AEC] 5 W
SYMPOSIUM
SERIES

U.S. ATOMIC ENERGY COMMISSION Division of Technical
i .’ ’ ) L!\ - N C i B T . L . £
A




DISCLAIMER

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



DISCLAIMER

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



LEGAL NOTICE

This report was prepared as an account of Goverument sponsored work, Neither the United
States, nor the Commisalon, nor any person acting on behalf of the Commiasion:

A. Makes any warranty or representation, expressed or implied, with respect t the accu-
racy, completeness, or usefulness of the information contained in this report, or that the use
of any information, apparatus, metbod, or process disciosed in thia report may not infringe
privately owned rights; or

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

As used in the above, ‘‘person acting on bebalf of the Commission®’ includes any em-
ployee or of the C or of such contractor, to the extent that
such employee or contractor of the Commission, or employee of such contractor prepares,
disseminates, or provides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.

FAST
BURST
REACTORS

Proceedings of the National Topical Meeting
on Fast Burst Reactors held at

The University of New Mexico, Albuquerque,
January 28— 30, 1969

Sponsored by
The University of New Mexico
American Nuclear Society

Technical Coordinators

Robert L. Long
Paul D. O’Brien

December 1969 %7?%/ o6

]

U. S. ATOMIC ENERGY COMMISSION Division of Technical Information

DISTRIBUTION OF THIS DOCUMENT IS




K

-3

Available as CONF-690102 for $3.00 from

) Clearinghouse for Federal Scientific and Technical Information
National Bureau of Standards, U. S. Department of Commerce
Springfield, Virginia 22151

Library of Congress Card Number: 73-603552

Printed in the United States of America ]
USAEC Division of Technical Information Extension, Oak Ridge, Tennessee

December 1969 ‘




e

PREFACE

In the past several years, significant advances have been
made in the field of fast burst and repetitively pulsed
reactor design and analysis. Several new reactors have
been designed, built, and tested, including the Army Pulse
Radiation Facility Reactor at Aberdeen Proving Ground,
Sandia Pulsed Reactor II in Albuquerque, Godiva IV at
Los Alamos, VIPER in the United Kingdom, and the SORA
test assembly at Oak Ridge. During this time Sandia
Corporation sponsored two informal meetings, the last
of which was a one-day meeting in the fall of 1965. These
meetings provided an opportunity for the attendees to
discuss the then-current developments in fast burst re-
actor technology. Much of the information presented at the
informal meetings was unpublished, and, as developments
continued,. the need for a well-documented record of the

. many years’ experience with burst reactors became evi-

dent. We believe that this volume provides such a record.
The papers herein were presented at the National
Topical Meeting on Fast Burst Reactors held at the
University of New Mexico, Albuquerque, Jan. 28 —-30, 1969.
The meeting was sponsored by the Nuclear Engineering
Department of the University of New Mexico, the Trinity
Section of the American Nuclear Society and the Reactor
Physics Division of the American Nuclear Society. About
175 persons attended the meeting, including speakers from
the United States, the United Kingdom, the Soviet Union,
the Federal Republic of Germany, and EURATOM. Also
included in this volume are four papers from a Conference
on the Use of Fast Burst Reactors in University Programs,
held on Jan. 31, 1969, and sponsored by the Nuclear
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PREFACE

Engineering Department of the University of New Mexico,
the Associated Western Universities, and the AEC Division
of Nuclear Education and Training. , )

Although we hesitate to single out anyone from the
fine list of speakers, the keynote address by Professor
Otto Frisch, the “father of pulsed reactors,” and the paper
by Professor Di Blokhintsev of the USSR were highlights
that added greatly to the international flavor and enthu-
siastic exchange of ideas which characterized the meeting.

It is evident in reading the papers that there are still
many interesting and challenging problems remaining to bhe
solved. The possibilities for higher yields from " future
burst reactors and the many interesting applications of
repetitively pulsed reactors should stimulate a continuing ' é
interest in this field. ‘

We want to thank the authors and session chairmen
for their contributions. We are also grateful for the efforts
of the organizing committee in planning, arranging, and
scheduling the meeting. Finally, a word of special appre-
ciation must go to Mrs. Glenda Epting of the AEC Division
of Technical Information Extension, Oak Ridge, for all
her effort in preparing this volume for publication. :

ROBERT L. LONG
University of New Mexico

PAUL D. O’BRIEN
Sandia Corporation

Albuquerque, New Mexico -

October 1969 é
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THE DRAGON EXPERIMENT:
Keynote Address

PROFESSOR OTTO R, FRISCH
Cavendish Laboratory, University of Cambridge, Cambridge, England

Just about 8 months ago my wife brought me a letter. I had overslept
and was still rather sleepy, andIstaredat the letter from the American
Nuclear Society, National Topical Meeting, Fast Burst Reactors. And
I said, “Do the Americans run a topical meeting on a nationwide scale
because their reactors burst so fast?” After that I realized that I was
being honored as the father, or I feel more like the grandfather, of
pulsed reactors, having arranged the experiment which for the first
time established a short-lasting harmless fast-fission reaction that
did not depend on delayed neutrons.

A group of no less than 17 people worked on this first controlled
fission experiment known as the Dragon experiment, and I want to tell
you how it came about. '

The purpose of Los Alamos was to assemble part of the scientists
who were needed to develop an atomic bomb. In particular, we mea-
sured the cross sections, time constants, and so on, which would make
it possible to design a bomb with a reasonable degree of efficiency and
safety. One of the most difficult things was to determine that the fast
reaction would really work as fast as the theory predicted. Nuclear
theory, of course, said that once a neutron hits a uranium nucleus,
fission follows almost instantaneously, if it follows at all. But electronic
.methods at that time were not really fast enough to decide whether it
happens with the sort of subnanosecond speed which was theoretically
foreseen and needed if the bomb was to be an effective explosive.

So a number of ingenious experiments were devised to test the speed
of the fission reaction, and the limit was pushed fairly well toward the
point where we wanted it. But evenso, I for one thought it would be very
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nice to go one step nearer to a real atomic explosion. It is a bit like
the curiosity of the explorer who has climbed a volcano and wants to
take one step nearer to look down into the crater but not fall in! -That
chance came when we learned that around the beginning of 1945 some
amounts of separated 3%y were to arrive. These shipments were
meant mainly for us to carry out critical experiments to check the
calculations. of the theoreticians. The theoreticians, of course, had
taken all the cross-section measurements—fission cross sections,
elastic, inelastic, everything that we could produce for them-—and
from these, by complicated integrations, had worked out the critical
size. However, experimental confirmation was desirable,’

It was clear that we would not be able to test with a critical as-
sembly of metallic ®°U or metallic plutonium because once such a
quantity had been produced the military would want to use it im-
mediately. Instead, the first amount of 2351 that came out of the mass
separators was made into hydride, UH3, and combined with a plastic
binder into bricks of the approximate composition UH!, You may ask
why use that material; it would never make a useful bomb. That is
quite true; but it enabled us to carry out critical measurements and
compare them with calculations the theoreticians had performed for
the same material. This comparison gave the theoreticians at least an
idea about how reliable their calculations were and by how much and
in-which direction they might have to be corrected.

A large number of critical measurements were made, indeed, and the
theoreticians were very pleased to have this corroboration of their
calculations. In addition, I felt that here was a chance of looking a bit
closer at the occurrence of a fast reaction, a reaction not limited by
thermal neutrons, and I made the proposal that we should make an
assembly with a hole in the middle; and that th‘e‘missing portion should
then be allowed to drop through the assembly under such conditions
that for a few milliseconds the -whole assembly would be critical with
respect to prompt neutrons, I1did a few simple calculations to be sure
that this would be feasible, then sent this proposal to.the coordinating

“council. Of course, I was not present when the proposal was discussed,
- but it was accepted; it was said that Enrico Fermi nodded his head in

a pleased manner and said this was a nice experiment that we ought to
try, and I was told that Dick Feinman, who was present, started to
chuckle and.to say that this is just like tickling the tail of a sleeping

~dragon. That is how the experiment was named.

When the 2°U arrived, we built the equipment for the experlment
and Fig.. 1 roughly shows what this equipment looked like. It looks,
crudely. speaking, like.an oil derrick, but it was only something like
6 m high. Near the bottom the uranium assembly was set upon a steel

table. The material was available in the form of little bricks; I believe
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Fig. 1—The Dragon reactor.

they were 1 in. by 1/2 in. by 1/2 in. and very accurately made. (It was a
joy to build little skyscrapers out of uranium hydride and other ma-
terials like that!) A slightly askew box that contained part of the as-
sembly was mounted on a hydraulic pusher rod so it could be released
and lowered —deliberately, rather slowly. The guides for the falling
slug can also be seen.
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Everybody, of .course, asked me what if the slug gets stuck—you
all blow up. We could not all be blown up. The material became only
very slightly supercritical, It would have been a bomb of extremely
low eff1c1ency, and probably we would have been qulte well protected
by our 5-ft concrete wall, although it would have been wise to clear
out fast if the slug had stuck.

The top of the derrick contained a fairly elaborate device for holding
the slug until everything was ready for the drop because we were
aware that a danger much greater than the slug’s getting stuck was the
danger of the slug’s falling before the supercriticality had been cor-
rectly adjusted. We made quite sure that the slug could only be dropped
after the operator had checked a certain number of things and was
convinced that they were okay. In the énd, of course, a great respon-
sibility did fall on the operator. ‘ ‘

The steel table (about a centimeter thick) was placed so that ma-
terial could rest firmly against the fuel box, which in actual use would
be pushed up until it would be leaning against the guides or almost
touching them. The gadgets attached to the guides measured the speed
of the slug. You may say there is no reason to measure the speed if
by some bad chance extra friction stops or slows the slug. The purpose
of the measuring, however, was to do a few dumniy drops before
beginning the day’s wotk to make sure the slug was dropping according
to Galileo’s law. In fact it never did. It was always about 1% slower
owing to friction. It did not fall freely in the guide; in fact; we delib-
erately leaned the whole tower a little to one side so that the slug was
sliding down the guides rather than falling through them. This develop-
ment was important because a very small sideways movement changed
the multiplication constant and made a very big difference in the size
of burst produced. »

Much of the top of the assembly was crude and primitive. Parts
were held together by ordinary mechanics clamps and there was a
-rope going up over several pulleys and holding an electromagnet that
hauled up the slug. The electromagnet could not be switched off until

after everything else was straightened out. I will not bore you with the

safety precautions; they are completely out of date. What I really
wanted to impress upon you is the rather primitive setup. This entire
reactor was built in a matter of a few weeks, and all the experiments
were performed during, I believe, three short periods in three weeks,
each lasting only a few days. The reason we worked so fast was that
the . chemists were waiting for us to return the material so that to-
gether with further 2%U it could be turned into metal and this metal
into bombs as soon as possible.

With the very first material that arrived, we made a number ofv

drops to make sure the device worked, and the first pulses were ob-
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tained just at this time of year 24 years ago. Then we replaced the
material with a somewhat bigger assembly and performed a number of
drops to test the theory, and they all came out as we expected. The
pulses were of the duration that we had approximately predicted from
nuclear data. Figure 2 shows the outcome obtained by having a boron
chamber close to the arrangement, which was connected to a cathode-

Fig. 2—Integrated-pulse reading.

ray oscilloscope, and simply integrated the amount of charge deposited.
The figure reads from left to right in units of 6 msec, the rate at which
the oscilloscope was pulsed. The charge suddenly begins to increase,
increase more rapidly, and then straighten out once again; this is the
integrated pulse. This result could be compared with the theory, and
the agreement was very good.

Well, so much for the Dragon. It was dismantled a few weeks after
it had been built, and the whole group dispersed. And there, as far as
I am concerned, the matter rests. I have never tried to build another
one although I have speculated about things like rotating wheels and so
on, which I now hear to my great pleasure our Russian colleagues have
realized.

We did perform a few Dragon-type experiments of the more modern
variety unintentionally and with tragic results. Two men who worked
on the Dragon experiment were killed within a few months after this
experiment. Harry Daghlian, working by himself one night, which was
breaking the rules, did not know how slippery the large blocks of
tungsten carbide reflecting material were. While trying to put on one
more block, he realized that the reaction was going up much too fast;
he tried to pull the block away again, but it slipped out of his hands.
What then happened can only be reconstructed by theory; no one else -
was present. He saw a blue flash, and about 10 days later he died in
the hospital from radiation damage. He had received well over a fatal
dose. Probably what happened is that the material expanded thermally
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and thereby switched itself off, but the amount of radiation it had
given off in that short time was enough.
Later I left Los Alamos, and Louis Slotin took over the group worklng

on critical assemblies. He told me that Fermi warned him, “You know _

that in this sort of work you have perhaps an even chance to survive
“your work here.” Slotin was rather shaken about it. Even so, he did
use something makeshift —some people say it was a pencil, ‘some
people say it was a screwdriver —to separate two lumps of the active
material which he knew would give a fast reaction if that separating
material was removed. The screwdriver slipped out,"a"n'd he was
killed.

So you see, some of the fundamental experiments which led to the
‘present very lively developments in fast burst reactors were indeed
started in those old days in Los Alamos in a makeshift building at the
bottom of Omega Canyon. I have no idea what goes on there now, but I
am hoping to go to Los Alamos in a few days’ time and see for myself.
Anyhow, I have at least told you something about the old days. -
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1-1 COMPARISON OF FAST PULSED REACTOR
CALCULATIONS WITH EXPERIMENT

J. T. MIHALCZO
Union Carbide Corporation, Nuclear Division, Y-12 Plant, Oak Ridge, Tennessee

ABSTRACT

Various methods of solution of the Boltzmann transport equation have been used
to predict the properties of fast burst reactors. This paper reviews these meth-
ods and their application to the calculationof some properties of some fast burst
reactors and associated critical experiments. The calculations of criticality,
prompt-neutron decay constant, neutron lifetime, fission-density distribution,
and reactivity effects are compared with experiment.

Various methods of solution of the Boltzmann transport equation have
been used to predict the properties of fast burst reactors. This paper
reviews these methods and their application to the calculation of some
properties of some fast burst reactors and associated critical experi-
ments. Most of the fast burst reactors, except the IBR,! have used ura-
nium or uranium -molybdenum alloy for fuel. This paper describes the
calculations of anunreflected uranium sphere, Godiva I,Zof some critical
experiments with uranium —molybdenum alloy,® of the HPRR,4 of the
_APRFR,5 and of the mockup of the SORA reactor used in the critical
experiments at Oak Ridge.6 The uranium in all these experiments is
enriched to approximately 93 wt.% in the ?*U isotope. The calculations
of criticality, prompt-neutron decay constant, neutron lifetime, fission-
density distribution, and reactivity effects are compared with experi-
ment.

The most widely used method of calculation applicable to this type
of reactor is the S, transport theory method of Carlson.” Present
versions of this method are limited to two space coordinates. The
major difficulty therefore is the inability of this method to correctly
represent the geometry of some fast burst reactors. Synthesis meth-
ods® can adequately treat the other space coordinate but as yet have

9
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not been applied to these systems. The generality of the geometry
routines used in the Monte Carlo method® permits calculations with the
geometry treated exactly. This method has recently been used in the
design of a fast pulsed reactor,'’ and it has also been a useful method of
calculating the multiplication factor for many critical assemblies.'!
Both these methods are sufficiently good solutions of the Boltzmann
equation to accurately predict most of the static properties of fast
pulsed reactors. Diffusion theory has been used in some of the survey
calculations for the design of the pulsed reactor VIPER,!? but it is a
poor approximation to the Boltzmann equation for most of these sys-
tems and therefore will not be discussed further.

