity in the cloud to be uniformly dis­
tributed over the area,

\
Exposure from a Cold Cloud

If it is assumed that both the pressure shell and the reactor cell are 
ruptured so that the fission activity could become airborne and, further­
more, that this is effected with no heat so that the subsequent expulsion 
of this activity by the building ventilators would constitute -an instan­
taneous ground source, extremely high overdoses would.result. The data are 
given in Table 6.11. The form of the table and the method for obtaining 
the various data are the same as for the hot cloud case presented in the 
previous section. Although it is believed to be a virtual certainty J1. 
that the reactor cell would not be violated in any conceivable accident, 
if it were violated it is almost equally certain that it would be accompa­
nied by the release of large quantities of heat (Appendix B) so that.the ^ 
exposure calculations pertinent to the hot cloud would apply.

Beryllium Hazard
The ART will contain JOOO lb of beryllium in the island and reflector, 

and therefore it presents a potential beryllium hazard. The peak concen­tration that should be permitted for a single exposure to beryllium-^ is
2.5 x lCr5 g/ia3» However, the beryllium metal cannot become airborne in 
any significant quantity. Although its melting point (24QG0F) is slightly 
above that of the vaporization point of the MaF-ZrF^^DFij. fuel mixture, its 
vapor pressure is very low, and any molten beryllium would alloy with the 
Inconel. If there were sufficient oxygen present, some BeO would be formed, 
but the resultant hazard would be much less than that with the ARE wherein 
the beryllium was all present as the oxide.

TUT. J. H. Sterner and M. Eisenbud, "Epidemiology of Beryllium Intoxica­
tion", Arch«.Ind. Byg. Occupational Med. (1951)*
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■

cir
Distance
(miles)

(2)
Integrated Dose 
per Carle,
no decay 

(curie *sec/a? )

’ '(5) "•
Integrated, .Bose 
per Curie,
^”•0.2 ^eCay-
(eurie*see/nor }

C^)
T1D

(Burnett) 
(curie«sec/a5)

'(3) '
TIB

(Marley)
(curie.sec/m5)

m
Overdose 
(units of
23 rem) 
(Barnett) •

(7)
Overdose
(units of 
25 rea)
(Marley)

lighttime Average

O.Jf 6*2 x 10*4 1.95 x 10”^ 16,000 64,000 .11,000 6,400
O.89 2.4 x lO”1’' 6.2 x 10"5 6,400 20,000 4,4oo 2,000

5 2.2 x 10”5 3.9 x 10“6 580 1,300 400 130

10 7.6 x 10"6 1.2 x 10"6 200 400 140 40
15 4.1 x 10“6 5.8 x 10”7 .110 190 77 19
20 2,6 x 10~6 3.5 . x 10"7 69 120 48 12
50 6.0 x 10“^ 6.9 x 10“8 l6 23 11 2.3

100 2.0 x 10“7 2.0 x 10 ^ 3*3 6.6 3*7 0.66

Daytime Average

0.37 5.2 X 10~5 1.7 x 10"5 1,400 5,600 970 560
0.89 1.3 x lO"5 3.5 X 10“6 340 1,200 240 120
5 6.6 x IG"7 1.3 : x 10”7 18 43 13 4*3

10 2.0 x 10~7 3.4 : X 10”8 5*3 11 3*7 i*. i*
45 9.6 x 10"8 1.5 X 10"8 2.5 4.9 1.7 O.49
2.0 5.8 x 10“8 8.6 x 10"9 1.5 . 2.8 1.0 0.28

50 1.2 x 10"8 1.4 x 10-9 0.32 0.46 0.22 0.05
100 3.4 x 10"9 3.7 x 10~10 0.09 0,12 0.06 0.01

i



Appendix A

CHARACTERISTICS OP SITD

The physical characteristics of the site, as well as the population 
distribution and industrial conrplex of the surrounding area, are important 
considerations in the selection of. any" reactor site. The site character­
istics of the proposed location of the AST in Oak Ridge are common to all 
other reactor proposals for the Oak Ridge area and therefore it was not 
deemed necessary to present a detailed analysis of these considerations in 
this report. However, brief summaries of the aeteoroloQT, climatology, 
geology, hydrology, and seismology of the site, as well as the industrial 
and population distribution in the stirrounding areas, are given, with appro­
priate references to the detailed source material.

Meteorology and Climatology
A study of the meteorology and climatology at the proposed AST site 

was made in conjunction with the hazards analyses of the Aircraft Reactor 
Experiment and is reported in the ARE Hazards Summary Report A detailed 
report, including not only data from the AMI Site but data from the entire 
Oak Ridge area, has since'been issued by the U. S. Weather Bureau, 2 A 
summary of the wind direction, temperature gradients, and rainfall data, 
as presented in these reports, is included here®

The valleys in the vicinity of the ARE are oriented northeast-southwest, 
in roughly the same orientation as the broad valley between the Cumberland 
Plateau and the Smoky Mountains, As might be expected, considerable channel­
ing of the winds- results from this orientation. The direction of the pre­
vailing winds is upmlley from southwest and west-southwest, with a secondary 
bbss of downvalley winds- from northeast and east-northeast. Wind speed is, 
usually, quite low, averaging less than 4 mph. In general, during hight- 
time or in stable conditions, the winds tend to be northeast and east- 
northeast and rather low in the valley, regardless of the gradient wind.
Very strong winds aloft, however, will control the velocities and direction 
of the valley winds, reversing them or producing calms when opposing local 
drainage. In a well-developed stable situation, however, a very light air 
movement will follow the valley as far downstream as the valley retains its 
structure. Air transport from the valley location will be governed by the 
local valley wind and the degree of coupling winds* 1
1. J. H. Buck and Wm. B* Cottrell, Aircraft Reactor Experiment Hazards 

Summary Report, ORSL-lkOT (lov. 2k, 1952J * ~ ~

. R. L. Myers and J. Z. Holland^ A Meteorological Survey of the Oak Ridge 
Area, CEO-99 (Nov, 1953).

2



Two special ■wind patterns are assumed to be of some significance: (l) 
from the 7500 Area northwest of Haw Ridge to X-10, and (2) from the 7500 
Area west to White Oak Creek, then northwest through Haw Gap, and finally 
north to X-10* Studies shew that the freiueney of these wind, patterns is 
2.5$ over the ridge and 0.k$ through the gap.

Since the upper wind pattern at Knoxville seems almost identical with 
that for Oak Ridge, the longer period records from the Knoxville Area have 
been used for this study. The northeast-southwest axis of the valley be­
tween the Cumberland Plateau and the Smoky Mountains, as mentioned before, 
influences the wind distribution over the Tennesee Valley, up to 5000 ft. 
Above 5000 ft, this pattern gives way to the prevailing westerly winds 
usually observed at these latitudes. Consideration of the relationship 
between precipitation and winds shows that there is little correlation 
between wind direction and rain.

The lower layers of the atmosphere tend to be stable more frequently 
than unstable, with inversions occurring 56$ of the time, annually® In 
general, the stability is much more pronounced in the deep layer of air 
185 to 5000 ft than in the 183-ft layer above the ground.

Distribution of Population

The population distribution within 30 miles of the site of the AST 
is summarized in Tables A.l, A.2, and A.3* A 30-mile radius was used for 
the population study because the meteorological studies showed that under 
certain.conditions following a disaster a significant fraction of the maxi­
mum radiation dose would be received at these distances. Table A.l pre­
sents the total number of employees at the various plant sites within the 
AEG restricted area at Oak Ridge. Although practically all these employees 
work a five-day week, there is considerable variance at the different plants 
in the number on any one shift. Table A.2 lists the surrounding towns with 
a population of $00 or more. Table A.3 gives the rural population by coun­
ties for those parts of the counties within 0 to 10, 10 to 20, and 20 to 30 
miles of the site of the ARE. The latter data were calculated by deducting 
the urban (communities of 500 or more) population and assuming that the re­
maining population is uniformly distributed. These data are therefore ap­
proximate and are intended to give only an order of magnitude. Fig. A.l 
shows the surrounding counties and all towns therein with a population 
greater than 500.

Vital Industries and Installations
A list of vital industrial and defense installations within possible 

hazard radius (30 miles) of the site of the ART is given in Table A.4.
Most of these installations are shown on Fig. A.l.



TABLE A. 3. PSRSQHIBL WITHIK THE AEG., EESTRICTED- AEBA*

fa of Time

Plant
Distance from 
ART (miles)

Direc­
tion

Total Number Downwind 
of Employees Night Day

Homogeneous Reactor Test 0.2k SW 20 1°1 11.9
Oak Ridge National Laboratory 

(X-10), including 7000 Area 0.6 m 2,700 l.k 2,5
University of Tennessee
Agriculture School Extension 6.0 m 5k 11.6 9=0

Tower Shielding Facility 1.15 S 15 5°5 H.9
Gaseous Diffusion Plants k.9 ww 7,300 0.5 1.1

Operating Personnel 
Construction Personnel

6,400
900

Electromagnetic Plant (Y-12) 5.1 NNE 15,600 5.6 5=5
QRSL Personnel
Operating Personnel 
Construction Personnel

700
5,400
9,500

*Tlae people involved in current construction work are given separately 
from operating personnel, since most of the construction work now 
going on will be completed by the time the ART is scheduled to operate.



nmm A*2 OF IHB SUEB0U1DI1S TOMS*

City or .Town
Distance from ART

(miles) Distance Population

^ of Time 
Downwind 
Bight Day

Oak Ridge 7 HE 34,000 5,6 5*5
Lenoir City 9 SSE 5,159 4,3 6,0
Oliver Springs 9 I by W 1,089 2.3 2.7
Martel 10 SI 500 1.4 2.8
Coalfield 10 IW 650 0.5 1.1
Windrock 10 S by W 550 2.3 2.7
Kingston 12 WSW 1,627 9*5 11.3
Harriman 13 w 6,389 2.2 3*7
South Harriaan. 13 w 2,761 2.2 3*7
Petros 1% 1W by B 790 1.4 2.8
Fork Mountain 15 HSW 700 2.3 2.7
Emory Gap 15 W 500 2.2 3*7
Friendsville 15 SE 600 1.4 2.8
Clinton 16 ME 3,712 11.6 9.0
Powell 17 EJ3B 500 8.3 6.8
Lyons View 18 E 500 1.5 2.7
Brieeville 19 HIE 885 5.6 5*5
Warthurg 20 MW by W 800 1.4 2.8
Stainville 20 B 500 9-5 6.1
Knoxville 18 to 25 S 124,183 1.5 2.7
Greenback 20 S by E 960 5.5 4.9
Rockwood 21 W by S 4,272 2.2 3*7
Inskip 21 E 685 1.5 2,7
Rockford 22 SB 950 1.4 2.8
Whittle Springs 22 Ell 675 8.3 6.8
Fountain City 22 ESE 11,500 8.3 6.8
Gobey 22 1W 513 0.5 1.1
Lake City 23 111 1,827 5.6 5*5
Korris 23 MU 1,134 5.6 5*5
Sweetwater 23 SSW 4,119 8.4 12.7
Neuberts 27 SHE 600 8.3 6,8
John Sevier 27 E 752 1*5 2,7
Madisonville 27 S 1,487 5*5 11*9
Caryville 2? S' by E 1,234 9*5 6.1
Sunbright 30 HW 600 0.5 1.1
Jacksboro 30 I by E 577 9*5 6.1
liota 30 SSW 956 8.4 12.7

♦Included are those towns within a 30-mile radius that had a populationm000V»O more according to the 1950 census. as reported in the 1952
Edition of the Rand-McHally Commercial Atlas and Marketing Guide, 83rd 
Ed, {1952), The Oak Ridge figure, however, is a current estimate.



TABLE A.5 BUBAL POHSATIOI II THE SUBBQUIDING COU1TIES

Sural Pop. AREA (sq ► mi.) POPULATIOI

County

Total
Area

(sq. mi•}

Density^®' 
(Ho. people 
per sq. mi.)

Within 0~ 
to 10-mi.
Radius

Within 10- 
to 20-mi, 
Radius

Within 20- 
to 30-mi. 
Radius

Within 0- 
to 10-mi, 
Radius

Within 10- 
to 20-ai. 
Radius

Within 20-
to 30-mi.
Radius

Anderson 338 62^) 5(c) X75(c) 108 310 10,850 6,700
Blount 58k- 67 0 102 250 0 6fdbo 25,000
Campbell hk-J k-8 0 0 130 0 0 6,240
Cumberland 679 22 0 0 80 0 0 1,760
Knox 517 1J8 55 iko 208 9,780 24,900 37,000
Loudon 2^0 5^ 70 lk-7 23 3,780 7,940 1,240
MeMinn %35 39 0 0 69 0 0 2,690

,Meigs 213 29 0 0 ho 0 0 1,160
Monroe 665 26 0 35 212 0 910 5,510
Morgan 539 22 9 IhM- 210 195 3*165 4,620

, Shea 335 33 93(a) 0 52 0 0 1,720
^ Soane 379 50^) 185 59 ^,650 9,250 2,950
: Scott 5^9 26 0 6 111 0 155 2,890
, Union 212 38 0 0 15 0

18,715

0

63,910

570
100,050

•* • (a) Includes all county population except conmunities with, population of 500 or more*
.•*: (h) Does not'include the Oak Ridge area.
*•** (c) Does not include the Oak Ridge area in Anderson county.
*•*: (d) Does sot include k-2 square miles of Oak Ridge area in Soane county.



TABUS A.4 yxm IHPQgggAL ASD PBFIWSB asgAKAglOBS
XI 30->g3Jl RADIUS

Industry or Installation 

Homogeneous Reactor Test 

ORNLj X-10 Site 
Tower Shielding Facility 

Gaseous Diffusion Plants 
Electromagnetic Plant (Y-12)

Fort Loudon Bam 
Kingston Steam Plant (TVA)

Assorted Small Industries in Knoxville 
Aluminum Company of America, Alcoa Plant

# of Time
Distance from 
ART (miles)

Direc­
tion

Downward 
light Day

G.2h SW 7.7 11.9

0.60 IW loX 0.9

1.75 S 5.5 11.9
WIW 0.6 1.4

4.9 W33W 5,6 5.5
10.0 SSE 4.5 6.0

11.0 W 2.2 3.7
20 to 26 1 1.5 2.7

22.0 SE 1.4 2.8

JL -uTfe’ K?
* *9
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geology and Hyteology of Site

Melton Valley, is whiek the ART would "be situated, is underlaid by the 
Conasauga shale of the Middle aad Upper Cambrian Age.' The more resistant 
rock layers of the Some formation, steeply inclined toward the southwest, 
are responsible for Haw Eidge, which is immediately northwest of the AST 
site® These layers dip beneath the shales ©f the eonasauga group in Melton 
Valley® The shale layers in the area are in keeping with the general struc­
ture of the surrounding area as reported in a recent survey»3 Thin layers 
and lenses of limestone are common hut are generally Irregular in distribu­
tion® However, there are no persistent limestone beds is the area and, con­
sequently, .no underground solution channels or caverns to permit rapid and 
free discharge of water underground®

Observations in test wells in soil comparable to that of the AST site 
show that the Conasauga shale, although relatively iapenaesble, is capable 
of transmitting small Mounts of ground water at a rate of a few feet per 
week. Fortheimorg, all of the active isotopes, except for ruthenium, ap­
parently become fixed in the immediate vicinity of the point of entry into 
the soil® It may be concluded that such ground water flew as may exist in 
the soil surrounding the AST will be small and slow (a few feet per week) 
and that such flow will reduce the level of the activity of mixed nonvol­
atile fission products more than 9&jo*

Aside from raiaout of airborne wastes, the only eoaeeimble sources of 
ground water flow are (l) the normal discharge of process water and (2) the 
leakage of water used t© flood the offgas pipe pit® The fuel does not re­
act with water and in its presence would solidify® Process water will not 
come in contact with the fuel, except as a result of a disaster. It is 
'therefore improbable that the process water would contain appreciable radio­
activity. The water at the point of discharge could create a surface stream. 
Proa this point, 100 ft southwest of the AR? building, the stream would flow 
south and Join Melton Creek about l/2 mile above White Oak Creek. The off­
gas pipe trench will permit decay of the activity induced in the water by 
the off gases. Leakage, if any, should be small aad subsurface.

