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FOREWORD

- The Atomic Energy Commission requires that a Reactor Hazards Summary

Report be submitted and approved by the Advisory Committee on Reactor Safe-

guards prior to the operation of a new reactor or the modification of an
exlsting reactor in order to determine, and thus assure, the safety of the
Commission's various reactor projects. In accordance with USAEC-OR-8L401,
Reactor Safety Determination, this report describes the hazards that may.

s Meidds . me G b Kbl ke et sec p o BRI R L rp s R

B e

conceivably be associated with the Aircraft Reactor Test. All possible

types of hazards are described as well as the extent to which thesé hazards -

have been evaluated and considered in the design and proposed operstion of
the reactor. ' ,
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The bulk of this report was prepa.red by the au‘bhors, with the assist-
a.nce of the staff members of the Aircraft Nuclear Propulsion Project who
are associated with the Aircraft Reactor Test. In particular, W. R. Grimes
and W. D. Manly provided the portions of the report pertaining to chemical
and metallurglcal problems, respectively, and E. R. Mann prepared the mate--

" rial on reactor controls. In additlion, considerable assistance has been
solicited from seversl groups outside the project, including Robert F. Myers !
and R. D. Purdy of the Oak Ridge Office of the U. S. Wegther Bureau and 4
T. J. Burnett of the ORNL Health Physics Division. £

L a4

S

<7 &mmu.u*m‘ s i

I b i beatibipacsio e i i s e




o & G B it

. B

H
‘
d
|
:
:
i
4
‘
]
*
o
4
!

EEalek ik o

5'

. 5 *

' i
A

TABLE OF CONTENTS

INTRGDUCTION AND "‘UMMARY e e e e e

VTHE SHIELDED REAC’EOR ASSEMBLY oo

Reflector-ModPrated Coollng Sys*bem
Pressure Shell . . + « ¢ ¢ ¢« + « &
Heat Exchanger
Pumps - ¢« 2 6 ¢ 4 v s v e s 4 o s s
Shield
Assembly and Testing . « « « + » &

L > & & & a2 & & v

a & & & = & 2 @ s » 2 & &

THE TEST FACILITY o o o o « s ¢ ¢ « o o
Siteo...».oo...eec.‘
Buildingo-cooitoooo~o
Reactor Cell .+ « « o « v o s o o »
Heat Dump System . + + « « + » » .
Fill-and~-Drain System . . . « « . &
Off~Gas Disposal System . . ,» . . .

CONTROLS AND OPERATION . . . . . . . .

'Contr‘olszhiloéophy’. e ,
Scram System .+ + v « + v 4 v 4 s

3 Ll * *

¢+« & ¥ ®

.

Startu}_) s & 6 e ¥ & @ ¥ 4 & & L S I 3

Operation Between Startup and Design Point
vD681gD-POlnt Operatlcﬂ s & e %+ ° e+ * s

Joder s

Radlatlon Dose Levels A

*

.

¢ & & » & &

.

L d

Typlca.l Operat:.on& and Equlpment Fallures.

FuEl FreEZe m u E e o.m'g U »

T Sodium Fréeze i . v s v wo.e &7 .

‘Structural Fa:.lures e e

" Pump Failures - « i.v o o . .

' Electrical Power Failures . . .
Fuel Channel Hot Spots . . ..
Excessive Fuel JFeed . v .. ..

- Fuel Fill-and-Drain System, leure
NeK. Circuit.Heat Dump Blower. Fallure.

- Fuel, Sod:Lum or NeK Leak . . . ..
" Fuel Leak in Core . « + « + v .

Fuel lLeak into.the Heat Exchanger

- .Other Sodium or NaK Leaks . .
Sodium or NeaK Fires , . . . . .

»

%

L]

3

.

*

»>

-«

»

PO

.

* *+ & F > 4

e % s e 3 @

v e o .8 &

Page

T T R ORI T T T g B A g

e

wEr

E
i
k
!
b
k




1
4
i
1

Accidents Caused by the'ﬁEtu}ei&Eleﬁehts e e e

Flood and Earthqueke .« « o« o o o o o o s o o o« o

Wlndstorm * @ @ o & o©o e s 2 . e e o e o & = o+ s .

‘.?ﬁas)»

'Nuclear Acc1dents Cau51ng Rupture of Pressure Shell

Fuel Prec1p1tatlon in Core } . o e Q .A; e o o o

»

»

s Fuel ln Moderator . [ 3 L] . L * . ] ] L] . - ] * - Ao » . [ 3 L 3
Y7 Penetrability of Reactor Cell by Pressure Shell Fragments

‘Damage from High Explosives « « « « « ¢ o ¢ s o &

.

Effectiveness of Reactor Cell in Containing Hazards

Comparison of Various Reactor Assembly Containers

6.~ DISPERSIONOFAIRBORNEACTIVITY e e e e e e e e e

Radlation Tolerances e o o o o o o e e e e e

Dlscharge of Activity Up the stack . . . .

Normal Operation « « « o o o o o o o o o o o o
Operation Without Heating Stack Air . . « . . .
Operation With No Stack Aixr FPlow .« « + ¢ ¢ « &
Operation With Holdup System By-Passed . . « .
Smoke Tracking the Stack Plume « o« o o o o o

Discharge of Activity Following & Dlsaster C e o

Mlnlmum Heat Liberated in a Dlsaster « e o o o
Height of Cloud Rise .« ¢ + ¢ ¢ o o o+ ,

Fission Products in the Hot Cloud + « ¢« « « « - &
Internal Exposure from the Hot Cloud e e o o
External Exposure from the Hot Cloud .+ . « « « .
Rainout From the Hot Cloud .+ « « ¢« o o ¢ o 'c o «
Exposure from a Cold Cloud .+ « « o« o« s o o o o

Beryllium Hazar@ « ¢ o o ¢ ¢ » o o o o o o o o o

APPENDIXES . _
AO CHARACTISTICS OF SITE L] L] () L) [ [ L] o ) - () L ] - L) L) [

L)
.
*
3

Meteorology and Climatology . . .

Distribution of Population « « ¢ ¢ ¢« ¢« o ¢ o o o ¢ &
‘Vital Industries and Installations « « « « ¢« ¢ « o &«
" Geology and Hydrology of Site. w o = = o « « o « o &
Seismology of Area . .. o + . . e e s s 6 s a o o o

. . . . L ] L 2N

« & &

LI . * » L]

.
.
.
-

* »

* * L] . * * *

R TR TR BN B )

* * * * L)

* L L] L)

*

* o & »

L]

» [ * L)

*» o e s 0

VAcc1dents That Mlght Bupture the Reactor Cell. .f.‘.n.;. . o
Hydrogen EXPlOSiON o o o e o o o o s o o o o o &

» - * L] L 2

L] - ] v

. e« . o ¢ .

* & o @

* 8 & 0 e

» * . * L] .

L) * - L] »

Page

@

T .
R AU

"o

) »
o .M'WV ~F




e e e b i

noki (e e i@

Eademag o

S

B.

c.

Do

- B

Feo

- G

SEMIRNT

HEAT RELEASED IN CHEMICAL REACTTIONS
AND RESULTING TEMPERATURES AND PRESSURES . .

Reaction
Reaction
Reaction
Reaction
Reaction
Reaction

Heat
Heat

Reaction

Corrosion of Inconel by the Fluoride Fuel

of 70 Pounds of Sodium with Air . .
of TO Pounds of Sodium with Water .
of 930 Pounds of HakK with Air . .
of 930 Pounds of ¥aK with Water . .
of 1200 Pounds of Fuel with Sodium
of sodium and NaK with Shield Water

Absorbed in Water « o« o ¢ « o s o «
Absorbed in Nitrogen

of Sodium and NeK with Shield in Air

» @& e & o & o

4 ©6 @ © o6 & & © © e o =

°

L3
-
-
-
-

o e o o

[ ] L *

.

L] - L] L

. e

.
-
-
]
L

in N:L‘crogen

.

-

.

- e = +

Mass Transfer in the Sodium-Inconel~Beryllium System
or NaK

Chenical

Interaction of Fluoride Fuel and Na

Reactions From a Heat Exchanger Leak . .
Reactions From a Core 1eak « o o o « » »

Conclusions o« o o« o o o o o o o o o o o o o

EXTREME NUCLEAR ACCIDENT - ANALYTICAL SOLUTION .

General Equations
Variation of Parameters

® & ® o & & & & ©& & e+ ° o

© © * & e 5 & 2 &

EXTREME NUCLEAR ACCTDENT I\TUBERICAL SGLUTIGN .

-

-

-

EFFECTS OF A NUCLEAR A.CCIDENT ON REACTOR S‘].’RUCTURE

Stress Calculations

o.ooooo....o;

‘Destructiveness of Pressure Shell Fragments

5 Pressure

Rellef Mechann.sms s e s o » S .

EXPDSUREHAZARDCALCULATIONS. Ce e e

~;:'Crlterla o 6 % s o v o o » 2 0o o 5.0 ® e 0 o
._Bas:.cFormulas..,............
Methﬂd 0.‘.0 o o . i”o'o - L] * ] o- * ° - .
"Calculatlonal Procedure o s o 6 e 8 s o o o

P BIBLIWHY ° L4 ] L L] L] - D" ® o ° .A. o * L » - *

¢« & 9 9

R

s & o o

® ¢ o o

L] ] . L]

s ¢ 8 o

* o & 0

* 3 * . * *

. L 4 L 4 L] »

. * . *

Page

102

106

119
123
127

131

131

131
133
13b

145

PR




i

3.

- viii

Noe

2.1

2.2'“

2.3

o

3.2

33
: 3',1*10
61

A

D.1

D.2

E.l

E.3

Horizontal Section Through Pump Reglon o:E' Reactor PR

AP L IEN

LIST OF FIGURES

Title

60-Mw Reflector Modera.ted Reactor C e e e e e et e e e

Schema‘bic of the A:chraf'b Reactor Tes'b .. . "'. .. ., ; .( .

S,

o ART Faclllty » - . * - V' - . - L d ) * . L] * L] ‘ L] - ‘. ;i;{ T‘. ’ ’;’ . . C A' N‘:.‘

Plan of the ART Building . . . - . R P

S a
RS A

Elevatlon of the ART Bulldlng e o o o o s @ .“. .. ..

»Reactor Assembly Cell with Wa‘cer-F:Llled Annulusm R

He:.ght of - Plume R:Lse from ART S’oack o .' .,_. ) :

Map of Countles Surroundlng Oak R:.dge Area S

Reactor Power, P, Relative to the Initisl Power, P
versus Time During EXcursion « « « « o ¢ o o o s o o «

Effect of Parameters on Ma.xim\ijéactor Power « « o o i)

Nuclear Excursions for Fuel Deposition in Core Increas:.ng
k_pp 8% Rates from 5% to 40% Ak/k per Second + « o+ o o

Nuclear Excursions for Fuel Entering the Moderator
Cooling Passages and Increasing k Pt at the Rate

of 60% Ak/k DET SECONd « o o o oo s o o o e 0 o o s

Fuel Vapor Pressure as a Function of Temperature . . . .

ERPL L PRI JES TR SN IINC S IR L SR T S SPS Bl SR L

<101
10k

109

110

111




Sl e e s

No.
1.1

v 5;1

5.2
>3
5.4

6.1

6.2

6.3

6.4

605

6.6

V-

~A.3

:Meteorologlcal Parameters for Determming‘(}round

i ""External Dose‘ from Eot

LIST OF TABLES

Title
Aircraft Reactor Test Design Data . o o o ¢ 5 ¢ o « &

Radia'bionDOSeLevelS o.e ove e o o 8 s = o § & & ° &

Estlmated React:.v ities from Ma;;or Changes in Reac'bor

Geogads

SourcesofEnergyoooooocooov.o‘o-t"o

Comparison of Hazzé.l‘d Data for Several Typeé of
Reactor Containers SRR

& o -». o L L]

{-“»’

Concentration ot‘ Gases Released from Stack ; . e e

Ground Concentratlon of Gases Releasgd from Stack
(without decay correction; 6.7°107 cfm air). . . .

Ground Concentratlon o:t' Gases Released from Stack
(with decay correction, t0+%6,7 107 cfm air) . .

Ground Concentration of Gases Released from Stack
(w1thou'b decay correctn.on, 32102 efm air) . . .

L[]
L]

Ground Concentration o:f' Gases Beleased f:rom S’cack
(wrbh no decay correction and no air flow) s o s e

Limlt of V:Lsﬂollity of a Smoke Plume :E'rom a 50—gph

G‘eneratoroooooo'ooooooooe“‘.o“ov-‘
'Meteorolog:.cal Parameters for To‘bal Reactor Tragedy .

. ‘Total Integrated In'bernal Doses from Hot Cloud o 8 o

‘ “’.”_Grouna Exposure'Following Ramout of the Hot Cloud

Total Integrated Internal Doses from Cold Cloud « « -«

Populatlon of the- Surrov.ndlng Towns e o 6 o e @ ,‘ .« .

Rural Population in the Surroundmg Counties . « « -

,

ou at'l\h.ght A

rsonnel W:Lthln the AEC Restrlcted Area « s 8 ' . ’.1 o

L3

ix

Page

3k

55

56

57

58

65

67

68
70
73
T
T5

G

TRy

o




-
Ey

LIST OF TABIES (Cont'd)

No.

Ak

B.1
E.1
E.2
E.3

E.A

E.5

E.6 7

F.2

F.3
G.1

G2

G.3
G.b

G.5

4 Nuclear Excurs1on Calculatlon for a Eypothetlcal Case h

Title

Vital Industrial and Defense Installsations in

30 .Mile Ra dius * ® * » * « o * * * * L d ° e * L4 L] o . *

BasicThermodynamicDat&.o..'...........'.

i Fuel and Resactor Properties Bt BOMI v v o o o o o o o o

 Nuc1ear Excursion Calculation for a Hypothetlcal Case

Involving Fuel Deposition in the Core to Give an
Initial Rate of Increase in k pp OF 5% per second . .

Nuclear Excursion Calculation for a Hypothetical Case
- Involving Fuel Deposition in the Core to Give an
Initial Rate of Increase in k o F

Involving Fuel Deposition in the Core to Give an

Initial Rate of Increase in k f of 20% per second . .

.Nuclear Excur51on Calculation for a Hypothetlcal Case -

Involving Fuel Deposition in the Core to Give an

Initial Rate of Increase in k . of 40% per second . .

Nuclear Excursion Calculation for a Hypothetical Case
Involving Fuel Entering the Reflector Cooling Passages

to Give an Inltl&l Rate of Increase in k of 60%/sec

TN

Key Dimensional Data for the ART Pump-Heat Exchanger~ -
Pressure Shell Assembly « o o o ¢ ¢ ¢ ¢ o o o o o o &

' Dimensions of ART Detail Parts e e e e e e e e e

Strength Data for Inconel Tested in & Fluoride Mixture .

FiSSiOl’l Yields s © . o ® o o e © ©° e bo Vo .e s o o o o o 0. L d

Selected Isotope MiXbure o« o o o v o o o o o o o s o o .

Initial Dose RELES o« « o« ¢ o o o o s s o o « o o o o s o
Totalboses,.'o i.ooooo‘qo.ﬁcovooaiooo

Dose from Six Selected Isotopes . . e e e e e e

of 10% per second . .« o

.

.

»

.

*

-

»

Page

-

76

108

113

11k

115

116

117

120
121

153

137
138
150
1
1hk

e e rrppmemr v

TR TR TR




ey

I, W

Sl e REd i b ok

ATRCRAFT REACTOR TEST

1. INTRODUCTION AND SUMMARY

The successful completion of & program of experiments, includlng the
Aircraft Reactor Experiment (ARE),l 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. opérgting plan, prior to presentation of the hazards consider-
ations. The hazards are classified into three major categories: 1) acci-
dents with an appreclable probability of occurring, 2) accidents causing
rupture of the pressure shell, and 3) accidents causing rupture of the re-
actor cell., Category (1) accidents would involve minor difficulties in the
1ntegr1ty 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 réactor assembly, but due to the presence of the réactor cell which would
remain intact there would be no injury to operating personnel or other
peoples ' The causes of category (2) accidents are described in a general man-

"~ nmer 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 case has been presumed' namelyy that cemplete volatilization of
all of the fuel would occur. This is highly improbable since any such accl~
' ‘d require a large amount of heat at a high temperature; and its oc~-

be

In'addltion, quantitles of other materials that would also~be
] ; “preciably 1ncrease the total heat input requlredo

Wm, B. Cottrell (ed.), Reactor Program of the Aircraft Nuclear o
‘Propulsion Project, ORNL-123L4 (June 2, 1952)
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The reactor of the ART is to be a 60-Mw reflector-moderated circu-~

‘lating-fuel Bype 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

availaeble, the design of the important components will be based on concepts

'satisfactory for alrborne applications°

Operation of the ARE demonstrated that a high temperature c1rculat1ng-

fuel reactor could be built and operated and that materials and machimery for

satlsfactory operatlon at elevated temperepures had been developed. It show -
and the resultant self-regulatory characteristics of the reactor could be

achieved. In addition, it was found that most of the Xel3® was removed. ‘from
the fuel

was only 3% of the normal equilibrium value.

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 contalned with-
in a suff1c1ently small, shielded volume to provide a low-weight shield and
a useful alrcraft reactoroi The purpose of the Aircraft Reactor Test is to

'validate the ‘methods of construction and the predicted operating character—

istics of’suc a'reflector-moderated circulating-fuel reactoro

A reactor power of 60 Mw was selected because 1t is ayproximately 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 sbove 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 envis1ons 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 tramsferred in the heat

2, A.}P; Fraas and A. W. Savolainen, ORNL Aircraft:Nuclear Power Plant
' 'Designs, ORHNL-1721, May 1954 (issued Nov. 10, 195k4).

into the gas_blanket space in the pump so that the steady-state con-
i3
‘centration of “the Xe

'The new principle of design ‘introduced in the ART consists of circulat-
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exchanger from the fuel to the secondary coolant (NaK). The fuel will be
one of a number of. fluoride salt combinations which have been shown to have
acceptdble physical properties. In particular, the NaF-ZrF, -UF, fuel mixture
is known to be satisfactory. The mixture NeF-KF-LiF-UF), has some very de-
sirable properties and is nnder intensive investigation.