CRITICALITY

In support of the design of the Health Physics Research Reactor
(HPRR), the first fast burst reactor of uranium-—molybdenum alloy,
some clean critical experiments with a 10-wt% molybdenum alloy
"were performed. A solid alloy cylinder, an alloy annulus with an axial
hole filled with stainless steel and left empty, and an alloy assembly
with various conditions of reflection were studied. Results of these
experiments and their comparison with calculation are given in
Table 1. The calculations were performed with the computer codes
TDC" and DDK,!* which are two-dimensional S, programs in (r,z)
geometry. The DDK code differed from TDC in that it permits linearly
anisotropic scattering in the laboratory. The S; approximation was
used throughout with the 6- or 16-group uranium cross sections of
Hansen and Roach,14 except for molybdenum, whose cross sections are
given by Connolly.’® The uranium cross sections of this set satis-
factorily computed the criticality of Godiva 1. The TDC code with six
neutron-energy groups was used to calculate the unreflected systems,
The Plexiglas-reflected assemblies were calculated with DDK since they
required the anisotropic scattering to handle the hydrogen in the re-
flectors. Sixteen energy groups were used. The calculated multiplica-
tion factor for the uranium—molybdenum experiments agrees very well
with the experimental since the experiments are cylindrically sym-
metric and the geometry can be treated accurately by S, methods.

Consider the geometry of the Army Pulse Radiation Facility
Reactor (APRFR) shown in Fig. 1. The approximation to the geometry
of this reactor used in S; transport theory calculations with the DOT
code'® is shown in Fig. 2. In this figure the glory- hole filler, safety
tube, safety cage, and coolant shroud are omitted since they were not
~used in the experiments at Oak Ridge. The calculated multiplication
factor for the delayed critical experiment was 1,003, in good agreement




Table 1
DIMENSIONS AND MULTIPLICATION FACTORS OF URANIUM—-MOLYBDENUM ALLOY ASSEMBLIES

Height of radial incre-
ment of uranium, in,

Reflector ' Mass, Center region Reactivity, Multiplication factor

conditions* 0-1 1-1.75 1.72-4 kg of %5y material ¢ Measured Calculated
None 5.71 5.78 5.78 68.265 -3.1 1.000 0.998
None . 7.75 7.75 85.715 Void 3.8 1.000 0.997
None 7.38 7.37 81.558 Stainless steel —14.8 0.999 0.996
1 in. Plexiglas 6.78 6.78 67.361 Void -6.1 1.000 1.005
5.50 5.50 53.185 Plexiglas 28.0 1.002 0.999

*Reflector completely covered top and sides.
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Fig. 1— Cutaway of APRFR.

with the experimental. A cross section of atypical assembly used in the é
critical experiments for the SORA reactor at Oak Ridge is shown in
Fig. 3. The neutron multiplication factor of the assembly with all re-
flector components of iron has been calculated by the 05R Monte Carlo
neutron transport code.? The generality of the geometry routine in this
code allowed an exact specification of the geometryof the SORA assem-
bly. Each of the approximately 85 uranium fuel rods in the core was
treated as a separate region. The uranium cross sections were those
that have been adjusted to satisfactorily predict the properties of un-
moderated and unreflected uranium metal assemblies.!? The iron cross
sections were those that Alter!'® used to successfully predict the neutron
age in iron-—water mixtures. The calculated multiplication factor was
within 1% of the experimental value with a standard deviation of' 1%.
Recent Monte Carlo calculation of a uranium sphere using the
recommended ENDF-B' cross sections for 223U and 238U, as the cross
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B % 7 GAUGE MOUNTING PLATE"
3 \ R
’
IN

RFR used in transport theovy calculations.

sections are received from the National Neutron Cross Section Center
at Brookhaven National Laboratory without any reduction to group

average cross sections, pre
experimental, A set of cro
moderated and unreflected

dicted a multiplication factor 2.3%above the
ss sections used for the calculation of un-
assemblies at Oak Ridge, in which the 2%U
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Fig. 3— Cross section of a typicat SORA critical assembly. '

fission cross sectionis lower than that ret:qfninefvded in the ENDF-B tile, -
predicted a multiplication factor of 0.995. The statistical error’ in both
these calculations is ~0.3%. The basic difference betweér thess cross:
sections is shown in Fig. 4 where the fissitn cross sections are plotted
as a function of energy. Table 2 lidts these adjusted fission cros# sec-"
tions as a function of energy. . ’ o IR S

Both the S, transport theory and the Monte  Catlo method are
adequate for predicting the eriticality of’ fast hurst reactors. If the
geometry is extremely complicated, the Monte Carlo method can be
used ‘as long as a desired accuracy of ~0,5% in the nnfitiplication
factor is adequate. The use of the recommended fission cross sections
of U results in an overestimate of the multiplication Yactor, which
suggests that the recommended values 6f the fisston cross sections may
be too high. ' ; N

~ Fission-Density Distribution . ‘
Fission-density distributions measur®d in Several aseemblies fave
been compared with the results of transport theory calculations, This .
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Table 2
ADJUSTED 23U FISSION CROSS SECTIONS

Energy, Energy,
Mev o¢, barns Mev g¢, barns

.21
17
13
12
12
.13
.16
.23
.35
43
.60
70
.85
.00
.42
25

.

DO €O DD b b= = GO 01 =3 00 =3 =3 =3 0 O
TR o-1LHNnS-am0 Uiow

= e et e

HINWHRUD DO =J00WO RN WU

b b e et e b e e b pet bt b b DO DO
[=RelolleNo oo lololaoEalaBaNaNeN S
QOO OCOCHEFEFNWR IO
=N OO W; N
CO DO DD bt bk ok ok pod b ped e e




16 ‘ MIHALCZO

comparison is made in Fig. 5 for a solid uranium—molybdenum
cylinder and in Fig. 6 for a uranium-molybdenum annulus. The axial
fission-density distribution in the glory hole of the HPRR is compared
with experimental results in Fig. 7, and comparisons of measurements
and calculations for the APRFR are given in Figs. 8 and 9, The agree-
ment between experiment and theory is good except for the axial
distribution along the bolt surface of the APRFR. This disagreement
is due to the inability of the S, codes to correctly represent the

0.9 — COMPUTED
[ ]
0.8 ‘\

1] =
0.7 : \.

06 EXPERIMENTAL/\

e

FISSION DENSITY, ARBITRARY UNITS

\

0.2

o t 2 3 4 5 6 7 8 9 10 11
' RADIUS, CM

Fig. 5—Midplane fission density as a function of vadius for a U—Mo cylinder.
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geometry of the bolt in the bolt-head region. Thus fission-density
distributions can be calculated quite accurately by transport theory
provided the reactor geometry can be described within the two-
dimensional limitations of the transport theory codes. The Monte Carlo
method has been used to calculate fission-density distributions®® but
at present is not capable of calculating them in sufficient detail in
reasonable computing time to be of very practical use in the design of
fast burst reactors.
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Fig. 6 —Midplane fission density as a function of vadius for a U—Mo annulus.
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Reactivity Effects

Both transport theory and the Monte Carlo method have been used
successfully for calculating reactivify effects in fast burst reactors.
For very small changes in the reactor, perturbation theory is a very
accurate means of calculating the reactivity effect, as shown by Hansen
and Maier.?' Their calculations of the reactivity coefficients of 235U,
28y, H, and D as a function of radius in Godiva I were all within ~5%
of the experimental values. In the critical experiments with uranium—
molybdenum alloy, the change in reactivity as a result of the introduc-
tion of small voids was measured; the results are compared in Table 3
with those of first-order perturbation theory using forward and adjoint
angular fluxes obtained from the transport theory calculations. The
agreement between calculation and experiment is good.
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16 o BOLT SURFACE AT 30IN.FROM CORE AXIS
: ® OUTSIDE SURFACE OF SAFETY ANNULUS
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—.— OUTER LATERAL CORE SURFACE
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Fig. 9—Axial fission-density distvibution in the APRFR.
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The ability of transport theory calculation to correctly predict
the fission-density distribution and the accuracy of perturbation theory
in predicting small reactivity effects provide a means of calculating
the dynamic temperature coefficient for these reactors in the non-
inertial case if the thermal-expansion properties of the fuel are known.

For  large reactivity effects, such as the removal of the safety
annulus of the APRFR or the rotating reflector of the SORA assembly,
other methods must be used. Since the safety annulus of the APRFR
is cylindrically symmetric, the reactivity effects of its removal can
be calculated by the transport theory codes. The calculated multiplica-
tion faéto_r with the annulus lowered 5 in. and 11.5 in. was 0.927 and
0.873, respectively. With a value of 0.0068 for the effective delayed-
neutron fraction, these multiplication factors correspond to reactivities

Table 3

VOID COEFFICIENT MEASUREMENTS IN
UNREFLECTED URANIUM~-MOLYBDENUM
CYLINDERS 20.32 CM IN DIAMETER

Void coefficient, ¢ /em?®;

Radial position Computed .
of void,* cm Measured (perturbation theory)

Midplane of U—Mo annulus with steel in center

2.86 4.62 4.58
3.49 4.72

4.13 4.80 4.76
4.76 4.78

5.40 4.43 4.57
6.61 3.75 ‘
7.94 3.26 3.57
9.21 2.27

9.84 2.03 2.28

13.33 cm above the base of the U—Mo annulus with steel
in the center

2.86 3.71 3.60
3.49 3.86 3.70

Midplane of U—Mo cylinder
0.00 7.40 7.90

Midplane of U—Mo annulus

2.86 4.15 4.20
4.13 4.54 4.55
9.84 1.81 - 1.65

*Center of void located at position given. Voids were
cylindrical holes 0.927cm in diameter and 0.635 ¢cm long,

tMagnitude of the reduction in reactivity as a result of
addition of the void.
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of $11.6 and $21.4, The values of reactivity obtained from measure-
ments of the prompt-neutron decay constant by the pulsed-neutron
technique for the two conditions of safety-annulus withdrawal are
$11.9 and $18.8, in fair agreement with the calculations,

The Monte Cario method, in which a correlated sampling tech-
nique is used, has successfully predicted the reactivity effects mea-
sured in the critical experiments for SORA.® The neutrons are marked
after they enter the perturbed region; secondary neutrons, which are
produced by the marked neutrons, are accumulated separately. The
sampling values obtained from these marked neutrons allow the esti-
mation of differential quantities like Ak. Comparison of the results of
the method with the experiments is given in Table 4. The agreement
with experiment is quite good, and the statistical accuracy of this
calculation is adequate for most reactor design purposes.

Table 4

CALCULATION OF THE REACTIVITY OF COMPONENTS OF
THE SORA CRITICAL EXPERIMENT BY A CORRELATED
SAMPLING TECHNIQUE

Reactivity,* $

Material Measured Calculated

Moving reflector

Beryllium 11.0 cm wide 6.1 6.1 =+ 0.3
16.2 cm wide 12,0 12.0 + 0.5
Iron 11.0 cm wide 3.7 3.9 = 0.2
21.0 cm wide- 6.5 6.2 +0.3
Safety rod )
Beryllium 1.81 1.90 £ 0,10
Tungsten 1.54 1.66 + 0.10
Central fuel rod 1.75 1.74 # 0.05

- *Magnitude of the reduction in reactivity as a result of re-
moval of the material.

Prompt-Neutron Decay Constant, Delayed-Neutron Fraction,
and Prompt-Neutron Lifetime ’

The long-standing discrepancy?® between the calculated prompt-
neutron lifetime and decay constants and the values obtained from
measurements is the result of errors either in the measurements or
in the calculations., Measurements at delayed criticality have been made
by Orndoff® with Godiva I and have been made at Oak Ridge?® with a
sphere and with five cylinders of diameters varying from 7 to 15 in.
The measured prompt-neutron decay constants for all the solid ura-
nium (~93 wt.% 2?%®U) metal assemblies are between 1,063 and 1,10

usec™!, The error is about 0,005 to 0.010 usec”!for measurements



22 MIHALCZO

at Oak Ridge and about 0.02 psec ' for the early measurements
at Los Alamos, The prompt-neutron lifetime can be obtained.from
these measurements since at delayed criticality the prompt-neutron’
decay constant equals the effective delayed-neutron fractlon divided
by the prompt-neutron lifetime.

The effective ~delayed-neutron fractmn for the ith delayed neutron
group is defined by Gross and Marable

Biesty = Bio?, £iF94)/ (05t Foa)

where the static adjoint and the dynamic forward angular fluxes are
" obtained from transport theory calculation, The total effective delayed-
neutron fraction is the sum over the delayed-neutron gioups. A cal-
culated value within about 0.1%of this for these systems can be ob-
tained from the difference in the multiplication factor calculated first
with the normal fission-neutron spectrum and then with the spectrum
modified by subtracting the delayed neutrons out of the calculation. This
modification included subtracting delayed neutrons from fast fission in
238y, The fraction of fissions arising in 23U was obtained from the trans-
port calculations. For calculating 8. half the fissions in 2*U and %%y
were assumed to be *3°U fissions, andthe other half were assumed to be
28y fissions. The prompt-neutron lifetime obtained from the measured
decay constants for the cylinder and the calculated values of B.¢ was
between 6.21 and 6,28 nsec Wwith an average value of 6.25 + 0.03 nsec.
The value of the neutron lifetime obtained in the same way from the
measurements of Godiva I is 6.2 + 0.1 nsec. The very close agreement
between the measurements at two different laboratories and their in-
terpretation, which shows that the neutron lifetime is independent of
geometry as long as the assemblies do not contain voids, suggests that
the source of the discrepancy may be errors in the calculation of the .
decay constant and neutron lifetime, ‘ :

Four possible sources of error in the calculations are the value
of the delayed-neutron fraction for **U, the cross sections, the fis-
sion spectrum at low energy, and the energy distribution of neutrons
emerging from inelastic scattering by 2%°U. The value of 8 for U is
well known and is consistent with the interpretationof central i'ea-ctivity
coefficient measurements for 2%U in Godiva I. The change in the cross
sections required to resolve the discrepancy would be large.zg_ More
neutrons at lower energy in the fission spectrum would lead to a larger
neutron lifetime. The fission spectrum has not been measured at-low en-
ergy, and the energy distribution of the neutrons emitted in in-
elastic scattering by 2%%U has not been measured in any detail. Two
difficulties in the latter measurement are the number of levels involved
and the separation of these neutrons from the fission neutrons.
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For this paper I have assumed that the inelastically scattered
neutron spectrum is the difficulty and therefore have adjusted the
energy distribution of neutrons from inelastic scattering until the
neutron generation time calculated by the Monte Carlo method is
equal to ~86,25 nsec, This adjustment results in a nuclear temperature
for the evaporation spectrum of the neutrons emitted in inelastic scatter-
ing with *®U of ~0.2 Mev for an incident-neutron energy of 1 Mev.
The energy distribution of the neutrons before collision in the central
region of a uranium sphere using the adjusted set of cross sections
is softer than the distribution calculated with ENDF-B cross section
as shown in Fig. 10, The energy distribution of the neutrons leaking out
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Fig. 10—Neutvon collision spectvum in the center of a urvanium-metal spheve.

of the sphere surface is not as dependent on the treatment of inelastic
scattering. The neutron spectrum from the Monte Carlo calculations and
the adjusted cross sections were used to calculate a set of six-group.
cross sections, given in Table 5, for usein S, transport theory calcula-
tions, The transfer cross sections are compared with the Hansen—
Roach values. The downscattering cross sections are slightly larger
than those of Hansen. The results of transport theory calculation of the
prompt-neutron decay constant, using this set of six-group cross sec-
tions derived from the adjusted set and the neutron energy distribution in
the uranium sphere, are givenin Table 6 for some uranium assemblies®
and the APRFR. The calculated values of thisdecay constant agree very
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Table 5 .
SIX-GROUP MICROSCOPIC TRANSFER CROSS SECTIONS FOR 235y

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Averaged by Monte Carlo

g —~ g 1.04 1.67 2.21 3.30 6.57 10.13
og—1—¢g 0 0.26 0.25 0.51 0.69 0.22
og—-2—~g 0 0 - 0.36 0.72 0,72 0.19
og~3 —~¢g 0 0 0 0.76 0.71 0.13
og—4—¢g 0 0 0 0 0.51 0.11
og—5—g 0 0 0 0 0 0.06
Hansen—Roach set
og — g 1.20 1.77 ©2,30 3.42 6.16 9.06
cg—-1—g 0 0.27 0.24 0.55 0.35 0.08
og—-2—g 0 0 0.37 0.67 0.40 0.08
cg—3 —~¢g 0 0 0 0.65 0.45 0.07
og—-4—g 0 0 0 0 0.44 0.07
og—5—~g 0 0 0 0 0 0.06
Table 6

COMPARISON OF MEASURED AND CALCULATED PROMPT-
NEUTRON DECAY CONSTANT

Prompt-neutron decay constant, usec™!