In view of the lack of serious water contamination, as well as the 
extremely favorable geological environment, there appears to be even less 
ground water hazard associated with the operation of the ART than with the 
All, for which the hazard was negligible®

Seismology of Area

Information on the frequency and severity of earthquakes in East Tennes­
see has been obtained both from Lyaefav of the Fordham Boiversity Physics 
Department and from Moneyaake^ of the Tennessee Valley Authority. Roth

3* P. B. StosMale, geologic Conditions at the Oak Ridge Satlonal habora-
tory (X-IO) Area ^3SvSt~to the *M^SsS-Sf*^Si^E5vi" Wasie7^BO-58— ■ - -

k* Letter from J® Lynch to M. Mann, Jfov® 3, 19^-8, quoted in A Report on 
the Safety Aspects of the Homogeneous Reactor Experiment, 0E1L-731

5» B. C. Moneysaker^a^jirimte conamaMcation t© W« B. Cottrell, 0et*27, 1952®
• ('i.

S
.®



sources indicated that such shocks as occasionally occur in the region are 
quite eoamon in the world and do not indicate nndne seismic activity. Con­
sequently. earthquakes should he of little concern in connection with the ART

The TVA records show that the Appalachian Valley from Chattanooga to 
Virginia has an average of only one or two earthquakes a year. Furthermore, 
the maximum intensity of any of these shocks is 5 on the Woods-Neuman scale. 
This intensity is "barely noticeable "by ambulatory as well as stationary 
individuals * For any one location, such as Oak Ridge, the expectancy of an 
earthquake would be one in every few years.

The Fordham University records indicate even lower quake frequency; 
however, the severity of the observed quakes is the same. Lynch further 
concluded that "it is highly improbable that a major shock will be felt 
in the area (Tennessee) for several thousand years to come."

.. .?•'>•



Appendix B
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The chemical reactions which are potential sources of large amounts of 
energy have been considered. Calculations have been made to find the conse­
quences of 1000 lb of sodium and NaK reacting with air or with water, and 
the'reaction of the zirconium-base fuel with sodium. The reactions of the
zircsniua-base fuel with IsK and of the lithium-base fuel with either sodium 
or SaX were found to be less severe, fence calculations on these reactions 
have been omitted.

Computations that give the temperature and pressure resulting from the 
reaction of the sodium and the NaK with the 34,000 lb of shield water are 
also presented. This case is then considered when the reaction is accom­
panied by the dispersion of hydrogen gas and the NaQH, as dust, through the 
atmosphere of the cell. Finally a treatment is given of the sodium and NaK 
reacting with water accompanied by burning of the hydrogen formed in air.

The thermodynamic data basic to all the following calculations are 
given in Table B.l.

Table 1.1

Basic Thermodynamic Data

Material. Specific Heat 
(cal/g-mole °C)

Material■ Heat of Formation 
(kcal/g-mole}

KOI 19.6 KOI -102.02
NaOS 19.6 NaOS -101.96

IfcgO 16,3 Na20 - 99^5
awr. XX 0 0 V - 86.4
KF 11.7 NaF -136.0
K 7,0 KF -134.5
Ma, 7.0 ZrFj^ -445.0
Zr 6.36 DFj^
NaF-ZrFj.-tffi^* 34.2 SgO - 68.32

5g 7.41 (18 to 1700°C)
h2..... ;..... 8.27 (18 to 3000°C)

Density of Ng = O.O785 Ib/ft^
Density of Hg - O.OO561 Xb/ft3 
Density of air = 0.08071 lb/ft3 

* 50-46-4 mole $
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Reaetion of TO Pounds of Sodium with Air
4 Ha + Og ---> 2 la20

Ass-ume the sodium ten^perature to he 8l5°C and the air temperature to 
he l8°C and take all temperatures with respect to l8°C.

Enthalpy of Ha = {7,0) (815-18) =» 5590 cal/mole la
Enthalpy of Ha^O » {16,3) AT cal/mole HagO
Enthalpy of Hg = (8.27) At cal/mole Ng
Heat of Formation of lagO = -99*^5 kcal/mole NagO

Air contains ^*30 moles of Hg for each mole of Og.
Consider no excess of air for a stoichiometric combination.

% Ha + 02 + %*30 Hg ---^ 2IagO + k»30 Ig
k (5590) = 4.30 (8.27)AT + 2(16.3AT - 99,450}

AT = 3250°c
T = 3268°C

70 lb of Ha a 1380 g-moles of Ha
Heat of formation of HagO = -99.45 kcal for 2 moles of Ha
Heat release = 99*45 2c --g- = 6.86 x 10^ kcal

= 2.72 x 105 Btu

Reaction of 70 Pounds of Sodium with Water
When sodium and water are comhined in stoichiometric proportions and 

the total heat of the reaction is absorbed by the products of the reaction, 
the reaction products will be heated to a temperature which is the maximum 
temperature for the reaction.

2 Ha + 2HgO ---> 2HaOH + Hg ^

The temperature of the sodium in the reactor will be 815 C, and the tempera­
ture of the shield water will be 6o°C. Consider teuperatures with respect 
to a base temperature of l8°Cs

Enthalpy of Ha 
Enthalpy' of HgO 
Enthalpy of HaOH 
Enthalpy of Hg 
Heat of formation 
Heat of formation

= (7.0) (815-18} = 5,600 cal/mole Ha 
= (1) (60-18) = 42 cal/mole HgO 
= (19.65 AT cal/mole HaOH 
= (7.4l} AT cal/mole Hg 

of HgO = -68.32 kcal/mole HgO
of HaOH = -101,96 kcal/mole HaOH



25a + 2HgO —> 25aOH + H ^

2 (5,600) + 2 (^2-68,320) = 2(19.6 At - 101,960) + 7.41 At

At « 1680°C 
T = l698°c

To calculate the heat generated by the reaction of JO lb of sodium with 
water, the number of moles of sodium mast be multiplied by the net heat 
of formation per mole.
70 lb of 5a = || 454 = 1,380 g-znole 5a

let heat of formation = -101.96-(-68.32) = “33*64 kcal/mole 5a
Heat release = 33*64 (1,380) = 4.56 x 10^ kcal

= 1.84 x IQ5 Btu

Reaction of 930 Pounds of NaK with Air
4 Ha + Og —> 2Ha20 

4 K + Og —^ 2KgO

The NaK temperature in the reactor will be 8l5°C.
Consider the air to be at l8°C and take all temperatures with respect to l8°C.

Enthalpy of Ha 
Enthalpy of K 
Enthalpy of HagO 
Enthalpy of KgO 
Enthalpy of Hg

(7.0) (185-18) = 5590 cal/mole Ha
(7.0) (815-18) = 5590 cal/mole K
(16.3) AT cal/mole HagO 
(16.3) AT cal/mole KgO 
(8.27) AT cal/mole Hg

Heat of formation of HagO = “99*45 kcal/mole HagO 
Heat of formation of KgO = -86.4 kcal/mole HagO

Since 930 lb of NaK consists of 4l0 lb of sodium and 520 lb of potassium, 
the heat balance will have to be adjusted according to the fractions of 
HagO and KgO produced.
Air contains 4.30 moles of Hg for every mole of 0g. Consider no excess air 
for a stoichiometric combination.
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T =
3001°c

30i9°c

^10 lb of la ~ 45l|- = 8090 g-moles la

520 lb of K = k5k » 6030 g-moles K
Seat of formation of = -99*^5 kcal/2 moles Na
Heat of formation of Kg0 ^ “80*% keal/2 moles .K. c
Heat release ~ 99^5 (8090/2) + 86A (6030/2) = 6.62 x 10' kcal

‘ ^ ' •• • » 2*63 X 105 BtU

Reaction of 930 Founds of HaK -with Water
In 930 lb of HaK there are %10 lb of sodium and 520 lb of potassium. 

Heat of formation of Hg0 -68.32 keal/g-mole
Heat of formation of HaOH 
Heat of formation of KOH

-IOI.96 kcal/g-mole 
-102.02 kcal/g-aole

Net heat of formation for the Ha-HgO reaction =* -101.96-(“68.32)
= -33«6k keal/g-mole

Net heat of formation for the K-Hg0 reaction * -102.02-{-88.32)
» -33.70 kcal/g-roole

’-klOIs-io lb of Sa 

520 lb of K
23 k^k 8080 g-moles

k5h m 6020 g-moles K

Heat release = 33.6% (8080) + 33.70 (6060) = ^.76 x 105 kcal

I.89 x 10 Btu

Reaction of 1200 Pounds of Fuel with Sodium
2}- Na + —> taaF + U

4 la + ZrF^ —^ k NaF + 2r

Consider the fuel to be NaF-ZrF^-UF^ (50-46-4 laole ^).

1200 lb of fuel contains 228 lb laP
837 lb ZrFji 
135 lb Wk

The fuel temperature in the reactor win be 900°Cj the NaK temperature 
will be 815°C. Consider all temperatures with respect to a base tempera
ture of l8°C.



Enthalpy of Na ~ 7-0 (8l>-.l8) = 5^590 cal/mole Na
Enthalpy of fuel 30 = 34.2 (9OO-I8) = 30,200 cal/mole fuel 30
Enthalpy of laF « 11.0 AS cal/mole laP
Enthalpy of Zr = 6.36 AS cal/mole Zr
Enthalpy of U = 6.7 AT cal/mole U
Heat of formation of = -443 kcal/mole UEij.
Heat of formation of ZrF^ = -445 kcal/mole ZrF^
Heat of formation of NaF = -136 kcal/mole NaF

2Na + (0.04 UF^ + 0.46 ZrF^ + 0.50 NaF) —> 2.5 NaF + 0.04 U + 0.46 Zr 

2 (5,590) + 30,200 + 0.04 (-443) + 0.46 (-445) + 0.50 (-136)
= 2.5 (-136) + 2.5 (11.0)AT + 0.04 (6.7)at + 0.46 (6.36)AT

AT » 296o°C 
T = 2978°C

454 = 2280 g-mole ZrF^

454 = 197 g-mole UF^

Net heat of formation for the ZrF^-Na reaction = 4 (136) - 445 - 99 kcal/mole ZrF
Net heat of formation for the UF^-Na reaction = 4 (136) - 443 = 101 kcal/mole UF^
Heat release = 99 (2280) + 101 (197) = 2.46 x 10^ kcal

= 9.77 x 105 Btu

837 lb of ZrF^ 

135 It of UF^

Reaction of Sodium and NaK with Shield Water in Nitrogen
Heat Absorbed in Water. Assume that the reactor cell contains 12,000 

ft3 of Ng at a pressure of 14.7 psia and a temperature of 80°F.

Heat produced by Na and NaK-HgO reaction
Heat from a nuclear excursion
Total reaction heat added to the cell

Enthalpy of 480 lb Na at 1500°F 
Enthalpy of 520 lb K at 1500°F 
Enthalpy of 34,000 lb HgO at l40°F 
Enthalpy of 942 lb Ng at 80°F 

Total enthalpy

= 2.07 x 10^ Btu 
= 0.30 x 106 Btu 
= 2.37 x lO6 Btu
= 2.19 x 105 Btu 
= 1.39 x 105 Btu 
= 2.64 x 105 Btu 
= 0.19 x 105 Btu 
= 6.4l x 105 Btu
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Principal quantities present after the reaction:
33*8 lb moles of Kg 
17*1 lb moles of Hg 
20,9 lb moles of iaOI 
13*3 lb moles of KOH 
1,856 lb moles of HgO

6,97 Btu/lb'mole*^ 
6,91 Btu/lb‘mole *°F

(60 to ioo'V) 
(60 to 100°F)

Cp » 19*6 Btu/lb*mole,0F 
C_ m 19,6 Btu/lb ‘mole '°f 
Cp(TOp) “ 8a09 ^Wlb-mole*0? (60 to 100°F)

By assuming all heat goes into the reaction products. Kg, and shield 
water, three equations to relate final temperature, pressure, moles of 
water vapor, and total moles of vapor within the reactor cell can he written. 
The fourth equation, necessary for a solution, takes the form of a table 
relating the vapor pressure and temperature of water. Heat from the reac­
tion. must be equal to the heat absorbed by the reaction products and atmos­
phere ,

2T Q C AT
{2.37 + 0.6k) 106 = [33,6 (6,97) + 17*1 (6,91) + 3^.2 (19*6) + Nv (8.09)}

(T - 460} + (1856 - 1 } 18 (T - 46o) + 17,510 v

The final temperature, pressure, aad number of moles of water vapor can be 
related by the ideal gas law,

FV «* HRT
p _ (50.7 + Ht) 10*7) ^

12,000

The partial pressure of water vapor is directly proportional to its molar
percentage»

P 1 v _ v
“F" “ 1

*- (50-7 +Vr
V

Simultaneous solution of the three equations gives

T = 546°R = 86°?
P^ =» O.616 psia
1^. * 1.26 moles water vapor 
P = 25,4 psia = 10.7 psig



Seat ■ Absorbed in Bitrogea. The jmxisTxta heat added to., the eeXX ataos-' 
phere can be taken as 2.37 x XO^ from the Ha and HaK-water reaction plus O.36 
x 10® Btu from the sensible heat of the Ha and WaK and 0.3 x 10° Btu from a 
severe nuclear accident. Equating the total to the products of the weights^ 
specific heats, and temperature rise of the material, and assuming that the 
heat is distributed throughout the 12,230 ft3 reactor cell by the Hg and HaOH 
which, is formed, we obtain
3 x 10

3 x 10

At = 2712°F

Initial temperature of Kg = 80°F
Initial pressure of Ng = 1^.7 psia
Initial number of moles of Hg = 33
Final temperature of gasses = 2792°F
Final number of moles of gas = 50.7

P = 14.7 = 133 psia = 118 psig

If a 1-in.“thick wall for the cylindrical section of the 24-ft~dia 
reactor cell, a peak pressure of 133 psia inside the tank, and a minimum 
head of 12 ft of water outside the tank are assumed, a pressure differential 
across the tank wall of 113 psi is obtained. The tangential stress in the 
wall then becomes s

St = P ^ = 113 = 16,200 psi

The axial stress isi
Sa = P Is? = ^ x 72 = 8,136 psi- .

The combined stress then becomes:
Sc

The stress for rupture in the steel tank wall will be about 60,000 
psi, hence a pressure nearly four times the above value for an extreme 
accident would be required to rupture the tank.

It should be noted that the stress in the hemispherical ends of the 
tank will be the same as in the cylindrical section, even though their 
thickness is half as great. Care must, of course, be used In the detail 
design of the (Joints to avoid stress concentrations.



Reaction of Sodium and NaK with Shield Water in Air

A reactor cell filled with air and containing stoichiometric propor­
tions of Na, NaK, and EgO. is assumed. It is further assumed that the Hg 
generated hy the Na and NaK-HgO reactions burns in the air as quickly as it
is generated.
17.1 lb-moles of Hg are available for the reaction; but 12,000 ft^ of air 
contain only 6.35 lb-moles Og.
Heat of formation of HgO - -68.32 keal/g-mole HgO

12.7 lb-moles = 5760 g-moles of Hg
Heat release = (57^0) 68.32 * 3»9^ x 10^ kcal

Heat produced by Na and NaK-HgO reaction 
Sensible heat of the Na and NaK 
Heat from a nuclear excursion 
Heat produced by Hg-Og reaction 
Total reaction heat added to the cell

= O.36 x 10^ 
« 0.30 x 10° 
a 1.56 X 10° 
- Jl oq i noa 4.29 x 106 Btu

Principal quantities present after the reaction:
0p = 8.73 Btu/lb*mole”°F (60 to 4700°?) 
Cp a 8.84 Btu/lb'mole00? (60 to 4700°F) 
0^ a 19.6 Btu/lb'mole*°F

3.4 lb moles of Bg
27.3 lb moles of Ng 
20.9 lb moles of NaOH
13.3 lb moles of KOH 
12.7 lb moles of HgO

Cp a 19.6 Btu/lb*mole*°F
0^ « 13.0 Btu/lb'mole *°F (60 to 4700°F)

Heat balance

4.29 x 106 « £3.4 (8.73) + 27.3 (8.84) + 34.2 (19.6)] AT

17,510 (12.7) + 12.7 (212) + 12.7 (13*0) (AT - 212)

AT a 3715°F

The pressure in the reactor cell can be found by use of the ideal gas law.
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Initial temperature of air - 80°F
Initial pressure of air = 14.7 psia
Initial number of moles of gas = 27.3
Final temperature of atmosphere = 3715°F
Final number of moles of gas = ^3.3

p ■ ^ 2?:33 - 181 psia
= 166 psig



METALLURGY AID CHEMISTRY

The probability and consequences of a leak in the ART, in view of the 
corrosion and the chemical reactions that would occur, will be comparable 
with those for the ARE, However, the ART will employ thinner metal walls 
and will operate at a higher power, and therefore the results of a leak have 
been re-examined in considerable detail. In the re-examination the known 
corrosion mechanisms for the NaF-ZrPij.-tF^ fuel system in Inconel have been 
taken into consideration. The corrosion penetration by the NaF-LIF-KF-UFij. 
fuel system appears to he comparable, but less is known of the actual cor­
rosion behavior.. The various chemical reactions between sodium or NaK and 
the ART fuel which would result if a leak occurred are known and have also 
been taken into account.