Quite a variety of shielding arrangements has béen con31dered for the
ART. 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 50 ft from_the center of the reactor. Such a shield is not far from being
both the lightest and the most oompact that has been devised. It will meke
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 dlsposing 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 mininuze the llklihood 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
technigues 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 dfagnosing 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

eritical experiment.

i+ -~ Experience with the ARE has indicated the advisability of building, in
ad _tion to the critical assembly, a complete reactor-pump-heat exchanger-
pressure shell assembly for operation as a component test in the experi-

- mental engineering laboratory. In a structure as complex as this it is

TR TR TR

TR el R ST R AR

Rk ool o it il ool il ot



i

.

felt that there will probably be a numberwef ‘mechanical ‘problems of construc-
tion. Rather “than go to extreme and awkward lengths to try to correct these

by reworking the first unit, it is to be built as expeditiously as possible

and operated s:unply as a high-temperature component test with no fissionsble
material. 'The experience gained in fabricating and shakedown testing this
first assembly should not only prove invaluable in construction and operation
of the second assem‘bly for use with fissionable material, but should actually

. 1ea.d to an ea.rller operatlng date for the ART. v

ma jor hazards would bé much less serious than had at first been presumed.
A;Lso, 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 uhder 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 inmer 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 1/20 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 corres:pond-
ingly small-dn.ameter cell can be used. .

'I‘he cell W1th a water-fllle a. equa'be to absor‘b the

' amounts of energy that could be Teleased in an éxtreme reactor catastrophe.

It will be impossible for a fragment ejected from the reactor assembly by an
explosion to rupture the imner tank of the cell because the pressure shell
surrounding the reactor has been delibera'bely 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 des:Lgned orlginally to be opera‘ted at
the National Reactor Testing Station (NRTS) at Arco, Ideho. 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 comstruction and
operation at NRTS would require at least six months longer than at Osk 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 & major delay if that difficulty were not fore-
seen &nd 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 Osk

Ridge site, and approval is being requested from the Atomic Energy Commission
for opera'blon of the Aircraft Reactor Test in such & cell at the Oak Ridge . :

site.,

 Design data for the ART ere presented in Teble 1.1.
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TABLE 1.1 ATRCRAFT REACTOR TEST DESIGN DATA

~ Power

Heat, maximum (kw) o
Heat flux (Btu/hr/ft%)

Power (mex/avg)

Power density, maximum (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, kw

Materials

Fuel

Fuel Jacket
Mcoderator
Reflector

Shield

Primary coolant
Reflector coclant
Secondary coolant

Puel System Properties

Uranium eniichﬁ%ntu(%ﬁgggs)
Critical mass (kg of ) 35
Total uranium inventory (kg of e )

 Consumption at meximum power (g/day)

" Design lifetime (hr)
*_ Burnup in 1000 hr at maximum power (%)
- TFuel voluie in core (£t3)

© Total fuel volume (ft3)

(?7fﬂ€ﬁtboh:§iux Density (évg)‘

Thermal, meximum (n/cmg° sec)

‘Thermal, average (n/cm”e sec)

Fast, maximum (n/cmSesec)
Fast, average (n/cu” °sec)

' Intermediate, average (n/cm”-sec)

60,000

Heat transported out by
circulating fuel

2:1 ’

1400

4500
2040
600
210
132
(L

NeF-ZrF-UF), , 50-46-4 mole %
~or NeF-KF-LiF-UF), 11-h2-
k-3 mole %

Inconel

Beryllium

- Beryllium

Lead and borated water
The circulating fuel
Sodium

NaK

95k

- 13.5

30
80
1600
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Control
Shim control ' One rod OE 5% Ak/k
Rate of withdrawal ' 3.3 x 10~% Ak/k-sec
Temperature coefficient ~5- 5 x 10 (Ak/k)/°F
Clrculating Fuel-Coolant Systems
Fuel in Core o " Li Fuel Zr Fuel
Maximum temperature, Op 1,600 1,600
Temperature rise, °F 400 4oo
Flow velocity, ft/sec 7 7
Reynolds number - 170,000 85,000
Fuel-to-NaK Heat Exchanger ’ Li Fuel Zr Fuel NaK Coolant
. Meximum temperature, °F 1,000 1,600 1,500
Temperature drop (or rise), oF k00 400 "i00
~ Pressure drop, psi 35 55 50
Flow rate, fté/sec 2.7 2.7 12.6
Velocity through the tube matrix,
£t/sec 8 8 36 -
Beynolds number 4,600 2,300 180,000
Coollng System for NaK—Fuel Coolant
Maximum air temperature, °F T50
Ambient airflow through NeK rediators, cfm 300,000
Radiator air pressure drop, in H,0 10
Blower power required (total for 4 Plowers), hp 600
Total radiator inlet face area, ft° 64
Cooling System for Moderator ‘ o
Meximum temperature of sodium, OF 1200
Sodium temperature drop in heat exchanger, ©F 100
NeK temperature rise in heat exchanger, OF ' 100
Pressure drop of sodium in heat exchanger, psi T
Pressure drop of NaK in heat exchanger, psi T
Flow rate of sodium through reflector, ft /sec 1.35
Flow rate of sodium through island and pressure T
shell, Tt /sec 0.53
Flow velocity of sodlum through reflector and island,
ft/sec 30
Reynolds number of sodium in reflector and island 170 OOO
System Volumes and Pump ] Data Li Fuel Zr Fuel Na Coolant NaK Coolant
Number of pumps 2 2 u
Pumping head, % ' 50 50 250 280
Flow per pump, gpm . : 600 600 130 1300
Pump speed, rpm 2850 2850 4300 125

Pump power per pump, hp 40 - 65 16 100

T T TS
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- Fuel region thickness (in.)

Core dismeter (in.) : 21
Island diameter (in.) li
| 12

Reflector thickness (in.) ' 2
Shield thickness, lead; (in.) T
Shield thickmess,water (in.) -
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p. THE SHIELDED REACTOR ASSEMBLY

e

The reactor is to be 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 assenblies. The basic design is shown . in F:Lg. 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 por‘blon
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 tu'bes 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.

‘Refleétdr-Mode‘r‘ator 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
& 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-NaK heat exchangers around the outer periphery of
the pump-expansion 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 & 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.

Preésure Shell

The Inconel pressure shell will constitute both the main structure of

‘the reactor and a compact container for the fuel circuit. The design has

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 & minimum of welding. Blisters made of l-in.-thick plate
welded to the outer surface of the shell between the RaK 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 BhC
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layer, and an inner O 062-1n.-thick Inconel can. Heat generated in the
pressure shell by the absorption of gammas from the fuel will be removed
by sodium flowing between the outer surface of the liner and the inper

surface of the pressure shell so that the pressure shell temperature will
be held close to 1200°F. A 0.062-in.-thick gap will provide ample flow

_'passage area for sodium to flow upward from the bottom of the island to

the top of the pressure shell. Transfer tubes there will direct the sodium
from the outer surface of the pressure shell to the sodium-to-NaK heat
exchanger inlets. The hot-pressed boron carbide blocks will be diamond-
shaped, with 60-deg angles at their vertexes, and they will 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°8 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 weldlng operations.

Heat Exchanger e

The spherlcal-shell fuel-to-NaK heat exchanger, which makes possmble
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 will be uni-
form, irrespective of latitude.l The individual tube bundles will terminate
in headers that resemble shower heads. This arrangement will 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 will resemble
steel cable and will be admirably adapted to servieéelin. which large amounts
of dlfferentlal thermal expan51on 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 stable:
in mapeuvers or in "bumpy" flight. The expansion chamber will also serve
as a mixing chamber for the addition of high~uranium-content fuel to the
main fuel stream to enrlch the mixture and to compensate for burnup. Fluid
will be scooped from the vortex in 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 handled by the centrifuge, the

excess will be directed upward into the swirl pump where it Wlll be accelerated

l. A. P. Praas and M. E. Lavérﬁe, Heat Exchanger Design Charts, ORNL-1330

(Dec. 7, 1952).
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and returped to‘£Ee expansion tank. There it will heip 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 speecial 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 £it into the bore of a cylindrical casing welded to the top of the re-
actor pressure shell. A 3-in. layer of uranium just above a l/2-1n, layer
of B,C 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 12 in. thick followed by a layer
of boron-bearing material will attenuate the neutron flux to the point where
the secondary gemma. 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 musﬁ be disposed of with a parasitie cooling system
at a low temperature level. The material in the spherical-shell intermediate
heat exchanger is sbout T0% as effective as water for the removal of fast
'neutrons, so it too is of value from the shielding stendpoint. The delayed
neutrons from the c1rculating fuel in the heat exchanger region might appear
$0 pose a serious handicap. However, thése will have an attenuation length

437*mndh shorter than the correspondlng attenuation length for radiation from

hus, from the outer surface of the shield, the intermediate heat
ger will appear as a much less intense source of neutrons than the
'more’ deeply buried reactor core. The flsslon-product decay gammas from the
heat exchanger will be of about the same 1mportance as secondary gammas from
the berylllum and the pressdre shell.

from ;'which is a layer of lead about 7 in. thick. The lead,

in turn, is surrounded by a 3l-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

thick separates the hot reactor pressure shell
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Assembly and Testlng

~1h-

circulation of water through coils embedded in the outermost portion of
the lead and through auxiliary coolers. The borated water shield will be
cooled by thermal convection of the atmosphere in the reactor assembly
cell.

ch component of the reactor 1s constructed 1t Wlll be:c

and leak tested in the Y-12 area. The whole assembly is designed so that
leak testing can be carried out as the componénts are added, piece by piece.

Mass spectrographic techniques will be used for leak testing. The com-
pleted assembly of circulating-fuel and moderator-cooling systems can be
leak tested before it is moved to the site. All thermocouples and other
1nstrumentation will be checked as the assembly proceeds. ‘ o

Assembly of the radlators, blowers, NaK'pumps, £111 and draln tanks,
and other auxiliary equipment will proceed concurrently with the assembly of
the reactor.at Building 7503. Cleaning and leak testing procedures will be
the same as those for the reactor. All instrumentation in the building will
bé checked out, as far as possible, prior to installation of ‘bhe reactor
package.

bThe“feactof shield eéseﬁbl& (withoﬁf Watef‘in the Shield);ﬁill be moved
as a package from the Y-12 area to the 7503 building. After all connections
have been made, final leak testlng will be carried out.

The HaX system w1ll be fllled w1th NaK and, W1th the heat barrler ‘doors
closed, the NaK pumps will be started. A heat input of approximately 300 kw
will be attained by circulation of the NaK, and this energy in the NaK will
be used to preheat the reactor., The presence of leaks, if any, from the NaK
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 NaK in the system
will permit the checkout of all instrumentation and the determination of the
system characteristics. After circulation for several hours, the NaK will
be sampled and analyzed for oxygen conbent. If the oxygen content is within

the capacity of the purification system, the NaK will be left in the system

for the remainder of the test; otherwise it will have to be replaced. If
the NaK is to be replaced it will be dumped hot 1n order to carry the oxide
w1th it.

The sodlum system for cooling the berylllum w1ll be filled next, and
finally, the fuel system will be filled with a barrem fluoride mixture.
Circuletion 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 NaK, 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”AB.E’ facility, ORNL Building 7503, as noted in the ARE Hazerds Sum-
mary Report, is located at a site 0.75 mile southeast of the center of the
present ORNL area and about 0.24% mile northeast of the Homogeneous Reactor
Test (HRT) facility. This ARE location is near the center of Melton Valley .
vhich is spproximstely 4 miles long and 0.5 mile wide. With the exception of
the nearby HRT, this valley is unoccupied. Between the ARE site {elevation = v
840 £t) and Bethel Valley, which contains ORNL (elevation 820 £t), is Haw ]
Ridge which averages 980 £t in elevation. Within a radius of 1.9 miles, all :
the land is owned by the AEC and is already a security-controlled area. Within 1
a radius of 2. 3 ‘miles there ig approximately 0.3 square miles of farm land :
- that is not AEC owned or controlled. Additional information on the surrounding E
g area and the natural characteristics of the site ‘18 presented in Appendix A.

Bui lding

. To modify th Building to accommodate the ART, it is plamned that an

“addition to the &otith éhd will be constructed to effect a Oi-ft extension of
the present 105-ft long building. The ART shielded reactor assem’oly and ite ;
container will be imstalled within this addition to the ARE Building., Such an &
arrangement will permit the use of ARE services and fa,rvllities that exist in E
'thls installation wh" h has new served the purpose for which it was erecteé.e
"For example, items such as the control room, offices, change rooms, toilets,
storage area, water supply, power supplyg portw ons of experimental test pits,
access roads, security fencing, and security lighting are available for in-
corporation in ART plans. Fig. 3.1 shows the prelimipary desgign of the facil-
ity in perspectlve. ) } LT T T .

s i c sk o g Silibii Rl

ot The plan and ‘elevstion drawing
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 buildmg),, and the cell for : ;
housing the reactor assembly‘will be sunk in the floor up to 3 £t below the E
- \bql‘bing-flange level, The resctor cell will be located in apximately the’ ' !

i R 1l o AN xpe
d cverhead crane facility Wwill be revised :E’rom 10-t0-20-ton’ capac:.ty to per-
mit use of the e::perlmental pits for installation of auxiliary equipment

PRI NI

1. eg. H. Buck and W. B. cm,tren, 'ARE Hazards Summary Report, ORM~1%7,
1952) . .




[
0
o0
N
N
O
=
(=
p o
o

ircraft. Reactor Test Facility.

Fig. 3.4. A

TR T R TS Y Wp—— T T

e e

id




106 ft tlin,

64 ft O in. ADDITION

UNCLASSIFIED
ORNL-LR-DWG 4471

jRom g T g 3 T CXRICI PO SIS 5T “a

w

g W

= zo INSTRUMENT

z Eir SHOP

@ 20

< <

) =

|

et £t 4in,

-l

NEW 26-ft-HIGH x
30-ft-WIDE ROLL-
UP DOOR.

T
Hx

I

=3

N N 9 Yy
» LOGKER ROOM
INSTRUMENT COUNTING OFFIGE CONFERENCE )
ROOM ROOM ROOM —
Py A
|/ CORRIDOR d E =
DOWN & <;(
g — 2
= =
[} @
{euimly
GENERAL CONTROL ROOM w
SHOP 3
+{ E
b= T T \
[\2] H H 2] H
w
| -EXISTING 12-x 12-ft
ROLL-UP DOOR, 3- X E—ee A O B .
7-ft SWING DOOR AND
GOLUMN TO BE RE-
MOVED.

MISCELLANEOUS

AUXILLARY
EQUIPMENT

10ft

LEGEND
POURED CONCRETE

SOLID CONCRETE BLOCKS
[//7} CORED CONCRETE BLOCKS

I S i T T

S S SR

e

PART FIRST FLOOR PLAN
EXISTING BUILDING

20 4 8 12

FEET

16 20

Fig. 3.2.

Plan of the ART Building.

PART BASEMENT PLAN

al

i3




i e L i MR s s - e R T S B ke g G g

UNCLASSIFIED
ORNL-LR-DWG 4472

42 t-0in. 39 §t-Oin, ’ ' B
‘ ———EXISTING BULDING 7503 PROPOSED  ADDITION e4f+-0in.—————-’
" CORRUGATED ANE g s
ASBESTOS o
SIDING ——__| il 6f1’-9in.
“f_ } l 4 421-10in. |
| 20 fons 107t -9in. 268+-Tin, il il
l f m Ul - L2 |
P i} —fi+ \\}\; : i Y LY | (]
) 27ft-0in. | miy| . D (0 B > L
3ft-Oin. c Al T 14ft-7%in. £ R o !
S Hisft-0in = y i
PN i ’ ! l” ||| it "]In“"
&b
, 5 m L
17 f+-0in. Q& o
R ’
& 7 12 ft-0in. ’{
|3¢t-0in. '_ ] |
a e -+ TTITTH (R TTITICTS
NI Y E [ i ! It
. piia —— ; Iy
! - h— : \-meTaL puct I
I I
—Oi t
: 22+-0in. o \ i ln
1 | A A
| | /14
! 1R /il
: NOTE: N S
n ; FOR PLAN OF ART BUILDING i R
> - . SEE Fig. 3.2 u. I Hi Ll
' b ; {— 3 23
SECTION A-A WEST ELEVATION
|~10f+——
— [-tit-4in.
INSULATION /) 8ft-Oin
aa ) m
________ kot it SV VIOH RNNOOR SR, %
REMOVABLE SCREENING ———, || FIRST FLOOR “——u, %
i e gy j
: R
. BLOWER 5t |
R
LEGEND . i y BASEMENT
Y I !
POURED CONCRETE AN =Tk
“ .
SOLID CONCRETE BLOCKS S - SECTION ¢-C
77 COreD T
% CONCRETE BLOCKS SECTION B-8B 0 4 8
10 5 0 5 40 {5 FEET
FEET

Fig. 3.3. Elevation of ART Building.

R R T SRR T T T

[} o
T T W




b AR e R .

ke

=19~

ahd possibly for underwater reactor disassenbly work after reactor oper-
ation. Also, the truck door in the north wall of the ARE Building will
be enlarged to provide a large entry door to the ART area.

Field maintenance and laboratory facilitles will be 1nstalled in the
area east of the new bay and south of the low bay of the ARE. This area
and the old expérimental bay will be partitioned from the new bay with
about a 16-in.-thick solid, concrete-block shield wall. This wall will
not be erected until after placement of the upper sections of the reactor
assembly container. The only other major modification to the ARE facility
to accommodate the. ART will be that of modifying and equipping one of the
ARE experimental pits for underwater disassembly work on the reactor after
0peration.