System description Measured Calculated
Uranium sphere 1.10 1.10
Uranium cylinders
7.0 in, diam, 1.082 1.075
9.0 in, diam, 1.088 1.093
11.0 in, diam, ° 1.076 1.062
13.0 in, diam, 1.071 1.073
15.0 in. diam, 1.063. 1,064
APRFR
Safety annulus
inserted : 0.675 0.66
Safety annulus :
out 5.0 in,* 7.97 7.52
Safety annulus
out 11.5 in.* 11.87 12.15

*These systems were subcritical, All others in this table are
at delayed criticality. ’
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well with the measured values. Prompt-neutron decay constants for fast
pulse reactors can also be calculated by Monte Carlo methods.

CONCLUSIONS

In conclusion, the present transport theory and Monte Carlo
methods are adequate for predicting the criticality, fission-density
distribution, temperature coefficients, reactivity effects, and prompt-
neutron decay constants or lifetimes of fast pulse reactors, The cal-
culation of the criticality of these systems indicates that the **U fis-
sion cross sections are too high, The energy spectrum of neutrons

inelastically scattered by 2**U is not known well enough for the accurate
prediction of the prompt-neutron decay constants. In this case it is
not the inadequacy of the methods of calculation but rather it is the
deficiency in the basic nuclear data used as input to the calculations
that prevents the accurate calculation of criticality and of quantities
that depend on the energy spectrum, such as the prompt-neutron
lifetime.
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DISCUSSION

McTAGGART: 1 would like to ask if you have any reaction-rate
ratio measurements in these systems with which to compare your
calculations.

MIHALCZO: 1 have made these calculations in the past for the
reaction-rate measurements in Godiva, but I have not done them with
these recent calculations. This will probably be done.

McTAGGART: 1 think if one is going to make adjustments of **U
fission cross sections as you have described to get the criticality right,
one must at the same time be sure that these adjusiments do not upset
the fission ratio measurements between plutonium and ?*U or ?%U and
2%y, This was the reason for my question,

MILEY: Have you compared the various calculation techniques that
you mentioned— Monte Carlo, S,, and multigroup diffusion theory—
for a single problem that is representative of these small fast burst
reactors?

MIHALCZO: You mean for a single system?

MILEY: Right, The same system and the same cross sections,

MIHALCZO: 1 have made these comparisons for the transport
theory and the Monte Carlo method but not for the diffusion theory. If
you use the six-group cross sections, which you get by averaging the
cross sections used for the Monte Carlo calculations with the spectrum
computed by Monte Carlo, the S, method predicts criticality that agrees
with the Monte Carlo method and gives decay constants that agree with
experiment, We have not computed the decay constants by Monte Carlo,
but we are now working on the codes to do this.

MILEY: Could you comment on the time required for calculations
by different methods?

MIHALCZO: In a bare system like Godiva you can do a calculation
on a 360-75 computer (with the statistical accuracies quoted here) in
about 30 min with the O5R code. There are other Monte Carlo codes at
Oak Ridge, for instance, the KENO code, which is a multigroup Monte
Carlo, essentially does just what transport theory calculations do.
KENO handles slowing down by a transfer matrix. The only feature
that makes it different from transport theory is that it handles the
geometry exactly. You can do calculations with this code, for instance,
on a uranium-metal cylinder with 18 in, of graphite around it, in
roughly a factor of 20 less computing time than you can by S, transport
theory if a statistical error of ~0,5% on the multiplication constant is
satisfactory. Part of the reason for the long time on the transport
theory calculations is that you have to worry about convergence, you
have to worry about the order of S, and you have to worry about the
number of spatial mesh intervals, particularly near the thermal



Zé MIHALCZO

reflector —fast core boundary. This increases the calculating time to
something like 1Y% hr or 2 hr, and the KENO code using adjoint biasing
‘in the reflector can run a calculation like this in about 5 min,

'FOELL: I was interested in the very close agreement you-have
obtained between your measured and calculated reactivity coefficients
in central worth measurements or void measurements. In the fast
criticals that have been done at Argonne National Laboratory and other
places, in general, there is not very good agreement between the mea-
sured and calculated reactivity coefficients, particularly for some of
the lighter materials, I think this occurs partially because there is a
cancellation between the various components—the moderation, the
fission, and the capture components. Would you comment on the reason
for the very good agreement in your calculations,

MIHALCZO: In these systems the energy spectrum is harder than
in those at Argonne, Also, I think in this particular case, the model
which is being used in the calculations (for instance, the Monte Carlo
model of Rief in the case of the SORA experiment) correctly repre-
sents the change geometry-wise and is a very accurate representation
of the system from a calculational standpoint, The reactivity coeffi-
cients that have been calculated, e.g., .the removal of a fissionable
rod from the center, the removal of a beryllium control rod, or an
iron reflector block, are maybe not as complicated as the competing
reactivity effects in the Argonne experiments. Also, the Argonne ex-
periments” are not simple geometry experiments but I understand are
computed by reactor codes which have simple geometry capability. -
There may be some problem in correctly representing the changes in the
code.

SHAFTMAN: Are you proposing to use a single set of cross sec-
tions for a rather large number of different systems instead of-at-
tempting to tailor cross sections to the particular composition?

MIHALCZO: I have just been concerned with 93% enriched-uranium-
metal systems, and I feel I have a set of cross sections that will pre-
dict criticality and neutron lifetime, and these are only good now down
to energies of ~1 kv. If you have a system that has many neutrons be-
low 1 kv, you cannot use the cross sections I have compiled.

SHAFTMAN: Except you have iron, molybdenum, and other mate-
rials in them,

MIHALCZO: The iron cross sections I used in the Monte Carlo
calculations very satisfactorily predicted the age in iron—water
_ mixtures. The cross sections that were used in the transport theory -
codes are cross sections which were compiled by Gordon Hansen over
the years for use in the calculations of a wide variety of integral
experiments. I think there have been measurements at Los Alamos of

the integral quantities that are used for these calculations.
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SHAFTMAN: This was done at Argonne too, except that there were
enough differences that cross sections more specific to the particular
system were developed. ’

MIHALCZO: You have two problems at Argonne; you do not neces-
sarily know what the cross sections are and your models for the
complicated geometries you have are not exact. In the cases that1
have calculated, I could take the Monte Carlo method and compute the
system and because of the accuracy of the model know that if there was
a disagreement with experiment it was due to the cross sections. You
can get a set of adjusted cross sections which would be fine for the
geometry approximations you have made to get the problem on the
computer. If you change the geometry, the same set of cross sections
may not give you the agreement between experiment and calculation,

NELSON: Could you briefly describe how you carried out the
lifetime calculations? In particular, I would like to know whether you
are using a mean destruct time, a mean time to fission, or something
else,

MIHALCZO: The Monte Carlo method calculated the mean time to
production. The S, calculations were usedtoobtainan effective-delayed-
neutron fraction which allowed the determination of a lifetime from
the prompt-neutron decay constant measurement at delayed criticality,
The lifetime calculation as calculated by S, would be the usual ratio of
integrals as appears, for instance, inarticles by Henry and others where
you use the static adjoint and dynamic forward angular fluxes to do the
calculation of the integrals. (See A. F. Henry, Nuc. Sci. Eng., 3: 52
(1958) and L. N. Ussachoff, Equation for the Importance of Neutrons,
Reactor Kinetics, and the Theory of Perturbations, in Proceedings of
the International Confevence on the Peaceful Uses of Atomic Enevgy,
Geneva, 1953, Vol. 5, p. 503, United Nations, New York, 1956.)
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ABSTRACT

The simple transient response equation of reactor kinetics is the basis of
more-sophisticated methods of calculating the behavior of fast burst reactors.
The need to stretch burst reactor designs to their ultimate capability, however,
has forced designers to extend the simple model. This paper reviews these
extensions and examines their range of validity. Many reactivity-feedback
coefficients are nonlinear, e.g., the Doppler effect used in VIPER. In systems
with short prompt-neutron lifetimes, such as Godiva and Super KUKLA, inertia
effects become important, and the kinetics problem consists in solving coupled
kinetics equations that take account of the elastic waves set up in the fuel by the
rapid heating.

The delayed-neutron fraction and prompt lifetime, which govern the prompt
kinetics in many systems, are not well determined at present. Ways of adjusting
delayed-neutron parameters to fit the observed reactor behavior are outlined,
and experiments suggesting that certain delayed fractions may be in error are
discussed. :

Simple models that predict the general features of a prompt burst
were at  one time a satisfactory basis for design.!*? Now that the
demand is for higher yields and shorter bursts, burst reactor designs
are being stretched to their ultimate capability, and more-sophisti-
cated models are requifed, Nevertheless, from the viewpoint of
designing and operating burst reactors to produce a large number
of pulses without serious damage, relatively straightforward exten-
sions to the simple model, with a proper appreciation of the range
of validity, are generally adequate. The calculation techniques de-
scribed are concerned primarily with observable quantities, such as
reactor period, pulse shape, and yield, and can be applied to future
designs provided their reliability and accuracy can be established for
existing systems.
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This paper reviews methods of deriving reaétivity feedback in
terms of a pne-point model with separable time and space dependence.
Some discussion of inertia effects, which can usually be represented
by a simple single-frequency oscillator model of the system, leads
to useful approximate relations for yield vs. reactivity. A realistic
model must allow for the lag in system feedback due to fuel inertia
and may have to consider nonlinear processes, such as the Doppler
effect, For assessing the design limitations ideally, the model should
also describe the stress pattern throughout the system,

The kinetic behavior above prompt critical is governed by the
neutron lifetime and the reactivity, In practice the reactivity scale
is usually established by means of the delayed-neutron fraction. When
a burst reactor is used as an irradiation device, the presence of
experiments in or near the core can alter the effective neutron life-
time. - Experiments with the Sandia Pulsed Reactor (SPR) show that
for moderating reflectors this alteration is due to the slowing down
time and transit time of those neutrons which travel from the core to
the reflector, are scattered there, and return tothe core as low-energy
neutrons. Practical ways of accounting for these effects are needed
to predict reactor performance with a variety of irradiation experi-
ments if the reactor is to continue operating safely and reliably.

Delayed-neutron parameters, such as effective group fractions,
can also be affected by the presence of irradiation experiments. Even
the basic data calculated using multigroup effectiveness values do
not describe adequately the variation of period with reactivity' between
delayed and prompt critical. From the operators’ point of view, a
consistent set of delayed-neutron parameters is very useful. Empirical
adjustments can usually be made to provide such a set.

The - operator also needs an accurate value of the total delayed-
neutron fraction if only to connect effects calculated on an absolute
reactivity scale to those he is measuring (which are usually based on
a dollar reactivity scale). The possibility of revised values for certain
isotopes should not be ruled out,

BURST REACTOR KINETIC THEORY

According to Keepin3 the basic problem is solving the transient
response equation
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for an arbitrary reactivity variation k(t). The simplest case of a
compensated response is when k(t) takes the form

k(t) = k(o) — A [ n(t’) dt’ (2)

where the negative sign signifies negative feedback., The kinetic
behavior is governed by three things, the most important of which
is the feedback term in the equation for k(t), the form and quantitative
expression for A [ n(t’) dt’. This expression determines the amount
by which the reactivity has to exceed prompt critical for a given burst
yield. Next in importance is the neutron lifetime 7 which dictates the
initial prompt period (usually referred to in the form of its reciprocal
a@). The third governing factor, the delayed-neutron contribution, is
negligible if the reactor is super-prompt critical and the neutron
population is growing rapidly and becomes most important when the
system is between delayed and prompt critical,

The well-known simple solution obtained when A is constant
predicts a linear relation between energy yield and excess prompt
reactivity

Ok, .
Etotal =2 _B:E (3)

where B, is a generalized shutdown coefficient expressed as reactivity
change per unit energy. The pulse shape and energy are given by

- 20k exp at
E® = Be [1+expat] )
and
20k, exp at
E — P .
) B 1+ expat (5)

which'gives a power pulse with width athalf peak power of W, = 3.52/a.
After the prompt pulse when the delayed neutrons can no longer be
ignored, the plateau level is given by

dE _ 2T\
<dt)plateau - B€ (6)

In this simple solution the plateau power level (1) is the same
for all sizes of pulse, (2) is independent of the prompt lifetime, and
(3) is inversely proportional to the shutdown coefficient,
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‘Reactivity Feedback ~

The simple proportionality between reactivity feedback and energy
can be justified by consgidering the effect of rapid fission heating of
the fuel during-a prompt transient, For example if thermal expansion
results in a displacement £(r, t) proport10na1 to the temperature rise,
the ‘resulting reactivity changeé can be -expressed in first-order per-
turbation theory by

K(t) = f 5,8 ot av (7

where w is the worth of fuel and 8w/ ar is the gradient in the direction
of the 'displacement. Since the temperature rise up to time t is pro-
portional to the number of fissions that have occurred up to that time
and the fission rate is proportional to the neutron populatwn this
reactivity change can be separated into t1me and spatial- dependent

"components:

mw:gmwmfgmm : (8)-

where g(r) represents the space-dependent part of Eq. 7.

Departures from this simple proportionality arise for a number of
reasons: ' o

1, For slow pulses heat transfer during the pulse may have to
be considered. For most fast-pulsed reactors, heat loss during the
pulse can be neglected. .

2. Some materials have neither constant specific heat nor constant
expansion coefficient, This leads to minor departures from linearity
which can generally be accommodated by choosing a suitable averaged
value,

3. Some feedback mechamsms notably the Doppler effect, have
a well-established nonlinear temperature relation.  Typically ak/aT
(Doppler) varies as T™%, where T is absolute fuel temperature, This
variance affects the pulse shape and alters the yield-—reactivity
relation. )

4, In very rapid heating quasi-static expansion is inhibited by
the fuel inertia, and expansion lags behind the fission energy release,
The feedback term is thus delayed with respect to the fission heating,
and the yield is larger than predicted by the simple-model theory,

In pfacticable fast burst reactors, the pulse widths vary from a
few tens of microseconds to a few milliseconds, .and heat transfer
during the pulse is negligible. Variations in specific heat and expan-
sion coefficient with temperature are generally less than 5% for a
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single-phase material over the operating range of most pulsed reac-
tors. These variations, along with such effects as the Doppler coeffi-
cient, are not easily incorporated in an analytical solution, If relations
between temperature rise and fission energy or reactivity change and
temperature are added to the response equations, numerical solutions
for pulse shape, yield, etc., can be obtained for a particular reactor.

Inertia effects can be included in the compensated-response
calculation if the reactivity changes associated with the constrained
expansion can be expressed as a function of time, This is generally
done by constructing a dynamic displacement equation for the average
expansion and assuming that the reactivity change is proportional to
the expansion.