Corrosion of Inconel by the Fluoride Fuel

An extensive study of the corrosion of Inconel by molten fluorides 
(especially SaF-ZrFij.-UF}j. mixtures) has been conducted during the past 
several years. Most of the tests have been made with Inconel thermal- 
convection loops operated with a top temperature of 1500°F and a 20G°F 
temperature gradient which induces flow rates of 2 to 6 fpm in the fluo­
ride mixture. The effect of time, temperature, purity, ratio of surface 
area to volume, and concentration of uranium have been investigated. In 
general, data from the thermal-convection loops have been substantiated 
by the data from the few high-velocity, high-thermal-gradient loops that 
have been operated.

Inconel, a solid solution alloy of Si, Cr, and Fe, corrodes through 
preferential leaching of chromium, the least noble of the constituent 
metals. The corrosion manifests itself in the formation of voids in the 
metal; these voids are subsurface, are not interconnected, and are, in 
general, not localized at grain boundaries. The diffusion gradient set 
up by the selective removal of chromium at the Inconel-fused salt interface 
produces a "concentration" of lattice vacancies higher than the equilibrium 
value in the solid solution structure. These lattice vacancies tend to 
coalesce to form macroscopic voids at disregistries in the lattice (the 
Kukendall effect^-), 1

1. See, for example, F» Seitz, "On the Porosity Observed in the Kukendall 
Effect", Acta Metallurgia 1, 355 (1953).



Tb-Q selective leacMng of cteomiam occurs, mot "because of physical solu­
bility of chromium metal in moltea fluorides, but by chemical reactioa of this 
metal with oxidizing agents present in the melt or on the original metal sur­
face. Accordingly, corrosion of Inconel by the fused salt is strongly depend­
ent on the concentration of these reducible compoundsj their dependence is 
emphasized as the ratio of fuel volume to metal surface area is increased.

Typical impurities react and produce corrosion by the following reactions
2HF + Cr° —3.■CrFg + H2

IiFg + Cr°—» CrFg + m°
FeFg + Cr° —> CrFp 4- Fe°

2Fe?3 + 3Cr°—» 3CrFg + 2Fe
2CrF3 + t00 3CrFg

Oxide films on the metal walls react with the fuel constituents (ZrF^ or UF^) 
to yield structural metal fluorides:

2HiO + ZrF3—»2HiFg + ZrOg
2Feg03+ 3ZrF£-> 4FeF3 + 3ZrOg
2CrgQ3+ 3ZrFiir>lfCrF3 + 3ZrOg

These structural metal fluorides are then available for reaction with chromium, 
as shown above. It is, accordingly, necessary that the melt and the test 
metal be of high purity if undue corrosion is to be avoided. If these condi­
tions are realized, and if UF^ is the uranium compound used, the reaction

2UF^ + Cr° CrFg + 2UF3

becomes an important contribution to the corrosion reaction.
In the thermal-convection loops, reduction of impurities in the melt and 

equilibration of the metal surface with the UFij. seems to require 200 to 250 hr 
and to produce void formation to a depth of 3 to 5 mils. If the flow rate 
were increased, these reactions should proceed more rapidly but should cause 
no greater corrosion. For a given concentration of impurities and UF^ the 
depth of attack varies with the ratio of surface area to fuel volume. If 
equilibrium is established isothermally, corrosion should be reasonably uni­
form. However, if these reactions are conducted in a system with a tempera­
ture gradient, the hottest zone will show preferential attack.

The last reaction shown above,
2UF^ + Cr°^=i CrFg + 21^,

is, in addition, responsible for some "mass transfer" of chromium from the 
hot metal walls to the cold regions of the system. Since the equilibrium 
constant for the reaction is temperature dependent, the reaction proceeds



slightly farther to the right at 1500°F than at H50°Fj since the UF^ and
CrF2 are soluble they move with the melt to the 1150°F region where a slight 
reversal of the reaction occurs and chromium metal is formed® This type of 
conversion is hardly apparent in thermal-convection loops operated for 500 
hr. It appears # however, that in such systems corrosion by this mechanism 
may be expected to increase by about k mils per 1000 hr®

This mass transfer phenomenon should be sensitive to absolute tempera­
ture, temperature gradient, UJY concentration, flow velocity, ratio of area
to fuel volume, and rate of chromium diffusion in the metal® The rate of 
mass transfer is known to increase with increases in the first three varia 
ables listed! the quantitative effect of the other variables is not as yet 
known with certainty®

The corrosion attack in the ART would be greatest in the hottest por­
tion of the fuel circuit, and, after 1000 hr of operation, the attack should 
be about 15 to 18 mils unless the higher flow velocities have a much greater 
effect on the mass transfer than can be hypothesized® In all the tests to 
date, radiation has not shown an increase in the corrosion of Inconel in the 
fused fluorides! however, this has not been studied in a flowing system with 
a temperature gradient® The possibility of plugging part of the heat ex­
changer circuit with chromium is considered to be extremely slight, because 
the amount of chromium that will be transferred during 1000 hr of operation 
will be very small® Ejqseriments with high-velocities and high temperature 
gradients are under way which are expected to confirm these conclusions®

The use of a mixture of UF, and UFu in the fuel will greatly decrease 
the corrosion of Inconel by the jfuel® For instance, after 500 hr of circu­
lation of a UF^-eontaining fused salt, attack of 1 to 2 mils is found rather 
than the 3 to 5 mils found with i!^ fuels® The addition of BF, will always reduce the amount of mass transfer, since the mass transfer is^proportional 
to (UF^/UF^)^ in the region of interest ®

Tests have also been made to determine the effects of a tenperature ex­
cursion on corrosion. Is these 500-hr tests in the temperature range 1350 
to l650°F, the attack changed from small voids throughout the grain at 1350°F 
to large voids predominantly at the grain boundaries at l650°F. The depth 
of attack was practically the same in all these tests® If the temperature 
excursions were as high as 190G°F, the carbide particles would go into 
solution and rapid grain growth would occur! however, the depth of attack 
would not be increased more than a factor of 2 to 3«

In summation, it may be said that the zirconium-base fluoride fuels 
and Inconel are compatible at ART operating temperatures for the 1000-hr 
expected life and that the attack will not seriously weaken the reactor 
structure® The amount of mass transfer of chromium to the cold leg will 
be so small that there will not be an increase in pressure drop or decrease 
in heat transfer performance® Prior to the operation of the ART, however, 
sufficient experiments will have been ran in high-flow-velocity, high-tern- 
perature-gra&ient loops to permit a more realistic statement of the corro­
sion to be expected.



Mass Iransfey la the Soaitm-Iacoael-Beryllium System

One of the most serious compatibility problems in the JUT is that 
found in the moderator circuit where sodium will flow in direct contact 
with the beryllium and with Inconel* This win give rise to dissimilar 
metal transfer between beryllium and Inconel with sodium as the carrier*
The tests made to date in pump loops and thermal-convection loops have shown 
that, in general, dissimilar metal transfer is twite troublesome at temper­
atures above 1500°F; but, if the operating temperature of the interface does 
not exceed 1250°F, the amount of transfer is quite small. The beryllium in 
contact with the fast flowing sodium is relatively undisturbed and no den­
dritic beryllium crystals are found in the cold portion of systems when the 
upper temperature limit is 1250°F or below.

When the sodium between the beryllium and an Inconel wall Is stagnant, 
the beryllium is attacked to a depth of 1 to J mils. This is due to the 
alloying of the beryllium with the Inconel and the formation of the inter- 
metallic compounds BeUi and Beg^Hi^, which do not spall. However, one of 
the most important variables in dis similar metal transfer is the spacing 
between the two metals, and it has been found that if the spacing is as 
great as 50 mils, the dissimilar metal transfer is greatly minimized. To 
keep the Inconel and beryllium from coming into close contact, spacers, 
which are compatible with the sodium. Inconel, and beryllium, will be used. 
Therefore, with a spacing of 50 mils or greater between the Inconel and the 
beryllium and with the temperature limitation of 1500°F or lower, dissimilar 
metal transfer will be quite small.

Chemical Interaction of Fluoride Fuel and Ha or EaK
The chemical interactions of Ife or ETaK with molten fluorides of the 

type to be used In the ART are well understood. If the fuel system is a 
laF-ZhTY-OTV mixture and sodium is added to an excess of the fused salt, 
the following reactions will occur in sequence;

(1) + Ha° ——> BaF
(2) ZrF^ + 4la9 -—> 4laF 4- Zr°
(3) UF,5 + 3Sa°——> 31aF + U°

When an excess of the alkali metal Is present, these reactions occur simul­
taneously, and the heavy metals are produced immediately. If the fuel 
system contains only alkali fluorides and UF^, the reaction of the alkali 
metal with a large excess of molten salt proceeds through the following
sequential reactions;

(1) UF^ + Ha° --- ^ NaF + UF^
(4) ^ JUF^ + U°

The latter reaction (4) becomes appreciable only after considerable UF, is 
present (perhaps 6ofo of the total U is trivalent), but the equillbriunris



q,uite teurperature sensitive, The reaction is noticeably more complete at 
higher temperatures. Reaction of this fused salt mixture with an excess 
of the alkali metal immediately produces uranium metal by the reaction

(5) + tea® ---- » i®aF + U°«

The consequences of mixing AST fuel and coolant can he realistically 
appraised for several hypothetical situations. However<> it is not possible 
to foresee all possible situations under which the mixing could take place 
as a result of an AST accident; there must^ accordingly, be some uncertain­
ty in aj^r evaluation of the consequences of such an accident.

The fuel of the ART could contact molten, alkali metal if a leak 
developed in either of two systems. Development of a leak between the 
fuel system and the primary heat exchanger would introduce HaK into the 
fuel circuit or fuel into the HaK stream. Since the primary heat exchanger 
will involve about 3000 small, thin-walled tubes and the consequent tube 
to header welds, it would seem to be the most likely source of leaks. A 
leak between the moderator-coolant circuit and the fuel would let Ha° into 
the fuel or fuel into the coolant channels in the beryllium moderator.
While in principle it is possible for the solid reaction products (neither 
BaF, U°, or Zr° are molten at 150©0?) to plug small leaks, plugging is 
likely to occur only if the fuel and the alkali metal meet in an essentially 
stagnant spot. In view of the flow rates involved, this does not seem es­
pecially likely.

Heats of reaction are quite high for the interactions which produce 
U° and Zr°. If it were possible, for example, to mix ZrfY-bearing fuel 
(200 lb 900 lb ZrFu, and 300 lb BaF) instantaneously with a stoichio­metric quantity of HaK fSG^ K°) and have the reaction proceed adiabatieally, 
the temperature rise would be about 1200°C; the fuel temperature.would be 
about 3300°F, and the uranium (but not the zirconium) formed would be molten. 
If the fuel system contained only IJFjj. with alkali fluorides and these re­
action conditions prevailed, the temperature rise would be somewhat less 
than 500°F; the fuel temperature would be about l800°F.

Reactions from a Heat Exfehanger Leak, Small leaks at the heat exchanger 
are potentially hazardous but do not appear to be immediately dangerous 
regardless of direction of the leakage. If the leak were sufficiently slow 
to permit attainment of equilibrium conditions (and the very rapid turbulent 
flow of the fuel system should encourage this), the reaction product with 
either fuel type would be UF,. Accordingly the first evidence of a slow 
leak into the fuel would be slight dilution of the fuel and a consequent decrease in reactivity both because of dilution and of poisoning by K0.

If the fuel were a HaF-ZrF^-UF^ mixture, about 5 fb of HaK would be 
required to raise the UF, concentration to a level which would permit pre­cipitation of UF, at the^lowest fluid temperature. Whether the insoluble 
material would deposit on and adhere to the metal surfaces in headers and 
pumps from this rapidly flowing stream is questionable; certainly, its



deposition, would "be far from eoiaplete. However, deposition oa these re­
gions would decrease reactivity in the reactor core. If the leak continued 
the solution would he supersaturated with Wj at increasing temperatures 
and, accordingly, over wider areas in the reactor system* As this occurred 
the loss of uraaiua from the system hy deposition oa the container metal 
should increase with a consequent reactivity decrease. The likelihood of 
local excesses of either dissolved or dispersed UFj does not appear to he 
large.

If, as seems very unlikely, the leak persisted, undetected, until 
20 to 25 lb of HaK had entered the fuel stream, essentially all the uranium 
would he present as UF^ (one fourth dissolved, the rest suspended). At this 
stage, metallic zirconium would begin to precipitate according to reaction 
(2) above, lo metallic uranium could he formed until this reaction was 
nearly completedj almost 1000 lb of laK would be required.

The case of a slow leakage of HaK into a HaF-lF-LiF-HF^ fuel mixture 
would be somewhat different. The first product would again be HFk, which 
appears to be quite soluble in this solvent. However, by the time about 
15 lb of HaK had been added, the disproportionation reaction

hUFj -.-*> + U°
would begin to deposit metallic uranium in the hottest part of the system. 
The reaction would reverse as the material cooled in the heat exchanger.
The extent to which deposition of the U° from the very rapidly flowing 
stream and alloying of this metal with the walls would proceed is not known; 
losses of U° from this source would, presumably, occur at the reactor exit 
headers and the heat exchanger inlet. It appears, therefore, that, in ad­
dition to the dilution by HaK, reactivity losses due to loss of U° from the 
-stream would occur.

Large leaks from the heat exchanger are somewhat more difficult to 
evaluate. If the fuel system were HaF-KF-LiF-HF^, local excesses of HaK 
would precipitate 0° from the solution at or near the leak source. The 
heat exchanger would hardly be expected to plug, since alloying of Inconel 
with the U° might weaken the tubing and enlarge the leak. Ho molten U° 
could, apparently, be formed by the heat of reaction. While the net effect 
of the leak would be fuel dilution, and while no mechanism by wM4h the core 
could pick up uranium metal is apparent, it is difficult to specify that no 
local high concentrations (as suspended U°) could be sent through the core. 
Some heat of reaction would, of course, be realized, so the fuel entering 
the core should be hotter than normal; while this is in the favorable di­
rection, the magnitude of the effect is very difficult to state for the 
general case.

If the fuel were MaJP-ZrF^-QF^, then Zr° and U° would be co-precipitated 
and the heat of reaction might produce liquid H0 or, more likely, a U-Zr 
alloy. It is possible, but by no means certain, that plugging of a portion 
of the heat exchanger with laF, U°, and Zr° could occur. Again the leak • 
would result in fuel dilution, but it Is possible that local excesses of
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■araniBffl cot£Ld eater the core® la addition, the high heat of reaction might 
cause farther disruption of the heat exchanger and increased leakage. The 
complex picture is further complicated "by possible boiling of ZrF^ from fuel
in the vicinity.

Leakage of fuel into the heat exchanger tubes would result in fiss ion- 
product activity in the NaK stream outside the reactor container, and there­
fore it would be immediately observed and more immediately troublesome but, 
In general, less likely to result in nuclear accidents.

Leakage of fuel into the NaK stream would result in immediate produc­tion of U°, with either fuel, as well as Zr°, if ZrFu were present, and the 
small coolant tubes would be likely to plug if the fuel were IaF-ZrF^-UF^.
A large leak of NaF-ZrF^-UF^ would yield high melting materials which might 
.plug the air radiator, it appears likely that most of the precipitated
metals would be carried to the radiator and that very high fission-product 
activity would prevail at the radiator .

Reactions from a Core Leak. If leakage of the la3 from the moderator 
coolant into the fuel system occurred, the results would be quite similar, 
in all cases, to those described above for leakage from the heat exchanger.

Leakage of fuel into the moderator coolant stream, however, would be 
more obviously dangerous, since by this type of failure more than the nor­
mal quantity of uranium would certainly be admitted to the core. In this
case plugging of the leak could hardly be expected, sinee fission heating
of the precipitated uranium would cause melting of this metal (and perhaps 
local melting of Be° as well).

Conclusions

In order to minimize the corrosion fro* the fluoride fuels the fluoride 
mixture will be carefully pretreated to reduce the IiFg and FeFg impurities
tjhich are responsible -for most of the k mils of initial corrosion. In ad­
dition, the mixture will contain significant amounts of the uranium in the 
form of Ulb rather than to minimize the mass transfer of the chromium. 
Under these conditions the corrosion of Inconel by the MaF-ZrfY-OFl fuel 
in thermal-convection loops is about 6 mils in 1000 hr and should be in the 
neighborhood of 10 to 15 mils in the ART unless the higher flow velocities 
have a much greater effect on mass transfer than can be hypothesized® Cor­
rosion by the MaF-KF-LiF-lF. system, which is not as well understood as 
that by the HaF-ZrF^-UF^ fuel, is now being carefully examined.