Reactor Cell

The cell designed for housing the reactor assembly is shown in

Fig. 3.4. As may be seen, the cell is to consist of an inner and an outer

tank. The heat dump equipment will be located outside the cell, but nearby.
The space betweén the two tanks will be of the order of 18 in. and will be
filled with water. The inmer tank will be sealed so that it can contain
the reactor in an inert atmosphere of nitrogen.,at atmospherie pressure, but
it will be built to withstand presSures of 100 psi.  The outer tank will be
merelyaa water contalner. ’

The inner tank will bu approx1mately 24 ft in dlameter with a straight
section about 11 £t 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 fta)

“and since the thermal conductivity of the fluoride fuel is relatively low,
- the’ water-51de temperature ‘of the inner tank will not exceed the water tem-
"perature by more than 4OSF. The water capacity of the space between the
-~ tanks together with the water in the reservoir ebove 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
T off all the heat generated by the “tission products after any accldent with—
'_fbout any additional water being supplled to the tank°

o

will be above floor gradeo This portion

;170f 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 run at moderately high power.
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v Fig. 3.4. Reactor Assembly Cell with Water-Filled Annulus.
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The unshielded reactor assembly will weigh approximately 10,000 1b; the
lead gamma shield, approximately 30,000 1b; and the water in the shield, ap-
proximately 34,000 1b. The first two of these items can be handled conven-
iently with a 20-ton crane, while the borated water will be pumped in after
the rubber tanks have been Lnstalled for the water shleld.

The reactor assembly, with its aircraft—type shleld, 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 tpe 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

NaK plplngc

The NaK and off-gas plping connected to the reactor will pass through a
thlmble-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
malntalned at a pressure above that of the inner tank to prevent out-leakage

from the inner tanko -----

A doubly-sealed Junction panel for controls, 1nstrumentation, and
aux1liary 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 assenbly has been lowered into position
in the test facility. Thils will minimizé the amount of assembly work re-
quired in the field. S I ‘ ’

f{s, in the form of manholes, will be installed in the

' upper port oh of the contalner.w 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 hemlsphericel top of the

-, inner container to prov1de overhead crane service after placement of . the top.
Sufficient catwalks, ladders, and hoisting equipment will bé installed withln

the inner tank to provide easy access for serviecing all eqpipment.

The control bulkhead in the cell will be located so that the assoclated
control junetion panel and the control tunnel will ‘extend to the auxiliary
equipment pit (formerly the ARE storage” plt) 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, vacéuum pump,
relays, switch gear, and emergency power supply. The reactor off-gas flow,
diluted with helium, will be piped through the NakK plping bulkhead to the
disposal facility outside the building.
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Heat Dump System

The ba51c requirement of the ART heat dump system is to prov1de heat
dump capacity equivalent to 60 Mw of heat with a mean temperature level of
lBOOOF in the NeK system. It has also seemed desirable that the ART heat
dump system should simulate the turbojet engines of the full-scale aircraft
in a number of important respects, such as thermal inertla, NeK holdup, and
fabricational methods.

i B b s e

e

Slnce heat dumps are required for ‘use in heat exchanger test rlgs, ‘and .
since work of this character has already progressed to the point where the g
cheapest, ‘most’ compact, and most convenient heat dump is currently proving !
to be a round-tube and plate-fin radiator core, it is believed that this
4 pasic type of heat transfer surface should prove both sufficiently reliable
i © and sufficiently well-tested to serve for the ART. The round-tube and plate-

ks

fin radiator planned for the ART makes use of type 310 stainless steel clad
' copper fins spaced 15 per inch and mounted on 3/16-1n.-0D tubes placed on
2/3 in. square centers. Individual radiator cores will have an inlet face.

: 2 £t squarea Much infermation has been obtalned in tests of 51m11ar unlts.
| , T T A it

o

: NeX w1ll be clrculated through five separate systems.' Four will con-
stitute the main heat dump system, while the fifth will be the moderator

4 heat dump system. In the main heat dump system a group of four fill-and-

i ’ drain tanks will be used, but these will not require the remotely operable

: couplings desired for the sodium or fuel systems. The NaK will be forced _
into the main cooling circuit by pressurizing the tanks. The 24 tube bundles
of the fuel-to-NaK heat exchanger will be manifolded in four groups of six ‘
each. The NaK will flow from these tube bundles out to the radiators which
will be arranged in four vertical banks with four radiator cores in each bank.
The NaK 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 fowr circuits of
the main heat dump system. NeK will be circulated to the Na-to-NeK heat ex-
changer in the top of the reactor where the NeK will pick up from the
sodium the heat generated in the island and reflector. The NaK will pass.
to a small NaK-to-air radiator where it will be cooled and returned to the
pump suction. An expansion tank and by-pass filter will be ‘included, 8s in
the main NeK system. It is planned to have only drain and filter by-pass
throttle valves in the NeK systems, since the NakK w1ll be drained if any ‘
repairs are required. .

As shown in Flg. 3.2, the NaK-t6-air radlators will be mounted in an’
air duct close to the reactor cell. This duet traverses the southwest cor-
ner of the building addition. The rad&ators w1ll be 1ocated at floor grade o

2. W. G- farner ot al., Preliminary Design and Performance of Sodium-
" to-Air Radiators, ORNL~-1509 (Aug. 26, 1953).
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over the NaK pipe-llne pit. Four axial-flow blowers will force 300 000 cfm
of air through the radiators and out through a 10-ft-dia discharge stack T8
ft high. Since the axial-flow blowers will stall and surge if throtitled,
control can be best accomplished through by-passing a portion of the air

" around the radlators. This arrangement required 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 Wwill prevent backflow through the blowers
not in operatlonq Thus each blower will be driven with an a-c¢ motor inde-
pendently of the others, and the heat dump capacity can be increased d&n in-
crements of 25% from zero to full load. An additional L4 £t by 8 ft set of
controllable louvres will be mounted in such a way as to bleed air from the
plenum chamber between the blowers and the radiators to get vernier control
of the heat load.

Heat barriers mounted on either side of the radiators will be required
to minimize heat lossés during the warmup operations. Warmup will be accom-
plished by energizing the pumps and driving them at part or full speed.
Slnce‘apprOXimaﬁely 400 hp must be put into the pumps in the NaK circuits,
this power will appear as heat in the fluld pumped as a result of flubd
frictional losses. A mechsnical power Ynput of 400 hp to the NaK pumps will
produce a heat input in the NeK system of approximetely 300 kw. This should
be enough to heat the system guite satisfactorily with the radiator cores

‘blanketed to ‘prévent 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 (6h-ft2 inlet-face area) filled with 1100°F NeK will

give a heat loss of 30 kw.

Heat loa“ control for the’ low—power range presents some problems. The
plenum chamber préssure with the 4 £t by 8 ft by-pass louvres wide open and.
one blower on will be about 0.5 in. Hy0.- This will give a heat dump capa-
city of 3 Mw if all the radidtor he barriers are opened. Lower heat
loads can be obtained by varying the number of heat barriers opened. Oper-

' - ating the heat barrier doors against a pressure of O. 5 in. HQO (2.6 lb/fta)
sq:should not be difficult.

“re_shells ‘and the pressure shell so that the total amount of heat to be
emoved from the moderator cooling eircuit will be about €% of the redetor
“This must be removéd at & méan NaK circuit temperature of about

»f:lOBOOF 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-dla blower operatlng at about ShOO rpm.

20 Vi B ot R S e i I R ,,Aw et 5 LR e v e g 5 sk

To permlt fairly easy fuel loading and removal, an effort is being made

to develop a good, reliable, relatively simple fill-and-drain system incor-

porating a remotely operable coupling° Such a piece of equipment will permit

The ‘moderator cooling circuit will also remove heat from the
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removal of the fuel from the reacbor and provide considerable flexibility

in the conduct of operations. 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 peprocessing 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
varlous flll tanks and the flu1d systems,

.“*‘ -JA’A\—-L- s ’\'r-

‘ For handllng the heavy, sﬁlelded fluorlde and sodium“EOHtalners nside
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 on.

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. Rach track pair in this area will be mounted on
a 1ift for raising the tank connection nozzle to the contact position within

_the reactor shield.

SRR N S R L .,4'u, . .5;3,« e

Other requirements of the fill-and-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 importamt
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 £t from the tank one week after full-power
operation. The resulting shield weight for a T-ft3-capacity tank will be
about 15 tons. The lead shield required for the 1-ft2 sodium drain tank
will be 5 in. 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 NaK from the radiator cir-
cuits and directing it through a jacket surrounding the drain pipe and
through coils in the drain tank. ’

) Off-Gas Dlsposal 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 passéd through a long charcoal-filled pipe designed so

that no more than 0.001 curie/seec of radiocactivity will go up the stack.

About 4 Mw of the 60 Mw 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 t77*%~ 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 1/4 in. Inconel line 20 ft long
to & 2-in. steel 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

i
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will exhaust from the charcosl 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 ' . Volime Holdup Time Heat Generation
Expansion tank (gas volume) 7 x 100 600 3000
1/% in. line 20 £t long 200 R ¢ 10
2 in. line 50 £t long 3.4 x 10% 5 x 10° 325
2 in;‘izﬁé“1555“f£’16§g”":1 s T T O S
(assuming 1/2 volume 5 L
is charcoal) 3.4 x 10 3 x 10 665

The entire 1050 ft of 2-in. pipe will be in a trench under 6 £t of water for

heat dissipation. Additional shielding will be used as needed.

an If the gases are held up for one or tw88days, calculations sggw that
Kr™ " presents the greatest hazard, since K§8 and its daughter Rb“Y give
out about 2.4 Mev per disintegration of Kr°°. The activity in curies/sec
is '
6 x '107(w) X 3 x ILO]'_O (fissions/sec.w) x 0.0k (atoms/Pission) x \e” At

3,7 x 10-0(a1s/secicurie)

- 1.90x 100 pe At

 For a decay COnstaﬁt of 6.9 2,10‘5 dis/éggnatom and after a holdup time
"~ of 48 hr, there will remain less than 10 7 curies/sec.

7. The amount of activated charcoal reguired to assure holdup of krypton
~ may be evaluated as follows:

1

where ¢ - he holdup time,
charcoal bed, f is the volume flow rate of the off-gas, and K is & 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 liters will be
available. - g '

5; The formula, which was obtained from M. T. Robinson of the ORNL Solid
State Division, is based on experimental evidence.

LA is the leng%ﬁ:%iﬁés‘aféa (volﬁﬁe) of the
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g Since about 0.5 Mw of heat will be given up by the fission products on b
1 the charcoal, the limiting factor will be the heat transfer. Upon entering E
; the charcoal, the gas will be absorbed very rapidly, and the first few feet -k
i of charcoal will soon rise in temperature to around LOO®F. The temperature F
% will start to decrease in less than 10 ft, and,-by the time the gas has passed 3
, through about 100 £t of charcoal, the temperature will be down to near the -F

arbient temperature of the surrounding water.,

A by-pass 1ine’ around the off—gas system is %o be provided for use in
case 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, & vent line will be opened directly to the stack.
This suxiliary vent line can also be msed if fission-product gases leak from

- any of the reactor components into the reactor cell. Monitrons will be pro-
vided at suitgble 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 NaK.
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4, CONI‘ROLS AND OPERATION

Control PﬁlloéOPhy

. point power;

The early ORNL effort %o develop the circulating-fuel type of aircraft
reactor was mot;vated in part by a desirable control feature of such
reactors. Thls feature is the inherent stability at design point of the
over-all power plant that results from the negative fuel temperature coef-
flcéent\of reactivity‘ In a power plant with this characteristic the
nuclear power source is a slave to the turboaet load with a mlnimum of exter~

nal control dev1ces.vw h

This'predlcted‘maStér-Slave relationéﬁip’betﬁeeﬁ the load and power
source was verlfled by the ARE. Controlwise the power plant consists of
the nuclear source, ‘the heat dump (in the case of ART), and the coupling
between source’ and sink (the NaK circuit). Control at design point can be
effected to some extent by nuclear means at the reactor, by changing the
coupling (i.e., changing the NeK flow), or by changing the -load (i.e., the
heat dump from the NaK radiators)

For the ART at design point the regulatlng rod will be used mainly for
adjusting the reactor mean fuel temperasture. In particular, an upper tem-
perature limit will cause the regulatlng rod to insert until the fuel out-
let tempeérature does not exveed 1600°F. This limit will override any normal
demand for rod withdrawal. Furthermore & low NaeK outlet temperature from
the heat dump ‘rediators will sutomatically decrease the heat load to keep
the lowest NaK temperature of the system at no less than 1050°F. This lower
temperature limit will overrlde all other demands for powero

Critlcal experlments will be performed w1th the system 1sotbermal at
lEOOQF Thls temperature ‘was chosen to incredse the life expectancy of the
beryllium moderator.w The méan fuel temperature at design point will be

- 14000F, thé moderator being held at 1200°F. Since the fuel temperature .

coefficient is 5 x 1072 per °F, 1.0% Ak/k will be required to raise the
‘mean fuel temperature this 200°F.

fThe total worth of the regulating rod over 1ts stroke will be about

R 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 thls ohapter) 1n compensating for burnup and flsszon-

" product poisoning.’

: sign-poin rang (from 20 %o 120% of desxgn—
which is the useful range for an aircraft power plant), a
manual change in load demand or in operatlng 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 3.33 x 10~* per second.
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This will rdise the fuel outlet temperaturé at the rate of 12°F per second

until the meximum fuel outlet temperature of 1600CF is reached, at which
point the temperature limit will hold. In this range a permissible load

‘chéinge 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 changlng the air flow over the

Nak radlators.

Control ‘of the ART is class1f1ed in three dlfferent categ Yes of
operation: namely, (1) startup, (2) operation between startup and design
point, and (3) 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 mist

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 "gscrams? that are con-

ventional in. princlple. Experimentation 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 t interlocks that are described in

a following sectlon of thls chapter.

Fission hambers and compensated ion chambers will be located beneath?i%°¢'

the reactor shell between the fill and dump tenks 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 thése chambers will run radially out from the centerline of the system.
From four to six such holes will be available. Chanber sensitivities will
be adequate for the entire range “of nuclear operatlono

' The fuel expans1on chamber is a key item in prov1ding safety for the
ART. The fuel temperature coefficient of reactivity provides stability
for the system by the expansion of fuel from the critical reglon. Adequate
expansion volume will be avallable atiall {times,

Scram-System

A conVentional scram system achieved by'droﬁping poison rods into the
critical lattlce will not be used with the ART. The reasons for elimina-
ting this feature are the follow1ng ' I ’

1. In the de51gn<point range described, analysis shows that llmlting
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 w1thdrawal and a limited rate of load increase near the design point

in the ARE gave a minimum period of about 10. sec... The same technlque will be
used on the ART°
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Short periods, of the order oi‘ ‘1 sec, can occur in the design-point
renge only in the event of structural failure. The total Ak/k required in

" the rod to override an increase resulting from such failure cannot be ob-

tained from one rod nor could such a rod, were it available, be inserted
fagt enough to prevent s serious accident. The temperature coefficient will
react so rapidly “that it will 1imit the signal which would normally actuate
a scram, except for an extremely high rate of increase in reactivity. It
has not been poss:Lble to devise a control system that would react rapidly
enough in such cases.to prevent the accident. Therefore, in the design-
point reglon the conventional scram would be of little merit.

2, For the '1nit1al loading and eritical experlments a scram system will,
be used, but it w111 not ‘involve dropping the one control rod. The method
degcribed 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 screm, or
any of a number of failures in the system, and the signal will be supplled
through an auetion circuit in the conventional manner,

Essentially, the safety of f.he system lies in the procédure of adding
fuel in a subcritical external loading tank and forcing it against gravity
into the FTuel systemo This will be done by pressurizing the loading tank
with hel::.mn through a valve which will fail closed. Two parallel helium
outlet “1ines from the loaél:mg tank to the off-gas system will fail open. All
Zeroc pover tests and ‘measurements will bé made with the valve between the .
1oad1ng tank and the reactor locked open, and the signal from the auction
circu:.t will’ a.ctuate the solenoid in the helium-pressurizing system in the
manner descrlbed ‘above.’ Actually, two parallel dump lines, one to the fill-
and—draln tank and one to the emergency dump tank, will contain valves which
will be actuated s:.multaneously on the dump signal from the auction asmplifier

- clrcu:.t. Thls ‘system has the merit that if too rapid addition of fuel to the

system’ causes a shor'l: pernod reversal of the operatlon will reverse the per:Lod°

i%“f?dded o the sys‘bem. "The helium system can be designed so that it will fail
afe, 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

multap.eously fail to open in the conventional ‘rod-dropping reactor scram.

Startup i S e SRR

A rather close estmte of the critical concentratlon shoald be avall- ‘
able from the hot critical experiment so that 80% 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 £ill tank up into the reactor by means of helium pres-
sure. The scram clrcult will be a.vailable s 88 described previously. The
rod will be inserted for each step, 8 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 suberitical multiplication as a function of uranium
concen’bration. A polonium-beryllium source of approximately 15 curies strength

, will be installed in 'bhe <*entral 1sland of the reactcr to provide neutrons

for startup.
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Before beginning the critical experiment, the speed of the pumps will
be set so tha.t the flow through the core will be about 50 gpm. Thus over
one-half t.he delayed neutrons will be available for control while going
critical The whole system is %o be isothemal a.'b 1200°F

Control for zero power operatlon (rod calibration, fuel enrichment,“
determnation of the temperature coefficient, etc.) will be manual with the
maximum rod ‘speed providing a rate of change in Ak/k of 3.33 x 10~* per
second. - Overriding the manual rod withdrawsl will be a 5-sec period rod
reverse and a l-sec period fuel dump by relievmg the helium pressure in
the loading tank, as described above.