Calculation of Temperature Coefficients for VIPER

As an example of the simple model, the temperature coefficient
for the VIPER reactor (the comparatively slow pulse of VIPER allows
inertia effects to be neglected) was calculated?® in two parts. The
expansion contribution was obtained by calculating fuel displacements
as a function of position and by performing a numerical integration
over the core cylinder volume of the reactor. The result was a tem-
perature coefficient of (0.70 = 0,09) x 107° of average fuel-temperature
rise, The Doppler coefficient was calculated by using Doppler-broad-
ened resonance data for 300, 600, and 900°K, Although the temperature
is not uniform throughout the real core, it is a reasonable approxima-
tion to assume a uniform temperature equal to the core average. For
each temperature the criticality of the core was calculated using a
diffusion theory program with allowance for heterogeneity, The results
were fitted to an expression of the form AT * between the 300 and
600°K points. The curve passes within 6% of the 900°K point. The
initial slope of this function is (0.88 = 0.13) x 107%/°C, and the average
slope from 300 to 600°K is (0.58 + 0.09) x 1073/°C. Combining this
last result with the expansion coefficient, the overall coefficient is
(1.28 + 0.15) x 107°,

The observed slope of the yield vs, reactivity curve, which in
the simple model is proportional to the temperature coefficient, is
(1,08 + 0,07) x 107%/°C average fuel temperature. Within the experi-
mental accuracy and with allowance for the uncertainty in the calcu-
lated values, the measure of agreement between this coefflclent and
‘the calculated value is satisfactory.

Following a suggestion by J. Randles, and in an attempt to deter-
mine the relative proportions of Doppler and expansion coefficient,
the full feedback equation was solved using the RKSF point reactor
kinetics code® and the DOPPELAS code,” both of which can accommo-
date a nonlinear temperature coefficient. These calculations are
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summarized in Table 1 and Fig. 1. Because it is a point kinetics code,
the calculated temperature is simply the fission energy divided by the
heat capacity of the core. The results show that with a coefficient
comprised of equal expansion and Doppler effects the following occur:

1. The pulse yield vs. reactivity becomes Slightly nonlinear,

2. Thé relation between width and reciprocal initial period changes ‘

from 3. 52 ‘as in the simple -model, to a number. which varies from
3.7 to 3.9, depending on the size of pulse.

3. The post pulse plateau, which in the simple theory is constant,
also increases with pulse size.

The - effect of varying the  relative proportions of Doppler and

expansion is illustrated by the last four entries in Table 1, If we.

assume that expansion contributes between 50 and 70% of the total
coefficient, a better value for the average coefficient from ambient
to 320°C is (1.19 + 0.07) x 107°°C~’, This is closer to the calculated
value of (1.28 + 0.15) x 107°°C™",

Because the deviation from hnearlty is small in relation to the
experimental errors the proportlons of linear and nonlinear tempera-
ture coefficients cannot be ‘determined solely from the dependence
of yield on reactivity insertion. Although in VIPER it is difficult to
measure the pulse shape accurately, there is-evidence that the plateau
power level is higher after large pulses than after small ones.

Calculation Methods for Inertia Effects

Because of its importance to Godiva systems the 1nert1a effect
has received miuch attention. Various models have been used, but
essentially they are all attempts to treat realistically a coupled
neutronics—dynamics system of equat1ons in terms of a few param-
" eters. An exact solution within the one- pomt kinetics model would
be obtained by solving point by pomt the equations of motion of the
heated fuel, calculating displacements and thus the reactivity change,
and substituting this value in the response equation to produce a further
temperature rise. It is clearly a gross simplification to represent
the expanding fuel by a single displacement parameter, such as the
vibration amplitude of a single-frequency oscillator. Nevertheless,
this procedure has been followed using suitably averaged values, and
the results are in good agreement with the observed variation of
yield vs. reactivity.

Formally we still may represent the displacement by £(r,t) and
the reactivity change by the integral

[ een
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Table 1

CALCULATED VIPER PULSE KINETICS INCLUDING T~ %
TEMPERATURE-DEPENDENT DOPPLER COEFFICIENT

T

Prompt Plateau
L Temperature coefficient Ratio of width temperature rise, e
Reactivity (x 10-5 °C—Y to period °C heating,
insertion, RKSF,
¢ Doppler* Expansion DOPPELAS RKSF DOPPELAS RKSF °C/msec
2 0.54 0.54 3.56 3.68 20 22 0.45
5 0.54 0.54 3.61 3.65 51 53 0.52
10 0.54 0.54 3.70 3.71 108 109 0.60
15 0.54 0.54 3.76 3.78 170 170 0.66
20 0.54 0.54 3.82 3.87 237 237 0.71
23.5 0.54 0.54 3.86 - 3.90 286 286 0.75
23.5 0 1.08 3.43 3.53 316 317 0.70
23.5 0.69 0.39 3.96 3.99 277 277 0.76
23.5 0.39 0.69 3.75 3.80 294 295 0.74
23.5 1.08 0 4.17 252

*Doppler coefficient expressed as the reactivity change from ambient to maximum
(25°C to 345°C) divided by the temperature difference.
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Fig. 1—RKSF calculations of VIPER yield vs. veactivily, including nonlineav
Doppler veactivity-feedback term.
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In this instance, £ is not readily separable into spatial- and time-
dependent functions, The equations of motion which determine £ are
readily derived in the one-dimensional case,

The stress equation is

p=-Eis+EQT | (9)

where E is Young’s modulus and ¢ is the expansion coefficient of the
fuel of density p.
The equation of motion is

== (10)

= (1)

This is obviously a wave equation with wave velocity V(E/p) and a
source term that depends on the temperature profile. With appropriate
boundary conditions this equation can be used to generate numerical
solutions for £. In practice simplifying assumptions are generally
made before even numerical solutions are attempted.

The earliest solutions! produced bounds to the vield of the form

E! <2(1 + o%)E
; (12)
E! > (1 + o%)E.
where E is the yield given by the simple theory, o is the inverse
initial period, and t, is an inertial time constant associated with
the transit time of a stress wave across the system. To a first approx-
imation the yield is given by the lower bound, i.e., it increases by a
factor (1 + ot} over the simple theory. The pulse width reduces from
3.52/a to a lower limit of 2.44/a.

CONEC?® is a one- -dimensgional neutronic elas’uc code capable of
dealing with. solid spheres or spherical shells. It resembles the
neutronics—hydrodynamics codes used for accident studies in that
it calculates reactivity feedback by repeating the neutronics calcu-
lation at intervals throughout the pulse but uses an elastic equation
of state, Applied to Godiva it appears to predict a ringing period in
agreement with a corresponding analytical value of 58 psec, In pre-
dicting the yield vs, reactivity (or reciprocal initial period a), it
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gives values which exceed the experimental ones for o < 0,06 X 108
sec™ and which are less than the experimental ones for o > 0.06 x
10¢ sec_l, though over the entire range the curves agree within the
experimental uncertainty.

In solving these equations for a spherical system, Kolesov®!’
uses the perturbation equation to calculate reactivity feedback but
derives solutions for the displacements in terms of eigenfunctions,
which involve the characteristic vibration frequencies of the compo-
nents. Numerical calculations were performed for two variants: (1) a
solid sphere (20.5 cm in diameter) and (2) a sphere divided into four
parts (a solid center 8.2 cm in diameter and three shells 8.6 to 12.7 cm
in diameter, 12,7 to 16.7 cm in diameter, and 16.7 to 20.5 cm in
diameter. Only the first term of the eigenfunction expansion was used
in the quoted results although other calculations were done using the
first two terms, and Kolesov states that the results obtained were
practically identical. Comparing this with Godiva, which may be
regarded as a sphere 17.5 cm in diameter, the yield—reactivity rela-
tion is similar and shows the same departure from linearity for initial
periods shorter than 25 usec. The free-oscillation period of the 20.5-
c¢m sphere is 75 psec compared with the CONEC value for Godiva of
55 usec.

Kurstedt and Kazi!! have published numerical solutions of a
~similar set of equations which treat the Army Pulse Radiation Facility

Reactor (APRFR) as a thin shell. The cylindrical core is represented
by a shell with an effective radius equal to the radius of gyration of
the core disks, Allowance is also made for temperature dependence
of the specific heat, and provision is made for Doppler feedback terms.
In the results quoted the feedback due to expansion is not calculated
from the properties of the assembly but is fitted empirically to the
largest experimental pulse.

Direct measurements!®!® of the displacement of the outer surface
of SPR II provide a comparison with the thermoelastic equation applied
to a simplified model of the core, neglecting the presence of holes
and other irregularities, Predicted displacements of the outer surface
were 10% greater than the measured expansion of 21 mils, and the
inner surface moved 20% further than predicted. The observed vibra-
tional period was 160 pusec compared with the theoretical value of
130 usec.

In the DOPPELAS program which is written for rod-type cores,
such as SORA and VIPER, Randles”!* adopts a slightly different ap-
proach. Although intended for use in accident calculations, this
program can be used to calculate the effect of inertia on both yield
and pulse width. The numerical solution is simplified by assuming
that (1) the worth of fuel varies linearly with height above the core
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center plane, and (2) the core is uniformly heated. The feedback
reactivity equation reduces to

Cetasic(t) = A [ T (b)) Q(t —t) dt’

1

€Doppler (t) = B[Q(t)] ( 3)

where ¢ is the feedback reactivity, T(4) is a triangular wave of unit

amplitude, b is a time constant associated with the time taken for

pressure waves to travel from one end of a fuel pin to the other, and
Q(t) is the energy input.

Some DOPPELAS calculations for VIPER are shown in Fig, 2,

where the neutron lifetime is varied for afixed set of other parameters
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Fig. 2—DOPPELAS calculations of VIPER yield, illustvating inevtial effects by
artificially varying neutvon lifetime.

corresponding to a 240°C VIPER pulse. The yield is constant until
the period becomes comparable with 56 usec, which corresponds to
the time taken for a pressure wave to traverse half the length of a
fuel rod (analogous to the “inertia time constant”), This shows that the
effect of inertia on yield in VIPER is probably negligible though it
does not mean that the fuel is not stressed during a pulse.

Although all these methods appear to describe the inertia effects
qualitatively within the elastic range, there is room for improvement
in (1) making more detailed quantitative comparisons and (2) examining
the validity of some of the simplifying assumptions. One important
material property is the modulus of elasticity, First, the modulus is
usually assumed to be constant, though in most materials it decreases
with temperature and may vary by as much as 25% between ambient
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and the peak reactor operating temperature, and, second, its dynamic
value may differ from the quasi-static one. Mechanical complexity
is also difficult to incorporate, Few Godiva-type systems can be
treated as solid assemblies. All have holes for control and burst rods,
etc., and most are bolted together by nonfissile materials. It is diffi-
cult to represent the notch in the fuel pin adequately in a stress
calculation. Attempts have been made to represent the stress condi-
tions in more detail, using a temperature profile derived by one of
the simplified methods previously described. For accident analysis,
of course, treatments should be extended beyond the elastic range.

PROMPT KINETICS

Above prompt critical the initial exponential period of a transient
is simply related to the reactivity insertion., Equation 1 reduces to

p (14)

where « is the reciprocal of the initial period and the reactivity p is
measured in dollars. Except very close to prompt critical, the slope
of the linear relation between o and p gives the experimental value
of /7.

Direct measuremen of this ratio in VIPER gives a value of
(4.36 + 0.05) x 10* sec™ for the basic core. The slope increases
significantly when an experiment is included. For example, when
a small cavity is created near the core, the core loading has to be
increased to accommodate the change in criticality, and the value of
8/7 becomes (4.65 + 0,10) x 10 sec™!.

Similar measurements'$’'® with other systems, such as SPR II,
also show a nearly linear variation of o vs.p except that for small
reactivity insertions above prompt critical some curvature is ob-
served which can be attributed to room-reflected neutrons. Similarly,
changes in the location and type of reflector cause the slope to de-
crease. This decrease is due to an increase in the effective lifetime
which is caused by neutrons that leave the core being moderated in
the reflector and then returning to the core sometime later, Both
the moderation time and the return transit time have to be considered,
These measurements are discussed in Session 4, Paper 4.

Rossi-alpha, pulsed-alpha, and variance-to-mean methods have
been used extensively, both in pulsed reactors and in other fast critical
reactors.'®'"% These techniques provide a means of checking 8/7
experimentally before reaching prompt critical since the prompt
decay constant at delayed critical in the one-point kinetics model is

1455
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also the ratio 8/7. For Simple systems a single exponential decay
constant is usually easy to establish, but it is clear from measure-
ments with reflected systems that the simple model is not adequate,
Attempts have been made to devise two-region models and calculate
the time dependence of the neutron population in the system as a
whole, '

Omitting systems where it is clearly necessary to represent the
prompt decay by more than a single exponential, Table 2 summarizes
values of B/7 for a range of systems, includiﬁg pulsed reactors
VIPER, Godiva, and Jezebel, and the zero-energy reactors FRO,
VERA, and Zebra.?' 1t is noteworthy that the value of /7 at delayed
critical for VIPER obtained from Rossi-alpha measurements, (4,05 =
0.05) x 10% sec™!, is 7% less than the ratio derived from super-prompt
pulses.

If the appropriate value of the effective delayed-neutron fraction
is used, the prompt-neutron lifetime corresponding to the measured
ratio can be derived for comparison with the prompt lifetime directly
calculated using multigroup methods, This comparison provides a
test of neutron cross-section data and methods which is different from
the comparison of calculated and experimental critical sizes, In most
examples the calculated lifetime is shorter than the experimental
value., The exceptions are either very simple systems, such as the
Los Alamos assemblies, or ones, such as VERA 5A and 7A, in which
great effort has been made to include heterogeneity effects and thus
improve the low-energy spectrum. In the case of VIPER, the difference,
although significant, between the experimental values of 8/7 derived
from Rossi-alpha measurements and from super-prompt pulses is
much less than the discrepancy between calculated and experimental
lifetime,

DELAYED-NEUTRON DATA FOR PULSED REACTORS

Although control rods can be calibrated conveniently in a pulsed
reactor in terms of the delayed fraction, i.e,, in dollar units, there
is a need for accurate delayed-neutron data for two reasons. First,
the prompt kinetics depends on the total delayed fraction as well as
the lifetime, and, second, the prediction of prompt criticality from
control-rod and pulse-rod calibrations near delayed critical depends
on the relative abundances through the inhour equation

_ T + T a;
P=GFTE 7+T /), 11 AT (15)

i

where T is the reactor period and a;, i=1, ..., k are the i‘elative
abundances of the delayed-neutron groups. In VIPER a method® has
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Table 2

COMPARISON BETWEEN CALCULATED AND EXPERIMENTAL VALUES
OT THE RATIO /7 AND NEUTRON LIFETIME

E . Calculated values Experimental
Cxperimental value of
value of B/7 Lifetime, lifetime,
Reactor Measurement (x 10% sec™) B, % usec usec Ref.
VIPER 1 Super-prompt 4.36 + 0.05 0.728 0.133 0.167 5
pulses
VIPER 1 Rossi « 4.05 + 0.05 0.728 0.133 0.180 5
Godiva Rossi @ 1.10 x 102 0.69 0.0057 0.0060* 19
0.00517
B9py sphere Rossi a 0.65 x 102 0.20 0.0031 0.0030* 19
FRO core 2 Rossi « Decay fitted 0.784 0.074 0.107 17
FRO core 3 Rossi « to a two- Not 0.123 0.146 17
region quoted
kinetics
model
Zebra core 1 Rossi o 10.3 @ 0.3 0.734 0.057 0.071 20
Zebra core 3 Rossi o 8.63 + 0.09 0.434 0.05 0.05 20
VERA core 1B Rossi o 6.9+ 0.1 0.73 0.095 G.106 21
and pulsed «
VERA core 5A Rossi « 2.6 +0.1 0.75 0.288 0.288 21
and pulsed «
VERA core 7TA Rossi o 3.2+£0.1 0.67 0.220 0.209 21

and pulsed «

*Reference 19 gives an ‘‘experimental”” value of 3. This was used in converting the

experimental 8/7 ratio intq an experimental lifetime.
fCalculation at AWRE using 13 energy groups.?
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been devised for adjusting these abundances to fit the observed rela-
tion between period and reactivity, This method is useful, practical,
and expedient; in practice the adjustments are within the uncertainties
of the calculated parameters.