Only very rapid mixing of sear stoichiometric quantities of Ia° or 
HaK with ZrF^-bearing fuels under adiabatic conditions, which are very un­
likely, can produce molten uranium metal.

While any detectable leak would, presumably, terminate the experiment, 
it appears that slow leaks (of the order of 100 g/ain) whuld not be immedi­
ately dangerous and could be promptly detected. Rapid leakage into or
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out of either the laK or the fuel ciremits wold he more tromblesoae to
eiralmte saad poteatially aore xmaediately dangerous.

Leakage of the moderator-coolant circuit •will, insofar as possible, 
be in the direction such that Sa° would eater the fuel circuit. While 
it might he possible, if the leakage were considerable, for local excesses 
of uranium to eater the core region before eorrectire measures could be 
taken, leakage in the referse direetioa would make this more likely.

The preferred direction of leakage from the heat exchanger section, 
is somewhat more difficult to assess. A leak of fuel into the laK stream 
would certainly result in high fission-product activity at the air radiator 
(that is outside the reactor assembly container) but would not be likely to 
result in a nuclear "incident." A large leak of laK into the fuel might, 
but is not certain to, permit more than the tolerable concentration of 
uranium to eater the core. A proper balancing of these conflicting demands 
must be based oa the inherent ability of the system to avoid nuclear ac­
cidents and the ability of the reactor cell to contain them if they occur. 
At the present time it is believed that it will be best to contain the 
activity within the reactor cell, and therefore the NaK pressure in the 
heat exchanger is to be kept above that of the fuel.
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Ajypeadlx B

1XTBEMB WJCIMAB. ACCIDENT - ANALYTICAL SOLUTION

A computation of the power excursion during rapid Introduction of fuel 
into the reactor was made a The calculation was performed first for the gen­
eral ease, hut a specific example was carried out concurrently» The numbers 
in brackets at the right margin below an equation refer to this example.
The example is believed to represent a very severe set of assumptions, and 
its purpose is to convey a feeling for the order of magnitude of the quan­
tities involved. At the end, a discussion of the effects of certain varia­
tions In parameters on the power excursion is presented.

General Equations

Assume a reactor of effective length % (30 in.) and a cross section Aj. (173 in.2). The reactor power is

ffn,*. -Prioi «=><=! a c-ria'*Vioa* ^ ^ 0.23 cal/g*°C, and a density, p, of 3*16



—% oWith a fuel volume expansion coefficient, fJ, of 2*5 x 10 per C the fuel 
volume expelled from the reactor per second is

1 y p0 (°c/see) p X HrAr (m.3) 10-5 P r, 4
58755 E A a p (°c) X 1728 (m.3/ft3) " Cp P y ( /8ec' ’

r v p

jo. 175 y (ft3/sec)j

With a rate of fuel flow into the reactor of F = 2.7 ft3/sec, the net 
flow into the reactor is

(^ - IU5 5^ ^ (ft3/see) ,

|~2»7 - 0.175 y (ft3/sec)J .

If this net flow is divided by the volume of the reactor to get the fractional 
change Am/m of i^he fuel in the reactor, and kex/(AM/M) = 0.25 is assumed;

d kex
dt

(r. iloj) (ft3/Me)
BrAr (m.3) V; rm Cp p y

TT- F - 3”66 x rr~e°~? y) (se!!'1) >
r r r r p H

[■0.225 - 0.0146 y (sec
The reactor power y is given by

d In (y P ) kw o' ex
dt ~ r f

where ^ is the prompt neutron life, time (10” sec), and
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If In y * z is substituted^, the equation becomes

+ bez - a = 0 »
dt^

Multiply by dz/dt and integrate over ts

+ b(eZ - l) - az = 0 ,

where the constant of integration has been chosen in such a way that at 
t = 0, y = 1 (z = 0) and k (and hence dz/dt) = 0,. Bence,

and

dz
dt \ 2 [az - tie4 $

z
f ’t

o ^2 - b(e^ - 1))

This equation can be solved by graphical integration, except for the part 
near 2=0. In this region, the integrand becomes infinitej however, the 
following expansion is an adequate approximations

t
dri | 2z~

^ 2 Ia-b))|

^t = 0.0308 vj“z

Ihe term^g . ^hettcq, .the '-power.,- assumes a maximum at

\JT^7-b(eZa-l)] , (n dz 0 = it
z=z

d , m t \zm = S (e -1) ’

0.06km (e m-l)

* •*• * *
rT •'<

j^zffl = %.l8lj

• • • • ••• • • • •
• • • • • • •



The graphical integration again breaks down, because the integrand becomes 
infinite. Here the expansion

a)^-b(e^ -1) = (^- zm) ~ = (7^ -zm) (a-b e m) = 7302 (4.l8l -\)
l y^=z 1m

can be used. Heat the maximum 
z

t -t m

m
'VIV\j2 ~ b(e^ -l)J ^2 (b e^-a) \| zm ~ ^

m

\p(be ■%! - a) u I z - z m

t - t a N 7302 • 98 \[

In Fig. D.l is shown the resultant curve for the example given.

The pressure p can be computed under the assumption that the expanding 
fuel has to accelerate a column 30 in. long having a cross sectional area 
equal to that of the inlet and outlet ducts. The point of pressure relief 
may not be at the end of the core inlet or outlet ducts, and for this reason 
it would appear that the column might be longer. On the other hand, some of 
the fuel will he quite close to the reactor outlet and will have to accel­
erate only a short column. Hence the above assumption will not be too far 
off for the average.

A temperature rise (dT/dt) causes fuel to be expelled with a velocity 
v =' £3 By (dT/dt). The derivative of this, multiplied by the mass of 1 cm2 
of the column to be accelerated, gives the pressure?

P - P H? p x 6A5 x 10~6 
x dt

6A5 x io"° e h2

0.9 x 10

wi&inrirT

^ p ®r p
A~C~ ~Wr p

dy Pc
_

»• A- jfi* *• inniilrr: .* :
• • • • •'»
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Fig. DH. Reactor Power P Relative to the Initial Power PQ vs. Time During Excursion.



where & is the reactor period® From Fig® B»l, it caa he seen that P/# caa 
reach 2 x 10^^ w/sec. Hence, the pressure ia the eacaiaple would.he

0.9 x 10"7 x , ^39 x 2 x 10n = 3-5 atmospheres.
173 * 0-23

a very moderate value.
By graphical iateggatioa (see Fig* B.l) the mximua is reached 7^*5 

msec after the start of the iisturhaace. % to that ti», 66 x 1.191 Mw^sec 
have heen put iato the reactor® Since the reactor temperat-sr© goes up hy
232°C/sec, at aor»l reactor power, the teaa^erature rise up to the peak of 
the power curve is 232 x 1*191 * &j6°C = 50®^’I that is, the fuel is half­
way to the "boiling point.

After the maximoa is reached, the power decreases according to a curve 
which is symmetrical to the ascent® The temperature continues to increase 
so that the "boiling point is reached Just about at the ainimu® of the power 
curve, where the power is PQ« Boiling at this power does not appear to he 
serious. It should "be pointed out, however, that the above conclusion is a 
consequence of the parameters used. The consequences of variations in the 
parameters are discussed in the following.

Variation of Parameters. The shortest positive reactor period is 
reached when there is the greatest amount of fuel ia the reactor. This 
occurs at the time when the fuel e^palsioa due to thermal expansion is 
equal to the flow of fuel into the reactor. Before that tine the influx of 
fuel exceeds the efflux; after that time, the opposite is true. Hence the 
shortest period is reached when

The period is defined as the reciprocal of

2 X 3.66 X 10"3
e p. ^ez(z-l) +1 ,

if 1

HAG p't r r p ^



Hence in the example, the period is 1/90 sec = 11 msec.

It should he noted that the power at which the shortest period is reached 
does not depend on the initial power. It depends only on the material con­
stant Gp p/p, and is proportional to the flow rate F, If ez(z-l) >>!> as 
will he the case in all instances ia which there is any question of danger, 
the period "becomes

1

\|aa

Since a is independent of P0, P0 enters into the period only through In b, 
which is a weak dependence, so that the period is not rery much, shorter in 
the case of a startup accident. In the example, for P0 = of the rated 
power, the period turns out to he 6 msec. The temperature attained at the 
time of the shortest period is almost the same, whether the initial power is 
the rated power or a fraction thereof. The temperature rise during the time 
until rated power is reached is very small.

At the power aaxisum,

and

dz
dt 0 ,

b zm
z

Fig. D.2 shows e 3 as a function of the parameter a
b 1.18 x P •

For the values assumed in the: previous, discussion (a/b = ?®ax/po
is 65.5* However, for a startup accident, at which the original power was 
1$ of the rated power, a/b would be X5%G, and P^^/Pq would be 1%,500. This 
corresponds to a maximum power of 1^, 500 x 0.01 x 60 Mw = 87OO Mw. The re­
actor temperature reached at this point is not much different from the tem­
perature reached at the power maximum in the previous example, because the 
initial phase of low power does not contribute much to the heating. The 
boiling point will not be reached until the power curve is on the downgrade.

Some of the constants in the calculations are, as yet, somewhat subject 
to doubt. For instance, the mean life of the prompt neutrons cannot be 
readily measured. If this quantity had % times the assumed value, the time 
scale would be slowed down by a factor of 2 - other things remaining the 
same. Since a given power would then be reached in twice the time required 
in the previous example, the temperature rise would be twice as high. In 
particular, the maximum power would be reached just at the boiling point.
A simultaneous reduction of the flow rate F and of or a reduction of 
kex/(AM/M) would have a similar effect.

......................... ... , . ...
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From the above it follows that a combination of ■unfavorable values of 
the, as yet, incorrectly known constants and of a startup accident could 
lead to boiling at about 10,000 Mw. The consequences of boiling are dis­
cussed in Appendixes E and F.



Appendix £

ixtom mmmm accipiit
SUMSE1CAL SOtOnOM

In addition to the analytical solntioa to the' problem of the extreme 
unclear .accident given in Appendix D, an independent maaerieal approach 1ms 
also been employed. Agreement between the two methods is quite good. 5he 
awerical «thod of solntioa has been applied to a gnsiber of typical cases, 
and the data are tabulated in Sables 1,2 through 1.6. In most instances a 
lO-msee .time interval ms nsed. An expression for the change in reactivity / 
for that time interval ms then chosen for the type of excursion in question J 
la most instances this was taken as a constant (peculiar to the ease in 
qaestion) minus'the loss in reactivity associated with thermal expansion, 
i «e»,

Ak
Av ,,a-1
" W a -

Av ,a-l
15

where AV* is the'thermal expansion of.'the fuel in the core daring the time 
interval in question. Sote that this expression presumes a core volume of 
3 ft3, and (Ak/k) = (l/5)(AM/k}. The time t from the beginai^ of the 
excursion and the corresponding value for 1%X were. tabalsted first. The 
period T ms then calculated by igaorisg the delayed neutrons and assuming 
a neutron lifetime--of % x 10“^ see, i.e.,

T ^ x 10 (sec)
ex

The values given for T in Tables 1.2 through 1.6 have been maltiplied by 
1000 to express them in adllisecoads. The power ms computed from the 
period, i.e,.

'n-1
At/T (Mw)

where At ms the time interval in msec, and ?a the power at the end of the 
time interval in question.. Since 1 Mw equals approximately l Btu/msec, the 
net. heat aided to the fuel in the core during the time interval ms taken asi



where AQ' is in Btu and P is in Mw. The temperature increase AT during the 
time interval may then he obtained from the core volume, density, and spe­
cific heat of the fuel, i.e..

AT' = --------S----------T- ■ TB5 CV)
W Cp¥ 200 (lb/ft3) x 0.3 (Btu/lb*°F} x 3 (ft3) 100

The tes^erature increase over the normal value then becomes the summation of AT* ,

ATn • AT* (°F) , '■

where n is the n^11 time interval. Since an initial mean fuel temperature in 
the core of 1%00°F was assumed, the mean fuel temperature follows directly. 
The volume increase AV’ (ft3) is simply,

Av* = bvAt* = 5.7 x 10^ AT* (ft3), .

The total volus^ AV expelled from the core by thermal expansion is, then,

AVn = ZJ AV* (ft3)
t~o

Since the fuel is essentially ineoE^ressible relative to the coarparatively 
elastic pressurer shell, expansion of the fuel in the core means either a 
rapid increase in pressure or, if a frangible diaphragm, is ruptured, a buildup 
of the heat required to eject the fuel through the resulting orifice. As a 
representative case, a 2.l6-in.-dia orifice was assumed to represent the 
passages through the fuel pumps to the expansion tank* The velocity through 
the orifice (in fps) is then

Velocity, u « = ij-000 AV* (fps), for Af = 10 msec.

The pressure drop across the orifice required to eject the fluid is then

Ap^ 5=
W U2

2ixm
200 (lb/ft3) fit (fps)!2 0.0216

The pressure drop for any other orifice size will then be inversely proper
tional to the fourth power of the orifice diameter.



If the fuel is ejected iato a chaaael having the same diameter as the 
orifice, it has to he accelerated by the pressure ahead of the orifice. Hie 
pressure required for this acceleration can he calculated from the change in 
momentum of the column, i.e..

0.0^31 AVn-1
At

Ml - ^n-1
AAt AAt

fhe results of a series of numerical analyses are presented in. Fig. E.l, 
and. the tabulated data are given in Tables E.2 through 1.5* Is each instance 
it was assumed that the reactivity was increased at an initially constant 
rate and that a deduction from this rate should he made as the excursion 
progressed to allow for the rate at which reactivity would he lost from the 
core through fuel expulsion by thermal expansion. Curves were obtained for 
the very high initial rates of increase in reactivity; namely, 5> 10, 20, 
and h0$ per second. An initial power level of 60 Mw was assumed, together 
with the fuel and reactor properties given in Table E.l.

Table 1.1 .
Fuel.and Reactor Properties at 60 Mw

3Beactor core volume, 5 3
Mean neutron lifetime, sec î  X 10 k x
Fuel composition, mole $ 50-UaF, W-ZrFj,, .11-BaP, 42-KF,-4-UF^ 4 kl-LiF, 3-Uf^
Fuel density, lb/ft^ 200 132
Fuel specific heat, Btu/lb-PF 0.27 O.kl

Btu/ft5'°F 55 55
Fuel volumetric coefficient of 
expansion, ft^/ft^.op -k

1.9 x 10
-k

2.5 X 10 ■

The curves of Fig. E.2 show the effects of abrupt introduction of fuel 
into the moderator cooling passages, as discussed in Chapter 5, "Reactor 
Hazards." The calculations for this case are presented in Table E.6. Belief 
of the nuclear1 excursion through boiling of the fuel in the moderator-cooling 
passages is presumed, note that the fuel in the core does not reach the boil­
ing point.

Curves for the vapor pressure of the two typical fuels are given in 
Fig, E.3» In examining Table.1.1 is light of the derivations developed in 
Appendix D, it is evident that for the zirconium and lithium fuels the 
parameter (C P /$) is inversely proportional, to their coefficients of thermal 
esqsansion. For this reason, the calculations were carried out for the _ zirconium 
fuel with, the thought that the resulting curves would correspond to similar 
curves for a lithium fuel with a 50^ higher rate of increase in reactivity.
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Tke increase in fuel voluiae was considered as being absorbed in three 
different ways. Passages between the main fuel system and the expansion 
tank equivalent in area to a 2.1"in<.-dia flow nozzle are the primary relief 
mechanism. If the fuel pressure becomes large, dilation of the main pres­
sure shell becomes appreciable, with the volume increase accomodated in this 
my being roughly 0*07 ft3 at a pressure of 1000 psi (see Appendix F). At 
1000 psi, yielding of•the pressure shell in a deliberately weakened zone 
just inside the min heat exchanger SaK outlet belt will begin and will pro­
vide for enough increase in volume to hold the pressure to about 1000 psi.
It was considered that this yielding ia shear would continue until the disk 
had moved outward about 0,25 in. to give an increase in volaaa of about 0.1 ft3. Further expansion would cause rapture, and the . Inconel disk sheared 
out of the pressure shell would then push through the thermal insulation 
and begin to push a lead disk out through the bottom ©f the ga»na shield.

types of accident are illustrated in the ealeulatioss of Sables. 1.2 
through 1,6, with the severity of the accident depending on the initial 
rate of increase of keff. She pressure under the most extreme condition is 
relieved very rapidly by blowout of the bottom of the pressure shell, ac­
companied by boiling of a portion of the fuel in the core, A case of this 
sort is covered in Table 1.5. lote that an additional ..eoluaa had to be. 
added to calculate the force required to accelerate the' Inconel and lead 
disks.