“A holda.ng gervo system will be used at zero power for exper:unents re-
quiring constant neutron flux. Operation with the servo system will be
essentially the same as that for the ARE. Limits will be maintained on the
rod speed, and overrides will be maintained on period a.nd tempera‘bure. '

, 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 to 100 watts. The pumps will be stopped, and the reactor will be al-
lowed to go on a period. This 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 rod
will be inserted to drive the reactor suberitical. Sufficient uranium will
be added to give about 0.5% excess reactivity. The pumps will again be
stopped and the reactor will be brought to about 10 watts; the rod will be

- withdrawn; and the reactor will be allowed to go on a period until a level

of 1 kv is reached. The pumps will again be started, and the rod will be

- - inserted to drive the reactor subcritical. This procedure will be repeated
%0 give 2 or 3 calibration points on the regulating rod. Since a similar
- rod will have been carefully calibrated in the hot cri‘c.ical experiment, only
a. few rough check po:mts will be necessa.ry. '

rrrrr The power level will then 'be elevated o abou'h 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.
The pump speed will then be increased so that the fuel flow rate will be
increased from 50 gpm to the design flow rate of 1200 gpm. This will cause
a decreage in reactivity of the order to O. 2% Ak, and the rod will be with-
drawn accordingly. The reactor will 'bhen be ready to del:.ver power.

The negative fuel 'bemperature coefficient of the ART 'ma.kes manual con-
trol mandatory in taking the reactor from zero power to some power at which
the temperature coefficient provides stability while the reactor gets its -

., power demand from the load. Accordingly, a single operation procedure for
L every’ “operation in this range will be followed, The load will be interlocked
“""go that permission to start adding the load will come only when a compensated

ion chamber current reaches some prescribed value. This velue will be determ-
ined in the manner described below the first time the reactor is taken to power.
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With all loop flow rates at design point and the reactor at about 10
kw and isothermal at 1200°F, the regulating rod will be withdrawn until
the reactor is on a positlve period. This period will gradually increase
until it becomes infinlte end finally negative because of the temperature
coefficient.” Meanwhlle, both the log N and micromicroammeter readings will
go through a ‘maximum. This maximum log N reading will provide the signal
to permit opening of the heat barrier doors to the NaK radiators. Natural
convection from the radiators with these doors open will be about 300 kw.
Accordlngly 'if these doors are opened when the log N 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 restrlcted to the value clted previously. ,:

If after shutdown the flux exceeds the log N reading requlred to open
the heat barriers, openlng “of the barriers will not "shock" the system
even though the reactor may be subcritical at the time the doprs are
opened. If on the other hand the flux is too low to permit opening of the
barriers, there 1s only one procedure for getting perm1ss1on. -

Design-Point Qperation

‘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 NeK, 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 1600°F ..or fall
‘below the minimun tempersture of . 1¢500F., 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 means can be determined only by operating the power plant.

However, experience with the ARE has indicabéd that less than 1% Dk/k of

fthe’regulating rod will be needed to cope with the xenon that is not re-
€ ”Should the purging be much less than is anticipated, +the xenon

The low-

ensate for burnup w1ll be accompllshed by
;addlng'fuel'incthe formyof high-U235—content "pills" of solid fluoride
U,,’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 meghanism will be carefully designed and
tested to make it jam-proof and incapasble of ejecting all its pills in
one gpurt. It will permit the 1ntroduction of only one plll at a2 time to
the reactor system.
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The total burnup is equivalent to about 2.5% Ak/k. The capacity of
the pill machine will be such as to hold no more pills than that amount

‘equivalent to 2.5% Ak/k. Accordingly, the rod will always be capable of
overriding any fuel addition. Furthermore, the rate at which successive
'pills can be added will be much less than that which can be effectively ecan-

celled by movement of the control rod. Compensation for burnup and fission-
product poisoning cen be accomplished by both comtrol rod withdrawal for

Vfine control and by fuel enr:.chment for coarse control.

o The best"'chon.ce :E'or a p:.ll material is the compound Te. UF5. “This was =~
used as the enriched fuel componen‘b for the ARE test. Its melting point is

approximately 1160°F, and its solid density at 1000°F is about 4.9 g/em3.
It is composed of approximately 60% U235, 119 Na, and 29% F (by weight).
Several pill dispenser (and container) designs have been prepared that are
based on the use of pills 1/2 in. in diameter by 1/% in. thick. Pills of
this size have a volume of 0.80 cm3, they weigh 4.0 g, and they contain about
2.4 g of U235, The rate of pill addltion required to maintain & constant
reactor fuel 1nventory will thus be 0.5 pill per Mwd of operation. For
operation at & power level of 60 Mw, this will require the addition of 30
Pills per day, or a total of about 1200 pilles for the 1000 hr of full-

power operation. .
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An 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 resuliing from operational or equipment failures,
and fluid leaks, as well as the nuclear and chemical hazards peculiar to the
cycle. The dispersion of airborme activity, either from the ‘off-gas system
or following a hypothetical accident in which all the fuel is volatillzed,
is descrlbed in the following cha@ter, "Disper51on of Airborne Activity."

The radioactivity of the ART will be 1nherently 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 1ntact and the acc1dent would he safely contalned.

Some con51dera$10n has been glven to cases in whlch 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 bomblng or
sabotage.

Radiation Dose Ievels

The radiation dose levels to be 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 airchaft-type reactor shield designed %o give

" 1 rem/hr at 50 £t at full power, (2) the reactor cell steel and water walls,

(3) 16 in. of concrete block stacked around the reactor cell to a height of

- 10 ft, (k) 16. in of concrete block stacked between the reactor room and

~ the maintenance shop and between the reactor room and the former ARE main
testibay, (5) concrete block stacked around and on top of the air duct for
aK-to-air radiators in such a way that the equivalent of 12 in. of
A rete will be imposed along any radlal line extending outward from the
;"radlators. ‘ .

The concrete blocks to be stacked around the perlphery of the reactor

, ‘room and around the ajir duet and radiators are intended to provide

“shieldlng in case a fuel leak developed either into the reactor cell or
into the NakK systems. _
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' NORMAL OPERATION DOSE LEVEL DOSE 1EVEL (rem/hr) WITH DOSE IEVEL (rem/hr) WITH
(rem/nr) 1% OF FUEL IN NeK IN RADIATOR ALL FUEL IN BOTTOM OF CELL
15 min 0 days 15 min days 15 min 10 days

Full After After Full &  After After After After
Location Power Shutdown shutdown Power Shutdown Shutdown Shutdown Shutdown
Reactor shield . . 5 5 L "
surface 100 4 1 % x 10 10 2 x 10 ¢ 07 - 2,x 103
~ Qutside reac- ) - N , ‘ é;
tor cell 10 b x 10 10 1500 500 120 60 .15 : (I
Outside reac- " -6 -4 '
or room 10 k x 10 g Xo) 3 1 0.25 - 0.3 0.08
control room 1077 »x10°T 1077 0.6 0.2 0.05 0.0 0.01
Road 5 x 107 2x 10"6 5 x 10”7 0.6 0.2 0.05 0.1 0.02
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o As ma,y be seen from ‘I.‘ab...e 5. l 3 the réadtor 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 postulsted 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
Ai:cborne Activi‘by.“ s " -

. Sj!_yp:.cal Operatlonal and E‘q’ 1 ggen'b Fa.ilures

‘ There ar y "number of operat:.onaﬂ. or eqa:.pmen‘b fa:.lures that can be
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 reduired in order to minimize the hagard is stated. In all cases,
as will pe shown 5> 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 operab:.lity of t.he dmxx_p system must "be assured.

Fuel Freeze, Exceselve coclmg of the pr:.mary NaK clrcuit could. cause
fuel to freeze in the heat exchanger and stop the flow of the fuel. The
Heat exchanger wculd not be seriously dameged, but some cracks might form

in tube walls. Because of fuel flow stoppage and consequent lack of cool~
ing, the temperature of the fuél in the fuel circuit would rise 13°F/sec
(boil in 2 min) as a result of fission-fragment decay heal, which will be
3800 Btu/sec (6% of power) immediately upon cessation of cooling in the
circuit. In the reactor structure, the cooling available from conduction
after d.umplng of the fuel would not be adequate 50 keep pump blades, wells,
and other points where fuel might be irapped from being raised to fuel
vaporization temperabure. Excessive cooling in the primery NeK circuit
“would, therefore, requirée that the fael be Auauped.

aK c:n.rcul'b could

o se sodium to freeze in a sod:.um-‘to-NaK heat exchanger and stop flow in
the_ moderator” coel:.ng ‘circuit. The temperasture of the beryllium moderator
.5°F/sec at full-power operation and..1°F as a result of

of "activated materials in the moderator reg:.on. It would be
" to dump the fuel immediately.

ing, ) nd pressure

5" would. e the possible causes o:E structural failures. If a pressure
caused. & 0.020-in, expansion of the outer core shell, there would be
a redctivity change of +0,002. If the outer shell were to collapse under

: ¢ssive exterpal pressure.load, there would be a large reactivity de-
i 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
products; hot, highly radiocactive fuel and abtendant decay heat; and NaK.
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A fallure in the fuel-to-NaK heat excha.nger wou.ld cause a NaK or a fuel

E - leak. Deformata.on in the fuel»-’co-NaK heat exchanger would possibly result

: in sl:.ght changes in pressure drops and heat “transfer characteristics. It

~would probably be necessary to dump the fuel if any of these postulated

: even'bs occurred, with the poss:.'ble except::.on of slight deforma‘b:.on in the
fuel-‘bo-NaK hea‘b exchanger. A

, : Pumg Fa:.lures. Loss of power 'bo pump dr:Lves 3 “as well as se::.z:.ng of
shafts, bearings, or impellers, could cause pump stoppage. If one of the
two fuel pumps stopped pumping, the fuel flow patiern would be altered and
: roughly one-half the fuel-to-NaX heat exchanger would be starved. 'There
a . would be a consequent reduction' in power output. If both the fuel pumps

' failed, fuel flow would stop and the fuel temperature would rise. l5°F/ sec
because of fission fragment decay heat (see item on "Fuel Freeze" above). g
If only one fuel pump failed the fuel would be dumped or the reactor would
i be operated at reduced power; if both pumps failed it would be necessary to -

dump the fuel. 4

»

:

: If one sod.:.u.m pump fa.:.led at full power opera'b:.on » th.e temperature of
the sodium would rise 0.25°F/sec 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 r:.se C. 5°F/ sec,
and 11: would be necessary to dump the fuel. »

The :E'a:.lure o:E' one NaK pump in the pr:.mary heat exchange c:.rcult would
red.uce NeK flow and consequently reduce the reactor power output. As with
other pump failures, it would be necessary to dump the fuel or to operate
the reactor at reduced power. If all the NaK pumps in the primary heat
exchange system fa:.led, the fuel temperature would rise 13°F/ sec (see item
on "Fuel Freeze" above), and the fuel would be dumped immediately. Fail-
ure of the NaK pump in the moderator ‘cooling circuit would ‘cause btempera-
tures of the sodium and the beryllium to rise O. 5°F/sec. As in the case of
the sodium pump failures, it would be necessary to dump the fuel.

~ If the pumps for prow.d:z.ng cool:.ng 011 'bo the pumps were to :E‘ail,
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 aux:.l:x.ary pump and’ repa:.r-
ing the pump ’cb.a.t failed. .

Elec’hrleal Power Feilure. An emergency power supply w:.llbe afailable
and all .instrumentation 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
pump, one sodium pump, one NaK pump, one blower, and all the necessary in-
struments. This equipment will be sufficient to prevent excessive tempera-
ture rises from the-fuel afterheat. All possible measures will immediately
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 dnmp ‘bhe fuel. :
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Fuel Channel Hot Spots. Flow separation in the core or fallure of
the core-shell coolant system could cause hot spots in the fuel channel.
In this event there would be 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 bo:n.l:.ng ceased, or, if necessary,

the fuel would be dumped.
Exéeééiire FuelFeed. 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 1b of U2 intro-
duced insta.n'be.neously would make the reactor prompt critical. A Ak/k of
0.002 would occur and result in an immediatbe fuel temperature rise of LO°F,
The reactor would qu:.c}dy level out at the new temperature. If the equi-
librium temperature were excessive, the fuel would. be dumped

Fuoel Fl]l-a.nd-Draln gystem Failure. The fuel fill-and-drain sys*bem

mlgh'b fail 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 nonradicactive fuel would
be dra:_ned on the floor of the reactor cell. In the event of an emergency
drain of radiodetive 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 NeK 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,; radiocactive
fuel, as described in a following section. If it were desired to drain the
rad:_oact:_ve fuel under normel operating conditions and drainage was pre--
vented, it would be necessary to cool the radiocactive fuel with the normal
heat removal system until the decay heat had dropped sufflc:.ently to permit

shutdown of the NaK systen.

NaK Circuit Heat Dt;_;_g}g Blower Failure. I:E the blowers falled, heat loss

' froin the radiators would be by nabural convection only and would be sbout

.3 Mw. Fiss::.on:.ng ‘would stop in the reactor, but the fuel temperature would
rise lO”F/ sec because of decay hea.":.. In this event, the fuel would be

etween the various flu:Ld systems can g:l.ve r:Lse ‘bc some

| of the most serious accidents that can be postulated for this reactor sys-

tem, it is important to examine the conditioms which could cause a leak,
the ‘reactions which would subsequen‘bly pecur 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 oceur 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.

e

s

Ty Cmwmy -

T Fe— 1

TP renTT

=

R S

R e p——

T e T



it e

LRl b g B R

~38-

The corrosion process is discussed in Appendix C. From the test data
included there, it is estimated that the corrosion penetration in the hot
zone of the ART would be of the order of 15 to 18 mils if no reductions,
in comparison with present experience, can be effected in the corrosion
rate. The wall thicknesses to which the fuel is to be exposed will be

125 mils in the core and 25 wmils in the heat ‘exchanger. In the core the

wall thickness is believed to be ample; in the heat exchanger the metal
would sustain a steep temperature gradient because of cooling by the NakK
s0 thet the penetrations given asbove may not apply. However, should com-
ponent tests fail to justify this assumpt:.on 3 heav:.er tub:.ng will be used.

If a leak, either from corrosion or fatn.gue s did occur, various chemi- *

cal reactions could occur between the fuel and the Na or NeX, 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 are dependent upon the assumptions
made regarding the leak size, extent of completion of the reaction, and the
prec:.pitatlon of insoluble particles. The most severe case mag:.nable is
discussed in a i‘ollow:.ng section entitled "Accidents Causing Rupture'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 sod::.um, 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, UF5 would be produced. The reactlon could continue
until metallic uranium wes 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 d.u.mped. as soon as possn.'ble.

Fuel Lea.k Into the Heat Exchanger. A leak in the heat excha.nger would.

- either admit fuel into the NaK system or vice versa. A fuel leak into the

NaK system would increase the activity outside the primary shield, while a
NaK 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 NeK system would be the more hazardous; therefore -the
pressure of the NaX in the heat exchdnger will be maintained higher than
that of 'bhe fuel in the fuel system.

Accerd.lngly, a leak in 'bhe hea'b exchanger would probably result in NaK
’én'ber:.ng the fuel. As with sodium, UFz 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 dumping the fuel and no hazard would result.
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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 :L’a.cility with as much as 1% of the fuel in the NaK system are given
ebove 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

) ; aks, In addltlon %o lea.ks involvmg ‘the :E’uel,
the Nak systems 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 Nak, wha.le ‘a NaK leak into the sodium system would
decrease reactivity in the core, since potassium is more poisonous te the
reactor than sodium is, Neither of the above sitnations presents a serious
hazard and would require only tha'b the systems 1n quest:.on be dralned.

_ In ; nal 2K leak to a:Lr, “the resulting fire weuld
release some ac’c:.v:.ty (35 cur::.es 0 max:.mum) The system would be dumped and
the fire would be exbingumshed.. e

: Sod.lum or Na.K Fires. With regard to fire as a, bazard, the bu:.lding
(Figs. 3.1 and 5.2) carries a Uniform Building Code fire rating of 2 hr.
Inflammsble 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 1600°F)
opera‘l;:.ng 'bempera‘bures involved., However, except for the use of Na and NaK
as coolants in the system, éven the high temperatures (in the absence of
combustible ma’oera.al) present no hazard.

Ehe possibll:.tles" %% s 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 potentia.lly dangerous reactions of NaK
and water are greatly red.uced in the absence of oxygen. A NaK leak external
to the cell would, howéver, résult in a fire, and therefore the Alkali

Metal Area Sai‘ety G’uidel will be employed. Materials which will safely
extinguish a ¥aK or “Na fire are graphite powder and AnsulqutnL-X (sodium

T ‘chlor:.def coated to prevent the absorption of moisture).® Adequate quanti-

materials m.ll be kept a'b convenlent loca.t.:.ons.

Since such conventlonal extlngulshers as"water 3 002 ,’ and. sand. should
not be ‘applied to a NaK fire, the conventional sprinkler system has ‘been
,m_ltted from the design of the building; however, a f:.re hydrant on a 6-:m.
“maln is prov:.ded 20 ft :E'rcnn the bulld:.ng. &

T- P, T. 11, AIkali Welals Ares Safety Guide, Y-811 (Aug. 13, 1951).

2. A trade compound developed by Ansul Chemical Company, Marinette, Wis.
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Acc:\.dents Caused by the Na.‘bural Elements

As & consequence ‘of the partz.cula.r 'Ideation of the ART and the type

and material of comstruction in the building, there is little probability

“of any da.mage occurring from natural elemen’cs which ceuld create a hazard.

’ Floods a.nd Ear'bhquakes. Ne:.ther £loods ot earthquakes present a

serious hazard to the ART. As a consequence of the particular topography
selected for +the site, a flood, and therefore flood damage, is impossible.

' Further, the data on the frequency and severity of earthquakes in the Gak

Ridge area show that the probability of earthquake damage is extremely
small (see section on seismology of area in Appendix A, "Characteristics
of Site") .