Delayed-neutron data used for the initial analyses were calculated
from the basic data® for 2¥U and 2®U, making allowance for the
delayed-neutron spectra and the core fission distribution. The pulse
rod was calibrated in terms of a control rod (CRA) whose worth per
unit length did not vary by more than 2% over its position range from
4 to 8 in. The standard reactivity unit was taken as the worth of CRA
movement from 6 to 7 in, The measured period for this movement was
67.15 sec, and, if we use the effective data, this is equivalent to 12,35 +
0.1¢/in. On the basis of this calibration, the required insertion for
prom:pt criticality is 8.097 in. CRA, and the predicted variation of
period with reactivity increment up to prompt critical is shown as
curve 1 in Fig. 3, The corresponding measured variation is shown as
curve 2. The object of the adjustment exercise is to find a set of
delayed-neutron data which makes these curves coincide, In Fig. 3
the predicted critical point is clearly 0.2 in., i.e., 2.4¢ below the
observed one, For reactor periods greater than a few milliseconds,
the first term in the inhour equation is negligible, The contribution to
the second term from each group varies most in the range from
T =~ 1/5)5 to T =~ 5/x. For T < 1/5\; the it/ group contribution is
virtually constant between 0.8a; and a;. For T > 5/A; the contribution is
less than 0.2a; and rapidly decreasing. By inspecting ways in which
the difference between the two curves varies with the period T, we can
easily decide which group abundances require adjustment and by how
much. Agreement was obtained by adding 0.7% to group 4 and 1% each
to groups 5 and 6, Table 3 lists the original data and the adjusted set,

For a period of 67.15 sec, corresponding to a 1-in, movement of
CRA from the 6- to the 7-in. position, the reactivity change given by the
adjusted set is 12.06¢, and it predicts prompt criticality at 8.292
standard inches of CRA.

A similar technique can be applied to the adjustment of delayed-
neutron data, adding extra delayed groups if needed, in any system
where there is a need to predict the period variation between delayed
and prompt critical. Often, as with VIPER or Super KUKLA, the
inclusion of experiments will alter the flux pattern and the adjoint
spectrum in the core and thus change the relative effectiveness of
the delayed-neutron groups. The absolute delayed fraction cannot be
checked from reactor period measurements alone,

A knowledge of this fraction is essential to the comparison of
directly calculated reactivity effects and measured ones, which are
generally based on control-rod calibrations using delayed-neutron
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parameters to convert from period to reactivity. Both Rossi-alpha
and variance-to-mean methods are, in principle, capable of providing
a direct measure of the effective absolute delayed-neutron fraction.
The Rossi-alpha method has been used for VIPER and gives the
result 8= (0,03 + 0.04)%. This is somewhat lower than the calculated
value, and, although it reduces the discrepancy between measured and
calculated lifetime, it does not remove it., Measurements have been
made in other fast reactors, notably some recent work with FRO,!?
Generally, in 2®U-fueled systems the agreement is within a few
percent. )
The validity of the basic data, particularly for 2**Pu and 2°U,
has been tested in the Los Alamos fast criticals where the reactivity
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Table 3
DELAYED-NEUTRON DATA FOR VIPER 1

Effective set Adjusted

Group - Group decay based on Keepin set for
No. constant, sec™! data®* VIPER 1
1 0.0127 + 0.0002 0.000253 + 0.000020 0.000246

2 0.0317 = 0.0008 0.001449 + 0.000070 0.001411

3 0.1150 = 0.003 0.001340 + 0.000140 0.001305

4 0.3110 + 0.008 0.002928 + 0.000060 0.002903

5 1.400 £ 0.081 0.001057 + 0.000060 0.001100

6 3.870 @ 0.369 0.000253 + 0.000030 0.000315

Total 0.00728 0.00728

*Errors quoted are based on errors given by Keepin for relative
abundances of 3%y delayed neutrons. Additional errors, ~5%, in-
troduced by the effectiveness calculation are not included.

increment between delayed and prompt critical is compared with the
corresponding surface increment., This, in turn, can be expressed in
terms of absolute reactivity by criticality calculations. The agreement
is within 10%. ' In more-complex systems the perturbation effect based
on delayed-neutron-calibrated control rods of a small sample at the
core center may be compared with the calculated value. The uncer-
tainty of this calculation can be reduced to a few per cent by choosing
a fissile sample, preferably the same fissile material as the core, and
using cross-section data, which allows the criticality of the system to
be correctly calculated. For a range of Zebra cores, this comparison
as given in Table 4 shows that there is a discrepancy, especially in
cores in which the main fissile component is **pu. Because of its
small delayed-neutron fraction, the effective delayed-neutron fraction
for the system depends crucially on the value for ?*®U, which is cur-
rently nearly six times the ®**pu value. Table 4 shows that the revised

Table 4
CENTRAL PERTURBATION VALUES IN ZEBRA ASSEMBLIES??

. Ratio*
Main

Zebra fissile Keepin® Revised? delayed~
core material delayed-neutron data neutron data

1 25y 1.21 1.10

2 235y 1.25 1.15

3 39py 1.33 1.15

6A 239py 1.34 1.18

*Ratio of the calculated worth of 2°Pu sample at the core center to
the observed worth based on control rods calibrated by period mea-
surements.
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delayed-neutron data?® could help to reduce this discrepancy. The
increase could be due to the higher energy of neutrons producing
fission in this revised data.

A change of this magnitude also affects the wvalue of 8 used in
deriving the prompt lifetime for the Zebra cores from the measured
decay constant by the Rossi-alpha method. For example, the quoted
value for core 3 in Table 2 is 0,43%. If this were to be increased in
the same ratio, i.e., to 0.525%, the experimental lifetime for Zebra
core 3 would become 0.06 psec, showing the same trend as observed
with the other systems, namely, that the experimental lifetime is
longer than the calculated lifetime.

CONCLUSIONS

The overall kinetic behavior of pulsed reactors is well represented
by the point kinetics model though it is often necessary to simplify
more-complex parameters by converting them to an equivalent point
kinetics versicn, The usual assumption of nearly linear temperature
coefficient is inadequate if a high proportion of the feedback is Doppler.
Nevertheless, in a system such as VIPER, relatively simple basic
calculations of the expected temperature coefficient which is partly
expansion and partly Doppler agree with the experimentally observed
coefficient to within 10 to 15%.

When the pulse is very fast, inertial effects must be considered.
Relatively simple single-oscillator models appear to predict qualita-
tively the variation of overall yield in a burst with reactivity insertion,
Although yield calculations can be made to fit the observed behavior
by suitably choosing the inertial time constant, few direct comparisons
of the precise stress and displacement patterns with realistic elastic
models have been made. Using the approximate expression for the
yield increase due to inertia (1 + c&’t?), the effect of a 10% change in
time constant corresponds to a 20% increase in yield when the inertia
effect is large (typically, the maximum value of 1+ ¢t is 7 to 8).
Stress calculations which ultimately set a limit to the burst yield
require a much more detailed treatment of the mechanical features of
the core geometry, and, though yield calculations may be accurate to
within 20 to 30%, it is not valid to assume equal accuracy of stress
calculation in these much simplified models. »

Although calculation methods for prompt kinetics are in general
satisfactory, detailed comparisons suggest that many calculations of
neutron lifetime tend to predict shorter lifetimes than are observed,
in some cases by as much as 30%. Minor but significant differences
appear between the one-point kinetics parameter 3/7 derived (1) from
super-prompt pulses and (2) from Rossi-alpha and pulsed-alpha
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measurements near delayed critical. The treatment of low-energy
neutrons, which has little effect on the critical size, does affect
lifetime calculations but is not tested by comparing measured with
calculated critical masses. The point reactor model, which is known
to be an inadequate representation of certain reflected-core systems
from Rossi-alpha and pulsed-alpha measurements, may also be un-
realistic in describing prompt kinetics.

Finally, indications are that the satisfactory agreement in basic
delayed-neutron data for small ?®U- and ***Pu-fueled systems, such
as the Los Alamos critical reactors, applies also to other burst
reactors though minor adjustments may be necessary to obtain a
satisfactory set of parameters to use in the inhour equations. How-
ever, new measurements of the delayed fraction in ***U, though not

“claiming high accuracy, are 20% higher than previous values, and

this larger value gives better consistency in predicting the reactivity
scale in systems particularly sensitive to delayed neutrons from 3%y,
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DISCUSSION

KEEPIN: There are, of course, the neutron importance or effec-
tiveness factors which must be multiplied by delayed-neutron yields
or delayed-neutron fraction values entering into kinetics calculations
or reactivity-worth calculations. Due to uncertainties in delayed-
neutron-group spectra, cross sections, etc., this is still a significant
source of error, not large perhaps, but until it is resolved, I do not
know that we can make as detailed a comparison as we would like to
in the case of Mr. McTaggart’s very fine work.

McTAGGART: Perhaps I could just say that some work has been
done in this field by Mr., Codd at Winfrith. The effects of differing
delayed-neutron spectra have been looked into, and changes of the
order of 5% can be produced by rather extreme variations in the
spectra. In our view this is not sufficient to explain these 20 or 30%
changes, but I agree there is need for improved spectra.

BRUNSON: You showed a table listing various critical assemblies,
and until we reached the last three entries, we had a rather consistent
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variation between the calculated and the measured lifetimes; but for
VERA 1B the discrepancy was much smaller, for VERA 5A there was
no discrepancy at all, and for VERA TA the discrepancy was in the
other direction. How do you account for- this? We have looked at a

number of assemblies, too, and we have seen what you were seeing on

the first entries in the table,

McTAGGART: We included these VERA assemblies because these
are recent results, The agreement there is good because we have
altered the method of using some low-energy nuclear data to force
agreement between the measured spectra and the calculated spectra
in these systems at low energies. These measurements are recent
time-of-flight results. I hesitate to give too much importance to this
data because what we have done in these calculations is not entirely
justified, We have used methods of heterogeneity correction, which
are valid at very low energies, up to much higher neutron energy,
This produces more low-energy neutrons, When the calculation agrees
with our measured spectra, we have used it to calculate lifetimes.
In these cases, as you pointed out, the agreement is quite good.

BRUNSON: Is there a difference in the reflector between the 1B,
the 5A, and the 7TA?

McTAGGART: VERA core 1B is a fairly fast system consisting
of a ¥5U graphite core and a natural-uranium reflector. Cores 5A and
7A are -also 23U fueled but both contain hydrogen, Core 7A contains
238U, but 5A does not. They all have a natural-uranium reflector.
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ABSTRACT

Various methods for calculating the thermomechanical effects of rapid heating
on the core of a fast burst reactor are reviewed, and some comparisons be-
tween theory and experiment are provided. The narrow power pulse causes the
temperature of the core to rise faster than the fuel material can respond by
thermal expansion. A small portion of the thermal energy becomes kinetic en-
ergy, causing the core to vibrate and inducing large dynamic stresses in the
fuel material. In addition to the determination of stresses for evaluating fuel
integrity, it is important to calculate displacements since the movement of the
core surfaces determines the burst characteristics of the reactor.

Both one- and two-dimensional calculational techniques based on linear
thermoelasticity are discussed and compared with experimental measurements.

The operational mode of a fast burst reactor induces severe stresses
on the fuel material., The energy generated during the narrow power
- pulse causes the temperature of the core to rise faster than the fuel
material -can respond by thermal expansion, A small portion of the
thermal energy is converted into kinetic energy, causing the core to
vibrate; this vibration, in turn, creates dynamic stresses. The motion
imparted to the core can be simply explained by the following argu-
ments, The lag in expansion during the temperature rise initially
causes compression of the fuel. Since the fuel mass is unrestrained
over the majority of its surface, the initial compression, together
with the increasing temperature, causes the core to expand. After
termination of the burst, the total temperature rise is achieved, and
the core expansion reaches its maximum value., The dynamic expan-
sion of the core exceeds the static expansion that would result if the
fuel were heated slowly; the elastic properties of the fuel material
cause the core to contract to a minimum expansion which is below

51
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the static value. Expansion and contraction continue at the natural
vibrational frequency of the core until material damping eliminates the
oscillations, and the final magnitude of the expansions is the static
value. These dynamic effects disappear within a few milliseconds after
the burst, during which time heat transfer within the core is negligible.

The oscillations of the core produce large dynamic stresses in
the fuel components. In several instances these induced stresses have
been of sufficient magnitude to cause fuel-component damage and even
reactor clisassemblj>7.1_3’14 Conventional thermal-stress analysis can-
not be used to calculate the stresses induced in a fast burst reactor
core because the time to achieve the temperature rise is of the same
order of magnitude as the natural vibrational period of the core,
This means that the effect of mass inertia must be included in the
calculations. In addition to the determination of stresses for evalua-
tion of fuel integrity, it is important to calculate the displacements
since the movement of the core surfaces determines the burst char-
acteristics of the reactor.

SURVEY OF CALCULATIONAL TECHNIQUES

Techniques for calculating dynamic thermoelasticity must include
the effect of mass inertia; however, heat transfer in the core can be
neglected because the dynamic effects of interest occur before any
appreciable conduction can change the initial temperature distribution,

" The dynamic thermoelastic equations must also be coupled with the
neutron kinetic equations to describe properly the time history of the
power and therefore the time dependence of the temperature rise in
the fuel. In this paper the neutron kinetic problem will be ignored, and
attention will be fixed on the methods for calculating the displace-
ments and stresses using a temperature-rise function which ap-
proximates the time-dependent integral of the pulse profile, Thermal-’
stress analysis for fast burst reactors can be divided into two general
categories according to the number of spatial directions that are
included in the analysis.

One-Dimensional Analyses

Burgreen‘i_6 has written several papers concerned with the ther-
moelastic dynamics of fast burst reactor components., His method
treats the reactor core as a rod and replaces the temperature-induced
stresses with equivalent body forces, surface tractions, and internal
pressures. The temperature is assumed uniform; so no temperature
gradients exist, and internal points of stress-wave initiation are thus
eliminated. Plane-wave propagation starts only at the free ends of the
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rod. Burgreen4 also analyzes the behavior of thin cylindrical and
spherical shells and solid spheres, By applying the method of equiva-
lent loads to a segmented rod, Burgree115’6 derived expressions for
the velocity of separation of the various axial segments and an ex-
pression for the peak bolt stress. .

An analysis of a bolted fuel assembly using a mass-spring model
shows good agreement with the equivalent-load method. Austin’ stud-
ied the dynamic response of thin nested spherical shells subjected to
rapid and uniform heating, This analysis provided for heating of only
the innermost shell; a plastic outer shell with an elastic inner shell
was also considered. The work of both Burgreen and Austin showed
that the amplitude of the dynamic stress in a rapidly heated body is
dependent upon the ratio of the heating time to the natural vibrational
period and also upon the magnitude of the temperature rise, This can
be illustrated by Burgreen’s results for a spherical or cylindrical
shell? as shown in Fig. 1,

2.0 T T T

0 T 2m 3 4 S5

Fig. 1—Effect of vapid and uniform heating on a cylindvical ov spherical shell.
(@) Radial expansion of sphevical ov cylindrical shell. (b) Stress oscillation in
shell.
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The upper curve shows the normalized radial displacement of the
shell, r/a AT R, where r = radial displacement, « = thermal expansion
coefficient, AT = temperature increase, and R = mean radius, plotted
as a function of wt, where t=time and w = vibrational frequency de-
fined by

for a cylindrical shell

o=
o |

and

1 2E R
w= R 1/('1”—0—);) for a spherical shell

The symbol E = modulus of elasticity, p = density, and ¢ = Poisson’s
ratio. The ratio of heating time to vibrational period, T,/ T., is given
as a parameter and determines the magnitude of the displacement
oscillations. The curves oscillate about the static expansion where
r/a AT R=1,0; and for T,/T, =3 there are no dynamic effects. The
lower curve shows the normalized stress inthe shell, T(1 — co)/Ea AT,
where T = stress, ¢ = 0 for a cylindrical shell, and ¢ = 1 for a spheri-
cal shell, for the same ratios of Tp/Ta. The stress shows initial com-
pression and then oscillates into tension, the magnitudes depending
upon T,/T, For a ratio of T,/T, = 3, there is very little stress in the
shell, .