In examining the carves of -Fig, 1.1 it appears that, for the conditions 
assumed, an initial rate of increase in reactivity of 5$/see could be tol­
erated without generation of excessive temperatures and pressures. Since 
this ease would correspond to that in which 25$ of the uraaim would be 
separated from the fuel stream passing through- the core and retained there 
while fresh fuel continued to enter at the normal rate, it appears to rep­
resent an extremely severe case.

» „
. *>•
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Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion

Fuel: NaF-ZrF .-UF.4 4
Time Interval: 0.020 sec
Mean Neutron Lifetime: 4 X IQ-4 sec

TABLE E-2. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN keff OF 5%/sec

(a) (b) <c) id) <e> (/) (g) W (A (;■) U) 0) (m) M

Time, / 

(msec): 
Ai-20

k Excess, k :
0.00005 [(«) - (X/2)]

Period, T 

(msec):

0A/(b)

Power, P 

(Mw):
<<*)„_ i /*/(c>

Net Heat per Interval
from Excursion,

Q' (Btu):

[(d) + (d) ,
v ' 'n—\
- 120] At/2

Temperature Rise In 
Time Interval, AT/ (°F): 

(e)/180

Fuel Temperature Rise, 
AT„ (°F): 1 (/)

Mean Fuel Temperature, 
Tf(°F): fe)+ 1400

Change in Fuel 
Volume in Time 

Interval, (ft^):

(/)x 5.7 x 10-4

Total Change in
Fuel Volume, Av^ (ft^): 

(g)x 5.7 x 10-4

Change in Volume 

Absorbed in Pressure 
Shell Dilation, AV^ (ft^):

7.6xlO-5[WB-

Change in Volume 

Absorbed at Blowout Disk,
Ave (ft3)

Fuel Exit Velocity, 

u (fps):
[(;) - U) - Ml

X 103/(Atx 0.025)

Velocity Pressure in
2. l-in.-dia Jet, AP 
(psi): 0.0216 U)2

0 0 oo 60 0 0 0 1400 0 0 0 0

20 0.0005 800 61.5 15 0.08 0.08 1400 0.000046 0.000046 0

40 0.0015 267 66.4 79 0.44 0.52 1401 0.00025 0.00030 0 0.5

60 0.0025 160 75.4 218 1.20 1.72 1402 0.00069 0.00098 0 1

80 0.0034 118 89.0 444 2.50 4.22 1404 0.00142 0.00240 0 3

100 0.0043 93 110.0 790 4.40 8.62 1408 0.00255 0.00492 0 5

120 0.0051 78 142 1,320 7.30 15.9 1416 0.00410 0.00910 0.0001 8 1.38

140 0.0058 69 190 2,120 10.8 26.7 1427 0.00616 0.0153 0.0001 12 3.11

160 0.0064 62.5 262 3,320 18.5 45.2 1445 0.0106 0.0260 0.0005 21 9.52

180 0.0067 59.7 366 5,080 28.2 73.4 1473 0.0161 0.0420 0.0010 32 22.0

200 0.0066 60.5 500 7,460 41.4 114.8 1515 0.0236 0.0652 0.0019 47 47.5

220 0.0060 66.7 675 10,550 58.6 173.4 1513 0.0335 0.0990 0.0024 60 78

240 0.0048 84 856 14,110 78.5 251.9 1652 0.0447 0.144 0.0046 80 140

260 0.0028 143 980 17,160 95.0 346.9 1747 0.0540 0.198 0.0058 100 216

280 0.0002 2000 990 18,500 103.0 449.9 1850 0.0590 0.260 0.0036 110 263

300 -0.0027 -148 860 17,300 96.0 545.9 1946 0.0548 0.312 0.0000 110 261

320 -0.00535 -75 658 13,980 88.0 633.9 2034 0.0501 0.361 -0.0022 105 235

340 -0.00769 -52 448 9,860 55.0 688.9 2089 0.0314 0.392 -0.0078 79 133

360 -0.0088 -45.5 299 6,270 35.0 723.9 2124 0.0200 0.411 -0.0056 50 56

380 -0.0091 -44.0 189 3,680 20.5 744.4 2144 0.0117 0.425 -0.0039 29 19

400 -0.0089 -44.8 121 1,900 10.5 754.9 2155 0.00600 12 3.11

420 -0.0083 -48 80 810 5.0 760 2160

• » • •
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TABLE E-3. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN k „ OF 10%/sec
et!

Conditions: Accident relieved by fuel expulsion from core forced Ify thermal expansion
Fuel: NaF-ZrF.-UF. !

4 4 i
Time Interval: 0.020 sec
Mean Neutron Lifetime: 4 x 10“4 sec I

(«) (b) M W (e) </) (b) (•’) (/) (k) V) (tn) (n)

T ime/ t 
(msec):
Ai = 20

k Excess, &ex:
0.0001 [(a)-(At/2)] 

-&'>«_ l/K

Period, T 
(m sec):

0.4/(fc)

Power, P 
(Mw):

(d) ,

Net Heat per interval 

from Excursion,
Q ^ {Btu):

- 120] At/2

Temperature Rise in 
Time Interval, AT/(0F): 

(e)/l 80

Fuel Temperature Ri?e, 
ATb (°F): 2 (/)

Mean Fuel Temperature,
TF (°F): (g) + 1400

Change in F6el 
Volume in Time 

Interval, AV^fft^): 
(/)x 5.7 X id-4

Tota 1 Change in
Fuel Volume, Al/w (ft^): 

(g) x 5.7 x 10-4

Change in Volume 

Absorbed in Pressure 
Shell Dilatipn, Av^ (ft'*): 

7.6 X lO"5 [(re) -(«) ,]

Change in Volume 

Absorbed at Blowout Disk,
Av, (ft3)

Fuel Exit Velocity,

u (fps):
[(f) - m - </)] 

x 103/(A/ x 0.025)

Velocity Pressure in 
2.1-in.-dia Jet, AP 
(psi): 0.0216 (is)2

0 0.060 oo 60 0 0 0 1400 0 0 0 0 0 0

20 0.001 400 63 30 0.17 0.17 1400 0.000095 0.000093 0 0 0 0

40 0.00299 134 73.1 161 0.89 1.06 1401 0.00051 0.0006 0 0 1 0

60 0.00496 80.6 93.7 468 2.60 3.66 1404 0.00148 ■: 0.00209 0 0 3 0

80 0.00686 58.3 132 1,057 5.87 9.53 1410 0.003 3 5 J 0.00543 0 0 7 1

100 0.00864 46.3 203 2,150 11.9 21.4 1421 0.0067 8 ^ 0.0122 0 0 14 4

120 0.01019 39.3 338 4,210 23.4 44.8 1445 0.0133 0.0255 0.0012 0 25 13

140 0.01130 35.4 595 8,130 45.2 90.0 1490 0.0258 0.0513 0.0022 0 45 44

160 0.01158 34.5 1062 15,370 85.4 175 1575 0.0487 0.0998 0.0066 0 77 130

180 0.01033 38.7 1781 27,230 151 326 1726 0.0861 ; 0.186 0.025 0 124 330

200 0.00659 60.7 2476 41,370 230 556 1956 0.131 0.317 0.030 0 196 650

220 -0.00014 -2857 2459 48,150 268 824 2224 0.153 0.470 0.011 0.033 215 1000

240 -0.00834 -48 1621 39,600 220 1044 2444 0.125 0.595 0.000 0.019 215 1000

260 -0.01467 -27.3 779 22,800 127 1171 2571 0.0724 0.667 -0.021 0 185 740

280 -0.01250 -22.9 325 9,840 54.7 1226 2626 0.0312 0.699 -0.032 0 127 325

300 -0.01758 -22.8 135 3,400 18.9 1245 2645 0.0108 : 0.710 -0,017 0 58 75

320 -0.01630 -24.5 59.7 747 4.15 1249 2649
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Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion 

Fuel: NaF-ZrF^-UF^

Time Interval: 0.010 sec
Mean Neutron Lifetime: 4 X 10~^ sec

TABLE E-4. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN &eff OF 20%/sec

- («) (*) (c) («f) (e) (/} fe) (h) («) (?) (k) (/) (m) (n)

Time, t 

(msec):
A«= 10

k Excess, k :

0.0002 [(«) - (At/2)]
Period, T 

(msec): 

0.4/<*)

Power, P 

(Mw):
(^-i <?Ai/(c)

Net Heat per Interval 

from Excursion,
Q' (Btu):

- 120] At/2

Temperature Rise in 
Time Interval, AT*’ (°F): 

(e)/l 80

Fuel Temperature Rise,
ATn(0F): 2(/)

Mean Fuel Temperature, 
Tf(°F): {g) + 1400

Change in Fuel 

Volume in Time 
Interval, Av/ (ft'*): 

(/) x 5.7 x 10“4

Total Change in
Fuel Volume, AV^ (ft**): 

(g) x 5.7 x 10“4

Change in Volume 

Absorbed in Pressure 

Shell Dilation,

AVD (ft3):
7.6 X10"5 [(«)„-(«)„_,]

Change in Volume 

Absorbed at 

Blowout Disk,

Ave (ft3)

Fuel Exit Velocity, 

u (fps):
[(0 - W - (/)] 

x 103/(A* x 0.025)

Velocity Pressure in 
2.1-in.-dia Jet, AP 
(psi): 0.0216 (k)2

0 0 oo 60 0 0 0 1400 0 0 0 0 0 0

10 0.001 400 61.5 7.5 0.041 0.041 1400 0.00002 0.00002 0 0 0.1 0

20 0.003 133 65.2 33.5 0.185 0.226 1400 0.00011 0.00013 0 0 0.4 0

30 0.005 80 73.8 95.0 0.53 0.756 1401 0.0003 0.0004 0 0 1.2 0.03

40 0.007 57 87.7 208.0 1.16 1.92 1402 0.00066 0.0011 0 0 2.64 0.15

* 50 0.0089 45 109.5 386 2.15 4.07 1404 0.00123 0.0023 0 0 4.9 0.52

60 0.0108 37 143 665 3.70 7.77 1408 0.0021 0.0044 0 0 8.4 1.52

70 0.0127 31.5 197 1,100 6.1 13.9 1414 0.0035 0.0079 0 0 14.0 4.20

* 80 0.0144 27.8 283 1,800 10.0 23.9 1424 0.0057 0.0137 0.0007 0 30 9

. 90 0.0160 25.5 420 2,901 16.1 40.0 1440 0.0092 0.0230 0.0010 0 32 22

100 0.0173 23.1 648 4,740 26.4 66.4 1466 0.0150 0.0380 0.0025 0 50 55

no 0.0182 22.0 1020 7,740 43.0 109.4 1509 0.0245 0.0623 0.0057 0 75 130

120 0.0183 21.8 1610 12,650 70.0 180 1580 0.0400 0.1025 0.0114 0 114 280

130 0.0173 23.2 2480 19,850 110.0 290 1690 0.0630 0.1650 0.0222 0 163 573

140 0.0146 27.4 3570 29,700 165.0 455 1855 0.0940 0.2600 0.033 0.017 215 1000

150 0.0096 21.6 4530 39,900 222.0 677 2077 0.127 0.386 0.000 0.073 215 1000

- 160 0.0022 182 4780 45,950 256.0 933 2333 0.146 0.532 0.000 0.092 215 1000

170 -0.0066 -60.5 4070 43,650 242 1175 2575 0.137 0.670 0.000 0.083 215 1000

180 -0.0148 -27.1 2880 34,150 190 1365 2765 0.108 0.778 0.000 0.054 215 1000

190 -0.0208 -19.3 1720 22,400 124 1489 2889 0.071 0.849 0.000 0.017 215 1000

200 -0.0240 -16.7 941 12,700 71 1560 2960 0.0405 0.890 -0.010 0 190 200

210 -0.0250 -16.0 502 6,600 37 1597 2997 0.0211 0.910 -0.025 0 140 550

220 -0.0246 -16.3 272 3,270 18 1615 3015 0.0103 0.920 -0.020 0 100 300

230 -0.0233 -17.2 152 1,520 8 1623 3023 0.0046 0.926 -0.015 0 80 200

- 240 -0.0217 -18.5 89 655 4 1627 3027 0.0023 0.927 -0.005 0 50 100

250 -0.0198 -20.2 54 116 0.6 1628 3028 0.0003 0.927 0 0 0 0

* 260 -0.0178 -22.5 35 -155 -0.9 1627 3027 -0.0005 0.926 0 0

*Piece shears out of pressure shell through heat exchanger outlet bell.

• • • •
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TABLE E-5. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN k ,,OF 40Vseceff

Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion

Fuel: NaF-ZrF4-UF4

Time Interval: 0.010 sec
Mean Neutron Lifetime: 4x10^ sec

(a) (b) (c) (d) (e) (/) is) (h) (f) (/) (k) (/) (m) (re) (o)

Time, t 

(msec):

A;= 10

k Excess, k : 
0.0004 [(a) - (A?/'2)'!

-0V/15

Period, T 

(msec):

0.4/(6)

Power, P 

(Mw):
(d) eAi/(c)

n i

Net Heat per Interval 

from Excursion,

Q' (Btu):

[(^n + (d)n-)

- 120] Az/2

Temperature

Rise in 

Time Interval,

At' (°F):

(e)/180

Fuel

Temperatu re

Rise,
At (°f): 

2</>

Mean Fuel

Temperature

Tp (°F):

(g) + 1400

Change in Fuel

Volume in 

Time Interval,
Av' (ft3):

(/) x 5.7 x 10~4

Total Change in 

Fuel Volume,
Ayr (ft3): 

(g)x5.7 x 10“4

Change in Volume 

Absorbed in Pressure

Shel 1 Di lation,
AyD(ft3):

7.6 xl0~5

Change in Volume 

Absorbed at

Blowout Disk,
Ay (ft3)

e

Fuel Exit Velocity 

u (fps):
[(i) - (*) ~ (/)! 

x 103/(Az x 0.025)

Velocity Pressure in 

2.1-in,-dia Jet, i\P 
(psi): 0.0216 (k)2

Pressure to

Accelerate

30-in.-dia Inconel

and Lead Disks

(psi)

0 0 oo 60 0 0 0 1400 0 0 0 0 0

10 0.002 200 63.3 16.5 0.09 0.09 1400 0.000057 0.000057 0 0.24 0

20 0.006 66.7 73.5 84.0 0.47 0.56 1401 0.00027 0.00032 0 1.08 0

30 0.00978 40.1 94.3 239 1.33 1.89 1402 0.00076 0.00108 0 3.04 0

40 0.01393 26.8 136.0 551.5 3.06 4.95 1405 0.00174 0.0028 0 7.05 1

50 0.01781 22.4 211 1,135 6.31 11.3 1411 0.00360 0.00644 0 14.40 4

60 0.02157 18.5 362 2,265 12.6 23.9 1424 0.00718 0.0136 0.00100 25 13

70 0.02509 15.9 679 4,605 25.6 49.5 1450 0.0146 0.0282 0.0029 49 51

80 0.02812 14.2 1,373 9,660 53.7 103 1503 0.0306 0.0-587 0.0087 90 165

90 0.03008 13.3 2,912 20,825 116 216 1619 0.0661 0.125 0.028 0 160 520

100 0.02967 13.5 6,108 44,500 247 466 1866 0.141 0.256 0.036 0.049 215 1000

110 0.02427 16.5 11,198 85,930 477 943 2343 0.272 0.538 0.000 0.218 120 300

120 0.01014 39.4 14,433 127.555 709 1652 3052 0.404 0.940 -0.068 0.448 120 300 300