Uniform Building Code cr:u.teria. These criteria provide for design against -
wind loads of 20 lb /ft (about 100 mph) without exceeding the allowable nor-
mal working stress of 20,000 psi in the steel structure. A review 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
ART.

Nu.clear Acc:.d.ents'Caus:Lng Ru;p’cure of the Pressure Shell

It is a.lways instructive to consn.d.er the consequences of what mlgh’c be
considered the worst conceivable nuclear accident., Therefore the es*b:.mated
reactivities from various changes in the reactor are given in Table 5.2.
From this table it may be seen that a Ak/k of 0.09 is the highest that may
be expec‘bed. It is then necessary to consider the maximum rate at which
this or any other Ak could be introduced into the reactor.

'.EABLE 5 2, ESTIMATED REACTIVITIES FROM MAJOR CHANGES IN BEAC‘I‘OR

Total va.lue o:E‘ control rod o 005 Ak/k

Control rod motion 7 - o 00033 (Ak/ k)/ sec
" Tempersture coefficient of " 5
reactivity : -5.5 x 10 (Ak/k)/"
Re’mov’al’ of sodium from passages -
* through reflector | .0015 Ak/k
Removal of sodium from passages o
through island 40,0005 Ak/k

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

Be R. L. mrers and J. Z. Holland, A Me‘beorolggg.cal Survey of the
G)ak Ridge Ares, 0-99 (Nov. 1953).

Windstorm. With regard to windstorms, “the building is designed to the
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It has been possible to conceive of two extreme situations which
appear 0 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 cooang passages ‘replacing the sodium. A third

" situation-~one in which the beryllium reflector melts and mixes unlformly
‘with the fuel-~was exammned but it developed that this accident would

not give nearly as large a rate of increase in keff because the high heat
capacity of the Peflector would keep the berylllum 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 rupture
as a consequence of other accidents, is examlned.

The 1nvest1gat10n of these two extreme nuclear acc1dents may be sum-
marlzed as follows’

Gk l. The 1nherent stablllty of c1rculai1ng~flu0r1de-fuel reactors
derived from their high negative temperature coefficients make the pro~
posed 60-Mw reactor self-regulating even for extremely rapld changes in

eff'

i 2; Even 1f the pressure shell were to be ruptured as & result of an
extremely high rate of increase of keff-[ho% (ak/k)/sec] , the pressure
shell fragments ejected would not pierce the 1/2~in. wall of the reactor
cell. . ‘

5. The radlatlon 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 NeK system, i.e., only 0.0k rem/hr in the control room 15 min after the

accident (see Table 5. l)

e Fuel Prec1p1tation in the Core.f

‘this hazard that (1) all the uranium fluoride in the fuel is reduced to
ium, (2) this uranium preclpltames out in the core as fast as it

" "is formed so that mo uranium leaves with' the exit fuel stream, and (3) the
. rfuel flow (and hence uranlum flow) 1nto the core is maantalned at the max1-f

this case have been conceived

~of the power surge

 and4c-

C his pressure rise would “be
propagated ‘with the veloclty‘of'sound,'i.e.;“at“a “high rate compared w1th

-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.

dhiiiiio i s R SRRL AR R Y TEEWETC T g T

oo r NaK leak’k
into the fuel system, uraniom might be formed which could ‘deposit out id -
the core (Appendlx C). It has therefore been assumed for consideration QﬁJﬂ

ace 1n the follcwmng manner, " The power and hence the tempera- '
k ‘xpan51on of_the fuel and an‘increase in the -
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If boiling does take place, the heat of v&porlzation of the ZrF) is
40 keal/mole.

~ This acc:.d.en'b ‘has been considered analytically in Appendix D and by

‘& numerical approach in Appendix E. The results of the two methods are

reasona.bly ‘consistent and are summarized in Fig. E.l 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 which

fuel Would ‘pe pumped into the core. If the pressure shell should rupture,
the reactor fuel, and sodium would be spewed into the shield where they would
mix and’ react with each othér and with the -shield water.'«The resuliing
chemical resctions are discussed in Appendix B. As may be seen in this
Appendlx &all the chem:.cal 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 e:@losion becomes a
pessibili‘by. R

Fuel in Moderator. ~TIf the Bodium’ jpi'eé'é?ﬁr'é” is not mé.intaiﬁed higher

 then that of the. fuel in the core, fuel would énter the moderator region

in the event of a ¢ore 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 beryllium at a rate equivalent to that given by the sodium
velocity. While the cooling passages would probably plug close to their
inlets it is interest:.ng to construct the probable course of the accident
if it is assumed that no plugging occurs. The initisl fuel velocity through
the passages would be 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 be 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 1/7 of the
corresponding value for the core. The volume .of thase passages is about
0.16 £t3, as compared with 3 £t in the core. The increase in kKerr if fuel
filled;'the passages in the reflector and island has been computed to be
0.09.. The 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-

‘pérature 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 be at least ‘hwn.ce ‘the avera.ge

va.lue in the core.

TN

Calculatlons were made for this case, except that the rate of 1ncrease
in kepr was taken to be twice as great to give a truly extreme case. In
this instance the power was found to rise to about 6000 Mw in gbout 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 i‘uel would have reached a temperature of about 300°F above normal, the
reaetor would then be on a 20-msec negative period.

it
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to rupture the reactor cell unless, possibly, oxygen was present in the cell.

o Penatrablllty of Reac or Cell by Pressure Shell Fragments. The pressure
shell will be constructed to burst open at a pressure ‘of 1000 psi. The
; velocity, V, ‘of fluid escaping through a crack if rupture should occur at
' thls pressure can be computed as follows: '

f’ vo-EE

where g is the acceleratlon and H is the height of a fuel column giving
1000-psi pressures With a fluid density of 200 Ib/ft5, th;s helght Would be

i | RER 1000 ‘(1b/in.2) x 1ik (1n°2/ft2) =' 720 £ |
SRR - 200 (1b/£67) -

and

L

215 fps .

LY = \Ta x 52 2 (f"c/secz) x 720 (ft)

"*‘z

Thls veloclty of 215 fps is certalnly a reasonable one and should not glve
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 rupture. This velocity has to be
compared with the velocity required to penetrate the 1/2-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 1/2-in. steel plate by such a
sphere is roughly 380 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
ktank 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.

Ac01dents That Might Rupture‘the Reactor Celléfii'

It was demonstrated in the precedlng ‘section that the reactor cell will
be. ruptured &s 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 materlals in the Tédetor and in an oxygen
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 995%
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nitrogen. The oxygen concentration will be monitored, and the instrumen-
’ca‘bion will be interlocked (durlng power operation) to dump the fuel when-
ever the oxygen concentration is greater than 1%. It then appears that the
only means by which both the pressure shell and the.reactor cell could be
ruptured simultaneously would be as a result of bomb damage. The possi- .
bilities of such a bombing, either by ssbotage or aerial bombing, are re-
mobe. 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 d:.scussed in the following cha.pter on “D:Lspers:l.on of Airborne
Act:w:.ty. ‘

ST gzdro%en Explosion. In considering the various chemical reactions (see
Appendix B), one way that the reactor cell might conceivably be ruptured

would be by a hydrogen explosion following the reaction of the sodium or NakK

, mth water in an air atmosphere. As mentioned above, nitrogen is to be main-

tained w:.’chin the reactor cell once any apprecisble radicactivity 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 NaK drain valves if the oxygen concentration goes above 1%.

‘l‘he energy produced from the various react:.ons ’ 1nclud:x.ng those requ:.r-
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
NeK 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 cell would reach 18l psia..
0bv1ously, this is an overestimabte because considerable heat would be re-
moved by ‘the surrounding water dur:.ng th.e course of the reaction.

" TABLE 5.3. SOURCES OF‘ENERGY

ﬁeat from reaction of 1000 1b of Na" “ ’ 6' ’

. and. NaK W:Lth water ‘ " 2.07 x 10™ Btu
Heat from react:.on ‘of hydrogen with
available oxygen in air-filled 6
reactor cell _ 1.56 x 10~ Btu
Heat from reaction of 1000 1b of Na 6
and NaK with air , 2.90 x 10 B‘bu
- Heat from reaction of 1200 1b of 6
~ zirconium-base fuel with sodium 0. 98 x 10° Btu
Hest from extreme nuclear accident 0. 3 x 106 Btu

"f”Flssionaprodnct decay heat emitted
-~ ‘during first 2 hr after shutdown 6 _
(assum1ng no f:Lss:Lon-product remova.l) 8 x 10" Btu

S N :
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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 tb.e wa.lls of the reactor cell., Of the 181 ps:.a only part, or
66 psie., arises from the hydrogen-oxygen reaction. If it is assumed that
the pressure increase assoc:l.a.ted with detonat:.on is twice the normal pres-
sure rise, or 132 psia, and that the pressure from all reactions prior to
the explos:Lon is not relieved by heat removal by the walls of the cell,
then a peak pressure of 247 psia would result. This value is about double
that for the case in which a n:.trogen atmosphere is malntained. within 't.he

tank.

m an P robabil:_ty the h;Yd-I' ogen Would ‘burn as Al'b was ‘formed from the

NaK-water reaction. The simultaneous oceurrence of several unlikely events
would be necessary for an éxplosion; namely, the oxygen absorbing and moni-
toring system would fail, an air leak into the cell would occur; a leak
between the sodium or NaK and the shielding waber would occur; and the
hydrogen would not be ignited as it was formed but would react only after
the major part of the NaK-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 wall and the water surrounding 1’&.

Da.mage From El oh F.hgolos:wes. Blom.ng up of the ART with explos:.ve
charges set from withln 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 pro‘bect:.on against
external explosions. However, the successful placement of an explosive
charge within the contalner dur:.ng servicing operations could be effective.
In that event, the reactions of the reactor fluids, including the shield

 water, would take place as d.eser:.bed in the preceding section.

of exp osz.ves"were detonated just

> the reactor cell it would be possible to ruptures both the pres-
ell ‘and the reactor cell so that the :f.'lssn.on Product activity in the
eleased and a most serious situation would result. Both

“vessels might also be ruptured by aérial 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 conteiner,
,la’sed location in regard to possible hazards to other installa-
thickly settled areas must be taken into account. A bombing

“attack would most” cer‘baixﬂ.y be expected. under Wartimé conditions, and ap-
prepr:.ate measures could be teken at that t:une shou.ld the eventual:.ty oceur.
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Effectiveness of the Reactor Cell in Containing Hazards

No allowance for the temperature r:.se of the atmosphere within the
double-walled reactor cell associated with the release of fission-product

‘Calculations were made to ineclude this factor as

well, and it wes found that the’ tempera.tures and préssures would fall off

slowly after the accident.

Thus these values represent meximums; any

severe accident would almost certainly involve marked quenching by the
shield wa.ter 9 proba.bly to the extent’ that little pressure and tempera.ture

rise 1n the tank would be exper:.enced.

it -
JEes

One of the main reasons for surrounding the inner ta.nk with a thlck

. layer of water was to provide a simple, positive cooling system.
- heat load likely to be thrown on this cooling system would be that resulting
 from discha.rge 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.

ness of fuel and a 1/2-in.-thick steel plate tank bottom, it can be shown

‘bha'h'
Power density in salt from flssrorl-product a.ct:.vity ' D
1 min after 1000 hr at 60 Mw = O. 33 x 300 10 w/cm
Heat release rate from 2-in.-thick layer 7,000 w/ft
; , : .. 160,000 Btu/hr'ft
;43t in steel plate boo% T
At in water film 1o°F
At in fuel la.:;rer (assmng no convectlon) | lioo%
Ares of layer agalnst shell - 36 £12

Amount of vater required to absorb 8 x 10

of Btu

(heat from fission products in first 2 hr)

If 1ts tempera.ture rise is 130°F

I:t‘ 1ts temperature rise is 130°F

a_nd 11; vaporizes

< Amount 8f water required to absorb a total of
Btu (heat from fission products in

.- 20 x 10
: next 22 hr)

If its temperature rise is 130°F

If :Lts temperature rlse is 130°F

and it vaporizes

20,000 1b (32 ft3)

The worst

For this thick-

2

62,000 ib (1000 £t3)

8,000 1b (32 £85)

15u 000 b (2500 ft3)

= '""m" ‘\grw‘w"v*r-("" o e
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Amount of water in 27-ft-die outer tank 1,000,000 gal (14,000 ££3)

Amount of water in 27-ft-dia disk 1 £t thick = 4,200 gal (570 £43)

Actually, any accident severe enough to dump 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 meens for absorbing the heat evolved in any accident,
no matter how severe. No pumps or other motor-driven eguipment would be
réequired and, even if the electrical power supply were ito 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 coollng

of the cell walls.

Comparison of Various Reac‘c.or Assembly Containers

Because of the mpor'bance of contaming the products of a rea.ctor
accident, several different potential reactor containers were examined. A
comparison of key data for the most promising types of container is given in
Teble 5.4, and the worst set of conditions applicable to each case is pre-
sumed. As may be seen, the reactor assembly cell proposged 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 inmner and the outer tanks were Tuptured 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 1evel» /

at the top of the pit. After careful review of these and a host of lesser
considerations, the 2h-ft-dia dou’ble—walled cell was chosen as the most
v promising test fa.c:.l:.ty. T E _
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TABLE 5.4, COMPARISON OF HAZARD DATA FOR SEVERAL TYPES OF REACTOR CONTAINERS o

oli-Pt~Dia 200-ft-Dia l1l5=£4-Dia-

Double-Walled . { spherical +e
Cell with 1l-ft - Ellipsoidal Hemispheric !

Straight Section Building Bullding
Heat released, Btu 2.4 x 100% 107 107
Container volume, ft3 12,230 l.2x 106 0.k x 106
Container surface area, £t> . 2,640 b3 x 10% 2.1 x 10"
Peak gas température, °F 2,792 | 130 220
Peak gas pressure, psig 118 1.k 3.9
" Required shell thickness, in. 1.0 | 0.15 0.09
(for allowable stress = 18,000 psi) . i
. Weight of steel in immer shell, tons 36 L3hsex - ko X
* e flss:.c;n product afterheat was not included in calculating ‘

the peak gas btemperature and pressure for the double-walled cell
because adequate cooling had been pravided. )

Includes steel framing.
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_ 6, _DISPERSION OF ATRBORNE ACTIVITY:

‘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 materisls 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 heateéd air produced by
the process systems will give very large plume rises in winds under 10 mph.
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 desz.rable in some emergency s:Ltuatlons.

In the calculatlons ‘for an accidental release, a va.lue of about 6 x 108
cal was used as the minimum amount of heat which could cause all the fission
activity to bé given off in'a gaseous cloud. The total activity present was
then assumed to be that given by Mill's fc'rm.u.la.,2 even though ARE operation
indicated that some of the act:n.v:.ty was coutinuously removed and therefore
not available to the disaster. This activity will be safely dispersed from
a hot daybtime 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 follov, ‘both for the case of the discharge of activity up the stack
and for the d:.spers:x.on of activity from a disaster, bave been conservatively
ktaken a{;;every step. The result:.ng safety factors combine to effect indi-

} ‘na}aly be expected t0 occur. . Since it waould become
s if this conservab 1sm were to be noted for every situ-
= e.t:.on kin “the foll@mng se«.t:.on » the more. pertinent factors are l:.sted. and

o ( s‘ per mnute is used, ‘even’

£ ough This is the breathmg ra'be for ‘an“exéited man and such a rate cannot
be ‘ tained by an individuel over a prolonged. period. The krypton toler-
© ance of 6.3 x 10"5 curie/md for conmtinuous exposure used in the calculations
gives only 300 mrem over the duration of the test (1000 hr). No decay was
taken in the kryp‘bon activity after 11: left the holdup system. :

1. Most“;cz—f this sé?if:.on wé.é:ﬁitten by R. F. Myers and D. R. Purdy of the
U. S. Wea:bher Bureau, Oak R:Ldge 5 Tennessee.

2. M. M. Mills, A Study of React,or‘ Hezerds, NAA-SR-31, p.72 (Dece 7 191;9)
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- even though greater heights would have effected greater dispersioms. Although

-unrealistic assumption of continuous nighttime conditions was not used for
continuous exposures or for disaster-cloud travel times of greater than

“cause the heat of vaporlza’clon of the first component which comes off (as

~around 30 ll'bers/m:u.n In applying Marley's tolerance to a given condition

...50_ ) : 3
Holdup System. In the charcoal-filled pipe there will be over 100 "
times the minimmm amount of charcoal required to effect a two-day holdup

of krypton. In the calculationms, no credit is taken for residence time
in ‘bhe reactor system or travel time in ’che off-gas system.

Meteorologlcal Parameters. A stability factor (nlgh'btime) of 0. l& was
used in the disaster calculation rather then the more likely value of 0.35.
The hot cloud and the stack plume rises were limited in some instances,

the nighttime stable conditions will not last much longer than 16 hr, the

about 16 hr. Low average wind velocity values were used for the hot cloud,
even though equally justifiable higher values would have effected grea.ter
du.spersions. Also, for each calculation that gives the maximum dose at any
location, it is assumed that the wind always blows in thet direction with a
constant optimum value.

Flssmn Products in Hot Cloud. The amotnt of heat in the ‘ot ‘¢loud is
a lower limit for the amount of heat requlred to vaporize all the fuel be-

the fuel is heated) is used for determining the heat required to veporize
all the fuel. For determining the a.ctivrby 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, opera:hlon of 'bhe ARE indicated 'bhat some
ac'blva.ty may be removed continuously.