One-dimensional calculational techniques employed at Sandia Lab-
oratories use a numerical solution of the dynamic thermoelastic dis-
placement equation in cylindrical, spherical, and slab geometry. For
an infinite cylinder with the temperature rise a function of radius and
time, the displacement equation is

8%u ., l8u u_(1+o0) 3T _153%
P 2 I T (1)
Ir® radr r (1-0) 9r c°ot

where u = u(r,t) = radial displacement component

r = radial coordinate

t = time coordinate

¢ = speed of sound
c?=E(1 - 0)/[(1+ o)1 - 20)p]

o = Poisson’s ratio

E = Young’s modulus

p = density '

o = thermal expansion coefficient

T = T(r,t) = temperature rise
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This equation assumes that the elastic properties are time and
temperature independent and that motion is restricted to the radial
direction only, After this equation has been solved for the radial dis-
placement component for a specified time and spatial variation of
temperature, the stress components across the cylinder are calcu-
lated from

2u AU (2)

T = A —_— :
a0t = (2u+ A) o T (8A+ 20 aT(rt)

Tap(B) =X T2 (204 0) - (30 + 24) T(r,) (3)

and

T, (rt) = A {—z'? + 1—;:} — (83X + 2y) aT(r,t) (4)

where 7, = radial stress component

Tge = tangential stress component
T, = axial stress component
cE/[(1 + o)(1 = 20)]
u=E/[2(1+0)]

>
i

The form of the displacement equation in spherical geometry with
angular symmetry is

8%u, 2581 2u (1+0) T 19% (5)
ar? ror r: (1-g) " 8r cfat?

-where the symbols are as defined previously, After this equation has
been solved in the same manner as described for the cylindrical case,
the stress components are found from

T.(rt) = (2u+ A) Z——: + A%— (BXx+ 2y aT(r,t) (6)

Toollt) = Tee (T,t)

A g%+ (20 + ) %_ (31 + 2u) aT(r,t) M

where 749 = T4, = tangential stress component.
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Certain initial and boundary conditions must be used in the solu-
tion of Egs. 1 and 5. The initial condition specifies that the body is at
rest at zero time or that the displacement components across the
body are all zero:

u(r,0) =0 for all r at t=0

If the proper boundary conditions are chosen, Egs. 1 and 5 can be

solved either for a solid or a hollow cylinder or sphere. For a solid

body the proper boundary conditions state that there is no movement -
or displacement of the center and the outer surface is free to expand,

i,e., there is no pressuf‘e imposed on the outer surface:

u(0,t) =0 at the center of the body (r = 0)
T (Rt} =0 at the outer surface of the body (r = R,)

For a hollow body the boundary conditions consider both inside and
outside boundaries as free surfaces; so no pressure is imposed.on
those surfaces:
To(Ri,t) =0 at the inside surface (r =R
T.(Rot) =0 at the outside surface (r = R,)
The form of the displacement equation for rectangular geometry

with only x-direction dependence is

2

3%y (1+0) dT 1 3%
by _(1ro) 2T _1lou (8)
ox" (1-0)  0x c" ot

where x is the rectangular coordinate and the other symbols are as
previously defined. After this equation has been solved for the dis-
placements, u(x), the stress components are calculated from

TalBt) = (20 X) To— (31 + 21) aT(x,1) 9)

Ta(mt) = Tyy(%,8) = A ga — (31 + 24) @T(x, ) (10)

where 7, = X-stress component, 7, = y-stress component, and 7, =
z-stress component,
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Since the body is assumed to be initially at rest,
u(x,0) =0 forallxatt=20

The surfaces of the rectangular or slab body are free to expand; so
the following boundary conditions must be used in the solution of
Eq. 8:

Tw(0,t) = 0 at one free surface (x = 0)

Tx{L,t) = 0 at the other free surface (x = L)

The method used in the numerical solution of Egs. 1, 5, and 8
employs an explicit finite-difference analog of these partial differential
equations. The one-dimensional body is subdivided into space points,
and the interior values of the displacements are determined explicitly, .
At the boundaries the displacements are calculated using the boundary
conditions written in backward or forward differences, depending on
whether the surface is an outside or inside boundary. After the dis-
placements have been calculated across the body, the stress com-
ponents are determined from finite-difference forms of Eqs. 2, 3,
and 4; Eqgs. 6 and 7; or Eqgs. 9 and 10. Some results typical of these
calculations are shown in Figs., 2 and 3 using Eq. 1 for a burst with
a maximum temperature rise of 420°C and a width of 41usec. The fuel
component is a plate!? in the Sandia Pulsed Reactor Il (SPR II), and the
material properties are those of uranium-10 wt% molybdenum (see
R. M. Jefferson, Session 2, Paper 3). The time and spatial variations
of temperature are shown in Fig. 2, where the upper curve shows the -
time variation of the temperature rise at the glory hole and outer
surfaces and the lower curve gives the spatial variation of the tem-
perature which was inferred from the measured radial neutron-flux
distribution, Figure 3 gives both the time variation of the glory hole
and outer surface expansions and the dynamic hoop stresses at these
surfaces., The one-dimensional theory shows quite clearly that the
critical stress region is at the glory hole surface where the maxi-
mum dynamic tensile stress occurs. The plate oscillates with a natural
vibrational period of 130 psec, and expansion peaks correspond to
peak tensile stresses. No damping is included in the calculations; so
the magnitude of the oscillations does not diminish with time,

The magnitude of the calculated displacements and stresses is
sensitive to the function used to describe the temperature rise, Sev-
eral different functions have been suggested to approximate the
temperature rise during a burst. The simplest function is a ramp
temperature rise, where the time variation is given by two functions
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T(t) = T .«

T(t) =

REUSCHER
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max

for0 St=T,
(11)

fort> T,

where T, ,, = maximum temperature rise, t=time, and T, = heating

time,

toward the end of the burst

The ramp function gives too fast a temperature rise initially and

and too slow a rise otherwise. A function
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that better approximates a burst ist

T(t) = ’5‘“‘ [l — cos (T;,—t)] for 0 =t =T,
P (12)
T =T,_,, fort> T,
Since the proper temperature rise should be proportional to the integral
of the power pulse, an even better function to describe the time varia-
tion of the temperature rise is

: Tmax
T(t)—e [_352<t—&>]+>1 (13)
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for all values of time, where b = width of the pulse at one-half maxi-
mum power and the peak power is reached in time TP/Z. This last
expression is an integration of the symmetric power pulse given by
Wimett et al.,® normalized to the maximum temperature rise. These
three functions are compared in Fig. 4, and the calculated displace-
ments using these functions are compared in Fig, 5 for a SPR II plate
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@
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s
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(a) (b) (c}

TIME, uSEC

Fig. 4— Comparison of tempevatuve-vise functions. (@) Ramp function. (b) Co-
sine function. (c) Buvst integral function.

-‘with the spatial variation shown in Fig. 2, The displacements calcu-
lated using Eq. 13 are larger than those obtained using Eqs. 11 and 12,
The calculated maximum values of tensile stress for these three
functions are compared in Table 1,

- “COMPARISON:
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The temperature rise calculated from Eq. 13 gives a greater rate of
temperature rise and therefore larger dynamic stresses than the
cosine function of the ramp function for the same maximum tempera-
ture rise and heating time. Experimental measurements and calcu-
lated values using one-dimensional analysis will be compared later
in this paper.

Two-Dimensional Analyses

The one-dimensional calculations restrict expansion to a single
direction and, as a consequen‘ce, tend to overestimate the magnitude
of displacements and stresses. A two-dimensional calculation allows
motion in two directions but is considerably more complicated than
- the one-dimensional analysis. Since fast burst reactors are generally
cylindrical, the dynamic thermoelastic displacementequations in cy-
lindrical geometry with angular symmetry are:

2 2 2
8“u , 13u u 3“u 9%y
+ — s — =+ 5 T + —_
(2u ”(ar? rar r2> Bog T M) 5y
9T 3%y
—(3A+2u)a8—;—.0 2 (14)
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and
: 2 2 2
a‘v . 13 v 3% 13u
e+ =2+ (2 F ) =5 (A + (—+7—
“(arz rar) (2 A)azz (= H) aroz raz)

aly

PYE) (15)

8T _
»—(3?\+2M)OIE—P

where u = radial displacement component, v = axial displacement com-
ponent, z = axial coordinate, T = T(r,z,t) = temperature, and all other
terms are as previously defined. After these equations have been
solved for the displacements for a specified time and spatial variation
of temperature, the stress componénts throughout the cylinderare

du’ u dv
1“—(A+2u)8—r+/\<;+£)—~(3x+2p)aT (16)
. —()\+2)-E+)\<a~u+8—v>-—(3/\+2) T (17)
68~ W ar oz Hia
T —(A+2)ﬂ+x<§3+g)—(3/\+2) T ' (18)
z" W sz ar T Ha
o (2, 8y
Arz—u<az+8r> (19)

where these are the radial, tangential, axial, and shear-stress com-
ponents, respectively.

The initial conditions 'for the solution of Eqs. 14 and 15 specify
the cylinder to be at rest at zero time or the displacement compo-
nents all to be zero:

u(r,z,0) =0 forallrandz att=0
v(r,z,0) =0 forallrand z att =0
The form of the boundary conditions used in solving Egs. 14 and 15
determines whether the solution is for a hollow or solid finite cylinder.
For a solid cylinder the following conditions must be satisfied:
u(0,z,t) = 0 along the center of the cylinder (r = 0)

av(0,z,t)

P =0 along the center of the cylinder (r = 0)

T (Roy2,t) = 0 along the outer radial boundary (r = Ry)
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Te2(Roy2,t) = 0 along the outer radial boundary (r = R,)
7,4r,0,t) = 7 (r,L,t) = 0 along both axial boundaries (z = 0; z = L)
Teolr,0,t) = 7., (r,L,t) =0 along both axial boundaries (z = 0; z = L)

For a hollow cylinder the first two boundary conditions are replaced by

7.(Ri,z,t) =0 along inner radial boundary (r = R,)

7..(R;,z,t) =0 along inner radial boundary (r = R,)

and the other boundary conditions remain the same. These conditions
specify that the cylinder surfaces have no imposed normal and shear

stresses and are thus free to expand,

A finite-difference scheme!® is used to solve Egs. 14 and 15. An

explicit-difference analog of these equations is used to obtain interior
values of u and v and radial boundary values of the displacements,
For satisfying radial boundary conditions, values of u and v are cal-
culated at fictitious points outside the radial boundaries from a finite-
difference form of Eqgs. 16 and 19. For the axial boundaries or the
ends of the cylinder, the displacements are determined from a simul-
taneous solution of finite-difference forms of Eqs. 17 and 18.

Two-dimensional analyses have been used for long solid rods in
which the length is about 10 times the diameter and for hollow cyl-
inders in which the length approximately equals the outside diameter.
The rod calculations are theoretical support for a fuel-alloy study being
conducted at Sandia Laboratories, The hollow-cylinder calculations
simulate the behavior of the SPR IIL

Results of a solid-cylinder calculation are shown in Fig. 6 for a
uranium-10 wt.% molybdenum rod with a length of 10 in. and a diame-
ter of 0.67 in., The temperature distribution for the rod is uniform
across the radius and varies with rod length such that the maximum
of 560°C occurs at the rod center (z = 5 in.) and the minimum of 160°C
occurs at the rod ends. The temperature rise is calculated using
Eq. 13 with a burst width of 33 usec, and the material properties are
those of a uranium-10 wt.% molybdenum alloy. Figure 6 gives the
- axial expansion of both ends of the rod and the outer radial expansion
at the center of the rod. The axial stress at the center of the rod is
the maximum stress and is also shown in Fig, 6. Since the radial
inertia is not important in the rod, the radial expansion follows the
temperature rise, reaching a maximum first; and then the axial ex-
pansion reaches its maximum producing the peak tensile stress. The
stress at the center oscillates between tension and compression as
the rod expands and contracts,
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Fig. 6 —Results of two-dimensional calculations for a solid cylinder.

‘Results of a hollow-cylinder calculation are given in Fig. 7 for
the upper half of SPR II, which has an outside radius of 4.039 in., an
inside radius of 0.825 in., and a length of 4.1 in, The cylinder mate-
rial is uranium-—10 wt%molybdenum, and the temperature varies
throughout the cylinder as the measured neutron flux, The tempera-
ture rise is calculated using Eq. 13 with a maximum of 489°C and a
burst width of 38 usec, This figure shows the dynamic axial expansion
of a point at the ziverage radius on both the top and bottom of the
cylinder. Negative expansion is in the negative direction of the co-
ordinate system, or downward, The radial expansions of the outside
and glory hole surfaces at a point located at one-half the length are
also shown; negative expansions are inward. These curves show that
the expansion peaks in the axial direction correspond to expansion
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Fig. 7—Results of two-dimensional calculations fov a hollow cylinder (upper
half of SPR 1I).

valleys in the radial direction. Likewise, peaks in the radial direction
correspond to valleys in the axial direction, The predominant vibra-

tional period of 160 psec for the radius and 110 psec for the axis are
shown, as well as higher vibrational periods along the glory hole.

Comparison Between One-Dimensional
and Two-Dimensional Analyses

The numerical solution of two-dimensional equations is more
complex and requires from 10 to 20 times more computer time than
the solution of one-dimensional equations. However, this increased
expense is justified because two-dimensional calculations produce
more-accurate results. A comparison between the two different anal-
yses for a solid rod and a hollow cylinder is given in Table 2. The
one-dimensional rod calculations used a solution of Eq. 8, and the
results of a two-dimensional calculation for the rod have already
been shown in Fig, 6. The one-dimensional (1-D) results give twice
the expansion, almost four times the stress, and about a one-third-
smaller vibrational period than the two-dimensional (2-D) results,
The hollow-cylinder comparisons are made for the conditions of a
burst with a 560°C temperature rise and a width of 33 usec, using the
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Table 2
COMPARISON BETWEEN ONE- AND TWO-DIMENSIONAL CALCULATIONS :

" Maximum expansion, Maximum tensile, Oscillation period,

mils . stress, psi usec
Geometry - 1-D 2-D 1-D 2-D 1-D 2-D
Rod 110 50 310,000 80,000 170 230
Hollow cylinder :
Outside radius 38 27 100,000 77,000 130 170
Inside radius 24.5 12.5 320,000 140,000

dimensions of SPR II, As -was the case for the rod problem, the
one-dimensional results show larger expansions and stresses and a
smaller period than the two-dimensional calculations. Since the one-
dimensional calculations inherently limit motion to only one direction,

they should overestimate the stress magnitudes achieved in practice, -
Hence, the two-dimensional analysis should be used as a more 'ac- -

curate method of determining dynamic thermoelastic expansions and
stresses. This will be further demonstrated in a later section of the
paper by comparing calculations with experiment,

COMPARISON OF CALCULATIONAL TECHNIQUES
WITH EXPERIMENTAL MEASUREMENTS

None of the theoretical treatments described previously are really
meaningful without confirmation from experimental data, Consider-
able investigation has been made into the mechanical behavior of
fast burst reac‘cors,s’g_10 In general, these investigations have involved
observing the displacement of fuel surfaces with transducers and
measuring stresses induced in structural members during burst op-
eration with strain gauges. .

Efforts to compare the theoretical ‘analyses of Burgreen and
Austin with experimental data have not been extensive. However, some
comparisons. are available using Burgreen’s analysis from published
design stresses!! and measurements conducted during a test to failure
on the Army Pulsed Radiation Facility Reactor (APRFR).!'!® The
calculated and measured bolt stresses are shown in Fig. 8, and the
average fuel-plate stress and the measured outer-surface hoop stress
are shown in Fig. 9 as a function of reactor yield. The theoretical
numbers are about 5000 psi higher than experimental for bolt stress
and 15,000 psi higher for the fuel assembly. The measured stresses
were not the maximum stresses that occurred across the fuel plate
since these maximum stresses probably occurred at the inside radial
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surface where measurements could not be made. Therefore average
stresses in the plate would be greater than those measured at the
outer surface.