Fuel in core boils

121 -0.0130 -30.8 1 0,400 12,500 70 1722 3122 0.051 0.991 -0.008 0.011 230

122 -0.0160 -25.0 10,000 10,000 55 1775 3175 0.062 1,053 0 0.011 230

123 -0.0200 -20.0 9,500 9,500 53 1828 3228 0.073 1.126 0 0.014 300

124 -0.0245 -16.3 8,900 9,100 50 1878 3278 0.087 1.213 0 0.014 300

125 -0.030 -13.3 8,300 8,500 47 1925 3325 0.101 1.314 0 0.014 300

126 -0.036 -11.1 7,600 7,900 44 1969 3369 0.115 1.429 0 0.015 320

127 -0.043 -9.3 6,800 7,100 39 2008 3408 0.130 1.559 0 0.016 330

128 -0.051 -7.8 6,000 6,300 35 2043 3443 0.146 1.705 0 0.016 330

129 -0.060 -6.7 5,200 5,500 30 2073 3473 0.162 1.87 0 0.016 330

130 -0.070 -5.7 4,400 4,700 26 2099 3499 0.178 2.05 0 0.016 330

131 -0.081 -4.9 3,600 3,900 22 2121 3521 0.194 2.24
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Conditions: Accident relieved by boiling of fuel in moderator passages and fuel expulsion from core forced by thermal expansion 

Fuel: NaF-ZrF^-UF^

Time Interval: 0.010 sec
Mean Neutron Lifetime: 4 X 10-* sec

TABLE E-6. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL ENTERING MODERATOR COOLING PASSAGES TO GIVE AN INITIAL RATE OF 60% A/S:A PER SECOND

(a) W (c) (d) (e) </) (s) (h) (i) (/) (A) (/) (m) (n)

T ime, t 

(msec):

At = 10

k Excess, k : 
0.0006 [(a) — (At/2)]

Period, T

(msec):

0.4/(b)

Power, P 

(Mw):

(^)n-l

Net Heat per Interval 

from Excursion,

S'(Btu):

- 120] At/2

T emperature

Rise in
Time Interval,

At'(°F):

(e)/180

Fuel

Temperature

Rise,

At (°f):
i w

Mean Fuel

T emperature, 
Tp (°F):

(*)+ 1400

Change in Fuel

Volume in

Time Interval,
Av'(ft3):

(/) x 5.7 x 10-4

Total Change in 

Fuel Volume, 
AVn (ft3):

(g) x 5.7x10“4

Change in Volume

Absorbed in Pressure

Shell Dilation
AV (ft3):

7.6 x 10-3 [(”)„ — (”)„_ il

Change in Volume

Absorbed at 

Blowout Disk,
Ave (ft3)

F ue 1 Exit

Velocity, 

u (fps):
[(«•)-(*)-(/)] 

x 103/(Atx 0.025)

Velocity Pressure 

in 2.1 -in.-dia Jet,
AP (psi);

0.0216 (k)2

0 0 OO 60 0 0 0 1400 0 0 0 0 0 0

10 0.003 133 64.7 23.4 0.13 0.13 1400 0.000074 0.000074 0 0 0.3 0

20 0.009 44.4 81.0 128 0.71 0.84 1401 0.00040 0.00048 0 0 1.6 0

30 0.01497 26.7 118 395 2.9 3.03 1403 0.00125 0.00173 0 0 5.0 0.540

40 0.02089 19.1 199 985 5.47 8.05 1408 0.00312 0.00484 0 0 12.5 3.40

50 0.02668 15.0 388 2,335 13.0 21.5 1422 0.00741 0.0123 0.0011 0 25 14

60 0.03219 12.4 869 5,685 31.6 53.1 1452 0.0180 0.0303 0.0041 0 55 69

70 0.03699 10.8 2193 14,710 81.7 135 1535 0.0466 0.0770 0.018 0 116 300

80 0.03988 10.0 5961 40,170 223.0 358 1758 0.127 0.204 0.053 0.020 215 1000

Boiling Expels Fuel from Moderator

90 -0.013 -30.8 4320 50,900 283 640 2041 0.161 0.366 0.000 0.107 215 1000

100 -0.0238 -16.8 2380 32,900 183 824 2241 0.105 0.471 0.000 0.048 215 100

no -0.0308 -13.0 905 15,800 88 912 2312 0.050 0.520 -0.004 0 215 1000

120 -0.0340 -11.8 388 5,880 33 945 2345 0.019 0.539 -0.026 0 180 600

130 -0.0353 -11.3 159 2,140 12 957 2357 0.007 0.546 -0.030 0 100 200

140 -0.0353 -11.2 65 520 3 960 2360 0.000 0.546 -0.016 0 54 60

150 -0.0358 -11.2 27 -140 -1 959 2351 0.000 0.540 0 0 0 0

« • • •

$13
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Appendix g

EFFECTS OF A NUCLEAR ACCIDENT ON REACTOR STRUCTURE

The detailed design of the reactor and related equipment has been 
predicated upon the use of a stress level approximately one-fifth of 
the stress for rupture in 1000 hr. Thus the system is one in which no 
burst-type of rupture will be likely to occur. The type of failure to 
be expected would be the re suit of either a fatigue crack or a leak 
caused by corrosion. In either case* the failure would develop slowly 
so that there would be ample indication of the character of the trouble 
before anything serious developed. It should be noted* however* that 
while this philosophy has been applied to the types of accident and haz­
ards to he expected* no advantage of this design basis has been taken 
in? consideration of extreme accidents. Such accidents could take place 
only if a burst-type of rupture occurred, and such ruptures have been pre­
sumed, even though no reasonable mechanism for causing them has been en­
visioned.

In addition* two major tenets of the design philosophy have been that 
the pressures throughout the systems should be kept low* particularly in 
the hot zones* and that all structure should be cooled to a temperature 
approximately equal to or below that of the secondary coolant leaving the 
heat exchanger. Great care was exercised in establishing the proportions 
of the designs presented in Tables F.l and F.2 to satisfy these conditions. 
The stress values calculated for the various stations in a typical design 
are indicated in Fig. 2*1. The stresses in the structural parts have been 
kept to a minimum and the ability of the structure to withstand these 
stresses has been made as great as practicable. Thermal stresses are not 
indicated since they will be indeterminate * and it is felt that they will* 
to a large degree* anneal out at operating temperatures.

If a very severe pressure surge is assumed to occur as a consequence 
of a nuclear accident, it is possible to envision fairly well the sequence 
of events that would lead to a failure in the reactor structure. The first 
consideration in any such analysis is the -strength of the material of the 
structure. Table F»3 presents strength data for Inconel* the structural 
material presently being considered. Note that the yield point and ulti­
mate tensile strength are much higher than the 1000-hr stress rupture limit. 
Note also that the percent elongation is substantial, and thus much plastic 
distortion would take place before rupture would occur* Since the struc­
ture incorporates substantial stress concentrations * the local yielding may 
be substantial* but the volumetric change in the pressure shell, will be 
small.



Core

TABLE F«.le KEY DIMEISXOHAL DATA FOB TBg ABf PU1P-1ESAT EXCMCSB-
PB^SBBE SHELL ASSMLI

Core diameter (i».) 21
Islaad outer diameter (in.} 10.75
Core inlet outer diameter (in.) 11
Core inlet inner diameter (in.) 7
Core inlet area (in.2) 56.5

Fuel System Fuel volume in core (ft^) (30 in. leagtli)_ 2.9^
Fuel volume in inlet and outlet ducts (ft^) 0.25
Fuel voltaae in teat exc&ange^ (ft3) 2.23
Fuel volume in puap volutes/(ft3) 0.2
Total fuel volume is main fireuit (ft'') 5.6%
Fuel expansion tank volume (ft3) (8^5 0.45
Expansion i|p«k diameter (|in.) 1%
Impassion tljpk height (i^.) 6

Fuel Pumps /
Ceaterlise ceaterlige spacing 20folate chasisel width (jin.) 12
folate chas&eAlength/(in.) 32
folute chafer me ighf (in.) 1.1
Impeller speed tTpuilf 2850
Estimated impelAr feight (lb) . 11
Critical speed (2%ss) 6000

Sodium Pumps *
""Speed Trpm) A 4300
Impeller 5*75
Impeller inlet d|ai»er (in.) 2.75
Impeller dischsogge h%ght (in.) 0.50

Sodium System g ' \ . .
Expansion taakgmlnme (ft^) (10/^) 0.11
Sodium in heryElium pas^ges (ft3) 0.18
Sodium in pressure shell'^ft3) O.55
Sodium in pumjp and heat exchanger (ft"5) 0.10
Sodium in re^urE, from moderator (ft2) 0.20
Total, sodiuat volume (ft3) \ 1.18

Main Heat Ixehayger \
\ 6.3

SujAer of tube bundles \ 2%
Itafcer of ,tubes per bundle (11 x^2) 132
Total Bunker of tubes \ 31^8
Latitude ,of header centerline (deg)\ %5

Sodiua^to^laK Heat Exchangers
limber.'of tube bundles \ 2
luBffijer of tubes per bundle 300

Moderator Regions „ 'H>,_
folame of beryllium plus fuel (ft"f 27*2
foltme of beryllium only (ft3) 24.0
Cooling passage-diameter (in.) O.187
Swsber of passages in island 46
lumber of passages in reflector 232



TABLE p.2 DIMES© IOIIS CP ART DETAIL PARTS
Equatorial Diameters (in.)

Island
Control Rod Thimble^ ID - - - - < 
Control Rod Thimble^ OD ~ •
Be Island, OD ----------
Inner Core Shell, ID ------
Inner Core Shell, OD
Inner Core Shell Thickness - - -

Reflector
Outer Core Shell, ID ------
Outer Core Shell, OD ------
Outer Core Shell Thickness - - • 
Be Reflector,,ID - - - - - - - •
Be Reflector, OD----- - - ■
Reflector Inner Boron Jacket, ID 
Reflector leaner Boros Jacket, OD 
Boron layer, ID ----- - > •
Boron Layer, OD ----- - - ■
Reflector Outer Boron Jacket, ID 
Reflector Outer Boron Jacket, OD 
Ref letter Shell, ID - - .
Reflector Shell, OD - - # - - .

Pressure Shell
Boron Jacket, ID--------
Boron Jacket, OD --------
Boron Layer, ID --------
Boron Layer, OD --------
Liner, ID--- - ------ ---- --
Liner, OD----
Pressure Shell, ID ------ -

■ Pressure Shell, OD ------ -
Pressure Shell Thickness - ~ - -

Vertical Distance Above Equator (in.)
Floor of Fuel Pump Inlet Passage - ■ 
Bottom of Lower Deck --------
Top of Lower Deck------------ •
Bottom of Upper Deck --------
Top of Upper Deck
Top of Fuel Pump Mounting Flange - • 
Top of la Pump Mounting Flange - - •

Fuel Pump Assembly Dimensions (in.)
Shaft

Thrust Bearing Journal, OD - - - 
OD Between Bearings - - - _ _ _
Lower Bearing Journal, OD - - - 
Seal Washer Journal,' OD - - - -
OD Below Seal ------ - - -

• • « • •
• • •• •
* * * •

.** .*-* : :**

.50

.58
10.25
10.50
10.75
0.125

21.00
21.25
0.125
21.37
44.20
44.26
44.31
44.31
44.56
44.56
44.61
44.75
45.00

49.61
49.74
49.74 
49.99 
49.99 
51.49
51.74 
53-7^
1.00

18.5
19.520.0
23.0
23.5
49.0
51.0

1.3785
1.968
1.9965
1.875
1.859



Thread for Impeller Eetaiaiag Hut ------
Thrust Bearing Height from Equator - — - - 
Lower Bearing Height from Equator ------
Bi stance Between Bearings -----------
Distance Between Thrust Bearing and Impeller 
Locating Shoulder - - - - ---------
Over-all Shaft length - - ---------

Impeller
OD ------------ --------- - -----
Inlet, ID -----------------
Discharge Passage Height ----------
Bo. of Vanes - -'---I- - - -- -- -- -- 
Axial Distance from Top of Discharge Passage: 

Top of Centrifuge|- ----------
Shaft Locating Shdplder --------
Inlet Pace

side Lower Bearing
Pump Body

OD of Locating Journal 
OD of Flange at Top - -4-- - - -- -- - 
Bo. of l/2 - 20 Machine Screws in Flange -

Vertical Distances from Lower Face of Mounting 
Bottom of Thrust Bearing ----------
.Face of Shaft Seal Washer 4 ------- f.
Bellows ■ Seal Mounting Pad •- ----- - -
Lower Face of Boron Jacket - \ - - - - - - • 
Top of Impeller Discharge Passage - - - - -

Main Heat Exchanger (in.)
Tube Centerline to Centerline Spacing -4- - - ■
Tube OD--------- ----------- - - -- - - -
Tube ID------ -------------------------------
Tube Wall Thickness --------------
Tube Spacer Thickness -------------
Mean Tube Length - - - _ - - - -/- ------
Badius of Equatorial Be verse Bei^d. -------
Inlet and Outlet Pipe ID -----------
Inlet and Outlet Pipe OD - _ 4 .
Header Sheet Thickness - - -/- --------
Header Sheet Inner Badius -1 ---------

Moderator Circuit Heat Exchanger (in.).
Tube Centerline to Centerline Spacing - - - ~ •
Tube OD----- ----------------------------
Tube ID------------- ----------  -
Tube Wall Thickness --------------
Tube Spacer Thickness -------------
Mean Tube Length - - - ---------------- •

1.
47.812
35.812
11.00

25.437
32.437

5.75

.25

.87

.00

5.935
9.37

.750 
13.312 
15.344 
20.750
26.437

0.208
0.1875
0.1375
0.025
0.020

72
1-5
I.65
1.95
0.25

0.208
0.1875
0.1375
0.025
0.020



TmiE F.3. STRENGTH WTA FOR II^CONEL TSBSTED XI A FLUORIDE MIXTURE

Temperature, °F 1200 1500

Ultimate tensile strength, psi 65,000 21,000

Yield point, psi 26,500 13,000

Stress for rupture in 1000 hr, psi 17,000 2100

Elongation, $ 59 55

Stress Calculations
Tiae principal element in tke reactor structure is tke main pressure 

shell* It is a spherical vessel 1 in* thick with an internal diameter of 
52*5 in* During normal operating conditions the temperature of the pres­
sure shell ■will he 1200°F. The stress in this shell for an internal pres­
sure P is given by

„ Pr _ P x 25*7 -,00™s -gg- 1 'a'^ - 12-9 p •
The stress, and. pressure^ P^ are in psi and. the radius,, r, and the shell 
thickness, t, are in inches. In re-examining the stress expression and 
Table F«3 it is evident that the main pressure shell would begin to yield 
at a pressure of about 1000 psi at stress concentrations such as those 
which will be present in the ligament between the heat exchanger inlet and 
outlet header pipes. It would be expected that progressive local yielding 
would continue to take place in these regions until failure occurredji some 
increase in pressure would occur in the process. Another major weak area 
would be the flat structural region at the top of the shell where the pumps 
and expansion tanks are to be located* While final detailed designs are 
not yet available, it does seem certain that local yielding would begin in 
this region at a pressure of the order of 1000 psi. It also seems likely 
that one result of this yielding would be that the pump casings would dis­
tort and cause'the impellers to seize in the casings and the pumps to stop. 
Further distortion would tend to make this flat region spherical until high 
local stress concentrations had produced large amounts of yielding to the 
point where failure would occur.

It is instructive to examine one such stress concentration that is 
reasonably well defined, namely., that in the south heat exchanger outlet 
belt. This belt has a centerline diameter of 56.4 in. The total cross 
sectional area in the ligaments in the main pressure shell would ;be 60 in. ,
and this would be augmented by approximately kk in.2 of reinforcing patches 
welded to the pressure shell between the heat exchanger outlet pipes.



Hie stiear stress in tMs region would then be

F IT d2

60 + W 10,000 psi

Hiis would give a tensile strength of 1^,100 psi, which represents an 
average stress in the ligaments. Hie peak value around the edge of the 
holes would be approximately twice as great so that yielding would begin 
there. Hie stress would then distribute itself uniformly across the liga­
ment, and further plastic deformation would follow until a tear would begin 
and rupture would finally take place.

She stresses in the outer core shell are of particular interest be­
cause expansion of that core shell would increase the fuel volume in the 
reactor and as a consequence give an increase in reactivity,. If the core 
shell were not supported by the moderator, the stress in the shell would 
be given by

q _ Pr _ P x 10.5s ~ m 52.5 P ~

lote that a factor of 1.6 instead of 2 ms used in the denominator because 
the radius of curvature of the core shell at the equator in the vertical 
plane is greater than it is in the horizontal plane. Ihis core shell is 
actually supported by flattened Inconel wires inserted between the core 
shell and the beryllium reflector and spaced in rows on 1-in. centers.
Hjese strips are used primarily to maintain the spacing between the reflec­
tor and the shell and hence to ensure the proper coolant flow passage open­
ing. It is interesting to determine the radius of curvature of the shell 
when deflected between- the supports by a pressure that would give the same 
stress in the core shell as would prevail in the main pressure shell. If 
a simplified cylindrical geometry is assumed, the relation for that ease 
is

S P x 25 .7
2x1,

Pr
0.125 ^

from which a radius of 1.6 in® is obtained. Thus the core shell would 
deflect to the point where it would have a radius of curvature of 1.6 in. 
between supports. Hie effect on the core volume of this distortion coupled 
with that of the inner core shell would be relatively small, and would give 
a volume increase of about 1$ for a 1000-psi pressure. She stresses in the 
inner core shell would be similar to, but lower than, those in the outer 
core shell because its diameter would be roughly one-half that of the outer 
core shell.