Radiation Tolera.neesv

The maximum total dose which the civilian population should be permit-
ted to receive in any accident is 25 rem. The maxinum permissible exposure
to contaminated atmosphere which will give a dose of 25 rem by inhalation
is therefore of considersble interest. A value for the maximam permissible
exposure of 10 cur1e¢sec/m has been given by Marley3 for total fission
products. However, Marley used a breathing rate of the order of 6 liters/min
that is considersbly lower than that for the average excited man, which is

the total radiation is assumed to decay acccrdlng to t-0-2 as the radio-
active cloud moves out from the source. o

On the otheﬁ hand, T. J. Burnett of the ORNL Health Physics Division
has calculated,™ on the basis of a selected group of 30 leng-lived fission
products, that the maximum permissible exposure to these isotopes is

1. M& curie sec/m3 after 39 days5 of reactor operation. The 30 isotopes

3. W. G. Marley, Health Physics Consmeratlons in a Reactor Acc:Ldent,
- R/sAF/wK/3 (no date).

4. Appendix G, "Exposure Hazard Calculations,' " this report.

5. Thlrty-nlne days is used here (rather tha.n lil, which would be a. closer
... approximation to the anticipated 1000 hr of operation time) because
-~ some’ calculations were already ava:.la.'ble with this time and the dif-
ference is sma.]l
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selected def:.ne ‘bhe llma.‘blng tolera.nﬂe for a.ll f:.ss:.on ;products. After
1000 hr of operation, these 30 isotopes represent about 876 of the total
activity present at 1 sec, if 4$-0+2 i5 assumed for all the activity.
Since these are long-lived isotopes, no decay correction is applied.
(Tt is further shown in Appendix G that this group of 30 isotopes may
be reduced to a group of six isotopes which cortribute over 95% of the
dose to the bome.) »

As was noted previously the off-gas system is designed to routinely
discharge less than 0.001 curie/sec of Kr88 to the stack. The tolerance
for Kr88-RpS8 has been calculated® to be 6.3 x 10-8 curies/m3 for comtin-
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 78 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 dlspersmn 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 T50OF expands to 6.7 x 105 cfm, and therefore, during power opera-
tlon, ‘bhls 1a‘bter qua.ntrby of air is dlscharged up the stack.

The dispersn.on of ac.tlv:i.ty from the sta,ck has been considered for
three conditions of air flow: (1) 6.7 x 105 cfm of T50OF air, (2) 3 x 107 cfm
of ambient air, and (3) mo 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
dlschar%ed without anyvhere exceeding the k88 tolerance of 6 3 x 10-8
curle m3 for continuous exposure for the first two condrblons. "For no stack
air flow, the Kr88 tolerance will be exceeded by a factor of 4. Further-
more, if it becomes necessary following a conbained dlsaster to dispose of
1arge amounts of activity, as ‘much as 8 curles/sec could be discharged up

e

‘During normal operation the Alrcraft Reac‘tor Test

‘Normal Operation.

1 m.ll produce about 6.7 x 105 cfm of air at 750°F from the air radistors.

be egected up the stack and hence will aid in the dispersal

ification) has been used -

8 from a large TVA steam plent stack for ver

» %Priva‘be commmication ‘from ’I‘.

' T. W. F. Davn.dson, “"The Dlspersmn and Spreadlng of Gases a.nd Dus’cs from

si':"‘cmmneys, " Ind. Hyg. Foundation Amer., Trans. Bull. No. 13 (1949).

8. F. W. Thomas, TVA, Wilson Dam, Ala., Plume G‘bservatlons, Watts Bar
Steam Plant (1952), xmpubllshed manuscript.

'Eh 3 x 102 cfm of amblent a1r a.nd S'blll no'b exceed an mterna.l ,

Y fission products which will be given off by the hot fuel.
e V'I'he work of Dav:.dson7 (whlch has been compared with actual smoke observa-
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in estimating the plume rige exﬁected from a 10-ft-dia stack, 78 £t high.
Figure 6.1 shows estimated plume rises versus wind speed for both U .

6.7 x 10° cfm air_at T50°F and 3x lO5 cfm of air at aMbient temperature.

The calculated Pplume rise values. were used, together with appropriate 4

" meteorologicel data derived from the observations reported by Myers and

Holland,9 to compute the maximum ground concentrations and the distance
from the stack of the maximum ground concentration under a wide range of
wind speeds. The full plume rise was used in the unstable or daytime case,
but the plume’ rise was limited to about 600 meters at night, which corre-

" sponds to the upper limit of observed rises from the large TVA steam plant

stacks durlng ‘stable conditions. The calculated rises below the 600-meter
level were used for the nighttime rise. This treatment of the stable case
minimizes  the safety factor of the light-wind stable case which might be

the most doubtful. The important dispersion conditions which are considered
are those which oceur with winds under 10 mps and are representative of 99. %
of the hours of w1nd observed at the site. The parameters used for these
calculations are glven in Table 6.1.

of these calculatlons for steady emlss1on of 0 OOl\curle/sec
are glven’ln ‘Pahles 6.2 and 6.3, with and without the decay correction. The-

' decay correction given here is that determined by the decay rate for egui-
. librium reactor fission prodncts, £-0.2

As prev1ously noted (sectlon on “Radlation Tolerances") the concentra—
tion of Kr90 for continuous exposure is 6.3 x 10~ cur1e/m5. Furthermore,
for a reactor operating at 60 Mw the equilibrium discharge rate of Kr
after a two-day holdup in the off-gas system is 0.0009 curie/sec (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 = 2.24 miles per hour). This concentration

(6.08 x 10-9 curie/m3 per 0.00L curie/sec emitted) is a factor of 10 below
the tolerance for continuous exposure. Furthermore, it should be noted that
the w1nd'w1ll not blow in the same direction and with the same high (10 mps)
veloclty for 1000 continuous hours of daytlme 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 was used in the above cal-
culations,

Operation ﬁifhouﬁjﬁeatigg'Stack Air. Except when the reactor is oper-

ating at full power the air flow up the stack will be less than 6.7 x 107 efm
and the air temperature will be less than T50°F. For the limiting case with
no power being removed from the system, there will be 3 x 10° cfm of ambient
temperature air flow up the stack. A by-pass air duct will be provided
around the radiators so that the air may be sent up the stack without cool-
ing the reactor. The lower temperature and smaller air flow will produce
the lower stack rises which are given by the lower curve in Fig. 6.1l. These
plume rises, ﬁqgether with the meteorological data derived from OR0-99, were

9. R. L Myers and J. Z. Hblland, A Meteorologlcal Survey of the Oak Bldge
Area, ORO 99 (Nov. 1955) _

il S sl ey,




TABLE E-2. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHE TICAL CASE INYOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN k¢ OF 5%/sec

Conditions: Accident relieved by fuel e'xpulsion from core forced by thermal expansion
Fuel: NaF-ZrFl-U‘F4

Time Interval: 0,020 sec

Mean Neutron Lifetime: 4 x 10~% sec

(@) ®) () @ () 0] Q) ) @ G (&) 0 (m) (n)
Net Heat per Interval c ; Change in Volum Fuel Exit Velocit
T e et T, e LT o T o e, Vel T TS et St e
Ar=20 ~§),_,/15 0.4/8) (@) _, MO @) @), (e)/180 Tn CFY 2 TR @)+ 1400 nterval, AV ey ) oL 10n4 Shell D'I_“s"[" ™ A_V . AV (#3) (=0 = e 00216 (k)2
? —120] Az/2 ()% 5.7x10 7.6 1072 [(n) , ~ (n)_ ] e x 10%/(At x 0.025)
0 0 o0 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 T 6644 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 3.1
160 0.0064 62.5 262 3,320 18.5 45.2 1445 0.0106 0.0260 0.0005 21 9.52
180 0.6067 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.]44_ 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 1.33
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 3N
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 ke” OF 10%/sec

Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion
Fuel: Nch-Zrl":“-UF4

Time Interval: 0.020 sec

Mean Neutron Lifetime: 4 x 10~ sec

(&)

(a) (&) () (d) (e 0 (&) (b) (2 ) 0] (m) (n)
Net Hoat por Interval Change in Fuel Change in Volume ) Fual Exit Velocity, , _
Time, ¢ k Excess, k_ : Period, 7T  Power, P from ?xcuvsion, .Temperuture Ris’e;n Fuel Temperature Rise, Mean Fuel Temperature, Volume in Time Total Change in s Absorbed in Pressure Change in Volume. u (Fps): Velot.:lfy li’ressurz;:
(msec):  0.0001 .[(a)— QAe/2)]  (msec): (Mw)&/(c) Q7 (Bw): Time Interval, AT (°F): AT, CF): 2 () Tp CF): (g)+1400  Intorval, AV (1), Fuel Volume, AVn_f' " Shell Dilation, AV, (1 AbsorbedAot Blo\;ouf Disk, [ 4y o )] 2.1-'|n'.-d|a Jor, AP
At=20 = (),_1/15 0.4/() (d),_,e l@, +@),_, {e)/180 (/)% 5.7 x 10~4 () 5.7% 10 7.6 % 10-5 [(m). — () v, (i) < 10%/(As x 0.025)  Pe): 00216 (&)
— 120} At/2 n
0 0060 = 60 0 0 0 1400 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 80.6 937 468 2.60 3.66 1404 0.00148 0.00209 0 0 0
80 0.00686 58.3 132 1,057 5.87 9.53 1410 0.00335 0.00543 0 0 7 1
100 0.00864 46.3 203 2,150 n9 21.4 1421 0.00678 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 0131 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 nn 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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TABLE E-4. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL DEPOSITION IN THE CORE TO GIVE AN INITIAL RATE OF INCREASE IN £, OF 20%/sec
Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion ‘
Fuel: N(:F-Zer-UF4
Time Interval: 0,010 sec
Mean Neutron Lifetime: 4 x 10~4 sec

(a) () (c} @) (e) n &) (h) (0 9] (k) ‘ 0 v (m) (n}

Net Heat per Interval Change in Vc;vlume
Time, ¢ k Excess, kex: Period, T Power, P from Excursion, Temperdture Rise in . . Change in Ft"el Total Change in Absorbed in Pressure Change in Volume Fuel Exit Velocity, Velocity Pressure in
(msec):  0.0002 [(a) — (A/2)]  (msee): (Mw): 0’ (Bto): Time Interval, AT” F); | ue! Temperature Rise,  Mean Puel Temperature, - Volume in Time ¢ o) yolyme, AV, (13): Shell Dilation, Absorbed at _ulfes): 2 1-inn-dia Jet, AP
Ar=10 =), 15 04/8) (d,_; O (@ s, (e)/180 AT, CF): 2 Tp CF): (g) +1400 '"'(7)":"5' ;3" B @xsax10-4 Avp (#3): B'°A‘"°“' Disk, L)~ - W osi): 0.0216 (12
— 120] Aura .7 X 10 7.6 x 10-5 [(")n - (n)n_‘] Vv, (#°) % 10°/(At x 0.025)
0 0 o 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 49 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 1,100 601 13.9 1414 . 0.0035 0.0079 0 0 14.0 420
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 1601 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
110 0.0182 220 1020 7,740 T 430 109.4 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 14 280
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 0.0 - 0.092 215 1000
170 ~0.0066 ~60.5 4070 43,650 242 175 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 7 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 16 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

*Pjece 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 40%/sec

Conditions: Accident relieved by fuel expulsion from core forced by thermal expansion
Fuel: NaF-ZrF4-UF4

Time Interval: 0.010 sec

Mean Neutron Lifetime: 4 x 1074 sec

(a) (b {c) (d) (e) (f) (g () (i) H . (k) ) (m) (n) (o)
Net Heat per Interval  Temperature Fuel Change in Fuel Change in Yolume Pressure to
Time, t k Excess, k__: Period, 7 Power, P from Excursion, Rise in Temperature Mean Fuel Volume in Total Change in  Apcorbed in Pressure Change in Volume Fuel Exit Velocity Velocity Pressure in Accelerate
(msec): 0.0004 [(a) —~ (Ay/2)]  (msec): (Mw); 0’ (Br): Time Interval,  Rise,  TE"PSIOMUIe  Tipg jntervel,  Fuel Volume, Shell Dilation, Absorbed at u (fps): 2.1-in.-dia Jet, AP 30-in.-dia Inconel
Ar =10 () -/ 15 0.4/(0) (@), A (@ + () AT’ °F): AT, (°F):  TpCFE AV (8% Av, () Avp, (#): Blowout Disk, ["g -~ =] 5y 0.0216 ()2 and Lead Disks
- 1201 A/2 (e)/180 AT () +1400 (/) 5.7x107 @X5TX107 76,107 () (w1 AV x 10°/(A: x 0.025) (psi)
0 0 o 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 1.3 1411 0.00360 0.00644 .0 14.40 4
60 0.02157 185 362 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 0.0587 0.0087 90 165
90 0.03008 13.3 2,912 20,825 16 216 1619 0.0661 0.125 0.028 0 160 520
100 0.02967 13.5 6,108 44,500 247 466 1866 0.141 0.266 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 394 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 10,400 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 -200 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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TABLE £-6. NUCLEAR EXCURSION CALCULATION FOR A HYPOTHETICAL CASE INVOLVING FUEL ENTERING MODERATOR COOLING PASSAGES TO GIVE AN INITIAL RATE OF 60% Ak/k PER SECOND

Conditions: Accident relieved by boiling of fuel in moderator passages and fuel expulsion from core forced by thermal expansion
Fuel: NaF-ZrF4-UF4
Time Interval: 0.010 sec

immd

Mean Neutron Lifetime: 4 X 107~ sec

(a) (&) (c) (@) (e) 6] (& (p) (&) () (k) () (m) (n)
Net Heat per Interval Temperature Fuel Mean Fuel Change in Fuel Total Ch . Change in Yolume Ch in Vol F uel Exit Velocity P
Time, t k Excess, kex: Period, 7 Power, P from Excursion, Rise in Temperature an Fue Volume in ota ange in Absorbed in Pressure a::e ': elume Velocity, . e;cﬂ“y rfa ssure
(msec):  0.0006 [(a) ~ (A/2)] (msec): (Mw): Q' (Btu): Time Interval, Rise, Te;pe('::;re’ Time Interval, FZ’J V(c;l;')ne’ Shell Dilation Bl sor 'e;.u; u (fps): " .AI;r(r.-d‘;a Jet,
, : , : ] ’ . H
Ar=10 =), 415 04/B) @,y M L), @), ATTCR: AT CF: L 1400 Av” e ( )xsn7:<10"4 Ayp 6 x/ u(hs-)s L)~ tk) - (ol 0 021: ?/;)2
—120] Ar/2 ()/180 ) & (N x5.7x10"4 & %> 7.6 x10%[()_ ~(m)__,] e x 10%/(A1 x 0.025) y
0 0 ) 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 (U 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 13.0 215 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
110 ~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
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C'Aggendix'F
EFFECTS OF A NUCLEAR ACCIDENT ON REACTOR STRUCTURE

The detailed design of the reactor and related equlpment 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 result 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 be 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-
v151oned.

In add;tlon, two major tenets of the design phllosophy 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. 2.1l. The stresses in the structural parts have been
kept to a minimum and the ability of the structure to withstand these
stresseg has been made as great as practicable. Thermal stresses are not
indicated since they will be indeterminate, and it is felt that they will,
tc a large degree, anneal out at opera$1ng temperatures.

IT a very severe pressure surge is assumed to occur as a consegquence
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

_con31derat10n 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 1imit.
Note also that the percent elongation is substantlal and. thus much plastic

,distortion would take place before rupture would occur.‘ Slnce the struc~

ture incorporates substantial stress concentrations, the local yleldlng may

be substantial, but the volumetric change in the pressure shell will be
small.
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TABLE F.l. KEY DIMENSIONAL DATA FOR THE ART PUMP-HEAT EXCHANGER-
: PRESSURE SHELL ASSEMBLY

Core coe
Core diameter (in.) _ 21 _
Islend outer diameter (in.) 10.75 s
Core inlet outer diameter (in.) . J
Core inlet inner diameter (in.)

Core inlet’ ares (1n°2)

Fuel System I
Fuel volume in core (f‘b3) (30 in. length) 3
Fuel volume in inlet and outlet ducts (£t~)
Fuel volume in heat exchanger (££3)

Fuel volume in pump volutes (£t3) 3
Total fué volume in main circuit (£t”)
Fuel expansion tank volume (ft3) (8%)
Expansion tenk diameter (in.)
Expansion ‘tank height (111 )

Fuel Pumps
Centerllne to centerline spacing ' 2
Volute chamber width (in.) 12
Volute chamber length (in.) 32
Volute chamber height (in.) , . 1la

- Tmpeller speed (rpm) - 72850
"Estimated impeller weight (1Ib) 11
Critical speed (rpm) . 6000

Sodium S ‘ o '
Speed i Tpm) 4300

"Impeller diameter (in.)
Impeller inlet diameter (in.)
Impeller discharge he:.ght (1n )
Sodium Systenm
- vExpans:Lon tank volume (ft3) (10 70)
Sodium in beryllium passages (££3)
Sodium in pressure shell (£t3) 3
Sodium in pump and heat exchanger (f£t-)
Sodium in return from moderator (£t2)
' Total sodium volume (ft )
Maln Heat Exchenger
“Volume (ft3)
Nunber of tube bundles
" Number of tubes per bundle (11 x 12)
Total number of tubes
Latitude of header centerline (deg)
Sodium-to-NaX Heat Exchangers :
~ Number of tube bundles , 2
Number of tubes per bundle ‘ ' 300
Moderator Regions
Volume of beryllium plus fuel (f'b ) 27.2
Volume of beryllium only (ft3) 2.0
Cooling passage diameter (in.) 0.187
Nunber of passages in island ' 46
Nunber of passages in reflector 232
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TABLE F.2.  DIMENSIONS OF ART DETAIL PARTS

gguatorial Diameters (in.)