As in the comparison between the one- and {wo-dimensional
analyses, the one-dimensional calculations tend to overestimate mea-
sured displacements., Figure 10 compares one-dimensional calcula-
tions and measurements for the outside surface and glory hole surface
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Fig. 10— Comparison between one-dimensional calculations and expansion

measurements on SPR II. (a) Calculated displacements. (b) Measured displace-
ments.

displacements of the central core plate of SPR II (0.825-in, inside
radius; 4.039-in. outside radius) for a burst with a maximum tem-
perature rise of 509°C and a width at one-half maximum of 38 usec.
The calculations used Eq. 13 for the temperature rise and produced
a maximum outside expansion of 32.3 mils and a maximum glory hole
expansion of 19.6 mils, The time between oscillation peaks of 130 usec
is the natural vibrational period of the plate, The experimental data
for the plate show a maximum outside expansion of 24.5 mils and a
maximum glory hole expansion of 13.8 mils; however, the experimental
vibrational period is about 170 psec. Thus, the calculations over-

" estimate the peak outside expansion by about 31% and the peak inner

expansion by about 42%; the vibrational period is underdetermined by
31%.
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The magnitudes of the experimental oscillations in Fig, 10 de-
crease because of internal damping in the fuel material; this phe-
nomenon is not included in the one-dimensional theory, The qualitative
agreement between theory and experiment is quite good. If the tem-
perature-rise function described by Eq. 12 is used in the calculations
instead of Eq. 13 for the same heating time, the agreement between
theory and experiment at the outside surface is considerably im-
proved, but the experimental glory hole expansions exceed the calcu-
lations by about 25%. The‘comparison between theory and experiment
using Eqs. 12 and 13 for the temperature rise is shown in Fig. 11 for
maximum radial expansion vs, peak temperature rise in the fuel plate.
From Fig. 11 we see that even though Eq. 13 gives a more accurate
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Fig. 11— One-dimensional calculated and measuved maximum vadial expan-
sions of SPR II fuel plate.

description of the temperature rise during a burst, better agreement
between one-dimensional theory and experiment is achieved if Eq. 12
is used as the temperature-rise function. The agreement at the outside
radius is especially good. The presence of four control-rod holes
(0.938-in, in diameter) complicates the geometry and may account for
the larger measured glory hole expansions,
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Some dynamic and static comparisons between experimentally de-
“termined displacements and two-dimensional calculations using Egs. 14
and 15 are given in Figs'. 12 and 13. The calculations were performed
for the upper half of SPR II for a burst with a maximum temperature
rise of 489°C and a width of 38 usec, and the measurements . were
made on one of .the central: core plates. The calculated radial vibra-
tional period of 170 psec compares quite favorably with the measured
period of 180 usec, The outside surface expansions show fairly good
agreement between theory and experiment with a difference of about
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RADIAL EXPANSION, MILS
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Fig, 12— Dynamic comparison between two-dimensional calculations and ex-
periment for SPR II expansions.

1.5 mils at the peak expansions. The time scale for the measurements
is normalized to the first expansion peak of the calculations, The
initial disagreement between theory and experiment up to 120 usec is
probably due to the sensitivity of the transducers to the pulse radia-
tion environment, Higher - modes of oscillation are present in the
calculations than are seen in the measurements owing to several
factors. The transducers are unable to resolve the higher frequencies,
and the data are obtained only for every 20 usec, which would tend to
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smooth out the higher modes. Also, the glory hole surface should
behave more like a plate since there are gaps between adjacent fuel
plates. A plate would not exhibit the higher vibrational modes. These
calculations used the temperature-rise dependence of Eq. 13 and
show surprisingly good agreement with measured displacements,

The maximum radial expansions are shown in Fig. 13 as a function
of peak temperature rise in the fuel plate. The difference between ex-
periment and the two-dimensional calculations is only 2 mils at the
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Fig. 13— Two-dimensional calculated and measuved maximum vadial expan-
sions of SPR II fuel plate.

outside surface. The discrepancy between experiment and theory at
the glory hole gets larger as the temperature rise increases. However,
the glory hole expansions are still calculated more accurately in
Fig. 13 than with the one-dimensional analysis, The agreement be-
tween theory and experiment in Figs. 12 and 13 is excellent consider-
ing that the actual core geometry is considerably more complex than
the right-circular cylinder used in the calculations.
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CONCLUSION .

The effect of temperature-dependent properties, such as modulus
of elasticity and expansion coefficient, has been studied by including
the temperature dependence of these quantities in the one-dimensional
calculations. The displacements and vibrational periods calculated with
temperature-varying properties showed poorer agreement with ex-
periment than did the calculations with temperature-independent prop-
erties. Hence, all the calculations are performed using the material
properties measured at room temperature, The true behavior of these
- properties under conditions of rapid heating and loading is unknown.

These thermoelastic analyses cannot predict when failure will
occur in a fuel component. A conventional static failure criterion
cannot be used because the fuel material is stronger under the dynamic
loading conditions experienced in a fast burst reactor than under
static loading conditions, as demonstrated by Hoge13 for dynamic
tensile testing of uranium-10 wt.% molybdenum samples. Failure
stresses of about twice the static tensile stress were observed at
strain rates of about 100 in,/in./sec, Dynamic measurements con-
ducted on the glory hole of SPR II have shown similar results, When
the measured displacements are converted into stress, the maximum
hoop stress can be determined as a function of burst yield. Stresses
in the range from two to three times the static tensile strength at the
temperature of the glory hole surface were observed without plate
failure for strain rates of about 200 in./in./sec at temperatures of
500°C to 600°C., Thus, a failure criterion based on twice the static
tensile strength appears reasonable in fast burst reactor design,
Calculated stresses must exceed twice the ultimate tensile strength
before the fuel component is considered to fail. However, data con-
cerning the effect of rapid loading on tensile strength are available for
only a limited number of fuel alloys. The ability of the environment
.around a fuel coinponent to induce stress corrosion in the alloy can be
a more serious limitation on the long-term performance of a fast burst
reactor than simply the magnitude of the dynamic stresses,

This paper has discussed a variety of techniques for calculating
dynamic displacements and stresses in a fast burstreactor. In general,
the agreement between theory and experiment improves as the calcu-

lational procedure becomes more involved. The two-dimensional cal-

culations provide the best agreement with méasurements; however, the
one-dimensional analyses have proven quite useful for parametric
studies. With the proper temperature-rise function, the one-dimen-
sional calculations can be made to fit measured maximum expansion
values with reasonable accuracy as shown in Fig, 11,




THERMOMECHANICAL ANALYSIS 73

ACKNOWLEDGMENT

This work was supported by the United States Atomic Energy

Commission.

REFERENCES

1.

2.

10.

11.

12.

13.

14.

15.

J. T. Mihalczo and J. A. Reuscher, Pulse Production Experiments with the
Army Pulsed Radiation Facility Reactor, Nucl. Sci. Eng., (to be published).
R. L. Long, Report of Reactor Excursion During Test of Modified Core,
U. S. Army Test and Evaluation Command, White Sands Missile Range,
N. Mex., July 1965.

. J. A. Reuscher, Dynamic Mechanical Characteristics of the Sandia Pulsed

Reactor II, Trans. Amer. Nucl. Soc., 11: 220 (1968).

. D. Burgreen, Thermoelastic Dynamics of Rods, Thin Shells, and Solid

Spheres, Nucl. Sci. Eng., 12: 203-217 (1962).

. D. Burgreen, Thermoelastic Dynamics of a Bolted Pulse Reactor Assembly,

Report UNC-AMR 65-560, United Nuclear Corp., June 30, 1965.

. D. Burgreen, Thermoelastic Dynamics of a Pulse Reactor, Nucl. Sci. Eng.,

30: 317-327 (1967).

. A. L. Austin, Thermally Induced Vibrations of Concentric Thin Spherical

Shells, Nucl. Sci. Eng., 20: 45-52 (1964).

. T. F. Wimett, R. H. White, W. R. Stratton, and D. P. Wood, Godiva II—An

Unmoderated Pulse-Irradiation Reactor, Nucl. Sci. Eng., 8: 691-708 (1960).

. J. M. Richter, Mechanical Shock Measurements on the White Sands Missile

Range Fast Burst Reactor, Report USA TECOM Project 9-6-0067-00,
Army Missile Test and Evaluation, White Sands Missile Range, N. Mex.,
October 1967.

J. A. Reuscher and J. M. Richter, Dynamic Mechanical Measurements on
the Army Pulsed Radiation Facility Reactor, Tvans. Amev. Nucl. Soc., 10:
612 (1967).

R. W. Dickinson et al., Safety Analysis Report for Army Pulsed Radiation
Facility Fast Pulse Reactor, USAEC Report BRL-R-1356, Aberdeen Prov-
ing Ground, February 1967.

R. L. Coats and P. D. O’Brien, Pulse Characteristics of the Sandia Pulsed
Reactor II, Trans. Amevr. Nucl. Soc., 11: 219 (1968).

K. G. Hoge, Some Mechanical Properties of Uranium—10 Wt.% Molybdenum
Alloy Under Dynamic Tension Loads, USAEC Report UCRL-12357, Lawrence
Radiation Laboratory, 1965.

W. R. Stratton, A Review of Criticality Accidents, in Progress in Nuclear En-
evgy, Technology, Engineevring, and Safety, Series 1V, Vol. 3, Pergamon
Press, Inc., New York, 1960.

J. A. Reuscher and M. R. Scott, Numencal Analysis of Two-Dimensional,
Dynamic Thermal Stresses in a Hollow Cylinder, in The Effective Use of
Computers in the Nuclear Industry, Symposium Proceedings, Knoxville,
Tennessee, April 21-23, 1969, USAEC Report CONF-690401, pp. 542-560,
1969.

DISCUSSION

MILEY: I am curious about the spatial distribution of the tem-

perature function. You used a uniform heating, which would seem to
be somewhat of an approximation. Is the calculation sensitive to the
spatial distribution as well as the time function?
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REUSCHER: 1 did not mean to imply that I used a uniform tem-
perature profile for any of the solutions in the paper; in fact, I forgot
to mention that for the 2-D calculations in a hollow cylinder the spatial
relation of the neutron flux in SPR II was used as the distribution of

’temperature with respect to space, If one assumes a uniform tempera-

ture profile across the SPR II plate just described and performs a
one-dimensional calculation, the magnitude of the calculated displace-
ments is roughly the same as that for a distributed temperature with
the same average temperature rise. The stresses are different,
however, because one has to subtract a temperature term from the
strain terms that are determined from the displacemgnt information.
The result is that one calculates, in some cases, considerably dif-
ferent stress values. The:effect of various temperature functions on
the calculated values is discussed in the paper.

KURSTEDT: You said that the two-dimensional displacement solu-
tion gave you better agreement with experiment. Did the two-dimen-
sional displacement formulation give you better accuracy in the
neutronics solution?

REUSCHER: We have not really looked at the 2-D calculation
coupled with the neutronics. I would expect it would give you much
better results. We have coupled a point kinetics model with a one-
dimensional calculation and been able, after adjusting certain parame-
ters, to get a reasonable representation for the pulse although it
overestimates the magnitude of the observed displacements, I would
expect in taking the 2-D calculations and coupling them with a neutron
kinetics problem that we would get reasonable and probably valid
results,

KURSTEDT: It would seem to me, though, in calculating the power
vs. time (or flux vs, time) that with the 2-D case you would just have
that many more feedback coéfficients to fit to experimental data, and
point neutronics is sufficient for the fast burst reactor. With the.2-D
displacement formulation, you would have two feedback coefficients
resulting in a more difficult neutronics calculation. With a 1-D radial
displacement formulation, the feedback is dependent only on radial
displacement. The only problem in predicting the experimental re-
sults would be to determine the feedback coefficient. This would be
quite sufficient for power calculations; but, of course, if a stress or
displacement calculation is required, a two-dimensional analysis is
quite necessary. The requii’ed information is the key to the necessary
complexity of the displacement formulation.

REUSCHER: Hopefully, if you could describe the kinetics from a
two-dimensional transport code, you would not have to use experi-
mentally adjusted coefficients,
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Editors’ Note: This paper was unavailable for publication. A summary is in-
cluded.

SUMMARY

The probability distribution in burst yield or burst time following ramp
or step reactivity insertion is determined by the probability, P(n,t), of
n neutrons at time t, Numerical programsi'3 exist which give P(n,t) in
terms of initial neutron and precursor populations, source strength s,
and system reproduction number k(t). Analytic solutions by Bell* give
P(n,t) for a number of limiting cases. Three asymptotic forms of
special interest to this paper apply to zero initial population, constant
source, and 'kt — «) > 1; they are?

1. No delayed neutrons, k(t) arbitrary, T{t) = mean neutron popula-
tion at time t.

(m/m)"

P(n,t) dn = £ =5

__d
exp [-mm/m] Tn

where n = 2sl/FT, and T'y = u(v — 1)/22. :
2. One precursor group, k(t) constant with (1 — 8), k =kp,> 1, and
nn/m < 1. :
(m/n) "
1

P(n,t) dn :m exp [2nagr/Ak - 1)] d?n
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where = 2sl(k — 1)/5y(k, — 1).

3. One precursor group, k(t) constant with k, < 1, and /% < 1.

(m/n)"

P(n,t) dn = m

exp [2naT] dTn

where n = 2s(1 — k,)/PT,.

Quite generally, the condition k(t — «) > 1 yields the asymptotic
form P(n,t) dn = f(n/M)dn/f seen previously. This merely implies that
sample populations eventually follow the kinetics equation dn/n dt =
dn/f dt = o(t). The probability that the neutron population is n at t in dt
is thus P(n,t)na(t) dt.

. For Dragon-type bursts, i.e., bursts produced by specified reac-
tivity transients k(t), the probability distribution in, say, peak power is
given directly by P(n,t;) dn whére t; is the time at which k(t) drops past
unity. For a self-quenching burst, the reactivity is a specified function of
time only until the neutron population reaches a magnitude sufficient
to produce feedback; by this time, however, the neutron population is
already following the kinetics equation, and the future of n(t) is deter-
mined completely by the initial condition n(ty) = ny > 1. The probability
distribution in burst yield E(t,) or burst time t(ty) is then given by the
probability distribution in initial conditions, P(ny,t) noc(ty) dt, For ex-
ample, the ramp k(t) = 1 + at applied to a system whose Kinetics equa-
tion is ’

Y
’

results in a burst yield E(ty) =~ E(t,) [1+ a(t}—t})/ In (2a%/rb’s?)]
where t; is the time at which the mean neutron population n(t) reaches
the fiducial value n, With ny/n(ty) = exp [—a(t? — t})/21], one then has
P(ng,tonpa(ty) dty = [77/(m — 1)1] exp [—na(t® — t3)/21] exp {—n exp [-a(t;-
t}/21]} at, dt,/l. For a source-strength parameter n > 1, the meanvalue
of the burst yield approaches E(t;), and the mean square deviation is
small. Enriched-uranium-metal systems can have 7 vaglues of the order
1078, ‘and here mean burst yields® may exceed E(t,) by a factor ~ n %,
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ABSTRACT

A brief history of the development of fast burst reactors during the period
19441964 is given, including comments on a reactor built in the Soviet Union
and the eight fast burst reactors built and operated in the United States. Prac-
tical applications of fast burst reactors, their origin, physical characteristics,
modes of operation, and limitations are discussed.

This paper reviews the history and development of fast burst reactors
from 1944 to 1965. Practical applications of fast burst reactors, their
origin, physical characteristics including shutdown mechanisms, modes
of operation, and limitations are covered.