«*•••« ••• * **§-*■•* S 2: : : : : : 1S"1 - '



The possibility of buckling and collapse of the tubes in the main 
heat exchanger has also been considered. The stress in the tube walls 
from an external pressure is

S =s ss g ,0*Q» fl 4P.
t 0.025

lote that this stress is very much less than that in the main pressure 
shell so that it is very unlikely that the heat exchanger tubes would col­
lapse in the event of a pressure surge.

The force required to blow the pump body out of the pump casing is 
of interest. If it is assumed that the main pressure shell would begin to 
yield locally under a pressure of 1000 psi^ the force acting on the pump 
body may be calculated in the following way;

Pump body blow-out force = 1000 x O.786 x 5*75^ = 26,000 lb.
2The cross-sectional area of the pump body attaching screws is over 2 in. , 

and since this is the weakest point in the system restraining the pump 
body from blow-out and since it is in a cold region where the tensile 
strength of the material is of the order of 90,000 psi, it is clear that 
this does not represent a weak point in the system* While the thrust bear­
ing at the top of the pump impeller shaft might fail and allow the impeller 
shaft assembly to move upward several inches, the pump impeller itself 
would keep the shaft from moving on out through the pump body. If this 
failure took place there would be free communication from the reactor core 
through the pump impeller bore into the fuel expansion tank.

The volumetric stiffness of the main pressure shell is of interest 
from the standpoint of determining the pressure at various stages during a 
nuclear accident. The change in volume, AV, in cubic feet, is given as
followsi

AY Ar kifr*
•nrar >

where
at *es - .

E ax 106
Thus

/f,;' Y# •; -,s*- AY a 7.6 x 1G~5 j>#
where Ar is in inches and represents the increase in diameter of the inside 
of the pressure shell, lote that a modulus of elasticity, E, of 21 x 10° 
was used since the pressure shell temperature should be a little below 
1200°F. From this it follows that the increase in volume inside the pres­
sure shell for a 1000-psi pressure surge would be 0.076 ft^. It should be 
noted that the pressure shell in some respects would be stiffer than it is 
assumed to be here because of the presence of the liner in the heat ex­
changer region and at the south end. On the other hand, the system would
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be less stiff because of tbe presence of flat regions in tbe pmap and 
expansion tank region. It seems likely tbat a rough approximation to 
the stiffness of the system has been giver!.
Destructiveness of Pressure Shell Praggents

The velocity of the fluid escaping through a crack if rupture should 
occur at 1000 psi is of interest, fhis can be computed as followsi

¥ = ^|2gH = \l6k,k x = \j 46,300 = 215 fps,

where 1 is the pressure (in Ib/ft^) divided by the density of the fluid 
(in lb/ff3)„ Shis velocity of 215 fps is certainly a reasonable one and 
should not give any particular trouble. It is also important because it 
represents the maximum possible velocity of a fragoent that might be broken 
out of the pressure shell in the event of a hydrostatic rupture« It is 
interesting to estimate the maximum kinetic energy that could exist in an 
escaping fragment for this case, fhe work or energy put into the fragment 
in the rupture process should equal double the area under the FV diagram 
for the pressure at rupture and the volumetric increase inside the pressure 
shell up to the rupture pressure. Ihis triangular PV diagram area should 
be multiplied by a factor of two to allow for the elastic overshoot or re­
bound of the shell accompanying the pressure reliefs

Work = PAY = li%00Q x QtGT<S = 10,900 ft-lb

It is also of interest to calculate the weight, W, of the minimum fragment 
required to carry off all the rupture energy. This is

TJ p
K. I. = 10,900 = 2^x32^.

W = 15 lb.

Thus it appears that the most destructive fragment from a pressure shell 
failure at 1000-psi pressure would be a 15-lb fragment that would leave the 
reactor at a velocity of 215 fps with a kinetic energy of about 11,000 ft-lb. 
If this fragment were of 1-in.-thick Inconel, its area would be 260 in.^.
If it were to strike the lead shield and all of its momentum were imparted 
to a lead fragment of the same area having a thickness of 7 in., the result­
ing velocity of the lead fragment could not exceed 20 fps if no allowance 
were made for the energy absorbed in rupturing the lead.

In re-examining the above analysis it appears that a.number of modes 
of failure might be encountered. If no:special provision were made to re­
lieve the pressure it seems likely that the north head would deflect plas­
tically to the point where the pump impellers would seize in their casings. 
Thus whether the increase in volume associated with this deflection would 
be sufficient to relieve the pressure associated with the nuclear reaction 
would depend upon the particular accident. Certainly, if carried far 
enough, rupture would occur. If rupture did occur it seems unlikely that 
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a large fragment. or, for that matter a small fragment ^ would be blown out 
of the wall of the main pressure shell„ Bather it" seems likely that the 
wall would split and open up to relieve the excessive pressure. It seems 
most likely that this splitting would occur in the ligaments between the 
heat exchanger outlet tubes at the south end of the reactor. In that event 
about a 3/4-in. stretch in these ligaments would probably occur prior to 
failure.
Pressure Belief Mechanisms

Provision eanTbe made in the design to relieve a violent pressure 
surge from a nuclear accident in a number of ways. It would be possible, 
for example, to put a poppet valve in the fuel region just ahead of the 
fuel pump inlet so that it would- open and vent to the expansion tank. The 
utility of such a move is doubtful because the volume available in the ex­
pansion tank is probably not quite adequate to take care of an extreme nu­
clear accident. While an overflow will be connected from the top of the 
expansion tank to the emergency fuel damp tank, and this line will be kept 
heated at all times, its diameter would have to be at least 4 in. if it 
were to be effective in relieving a pressure surge in a nuclear accident.
A second provision for pressure relief could take the form of a frangible 
diaphragm. If this frangible diaphragm were placed at the bottom of the 
reactor it would be in a high-pressure region and would be subjected to a 
pressure of approximately "JO psi under normal operating conditions. Thus 
it would have to be designed to rupture at a pressure of at least 400 psi 
because the ratio of the ultimate tensile strength to the 1000-hr rupture 
strength is approximately 4 at 1200°F. Thus, if a factor of safety of 4 
were used in the design of the disk, under normal operating conditions the 
pressure at that point would have to be roughly 16 times as great to produce 
failure, or about 1000 psi. If, on the other hand, the diaphragm were placed 
at, or close to, the fuel pump inlet where the pressure would normally be, 
perhaps, 5 psi, it could be designed to rupture at a pressure of 60 psi and 
stj.ll have a factor of safety of 12, stress-wise, for normal operating con­
ditions . Jet another device that might be used would be to employ a weak 
seam in the attachment of the whole north head or some part'- thereof. This 
again would have the disadvantage that it would operate under high stress 
for normal operating conditions if it were designed for rupture at a pres­
sure below 1000 psi.

If the pressure shell or a frangible diaphragm raptures, there must be 
space for expansion of the fuel or the lead shell will also be ruptured.
Since there is a l/2-in.-thick thermal insulation zone between the pressure 
shell and the lead region and since this zone is only partially filled with 
reflective insulation there is available an expansion volume of 1.3 ft'* 
immediately outside the reactor pressure shell. Additional volume could be 
provided readily with little penalty in shield weight by leaving voids in 
various places in the irregular region around the pumps and header tank. 
Shielding placed in the re-entrant corners is relatively Ineffective in 
this region and could be omitted. In this way an explosion volume of per­
haps 0.5 ft? could be readily arranged. ' let another way in which expansion 
volume could be provided would be to place a blister on one side or the top 
or the bottom of the pressure shell. The side or bottom of the pressure 
shell is particularly attractive from this standpoint because a drain line



from t&e blister to tbe fuel damp tank could, be easily installed. Of 
course, a large diameter pipe could be extended directly out through, the 
shield. Severer, since a pipe of at least ^ or 5 in. in diameter would 
be required, this would constitute a serious gap in the shield which would 
be difficult to block off with a shield patch.

While it is hard to see how it could occur, an extreme power excur­
sion relieved by boiling at the peak of the power curve is of interest.
At first glance, it appears that such an accident might lead to the ejec­
tion of pressure shell fragpents that could pierefe the wall of the inner 
tank. In re-examining the stress analysis results, together with the curves 
of Fig. JUi and the data in Tables E.2 to 1.6, two points are evident. The 
first is that the shell will probably rupture locally under an internal 
pressure of between 1000 and 2000 psi and will certainly rupture generally 
at a pressure not to exceed kOOO psi. The second point is that if a small 
opening having a diameter of say k in. appears, the rate of ejection will 
not be high enough to keep the fluid pressure from rising so much that 
either the hole would tear open further or a second failure would occur.
In either case it would not be possible for all of the energy to be concen­
trated in a single small fragment travelling at a very high velocity. In 
fact, from Bernoulli’s equation, the limiting velocity for the fluid column 
(or any fragment) if the peak pressure were kOGO psi would be:

¥ = {'2m - k50 fps.
The penetrating power of projectiles varies with their shape, hardness, 

and strength, mass, and velocity. While an ogival shape is the most pene­
trating, a fragment of such a shape seems quite out of the question. A 
sphere has greater penetrating power than any irregular shape likely to be 
ejected from the pressure shell. The old Krupp formula for the penetration 
of wrought iron plate by cast iron cannon balls appears to be roughly appli­
cable to this case, i.e.,

ft \2/3¥ = 2000 {■£ )

where ¥ is in fps and t and d are in inches. The velocity of a 6-in. sphere 
required to penetrate l/2-in. plate is then

/Oil)2/3
¥ =* 2000 J = 380 fps .

Approaching the problem from a different standpoint and examining the 
pressure shell structure carefully, it appears most likely that a circular 
section 56»k in. in diameter would be sheared out through the heat ex­
changer outlet belt. By using the numerical method outlined earlier and by 
assuming that there was no loss in reactivity until boiling began to expel 
fuel from the core and that all of the pressure relief was obtained by 
shearing out the bottom of the pressure shell, the results for a very severe 
nuclear power surge caused by increasing k@|,£ at a rate of k0$ per second 
were obtained, as shown in Fig. 1.1. The fragment would be accelerated 
until it had passed nearly through the lead region. It was assumed in the



calculations that yielding in the Inconel shell took place until it had 
moved through the clearance for thermal insulation and contacted the lead 
gamma shield, at which point rupture of the Inconel occurred. Ho allow­
ance was made for lateral escape of fluid into the space between the lead 
and the Inconel shells, nor was allowance made for the energy absorbed in 
shearing the lead. Note that the velocity of the Inconel and lead frag­
ments at the end of the expansion is only about 40 fps. While the failure 
might start first on one side so that the disk might tilt during the process 
of failure, this would probably result in opening a flap in the pressure 
shell without tearing the flap loose from the shell and ejecting it as a 
projectile. !The worst case would occur if the flap were ejected and tilted 
in flight so that it would strike the tank bottom edgewise. Ike velocity 
required for such a projectile to pierce the tank wall can be estimated 
from the relation for the energy required to punch holes in plate, i.e..

If the Inconel disk is 1 in. thick, its weight. W, will be aboutigg® lb, 
and the periphery, B, of the hole it will punch will be about j6 in. The 
ultimate tensile strength, s, of the steel plate should be about 60,000 psi. 
The velocity, V, required to pierce the tank wall having a thickness t =
0.5 in. would then be

10.5 x 76 x 60,000 x 32.2
N 12 x-350¥

= ^30,000 = . 351. fps.
This velocity is comparable to the 580 fps found for the 6-in. sphere from 
the Krupp formula. While the mass of the lead piece sheared out of the 
gamma shield would be large, it would be soft so that most of its energy 
upon impact would go into deforming itself rather than into piercing the 
tank wall.

A critical examination of the results of the numerical analyses dis­
closes that the reactor should not be damaged by a nuclear accident of the 
type shown in Fig. E.2 if the initial rate of increase in keff did not ex­
ceed 10^ Ak/k per second. More severe accidents that did not result in 
boiling of the fuel would probably cause distortion in the pressure shell 
that would interfere with pump operation and possibly cause leaks. While 
a light frangible diaphragm could be used to relieve such accidents so that 
the pressure shell structure would not be damaged, any such incident would 
involve so severe a temperature overshoot that further operation of the 
reactor would not seem to be prudent. Thus there seems to be little point 
in making the design compromises necessary for a light frangible diaphragm. 
This is particularly true in view of the very remote probability of acci­
dents in which it would be of benefit and the much greater likelihood of 
troubles that it might give in the course of routine operation. For this 
reason the analysis in this report and the curves in Figs. E.l and E.2 
have been prepared by presuming that up to pressures of 1000 psi the only
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avenue of escape of fuel from the core circuit is through the clearances 
between the pump impellers and their casings and through the centrifuge 
discharge holes into the fuel expansion tank. It should also be noted 
that the worst case in Fig. E.2 that appears, on this basis, to leave the 
reactor andaaaged is that for an initial rate of increase in keff of 1G$ 
Ak/k per second for which the volume of fuel expelled is about equal to 
the free space normally available in the expansion tank. For cases tending 
to give pressures above 1000 psi, it was deemed best to incorporated a 
circular groove in the bottom of the pressure shell so that the pressure 
would he relieved by failure in that region. The fuel would he ejected 
downward and a minimum of damage to the system would result.
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EXPOSURE HAZARD CALCULATIONS1
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Criteria

The calculations of the exposure hazard were based on a total internal 
exposure of not more than 25 rem to any internal organs (bone, thyroid, 
lungs, G. I. tract, kidneys) over the lifetime of the people exposed. .Since 
the general population is being considered, the lifetime is taken to be 
70 years. The group of people to be protected includes children, the preg­
nant, those especially radiosensitive, those with large previous exposure 
records, and those occupationally exposed. If D is the exposure rate to the 
organ, then

fcTO y
25 rem > \ D dt , 

t=0

where time, t, begins with the intake of the isotope mixture. The intake 
may be either by inhalation or by ingestion.

Basic Formulas

The exposure rate, D> to an organ is the sum of the exposure rate from 
material a, Da, the exposure rate from material b, etc. Therefore,

D = ? Di (rea/day)

where is the exposure rate to a body organ resulting from its content of 
isotope i. The exposure rate from isotope i at tiae t then is

(wc) x 5.7 x 10^ (dis/sec*/ic) x 8,6k x 10^ (sec/day)

x 2 E (Mev/disJ^KElJs (rem/rad)

x 1.6 x 10*"” (erg/Mev) 

- A. t

- A. t> e ^ / a (g) x 100 (erg/g*radjj
% '5 S(BBE)5 # , .

= 51.2 ---------- e (rea/day) ,

1. This-sectioa pre^red by T« Buraftt,- 0R1L Health Physics livision.
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at time, t, where
= amount of isotope i in organ (^e),

m = mass of organ containing (g),

- energy, E, dissipated in organ of mass a from each 
1 disintegration of isotope i, -weighted for biological

effectireness, KBE, and nonuniformity of distribution, 1,
(KBE » ,1 for Y, &"} x, and e~

=s io for a

20 for recoils
1 *= 1 for Y and x

= 5 for a, §■*, p+, e”, and atom recoils in bone 
- 1 for all body organs except bone),

a elimination rate constant for isotope i from the body organ 
. = Q*693/$i, where
3^ ss effective half life of isotope i from body organ

%Tr- .. } -where is the biological half life and Tr is

the radioactive half life.
(in the expression of the exposure rate the unit "rad" is the dose from 
deposition of 100 ergs per gram of tissue).

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

t O 2-5
Ei at = “i 3^95

t=Q

where IT is the initial dose rate from isotope i over a period of JO years 
(= 25,568 days)| thus

joy f Ti
i
D- 0.693 1 - e

-At (=70y in toys)"]

i ' :



The, total exposure to tbe 'body organ from a mixture of isotopes is then

following intake are considered. For a mixture, the values of % will 
depend on tbe composition of the mixture and the uptake of components to 
the organ.