Island )
Control Rod Thinble, ID - = = = = = = = =« = & « = = « =
Control Rod Thinble, OD - = = = = = = =« = = = = = = « -
Be Islanéo OD = = = = = o o m - m - - - - .= ...
Toner 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 = = = = = =~ = = = = - e e = - - - -
Be Reflector, OD = = = = = = =« = = = = = = - - - - -
Reflector Imner Boron Jacket, ID = = = = = = = = = = =
Reflector Imner Boron Jacket, 0D = = ==~ == = = = = =
‘Boron layer, ID = = = = = = = = = = = = = = = =« = = =
Boron Layer, OD = = = = & o o - e« ;o ;= wce- .
Reflector Outer Boron Jacket, ID = = « = = = = - - - -
Reflector Outer Boron Jacket, OD = = = = = = = = = - =
Reflector Shell, ID = = = =« = = = = = - - —-——-

Reflector Shell, OD T T T U L e

Pressnre Shell

Boron Jacket, ID = = = = = - - - - - - - - - - -

~ Boron Jacket, OD = = = = = = = = = = = = = - - - - - -
- Boron Layer, ID « = = = = = = = o = o - = = = @ -« -
Boron Layer; OD « = = = = = = = = = = = = - A
Linery ID = =« = = = = e = o 0 = = = 0 = = = = =~ - -
Liner, OD = = = = = = = = = = = = = = = = = « - - -
Pressure Shell, ID = = = = =« = = = = = = = = = = =~ = -

. Pressure Shell, OD = = = = = = = @ = =« = = - - - -

_Pressure Shell Tthkness - g'g_- tylf;'fvff-'%ffff}fi

Vertlcal Dlstance Above Fqua'tor (in )

S Shaft S ' - -
‘Thrust Bearing Jowrnal, OD = = = = = = = = = = = = = -
OD Between Bearings - =« = = = = = = = = = = @ = = « =
Lower Bearing Journaly, 0D = = = = = = = = = = « = = -
Seal Washeér Journal, OD = = = = = = = = = = = = = = =
ODBelow Seal = = = = = = o = o = = = = = = = = = = =

,,;*Top of Fuel Pump Mounting Flange - = = = = = = = = = = ="="
. Top of Na Pump Mounting Flamge -~ = = - = = = - = = = = = =

Fuel Pump Assembly'Dimenblons (1n )

’ PO
PERIBBEE
ooUmo.ouwm

* 0

] . L]

1.3785

1.968
1.9965
1.875
1.859
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ik g wbishid ..

p Thread for Impeller Retaining Nut - - - = = = = ~ - - = 1. 687 - 12 N. S.
{ Thrust Bearing Height from Equator - - = = = = = = - = A7, 812
: Lover Bearing Height from Equator = = = = = = = - = = = 35.812
F : Distance Between Bearings - - = = = = = = = -~ = === 11.00
. : Distance Between Thrust Bearing and Impeller ,
Locating Shoulder - - = = = = = = =~ =~ = = - - ===« 25.h37
i : Over-all Shaft Length = - =- = ------ m - = = - 32,437
; Impeller ' v e e
| on-------------_----;--.------5.75 |
{ . Inlet, T T T L -
E : ‘ V’DlschargePassa.geHelght------—_-----,-—--- 1.0 :
, Wo. of Vanes = = = - = = - = - - - - -_—————— 5 ;
. Ax:.al Distance from Top of Dlscharge Pa.ssage. C b
E : ‘ Top of Centrifuge - = = = = = = = = = = = = - - - 2.25 '
i . 7%, "Shaft Locating Shoulder - - - - - =~ B -1 '
,, Inle'bFace—---.—--———a_—----—f--2-00 '
: . OD of Locating Journal Outside Lower Bea.r:.ng - - ===~ 5,935 ;
i o OD of Flange at Top - = = = = = = = = = = = - - = === 9.37 ¥
1 .~ No. of 1/2 - 20 Machine Screws in Flange - - - - - - - 8
4 Vertical Distances from Lower Face of Mounting Flange
Bottom of Thrust Bearing - = = = = = = = = = - = - - == .50 ;
Tace of Shaft Seal Wagshe? = = = = = = = = = = = = = = = 13.312 1
Bellows Seal Mounting Pad = - = = = = = = = = = = = = = 15.34k4 h3
Lover Face of Boron Jacket - = = = - = - = - = e = = = 20.750
. Top of Impeller Discharge Passage =- = = -~ = - = = = = = 26 .437
Main Heat Exchanger (in.) . S
© Tube Centerline to Centerln.ne Spacing = - = = - = = - = - - 0.208
TUbe OD = = = = = = = = & @ = @ = = = = = @ = = = & = - - - 0.1875
Tube ID = = = = = = = = = = = = = = e e - - 0.1375
Tube Wall Thickness - = = = = = = = = = = = = = = = = = = = 0.025
TubeSpa'cerThickness---------—---———---—0.020
Mean Tube Length - = = = = = = = = = = = — = = = = = = = = T2
Radius of Equatorial Reverse Bend - = = = = = = = = = = = = 1.5
Inlet and Outlet Pipe ID = = = = = = = = = = = = = = = = = 1.65
Inlet and Outlet Pipe OD =~ « = = =~ - - - - - - e . = - 1..95
Header Sheet Thickness = - = «~ = =« = = = = = = = = = = = = 0.25
Header Sheet Immer Radius - - - - = - - - . m e m - == 2,25 ,
Moderator Circuit Heat Exchanger (:m.) ' S i
Tybe Centerline to Centerline Spacing - - = = = = =~ = = = = 0.208
Tube OD = = = = = = = = = = = = = = = = = = = = = == = - = 0,187 i
Tube ID = = = = = = = = = =« = ~ e - - - - e == - == 0.1375
Tube Wall Thickness = = = = - - - = - m .- === ==~ 0.025
Tube Spacer Thickness - = = - = = = = - - I N - 0.020 ]
Mean Tube Length = = = = = = = = = = = = = = = = = = = = = 28 !
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TABIE F.3., STRENGTH DATA FOR ‘chNE_L TESTED IN A FLUORIDE MIXTURE

Temperature, °F 1200 1500

Ultimete tensile stremgth, psi ‘;vA | 65,OOON”W | | 21,000

Yield point, pei | | 26 5oom 13,000

Stress for rupture in 1000 hr, 961 | 17,000 | ' ialOC
’,Elongatlon, % ) R :t“ /"' | h:.e 29  } - o 3“155

Stress Calculations '
The principal element in the reactor structure is the malin 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 be 1200°F. The stress in this shell for an internal pres-
sure P is given by ' - B ' o : o

s =P -PXx22:1 _109p.
. 2t 2 , ‘
The stress, S, 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 regioms until failure occurred; 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 préssure of the order of 1000 psi. It also seems likely

© that one result of this yielding would be that the pump casings would dis~

‘fg71;tort{and  ause’ the 1mpellers to seize in the ca31ngs and the _pumps to Stop.

“the main pressure “shell would ‘be 60 in.5
: is WO gmen ed.by approxlmately Lh in.2 of relnforclng patches
“iielded to the pressure "shell between the heat exchanger ‘outlet plpes. wwf
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The shear stress in this region would then be

g 2

g - BT _ 2 _ Pma~

T2t A = k&
2¥a

Cas n

_Px0.786 .
5 +71;1}56 )% 10,000 psi .

This would give a temsile strength of 14,100 psi, which represents an
average stress in the ligaments. The peak value around the edge of the
holes would be approximately twice as great so that yielding would begln
there. The stress would then distribute itself uniformly across the liga~
ment, and further plastic deformation would follow until a tear would‘begln
and rupture would finally take placea

The stresses in the outer core shell are of partlcular 1nterest 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

_ Pr P x 10.5
S = = = 2 P.
1613 16x0125 55

Note that a factor of 1.6 instead of 2 was used in the denomlnator 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. This core shell is.
actually supported by flattened Inconel wires inserted belween the core
shell and the beryllium reflector and spaced in rows on l-in. centers.
These 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 case

is

' Px 25,7 _Pr

2x 1. T 0.2 °

..
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 inm.
between supports. The effect on the core volume of this distortion coupled

" with that of the inmer core shell would be relatively small, and would give
-a volume 1ncrease of about 1% for a 1000-psi pressure. The stresses in the

1nner core shell would be similar to, but lower than, those in the outer

core shell because its dlameter would be roughly one~half that of the outer'

core shell.
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The possihility ofibuckling and collapse of the tubes in the main

- heat exchanger has also been consldered. The stress in the tube walls

from an external pressure is

vt
G RE

-—o-——oz- g h‘PO

0.025

Note that this stress is very mnch less than that in the main pressure

shell so that it is very unllkely that - the heat exchanger tubes would col- .

lapse 1n the event of a pressure surge. '

oy w,;tr_ .

The force reqplred to blow the pump body out of the pump casing is
of interest. TP it is assumed that the main pressure shell would begin to
yield localxy ‘under a pressure “of 1000 psi, the force actlng on the pump
body may be calculated in the follow1ng way

H

. ;Pump body blow-oub fcrce'— lOOO x 0 786 x 5.75 = 26,000 ib.

The' cross-sectional area of ‘the pump body attachlng .screws is over 2 1n.2,
and 31nce “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 1mpeller bore 1nto the fuel expansmon tank.

The volumetrlc stlffness 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
follows:

-
=.

s"éha“reﬁrésents the incredse in diemeter of the inside
he pressure “shell. Note that a modulus of elasticity, E, of 21 x 10

> the pressure shell temperature should be a little below

it follows that the increase in volume inside the pres-
sure shell for a 1000-psi pressure surge would be 0.076 ftJ. 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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Abe less stiff because of the presence of flat regions in the pump and
expansion tank region. It seems likely that a rough approx;matlon to

; the stiffness of the system has been given.

i Destructlveness of Pressure Shell Fragments

: - The velocity of the fluid escaping through a crack if rupture should
occur at 1000 psi is of interest. Thls can be computed as follows:

v o= \( Bl x 10002’501“ = 6, 300 = 215 fps,

where E 1s the pressure (1n lb/fta) d1v1ded by the dens1ty of the fluld
{in lb/ft ). 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 veloc1ty of a fragment 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. The work or energy put into the fragment
in the rupture process should equal double the area under the PV diagram
-for the pressure at rupbure and the volumetric increase inside the pressure
shell up to the rupture pressure. This triangular PV diagram area should -
be multiplied by a factor of two to allow for the elastic overshoot or re-
bound of the shell accompany1ng the pressure rellef°

a

rr—— b

T FTORE Ty o

TR Ty,

";Work PAV 1411.,000 x 0:076 = 1o,9oo f’t-lb

'Wrmw-'?r s gy

It is also of 1nterest to calculate the we1ght, W, of the mlnlmum fragment
. requlred to carry off all the rupture energy.‘ ThlS is

é

K. E.

10,900 = §P§T§§“§ £215)2

R
o rEEET T

W 15 1b.

Thus it appears that the most destructive fragment from a pressure shell
failure at 1000-psi pressure would be a }5-1b 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 l-in.-thick Inconel, its area would be 260 in.2,

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 T in., the result- -
ing velocity of the lead fragment could not exceed 20 fps if no allowance i
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. Certalnly, if carried far
enpugh, 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., Rather 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 3/4-1n. stretch in these ligements would probably occur prior to
failure. .
Pressure Relief Hecb.anisms
Provision can be made in the design to relieve a v1olent pressure

surge from a nuclear accident in a pumber 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 dump 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 70 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
still have a factor of safety of 12, stress-wise, for normal operating con-
ditions. Yet 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

_.2gein, would have th dlsadvantage that it would operate under high stress

~ for norma% operatlng cOndltlons if’ 1t were designed for rupture at a pres-

f the pressure shell or a frangible dlaphragm ruptures, there must be
yace for expansion of the fuel or the lead shell will also be ruptured.
Since there is a 1/2~1n.nthick thermal insulamion zone between the pressure
shell_a d he lead region and since thls‘zone is only partlally filled. with
i ion ° ] an e sion volume of 1.3 £t
1mmed1ately outs1de’the reactor pressure shell, ~Additional vclume could be‘
'rprov1ded readlly w1th llbtle penalty 1n shleld'Welght by leav1ng voids in
‘ ; o umps and header tank.
: rela ective in
' 1’ reglon ‘and could be omltted. In”thls way an‘expl031onnvolf‘efof per-
haps 0.5 £tJ could be readily arranged. Yet another way “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
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from the blister to the fuel dump tank could be easily installed. Of

course, a large diameter pipe could be extended directly out through the
shield. However, since a pipe of at least 4 or 5 in. in diemeter would
be required, this would constitute a serious gep 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 fragments that could pierce the wall of the inmer
tank., In re-examining the stress analysis results, together with the curves
of Fig. B.1 and the data in Tables E.2 to E.6, two points are evident. The
first is that the shell will probably rupture locally under an internal

‘préfsure Of between 1000 and 2000 psi and will certainly rupture generally

at a pressure not tao exceed 4000 psi. The second point is that if a small
opening having a diameter of say 4 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 4000 psi would bes

v = YEE -up e

”fﬁhefbeﬁétiatiné power of projectiles varies with their shape, hardness
and strength, mass, and velocity. While an ogival shape is the most pene-

HL et

- trating, a fragment of such a shape seems quite out of the guestion. 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 ¢ast iron cannon balls appears to be roughly appli~

cable to this case, i.e.,
| vV = 2000\3

where V is in fps and t and d are in inches. The velocity of & 6-in. sphere
required to penetrate l/2-in. plate is then
2/3
A
7= 200 (B2) 7 < 0 g

fﬁpﬁfoaéhingéﬁhe problem from a Jifferent étéﬁ&point and exéﬁihiné’the”

pressure shell structure carefully, it appears most likely that a circular

section 36,4 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 kepe at a rate of 40% per second

were obtained, as shown in Fig. E.l. The fragment would be accelerated
dﬁfil';t;ﬁad"paSSed nearly through the lead region. It was assumed in the
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calculat:.ons ‘bhat yieldi ‘the Inconel shell took place until it had
moved through the clearance for thermal insulation and contacted the lead
gannna ‘shield, at which point rupture of the Inconel occurred. No 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 sbsorbed in
shearing the lead. Kote 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 yresul'b 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. The 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.,

2
W-—"L= 'szS

2g

If the Inconel disk is l in,. thiek, its welght, W, will be about}§50 1b,

and the periphery, B, of the hole it will punch will be about T6 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

\32‘523sg _ \}0.5 x 76 x 6CLOOO X 32.2
W - .

V 12 %350

251 fps.

This velocity is comparable to the 380 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 :mto plercing the
tank wa].‘l.. _

630,000 =

A ‘cr:L’s:. ‘exam:.na:bl.on of the results of the numerical analyses dis-
,{closes 'bhat the reac’cor should not be damaged by a nuclear accident of the
- ‘type shown in Fig. E.2 if the initial rate of increase in kepp did not ex~-
<. ceed .'LO% Ak/k per second. More severe accidents that did not result in
b0111ng of the fuel would probably cause distortion in the pressure shell
that would interfere with pump operation and possibly cause leaks, While
Lia llght frangible diaphragm could be used to relieve such accidents so that
the pressure shell structure would not be damaged, any such incident would
.:anolve S0 severe a tempera.ture overshoot that further operation of the
R reactor would. ‘not seem to be pruden'b. Thus there seems to be little point
~.dn maklng 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 thi'ough the clearances

between tb.e pump impellers and their casings and through the centrifuge E
» d:.scharge holes into the fuel expansion tank. It should also be noted . N
“§ that the worst case in Fig. E.2 that appears, on this basis, to leave the K
: reactor undamsged is that for an initial rate of increase in keff of 10%

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

~ %o give pressures above 1000 psi, it was deemed best to 1ncorpora’ced. a
circular groove in the bottom of the pressure shell so that the pressure K
would be relleved by failure in that region. The fuel would be egected. :
downward and. a min:.mum of damage to the system would. result.

i it i MR s
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Aggendix G
EXPOSURE HAZARD CALCULATIONSY

Criteria

. The caleulations of the exposure hezard were based on a total internal
exposure of not more than 25 rem to any internal organs (vone, 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 1s the exposure rate to the
organ, then

=70 y
25 vem =\ D dt ,
TR

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, té an oi‘gan is Ehe sum of thei ékﬁdsure rate from
material a, D,, the exposure rate from material b, Dp, ete. Therefore,

D = 3 D; (rem/day) ,
i ;

where D, is the exposure rate o a Pody organ resulting from ite content of
 isotope i. The exposure rate from isotope i at time t then is ‘

' Di:! Q; (ue) x 3.7 x 10% (dis/secs mc) x 8.6k x 10t (sec/day)

i L x L E (Mev/dis )[RBE}N (rem/rad)
i

1.6 x 166 (ergfie) ¢ & _Aiy[m (8) x 100 (era/g-rad)]

ok

- Ast ()
e i

E(RBE )N
mo

(rem/day) ,

1. This section prepared by To de Burngtt,.« ORNL Health Physics Division..
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at ﬁime, t, where
Q = amount of 1sotope iin organ Cuc),

m = mass of organ containlng Q; (&),

E:E(RBE)N energy, E, dissipated in organ of mass m from each
1 ~ disintegration of isotope i, weighted for biological
: effectiveness, RBE, and nonunzformity of dlstrlbution, N,

fau

= (sBE

I

l for X, ﬁ ) x, and e~

EEE R

. 2107 Per @

_ 20 for ecoils

1 for ¥ and x

A b e R GO G, iR
=
L]

g

5 for a, B~ ’ pt, e”, and atom recoils in bone

1 for all body organs except bone),

‘ _ | Xi,= elimination rate constant for isotope i from the body organ
; ' .= 0.693/T4, where

T; = effective half life of isotope i from body organ

TbTr
Tb'l'T
" the radloactlve half life.

i, vhere Ty, is the blologlcal half life and T, is

(In the expression of the exposure rate the unit "rad" is the dose from
dep051tlon of 100 ergs per gram of tlssue)

The total exposure to the body organ from isotope i over any perlod
t following a smngle intake is

whefe'Dg is the initial dose rate from isotepeii ever a period of 70 yeers
(= 25,568 days); thus

. e
IR [l_e-ht (-70yindays)J

i 1 0.693
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The. total exposure to the body organ from a mixture of isotopes is then
EZIH., in which the emounts of the components i which reach the organ

following intake are considered., For a mixture, the values of Q; will
depend on the composition of the mixture and the uptake of components to

the organ.

Method

A unit intake (inhalation) of 1 uc of the mixture of interest is con-
sidered. The total dose of each component of this mixture is calculated
by using its fraction of the total of the mixture conszdered. The 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 be

"1nhaled to give a total dose to any organ of 25 rem in 70 years is calcu=-

lated. This nuMber of m¢crocur1es 1s the total permissible inhalation

25 rem, T0 y ).
e

intake for a s:mgle exposure to “the mixbure considered (M?Is:.n gle exposur

Mﬁeteorologlcal‘calculaxlons of 1nhalatlon “expodure (vased on Sutton's
equaetions) yield total integrated dose values in curie-seconds per cubic
meter as the 1ntegral of concentration with time ) .

TID = J~x (c/m5) dt (sec) —_curies-sec/m3

The TID tlmes the breathlng rate in m5/sec gives the inbalation intake in
curies.

The maximum permissible total integrated dose in curies-sec/m” is

,~;.where BR’ is the brea&hlng rat Varlous “values for breathlng rates may be
. considered and’ ‘are appropriate to ‘the conditions of rest, exercise, excite-
 ment, etc., of the individusls exposed.

en given a value of

iters per minute, whlch corresponds %o moderate exercise and possible
exc1tem "t (since the appllea$1on is to 1nstances of a reaetor accldent)

‘w zzm) g*lofa WL L ot 3/Sec

curies) .
( =2 xv_lO5 MPT__ 5/7 cur1es°sec/ﬁ

T 5% 307

\»i;.(:»;{(-: T e T

TER MR T R TR ¢ - mp e

T T
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If a unit inhalation intake of 1 uc is considered,

N
ERES ST
2

% x fal Hc in organ per 1nhaled]uc,

B

‘ where % is the fraction of the mlxture that is 1sotope i and fal 1s the
fraction of the inhaled isotope i that is retained in the critical organ. ;
The critical organ is that organ of the body which receives the isotope 3

_ 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 conmsiderable
variation in ~sensitivity. The critical organ depends also on the mode of
intake and may change w1th time after 1ntake.

i e

: Calculational Procedu.re |

; The com@onents of a given mlxture of mixed fissmon products are
'grouped by the body organs.affected. A tebulation of %;, fgqs and

v Z: E(BBE)N values is then made and the corresponding values of D are cal=-

fculated by using the m of the organ. These can be summed to glve the ini-
tial dose rates to the organ. 3

The values of D; are then tabulated, together with those for T;. By
comblning these with values of (1-e Aft) for various times, %, follow1ng
intake, the total doses Dt aré found. The values of Dt are then summed,
and. the tota.ls are used to calculate MP125/ 70, . ‘

Values of % will vary with the mixture of 1sotopes consldered, whlch
in turn depends on the time of reactor operation. This is also sensitive
to the eholce 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 enoygh to ignore, and
longer—llved isotopes would have small % values for the operational times

of interest with high-power-density reactors where the reactor is operated with
& 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 inclusiom. 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 sufflclently

. R

o
far downw1nd for the airborne tran51t time to 1ntroduce these decay dlffer- .
ences. As a first approximation the decay differences can be ignored, since L
the mixture chosen undergoes small decay for the relatively short times of :,'

interest for most reactor sccidents for which the radius of hazard is small,

T

. T L e e S R e i L e S S RS R Al BES SEESES 0 RERSIE sis S B B msaE R R e b G
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For this flrst approxima‘t.ion s the MP125 / 70 ‘based on initial concentration
can be ' d.' It is probable that the éffect of d.eca.y may ‘be compensated
by increases of the rela‘k.lve %3 values and, since the longer l7ved mater=
ials are more hazard.ous 3 the net effect could be smaller MPI_ values
at more dia'bant points where d.ecay would be s:,gniflcant.

The E E(RBE )N values used are-either those given by the Internat:.onal

Committee on Radiologlca.l Protection (ICRP) or are those calcula.ted as pre=~

scribed in the ICRP Internel Dose Subcommittee Report of December 7, 1953
(K. Z. Morgan, chairmen). The prescr:!.bed for_mula is

- 1 /2
ZE(RBE)N = Z fr‘E{j (l-ve ) + 0433 fﬁkEak (l- E.—./- Q.'I-Eh— )Nﬁk

Jsk,m dJ

p—

wh:.ch cons:.de s 'the decay ‘scheme of the :Lsotope 1nvolved. In this formula
RBE and N are as ‘revmusly defined. and o - ~

fractlon of the d.ls:.ntegratlons of the Jt'h ‘bype tha‘b
result :m t.he em:.ss:.on of a gamma or x ph.ot.on of energy E v

W

fx

£g, = fraction of the d;x.s:.n‘hegrat:.ons "'of the kth ‘bype that
oo k _ result 1n the ;Yemlssion of a beta. ra.y ef ma.x:.mum energy Eﬁk »

’ fe fractz.on of the dlsa.ntegratlons}of the h type that
.1 result in ‘c.he emiss:.on of a conversion elec't.ron of energy E - 3

|

G- total coeff:.cient of a‘bsorp‘b:.on minus \CGmpton scat‘t.ering |
‘coefficient in am™t for tissue for photons of energy B 3,

(from ORNL~42Ll, Dwg. 8117).

bod.y organ ‘con~
taining ‘the rada.oisotopes' values o:f' X are g:wen in Table 2

atomic/ number o:f' the ra.dio:.sotope emitt:.ng the ‘beta ra.y

the parente
fal values are taken from the ICRP report cited, and T3 values are either

taken from the ICRP report or are calculated vy usa.ng the Ty values (from

. the ICRP report) and the Ty values (from Hollander, Perlman, and Seaborg,
& Mod., Phys. Apr. 1953, which whs also used as the chiefl source of decagr

schemes and energies)

Of’ the ICRP rePOI‘t 01’08‘1: ' o e RSl e e

daﬁghter :eombinat:.ons a.re eonsid.ered together;.

LI ot at ahatey 4 i S
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For the purpose of these- caleulations a mixture of about thirty
selectedw;sotopes was considered, The relative compositions were based
1 irradiation time of 39 days (e 94O hr), and decay from the time of
release to the time of inhalation was ignored. The curies present at re-
lease time were ‘calculated to be '

bl b e M. . s b MGG
-
TR

90 8 x 10“ x yls:L curles/Mw of power level,

c; = curies of 1sotope i at time o (release tlme),

yleld of 1sotope i from flss1on

;= saturatlon factor for 1sotope i, taking into account
its growth,

16
| L 3.36 x 10™° (ais/sec/Mw)
90.8 x 107 = 5 T x 1010 (dg,s/sec/curle)

The value 3.36 x ].Ol6 d:.s/sec/Mw was obtained by using 186 Mev/fiss:.on

as given by Wigner in ORNL-1638, Project Hope (p. 16). The value given by
Wigner is in agreement with the Bulk Shielding Facility value of 190 +
5 Mev/fission determlned by J. L. Meem and reported in ORNL- l537. . Thus,

107 (ergs/sec/wa.tt) x 100 (watts/Mw)
1.6 x.lO“ét(erg/Mev) x 186 (Mev/fission)
The use 6f the more tradltlonal 3.l x 1016 value would only 1ntroduce a
scale factor and not alter the relatlve %1 values.

= 3.36 x 1040 fission/sec/Mw.

The y; values used are taken from Glendenen et al., PR 8k, & 860, and
ANL-OCS-585 (Ietter Glendenen and Steinberg to R. W. Stoughton, Dec‘ 11, 1953)
with 1nterpolated values chosen to glve Z} v, = 2.0457..

The results of the calculations are presented in Tables G.l through
Gk, Table G.l gives the fission yields used; Table G.2 presents the
selected" isotope mixture; Table G.3 lists the initial dose rates; and
Table G.4t gives the total doses in TO years.

From Table G.4 it is seen that:
1. The ‘exposure to- the bone is controlling.

2, The m>125/ 0 _ ;5%.:—?9‘- TLT pe (%7 x 10 -k curies)

. 3« For this mlxture (39 days), the meximum permlssible total
integrated dose = 1.4k curie.sec/m’. a ;b
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7.

8.

There are six magor centributors t:e the d@ﬁ@%ﬂuﬁhe bone.

These are tabulateﬂ. separately in Table GeSe

These s:Lx 1sotopes centribute 95.6% of the tota.‘l. TOwgrear

v d.ose to the bone.
6. ) The total curies ei‘ +the- mﬁ.xtare of these six isotopes along
“is less then the total of the 30 isotopes by a factor of 7.

The total dose (correcied By the 95.6% factor) is greater

‘by this Sam faa‘tﬂr.

of in‘berest.

Ko sigm.f:.can‘b decay ocmzrs with these isotopes for t.imes

‘.'f.'he effect omlesser irradiation times is significant.

TABLE G.l. FISSIOH YIEIDS

. (%) Chain No,
0.03 125
0.07 126
0.12 127
0.22 128
0.468 129
0.872 130
0.253 131
1,67 132
2.76 133
3.78 134
5.15 135
6.10 136

45 S 13

6.87 A\\'.; 139
6.85 140
6.77 k1
6.75 ke
6.56 143
6.24 1hh
5.90 145
6.80 146
5,29 147
4,37 148
3.35 1k9
1.93 150
1.00 © 151
0.40 152
0.11 153
0.06 154
0.02 '

03,

:'

¥y (%)

0.03
0.08
0.20
0.51
1.00
1.90

OOOOO!—'HI\)&»#‘m?\&n\:‘I?\?\“{)\
BREEGRREEBAEEEIZHR

*

Ld

° L [ ] o [ 3 - L ]
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101.12
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| - . | a ‘~ -;7';3g<;:ft;£;;_a;: i ":- : ':E'
1 - Isotope sy (39 days) ¥y curies x 105/MW %1 f%
L 89 0.3995 0.0515 | 18 681 o 2.1168 Q

8:904190 5  '~ o 00571 | 0610 | 0. 2055 | »i: o. 0233 j‘ E
4 el yolm 4 0 U o ’A56 650  6.420 é
2 s | 0.358 0624 20,284 2, 298& | | E
1 w5 - o 540 06T :v~ 9oo”f ; )‘ 2. 568 | | t

N 14 0.0034%* L0677 0.209 0. oeh |

m o 0.1066 67T 6.553 0.743

2919w 1.0 L0656 | 5'9.5'65 | 6749

Mo 99— 99m 1o .0590 53;5zé | Mwé;67o
RlORaM0%  ogs L0355 Lh.9% 1,699
; Rh105 1.0 .0100 9.080 1.029
| spl2T 10 - .0020 1.816 0.206

7e2Tm 165 0.0535™ .0020 © 0.061 .fo.007

petet H 0.87h .0020 1.587 0.180

pel29m 194, f | 0.1053**' L0100 '””‘0.956 vf:o.;oa

pel29 L ogglsjimv o .0100' 8,311  fo.942

pel31m_qpe 131 ” 1.0 : .oé97 o 26.968 | 5.056

Iljl | 0.966 « 2097 '; 726 051 | 2 952'

EEC- I 1o .oms ka6 msTo

iz 10 .Okk5 50406 kST

133 ;“‘ Lo 0662 _: ‘60.110 -;;§}811 - Tkg

S | 0.99k 0662 594749 6.770 . |

1135 o 1.0 0656 59.565 - 6.7h9 .

'(@oﬁt'd) o S e e
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Table G.2. (contt'd)

* 1t is recognized that more figureg are'given

| Isotope sy (39 aays)
Xeldom 0.5%%
y 1.0
cst3T.palo 0.0022k
BattO_15140 0.8785
celbl 0.558
Ce126 | 1.0
Prif3 0.861
el prlit 0.0915
N7 0,91k
PuthT 0.0178
Pur49 1.0
smlot 0.0010LY4

139
¥i curiest;olo5/uw %igg
0.0656 17.870 2.025
0656 59.565 6.T49
.0619 0.126 0.014
.0607 @.&19 5.4865
.0590 29.893 3.3873
.0610 55.388 ~6.276
10610 47.689 TR
0576 4,786 0.5423
0245 20,333 230k
-02k45 0.396 o._éhs
+0125 11.350 i.286
0.0040 0,004 0

this was done for convenience ounly.

. Branching ratio included in sj.

PR

than are signifiéants
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Isotope

———————

~ Bone

Sr89

3r9°-y9°

..SI'9:"--'Y95>]'m

1
295

p95m

b2

| Zr9'7.m97m,m97

M099-Te 99m
spl27

Balt0_ ;180
el

CelhB
prit3
Celuuarrihh
nalhT
prltT
Palh9

-140-
TABLE G.3. INITTAL DOSE RATES
%@i foy T E(REEN D) (39 )
2,1168  0.22 | 2,8 0.09532
0.02%3 0.22 5.1 0019111
6.420  0.22 34309 #3417
2.298% 0.1k 2.8 06587
2.368 0.058 0;77 0077 |
0.02k 0.2 |
0.743 0.12 0.33 .0022
6,749 0.058 6.10 745
6.070  2x10* 0.69 .00006
0.206 0.00265 | 3.20 ".00013
5.4865 0.2 k.3 344936
3.3873 0.1 0.792 .0196
6.276 0.1 1.888 .0866
540k 0.063 1;6»u w "M:5398‘
0.5423 0.1 6.3 ;02h975
2,30k 0.1 1.154 019k
0.045 0.09 0.3k 0001
1286 0.09 1.82 015k

.31 Tay
x £ E(REE)N

4,503
8.202
5.322
| 2,866
o:§26

0.289
2.586
0.001
0.062
6.287
0.579

, 1.380

0.757
4,605
0.8kl

0.224

L.197
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Table G.3 (cont'd)

Isctope

Kidn Y
Rul°5-Rhlo5m

Rh103

Te127m
Te1274
Te129m
rel29
mel3lm_mel3l

Tel52

. Thyroid

7Cs137éB 159m

a

. External

Xel55m
Xel35

xel33

%132
1.69k
1.029
0.007
0.180
0.108
0.942
3.056
4.579

2.952
k.579

; 6{8ll
6.749

0.01k

2.025
6.T49
6.770

Tay

0.01

- 0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.15

0.15

0.15

0.15

0.36

) 170.5 £,
§E(RBE)N Dii7‘(59 a) x zi': E(RBE )N

0.181"
0.33
0.28

0.89

0.755
0.l12

0.22

0.857

ﬁ,6.57

0.483
©0.406

0.00533

»01158

.00179
.031.87

.0787
0175

2.4914
15,0542

12.6202

10.5117

© 0.0005

0,31k
1.125

0.955
3.035

2.575
| 0.382

2557+5 fay

x Y E(RBE)N
i ,

84.%98
328,767
185.291

155,752

1.7L fay

. x ZE(RBE)N
1

0.351
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et

i e
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Isotope

Bone

E———

sro9

 5r%0.y90

Sr 91_1‘91@

Y9t

7295

NpIom

-
2297 30 T3 7
4o 99_7e 998
pl27
Baiﬁo_#;luo:
cellil “
el

prit3
Q;lM-Prlm
;§A7

b7

Pulh9

-142.-

TABLE G.4. TOTAL DOSES

52

2700
0.0k

51

48

0.706

2.8
2.182
12
31.0k
1,372
1
180
8.54
90.5
2.20

pyjo.695 DD (39a)  (1-em %) D;(O/59
75.0 0.09532 1.0 T.149
3895 ;0019111 0.9986  T.433
0.585 - 31T 1.0 0.199
136 06587 hBus
69.2 .0077 0.533
30.3' .0022 0.067
1.018 L1745 0.178
4.0k 00006 0.0002
3.147 00013 é.ooon
17052 344936 5.97h
¥4.8 .0196 0.878
198 .0866 0.171
15.87 .0398 0.632
259.7 024973 6,485
12.32 019k 0.239
13045 0001 d;éi%ﬁ;
3.173 .9;5uv Bgfgﬁg

H .
. :
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Teble G.4 (cont'd) | |
. ' | ' o 0

Isotope Ty T4/0.693 Di (39 4) (L-e" At) DZ /39

- Kidoey . |
Rut03.gp1 030 13,31 19.2 0.00533 0.102
RW1O5 15 2.6 L0L158 0.025
Tel2Tm 13 18.75 00179 0.03k
. o

pel 2 10 1443 03187 0.460
Te129

pel31m . 1.15% 1.665 0787 0.131
rel32 2.66 3,84 0175 0.067

Thyroid

131 ' o '

T 7.7 1.1 2.491h 27.655
e 0.1 0.4k 15.0542 2,168
95 0.85  1.226 12.6202 15.472

135

I 0.278 0.401 10.5117 4,215

- 9.510

= Muscle _

cst3T-pal 3T 17 oh.52 0.00005 0.0012

' : -l *
25 /70 2 .17 x 10 ;

MPIS%;Z = -5%%2-8- = TLT pe , MPTID = L-J—?-{zajr = 1.435 curies:sec/m3 -

5 X

*Based on 39-day operation and a source strength of 882.5 x 103 _c_:uries/nw. |

T T R e o —— T —_— T T T
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Isotope  Curies (39 4) %iz d D
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TABLE G.5. DOSE FROM SIX'SELECTED ISOTOPES

¢ 'nzg/59 5, (39 )

map———

x 105 /Mw

E89 18.68 0.490  0.67L  50.33°  0.3995

RGO

§r90-y90 0.2055  0.001659 0.013k  52.36 o005
@ 21.38 0.1705  0.4885 35.95  0.3T15
BaltO.a1%0 g0 0.3861  2.427 N2.0k  0.8785

ce™ 3180  0.2537  0.1469 - 6.58 0.5955
celitrpyLik 4.895 0.0390  0.179 46,64 0.0936

* In mrém per uc inbaled.
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