Method

A unit intake (inhalation) of 1 /to. of the mixture of interest is con­
sidered, fhe total dose of each component of this mixture is calculated 
fey using its fraction of the total of the mixture considered, fhe compon­
ent doses are then summed for the organs affected. Based on the sum of 
these total doses, the number of microcuries of the mixture which can fee 
inhaled to give a total dose to any organ of 25 rem in JO years is calcu­
lated. This number of mieroeuries is the total permissible inhalation
intake for a single exposure to the mixture considered fJexposure^

Meteorological calculations of inhalation exposure (based on Sutton*s 
equations) yield total integrated dose values in curie-seconds per cubic 
meter as the integral of concentration with time

The TIB times the breathing rate in m3/sec gives the inhalation intake in 
curies.

*
where BE is the breathing rate. Various values for breathing rates may be 
considered and are appropriate to the conditions of rest, exercise, excite­
ment, etc., of the individuals exposed.

For these calculations the breathing rate has been given a value of 
50 liters per minute, which corresponds to moderate exercise and possible 
excitement (since the application is to instances of a reactor accident):

• • •



If a unit inhalation intake of 1 /4c is considered,

Qi = °k x fai /aq in organ per inhaled jUc}
where ^ is the fraction of the mixture that is isotope i and is the 
fraction of tbe inhaled isotope i that is retained in the critical organ, 
fhe critical organ is that organ of the-body which receives the isotope 
that results in the greatest to the body. In most cases it is that organ 
which receives the greatest damage. However, some organs are less essen­
tial to the well-being of the entire body. Usually the critical organ is 
that which receives the greatest concentration, but there is considerable 
variation in sensitivity. The critical organ depends also on the mode of 
intake and may change with time after intake.

galcalational Procedure

The components of a given mixture of mixed fission products are 
grouped by the body organs,affected. A tabulation of $j_, fai, and
£ E(EBE)H values is then made and the corresponding values of D° are cal­
culated by using the m of the organ. These can be summed to give the ini­
tial dose rates to the organ. i

The values of % are then tabulated, together with those for Tj_. By combining these with values of (l- e"*^) for various times, t, following
4« •i*'intake, the total doses are found. The values of are then summed,

and the totals are used to calculate m?i25/70 .
se

Values of ^ will vary with the mixture of isotopes considered, which 
in turn depends on the time of reactor operation. This is also sensitive 
to the choice of isotopes for the mixture to be considered.

The components of the selected mixture were chosen because of their 
known hazard and for half lives generally in the range of 20 hr to 20 years. 
Shorter-lived isotopes would have d| values small enough to ignore, and 
longer-lived isotopes would have small ^ values for the operational times 
of interest with high-power-density reactors where the reactor is operated with 
a.max. irradiation time of the order of 1000 hr... Buildup of longer 
lived materials is small for these times. Parent-daughter relations also 
influenced the choice of some isotopes and their inclusion# Since the 
composition. of the mixture" chosen will vary with time following a reactor 
incident because of the differing decay rates of its components, there would
be corresponding different MP125/70 values at different points sufficiently

se
far downwind for the airborne transit time to introduce these decay differ­
ences. As a first approximation the decay differences can be ignored, since 
the mixture chosen undergoes small decay for the relatively short times of 
interest for most reactor accidents for which the radius of hazard is small.
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For this first approximation, the 1 based on initial concentration
can be used. It is probable that the effect of decay may be compensated 
by increases of the relative ^ values and, since the longer lived mater­
ials are more hazardous. the net effect could be smaller values
at more distafif points where decay would be significant.

She E E(BBE)B values used are either those given by the International

Committee on Badlological Protection (ICKP) or are those calculated as pre­
scribed in the ICBP Internal Dose Subcommittee Report of December 7> 1953 
(K. Z. Morgan, chairman). She prescribed formla is
Il(RBE)l = k

(l*e 4 ) + 0*35

+ f
m
V Be-

m m

which considers the decay scheme of the isotope involved. In this formula 
KBE and 1 are as previously defined and

f ^ = fraction of the disintegrations ofYthe type that
J result in the emission of a gamma or x photon of energy E

si
fg = fraction of the disintegrations of the type that^ result in the emission of a beta ray of maximum energy ,
fQ_ = fraction of the disintegrations of the m^ type that .•

m result in the emission of a conversion electron of energy B _ ,
m

(T* = total coefficient of absorption minus Compton scattering 
^ coefficient in e®**! for tissue for photons of energy 1 y 

(from ORlL-tel, Dwg, 8117)* j x
x = effective radius (in cm) of the critical body organ con­

taining the radioisotopesj values of x are given in Table 2 
of the ICRP report cited,

z = atomic number of the radioisotope emitting the beta r?ay.
When appropriate, the parent-daughter combinations are considered together j 
fa^ values are taken from the ICRP report cited, and values are either
taken from the ICRP report or are calculated by using the % values (from
the ICRP report) and the Tr values (from Hollander, Perlman, and Seaborg,
J. Mod, Phys. Apr. 1953, which w&s also used as the chief source of decay 
schemes and energies).



For the purpose of these calculations a mixture of about thirty- 
selected isotopes vas considered. 3?he relative compositions were based 
on an irradiation time of 59 days {00 gkQ hr), and decay from the tiae of 
release to the time of inhalation was ignored. She curies present at re­
lease time were calculated to be

ci = 9^*® x IQ1*" x j±s± curies/Mw of power level,

where
c° = curies of isotope i at time o (release tiae), 

yi ” isotope i from fission
si s* saturation factor for isotope : i, taking into account 

its growth,
90 8 X 104 = a-#-*, ff16- .
^ ” 3'’( x IO1-0 (dis/sec/curie)

She value 3.56 x 10^ dis/sec/Mw was obtained by using 186 Mev/fission 
as given by Wlgner in (JBIL-I638, Project Hope (p. 16). She value given by 
Wigner is in agreement with the Bulk Shielding Facility value of 190 +
5 Mev/fission determined by J. L. Meem and reported in 0RHL-rl537.» . Thus,

¥7 3.56 x X016 fissionAec/fe.
1.6 x.-lO"® (erg/Mev) x 186 (Mev/fission)

The use of the more traditional J.l x lO1^ value would only introduce a 
scale factor and not alter the relative ^ values.

The y^ values used are taken from Glendenen et al., PR 84, 4, 860, and 
AiL-OCS-383 (Letter Glendenen and Steinberg to R." ¥." Stoughton, Rec. U, 1953) 
with interpolated values chosen to give iC y. = 2.0457.

i 1

The results of the calculations are presented in Tables G.l through 
G.4. Table G.l gives the fission yields used; Table G.2 presents the 
selected Isotope mixture; fable G*3 lists the initial dose rates; and 
Table G.4 gives the total doses in JO years.

From Table G.4 it is seen that;

1. The exposure to the bone is controlling.
2. The = ||22E = 717 mc (4.7 x 10’^ curies).

• , ' se 35.1
* For this mixture (39 days), the maximum peimissible total 

integrated dose *= .1,44 curie*sec/m->.
3



There axe six major contributors to tbe foonv*
These are tabulated separately in Table G.Jj*

5* These six isotopes contribute 95*^ of the total JQ^ear 
dose to the bone.

6* The total curies of the'mixture of these six isotopes along 
is less than the total of the 50 isotopes by a factor of J. 
The total dose (corrected by the 95*6$ factor) is greater 
•by this same factor.

J. Ho significant decay occurs nith ttiese isotopes for times 
of interest.

8. The effect ofalesser irradiation times is significant#

TABLE G.l. FISSIGE YIELDS

tain Ho . ti,.($) Chaim Ho* n w
T9 0.03 125 0.03
80 0.07 126 0.08
81 0.12 127 0.20
82 0.22 128 0.51
83 0.^68 129 1.00
8% 0.872 130 1.90
85 0.253 131 2.97
86 1.67 132 %.%5
87 2.76 133 6*62
88 3.78 13% 7,81
89 5.15 135 6,56
90 6.10 136 6,%2
91 6f2% 137 6.19
92 6A5 138 6.12
93 6.87 139 6.09
9% 6.85 1%0 6.07
95 6.77 1%1 5.90
96 6.75 . 1%2 5»%3
97 6.56 1%3 6.10
98 6.2% 1%% 5*76
99 5.90 l%5 h.20

100 6.80 l%6 3#%o
101 5.29 l%7 2.%5
102 %*37 1%8 1.85
103 3*35 1%9 1.25
10h 1.93 150 0.75
105 1.00 151 o.lo
106 0.%G 152 0.12
107 0.11 153 0.06
108 0.06 15% 0.02
109 0.02

t if 158755...: 101.12



G.2. SlffiCIED ISOTOPE MUTORE*

Isotope Si (39 days) -ii-
t=0curies x lO^/ifer 4.39 

— 30

Sr8® 0.3995 0.0515 18.681 2.1168
0,00371 .0610 0.2055 0.0233
1.0 .0624 56.659 6,420

Y9I 0,358 .0624 20,284 2.2984

Zr95 0.3^0 .0677 20.900 2,368
0.0034** .0677 0.209 0,024

!b95 0.1066 .0677 6,553 0.743

1.0 .0636 59.565 6.749

Ko99„3ie99a 1.0 .0590 53.572 6.070
Ru103-Rii103m 0.493 .0335 14.996 1.699
.Rh105 1.0 .0100 9.080 1.029
Sb12T 1,0 .0020 1.816 0.206
fel27a ^ 0.0335** .0020 0.06l 0.007
Iel27 0,874 .0020 1,587 0.180
fe129o 19$ 0.1053** .0100 O.956 0.108
rjie129 Q*9153 .0100 8,3H 0.942

l.o .0297 26.968 3.056
0.966 .2097 26.051 2.952

Te152 1.0 .0445 40.406 4.579
I152 1.0 .0445 40.406 ^.579
133 1.0 .0662 60.U0 6.811

Xe1^^ 0.994 .0662 59*749 6,770
J135 1.0 .0656 59,565 6.749

lU-(>(cont*d)
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Sable G.2. (cont’d)

» '■ Isotope s1 (39 toys) y±
tssQ Xcaries x 10^/jfcr fa.®

Xel^m 0,3** 0.0656 17.870 2.025
“ Xe1^ 1.0 .0656 59.565 6.71*9

Gs^T.Ba^Ta 0,0022k .0619 0*126 0.011*
Ba^-La1110 0.8785 .0607 1*8,1*19 5*1*865

0.558 .0590 29.893 3.3873
q€1^3 1*0 ,0610 55.388 6.276

p - PjJ.43 0.861 .0610 1*7.689 5.1*01*
Ce^^-Pr*^^ 0.0915 .0576 1*.786 0.51*23
Id1^ 0.91^ .021*5 20.333 2.301*

- Pa^ 0.0178 .021*5 0.396 0.01*5

pffi1^9 1.0 .0125 11.350 1.286
V

8^51 0,00101k 0•0040 0,00k 0

882.510 99,998

It Is recognized that more figures are given than are significant! 
this ms done for convenience only.

"%"X

Branching ratio included in s^.



SABIiB 7MTS1M, MSB R&3BS

Isotope $i/:l30
*€»*Lai Z e(kbe)ii

i
D° (39 d) ■,1.31 fai

x £ E(KBE)H

Bone
Sr89 2,.h68 0.22 2.8 0.09532 4.503

Sr?0-!?0 0.0233 0.22 5.1 .0019111 8.202

6.420 0.22 3.309 .3417 5.322

y91 2.2984 0.14 2.8 .06587 2.866

zr95 2.368 0.058 O.77 .0077 0.326

Hb95® 0.024 0.12'

Sb^5 0.743 0.12, 0.33 .0022 0.289

Zr97„ub9Tm^9T 6.749 0.058 6.10 .1745 2.586

Uo99*ie9^ 6.070 2 x 10^ O.69 .00006 0.001

SD1^ 0.206 0.00265 3.20 .00013 0.062

Ba^-La1^0 5.4865 A OV • £- 4.3 .344936 6.287

Geiin 3.3873 0.1 0.792 .0196 0.579

6.276 0«1 1.888 .0866 1.380

Pr1^ 5.404 0.063 1.6 .0398 0.737
Ce^^-Pr^^ 0.5423 0.1 6.3 .024973 4.605

Ed1^ 2.304 liliM 1.154 .0194 0.844

^X^-T 0.045 0.09 0.34 .0001 0.224

pm1^9 1.286 0,09 1.82 .0154 1.197
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* fable G.5 (cont’d)

■S

Isotope
*39
^30 |Te(rbb)n D°:(39 d) ■ 179.5 fH 

E(RBE)N

* Kidney
Btt103-Rh103° 0.01 0.184 0.00533 0.314

- Rh105 1,029 0.02 0.33 .01158 1.125
r|rigX27ni 0.007 0.02 0.28 .00179 0.955
s@127 0.180 0.02

X

rpe129ni 0.108 0.02 0.89 .03187 3*935
fel29 0.9^2 0.02

- 3.056 0.02 0.755 .0787 2.575

«r

2e152 ^•579 0.02 0.112 .0175 0.382

Thyroid
2557*5 fai

x £ E(RBS)H
i

«

I1* 2.952 0.15 0.22 2.4914 84.398
,132 4.579 0.15 0.857 15.0542 328.767

+ ' 6.811 0.15 0.483 12.6202 185.291

- i135 6.749 0.15 0.406 10.5117 155.752

«
■«t

* "

Muscle 1.71 fai 
x 2’E(BBI)I

7 .

%

CB^-Ba15^ 0.014 O.36 0.57 0,0005 0.351

*
* \ External

Xel35m 2.025• Xel35 6.749

«

Xe^S 6.770

• • » » •
• ’ • • •

• • • • •

• • • • • •

• « • • •
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TABXE G.4. TOTAL POSES

Isotope Ti Si/0.693 D? (39 a) (l-e“ At) 1)70/39 
i ,

.'%
f.

Bone
t

Si-8? 52 73.0 0.09532 1.0 7.149 9

Sr9°«Y90 2700 3895 .0019111 0.9986 7.433 -

0.404 0.583 .3417 1.0 O.199

X91 51 73.6 .06587 4.848
Zr95 48 69.2 .0077 0.533
Hb95ra
Hb95 21 30.3 .0022 0.067 -

Zr97_Hl397^_I,rb97 0.706 1,018 .1745 0.178

Mo99„Ye99iri 2*8 ' 4.o4 ,00006 0.0002

^127 2.182 3.147 .00013 0.0004 V

12 17.32 .344936 5.974
Ce1^1 31.04 44,8 .0196 0.878 #

Qe1^ 1.372 1.98 .0866 0.171

U 15.87 .0398 0.632

^el44<.prl44 180 259.7 .024973 6.485 -

Hdl47 8.54 12.32 .0194 0.239
Pmlif7 90.5 130.5 .0001 0.013 4
Pm111? 2.20 3.173 .0154 0.049

.34.849
1

i
w 

/ *

•
• • •• • • • • • • • % • • . .. •..• •4 00+'^%

• • • • • • • • * # , *: f <• f1 • •'#' •Jrwiar• • «• • • • « •• • • • * • f •• • • • «
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Table G.4 (cont’d)
„ - J°/39
(1 - e ) DiIsotope !L Tl/O.693 D° (39 4)

Kidney

Em105-Bh105m 13.31 19.2 0.00533 0.102

Ek105 1.5 2.164 .01158 0.025
Te12Tm 13 18.75 .00179 O.O34

Te12T

je129ia 10 14.43 .03187 0.460

Te12^
Ie13M, 1.154 1.665 .0787 0.13I

^132 2.66 3.84 ...0175 0.067

Thyroid
i15L 7.7 H.X 2.4914 27.655

jija 0.1 .0.144 15.0542 2.168

1155 0.85 1.226 12.6202 15.472
i135 0.278 0.401 10.5117 4.215

49.510

Muscle
0gl3T 17 24.52 0.00005 0.0012

25/70 25i000
34.849 = 717 ywci MPTID =

7.17 x lO"^
5. x 10"^ = 1.435 curies»sec/i

*Based on 39-day operation and a source strength of 882.3 x 10^ curies/Mw.

)$(
» •• • • •
• #• I '7 •5 *
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TABLE-G.5.- DOS® ..FBC»'»SX'.;SSEECSED 1S0TQF1S

Isotope Curies (39 3-) 
x IQ^/Mw

1??d
X6

D°
■L6

70/39
8i (39 cl)

Sr®9 " 18.68 0.1490 0.6711 50.33* 0.3995
Sr90-r90 0.2055 O.OOI639 0.01344 52.36 0.00371

y9i 21.38 O.I705 0.4885 35.95 0.3775
Ealto.^XltO 48.-40 O.586.I 2.427 42.04 0.8785

Oeltt 31.80 0.2537 0.1469 6.58 0.5935
Ce^-Pr1^ 4.895 O.039O 0.1796 46.64 0.0936

* _In mrem per inhaled.

r 'll ^T-
• • •

•r

V
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