PRACTICAL APPLICATIONS

A fast burst reactor, the laboratory facility that most nearly
simulates the radiation environment of an atomic weapon explosion,
is invaluable to scientific personnel who desire to study the transient
effects of the interaction of radiation with matter. These reactors
have also been employed1 for (1) basic studies of the fission process,
i.e,, the measurement of delayed-neutron and gamma characteristics;
(2) radiation dosimetry; (3) calibration of radiation alarms for crit-
icality accidents; and (4) radiobiology.

" ORIGIN OF FAST BURST REACTORS

The Dragon2 reactor is the first known nonexplosive fissile system
or reactor whose reactivity exceeded (by intent) prompt critical.
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This controlled supercritical condition was reached Jan. 8, 1945,
at Los Alamos ‘Scientific Laboratory (LASL); the fuel-temperature
. rise is quoted as 0. 001 C, and the yield is estimated to have been
about 2 x 10! fissions. .

The Dragon reactor was made prompt critical for about 0.01 sec
" when a slug of fissionable material was dropped through a vertical
hole in the core, which consisted of variable amounts of UH, reflected
with beryllia or diluted with polyethylene. The Dragon operated only
25 days, during which 537 successful drops were made.

. The concept of a reactor operating from prompt neutrons was
further stimulated by the unplanned excilrsionz{3 of d cylindrical,
unreflected 2*U Jemima Assembly at the LASL critical-mass facility.
The excursion produced approximately 1.5 x 10'® fissions. The system
and the fissile material were not damaged, no one was irradiated,
and the experimental area was not contaminated. The self-terminating
property of this excursion stimulated modification of Godiva 1 for
burst operations, and that assembly became the first facility for
routinely generating large bursts of fission-spectrum neutrons in -
times less than 100 uysec. ' '

The fast burst reactors developed during the two decades 1945—
1965, often referred to as the first generation of fast burst reactors,
logically fall into two groups, enriched-uranium and alloyed-uranium
fast burst reactors. The ‘characteristics of these two groups are
described in the following sections. '

ENRICHED-URANIUM FAST BURST REACTORS

Godiva I (Lady Godiva), Godlva II, KUKLA, SPR, and FRAN were
constructed -with enriched-uranium - (93 5% 235U) cores and control
components

Godiva | and 1l

Both Godiva assemblies (designed, built, and operated by person-
nel of the LASL critical-mass facility) have been retired. These reac-
tors and their operating equipment were housed in a remotely operated
assembly building located about 1200 ft from the control room.

GODIVA 1. The original G_odiva 4 wag built in 1951 for use as a bare
critical assembly of simple geometry and in 1953 was modified to
permit prompf critical burst operation. An unreflected assembly of
~53 kg of uranium, it was basically spherical, about 6.8 in. in diam-

eter. Two horizontal parting planes permitted disassembly into three '
roughly equal sections for large shutdown effectiveness. The center
section containing the irradiation port and control rods was fixed
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in position by small tubular steel supports. The upper and lower
sections, however, were retractable by means of pneumatic cylinders,
and they provided the reactor with two independent scram mechanisms.

After a lengthy survey of characteristics, including behavior under
super-prompt critical conditions, the principal function of Godiva I
became the generation of short (~100 psec) intense (~10'® neutrons)
bursts for irradiation purposes. Measurement of the properties of
delayed neutrons from various fissionable isotopes was probably the
most important experimental use made of this assembly. After 6 years
and over 1000 bursts, Godiva I was replaced by Godiva II.

GODIVA II. Godiva II4® was the first metal reactor designed spe-
cifically for the routine production of fission bursts. Operated initially
in June 1957, the assembly consisted essentially of the main section
of annular rings, two control rods, a burst rod, and a safety block.
The core geometry was a near-cylindrical version of Godiva I, and
the fuel mass of the core was ~57.7 kg of uranium.

For facilitating irradiation operations, the core was mounted
on a small portable stand that housed all actuating machinery, control-
element position sensors, and electrical interlocks. The three operat-
ing rods and the safety block entered the core from the bottom to
provide the maximum available space around the core for sample
irradiations. The safety block served two purposes: (1) it provided
a large shutdown reactivity ($30) and (2) it served to partition the
reactor along the radius in such a manner that shock waves originating
at the center were prevented from reaching the surface of the sta-
tionary part, i.e., the natural period of mechanical vibration was
thereby reduced. Reactivity adjustment was accomplished by two
rods of about 1 kg each and one smaller 480-g rod. Near delayed
critical reactivity was controlled by the small rod and one large
rod, which permitted up to $2 reactivity correction to compensate
for the tamping effect of nearby reflecting materials,

All exposed core surfaces except the safety block were nickel clad
to control oxidation, and the three control rods were flashed with
chromium over the nickel to ensure smooth operation in their close-
fitting nickel-lined channels.

During the three years of Godiva II operation, about 2000 prompt
bursts were produced without observable deterioration. The ‘most
extensive experimental program performed with this assembly was
the study of prompt gammas from fission.

KUKLA

The KUKLA Prompt Critical Assembly,"’® designed and built by
personnel of the Lawrence Radiation Laboratory (LRL), Livermore,
Calif., in 1961, is an untamped spherical assembly fabricated from
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approximately 60 kg of cast-uranium metal. It is \mechanically" sup-
ported from underneath to minimize the effects of neutron reflection
from supports and associated equipment.

The cylindrical safety block, with a mass of ~7 kg, is the major
scram component. Scram is accomplished by a pneumatic cylinder
in 0.04 sec from the fully inserted position. Two control rods, each
having a mass of 0.84 kg, are individually inserted during the adjust-
ment to delayed critical. Neither rod is “fast scrammed” since the
safety block and burst rod have sufficient reactivity worth to ensure
shutdown.

The exposed uranium surfaces of KUKLA are nickel flashed with
a nominal 0.5-mil coating to protect against surface oxidation and
wear during operations and to limit contamination during handling.
In addition to the nickel coating, the exterior surface of the sphere
and the sides and bottom of the safety block have been plated with
a 10- to 15-mil thickness of cadmium to reduce room-returned
neutron effects.. '

After several years of successful operation at LRL, KUKLA opera-
tions were terminated. This reactor is presently used in Gulf General
Atomic’s APFA (Accelerator Pulsed Fast Assembly) accelerator-
booster configuration, It has been modified so that prompt critical
operation is no longer possible.

SPR

A second model of the Godiva II core, now identified as SPR,!"
was fabricated at LASL for operation in the Sandia Pulse Reactor
Facility (SPRF) commencing in 1961, The cylindrical core is composed
of 57.9 kg of uranium and is surrounded at a distance of ~1 cm by a
perforated aluminum protective screen. The major departures from
Godiva II design are: (1) an increase in the worth of control rods to
a total of $3 in reactivity, (2) cadmium plating over nickel flashing,
and (3) the modification of the safety-block drive mechanism. The
purpose of the cadmium is to reduce neutron coupling with the variety
of objects to be irradiated external to the reactor..

The reactor was mounted on a hydraulically operated elevator
that lowered it into a concrete pit after operation. A 12-in,-thick
lead radiation shield could slide over the pit to permit personnel
entry into the building soon after a burst had been produced.

Probably the most unique features associated with this reactor
were the various modes of operation developed to accommodate the
diverse needs of experimenters. These modes will be discussed
under Modes of Operation. - ’

In May 1967, - after 5600 operations, SPR was replaced by an
advanced core design designated as SPR II. Presently, the SPR core
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is being modified for use as a booster in the development of an ac-
celerator-driven assembly.

FRAN

FRAN,i’8 a fast burst reactor designed by LRL for operation at
the Nevada Test Site (NTS) began operation in 1962, This reactor
attempts to maximize the attainable burst yield in a pure uranium
assembly and produces an estimated 5 X 10'¢ fissions/burst.

The major innovation is the mechanical arrangement for support-
ing the stationary fuel plates. In earlier designs, threshold damage
produced by shock waves usually occurred in the bolts used to as-
semble the fuel rings. The uranium bolts generally used for this
purpose vyield first under shock produced by the power transient in
the fuel plates. In the FRAN design clamping is accomplished ex-
ternally by two 3/4-in.—'chick steel rings which overlap each end of the
cylindrical stack of five annular fuel pieces. The plates are connected
by six %-in. steel draw bolts located ~’/2 in. away from the fuel surface,
In operation the steel support rings are capable of deflecting with a
large effective spring constant when the fuel expands. Fuel-temperature
rises approaching 350°C have been obtained on this assembly with
limited permanent deformation in either the steel supports or fuel
plates. Absence of greater deformation in the fuel is also attributed to
less crystal-growth effect than experienced in earlier models, owing
to finer uranium grain structures resulting from improved casting
techniques. -

To reserve the central core volume for a large annular sample
irradiation void (4 in. deep, % in. thick, and 3'; in. OD), the designers
mounted the bottom fuel disks (~'; total mass) on a movable support
to serve as the safety block. Control and burst rods necessarily enter
the stationary section from above to avoid interference with safety-
block motion. The safety block controls the largest rate of reactivity,
i.e., about $40/sec. The total mass is ~63 kg.

FRAN operations by LRL personnel at NTS were discontinued
several years ago, and the reactor is presently being readied for
operation at the National Reactor Testing Station, Idaho, in a program
for developing improved nuclear instrumentation.

ALLOYED-URANIUM FAST BURST REACTORS

The second group of fast burst reactors is comprised of the
Health Physics Research Reactor (HPRR), the White Sands Fast
Burst Reactor (FBR), and the Super KUKLA, all of which have core
and control-element components constructed of enriched uranium
alloyed with 10 wt.% molybdenum.
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This alloy was selected not only because it has excellent metal-
lurgical and chemical stability but also beca'usevunder appropriate
heat treatment it develops higher tensile strength than that of uranium
by a factor of ~4 at room temperature.

Health Physics Research Reactor

'

The HPRR»!"*!! yas designed and constructed by Nuclear Develop-
ment Associates based on an Oak Ridge National Laboratory (ORNL)
conceptual design and with the support of critical experiments per-
formed by ORNL. It is the first fast burst reactor to depart from
an unalloyed-uranium-metal assembly.

This reactor was used initially in "the BREN (Bare Reactor
Experiment Nevada) Operation at NTS from January to August 1962
and is presently housed in the DOSAR facility at ORNL.

Operation BREN was’ justified to support the Ichiban study under-
taken in 1956 to evaluate the radiation doses received by survivors
of the nuclear bombings of Hiroshima and Nagasaki, Japan, in 1945,
The HPRR was attached to a hoist platform on the 1500 ft tower at
NTS. The reactor was operated in the steady-state mode at a power
level of about 1 kw. During the second phase of the study, it was
pulsed, and the spectrum of the fission-produced gamma rays was
studied as a function of time after burst.

The core consists essentially of an annulus of uranium-~10 wt%
molybdenum enriched to 93. 14% in 235U 8-in. OD, 2-in. ID, and 9 in.
high, surrounding a 2-in.-diameter stamless steel central cylinder,
Attached to the steel cylinder is the 11.19-kg safety block, with an
outer diameter of ~3.5 in, and a height of 6.50 in. The basic uranium —
molybdenum assembly consists of a stack of annular disks held
together by nine uranium—10 wt.% molybdenum bolts which thread into
the bottom disk. The bolts are hollow to permit react1v1ty adjustment
with uranium — molybdenum plugs.

The disks are also penetrated by three holes to accommodate
the %-in.- and 1-in.-diameter control rods and the ¥-in.-diameter
" burst rod. A 5/16-in.-diameter hole serves as a sample irradiation
space,

The stationary section is -suspended from above. The safety
block is a 3.5-in.-diameter fuel annulus threaded onto a steel center
plug, which in turn is threaded to a smaller diameter shaft extending
upward out of the core where it is magnetically coupled to an actuator
mechanism. For shutdown the safety block is driven out of a central
cavity at the bottom of the stationary section. The two control rods
and burst rod are actuated from above and enter the core from above.
All exposed uranium —molybdenum surfaces are nickel plated.
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In preliminary operations of HPRR, burst yields in excess of
10'7 fissions were readily obtained with a corresponding fuel-tem-
perature rise of ~500°C; this may be considered a reasonable upper
limit for routine operations because of the onset of uranium-molyb-
denum phase transformation at temperatures much beyond ~500°C.

The HPRR reactor generates tailless bursts of power pulses
which are not followed by the ~1-Mw plateau typical of earlier Godiva
assemblies. A shock-induced scram mechanism utilizes a phenomenon,
first observed in Godiva I, whereby the safety block is ejected spon-
taneously as a result of the very rapid heating of the fuel. In the case
of HPRR, the effective scram time is 225 ysec.

WSMR Fast Burst Reactor

The White Sands Missile Range (WSMR) Fast Burst Reactor (or
Molly-G)!? was designed and developed by Kaman Nuclear Corporation,
with the exception of the core, which was designed by the WSMR
engineering staff with consultation services supplied by LASL and
Sandia Corporation. The core is similar to HPRR in its cylindrical
shape and in the use of the uranium-—-10 wt.% molybdenum alloy,
Requirements for irradiation applications are satisfied by mounting the
core on a small stand similar to that of SPR or Godiva II (thus its
nickname ‘“Molly-G” for molybdenum-alloy Godiva). The portable stand
is normally fastened to a mechanical lift that lowers the assembly into
a pit that may be covered by a shield (as in SPR) inside a large
underground reactor building, or the assembly may be transported
readily on a fork lift to an outdoor site for free-space experiments.

The core is 8 in. in diameter and 7% in. high with a 4-in.-diameter
safety block surrounding a 1.25-in.-diameter stainless-steel core
cylinder. Total weight of uranium —molybdenum is ~97 kg in this con-
figuration. Reactivity is controlled by the usual two control rods and a
burst rod -(~$1.50 each); in addition, there is provision for manual ad-
justment of ~$1 by a mass adjustment or shim ring located at the top
of the core. For example, a shim ring of iron adds about $1, whereas
. one of uranium —molybdenum adds about $3 in reactivity. The fuel rings
are bolted together and to the support plate by 3/4—in. bolts. Those bolts
currently in use are made of a special high-strength nickel alloy,
Inconel X, which exhibits a yield strength of ~180,000 psi.

During a preliminary series of bursts at LASL to establish limits
for routine operation, the maximum burst-temperature increase ob-
served on Molly-G was 480°C in the zone of peak power density.
The resultant shock experienced by the assembly (Inconel) bolts
exceeded the yield point, producing a net elongation of ~0,02 in. in each
bolt. Similar observations were observed during the checkout of the
HPRR,



88 WOOD, O’ BRIEN, AND WIMETT

In operation at WSMR, the core has produced ~2000 bursts of
~6 x 10 fissions with peak fuel-temperature increases in the neigh- .
borhood of 250°C without observable damage. The shock-induced
separation of the safety-block magnet produces an early scram similar
to that described for HPRR operation.

Super KUKLA

Of the second group of uranium-—molybdenum devices, Super
KUKLA'™ has the largest and highest yield. The basic design was de-
veloped by, LRL, and the assembly machine was constructed by the
" Baldwin-Lima-Hamilton Company with technical direction by LRL, The
reactor, which went into operation in December 1964, is designed to
serve as a prompt-irradiation source for a wide variety of samples,.
which may be exposed externally or in a large internal cavity.

"The core structure is basically a cylindricail shell open at the
top; it includes a cavity 18 in. in diameter and ~24 in. high. The wall
thickness is 6 in. The height is variable and is-nominally 37 in. at
critical, with no reactivity perturbation in the cavity. The shell is
composed of a stack of uranium—10 wt.% molybdenum alloy rings in
which the uranium is enriched to 20%. Total fuel mass is ~5000 kg.
The top of the cavity is reflected by a 6-in. tungsten disk attached to
the sample container. Large critical-mass adjustments can be made
by changing fuel disks at the bottom of the lower core half; minor
adjustments are made by changing rod enrichment from 20%to 40%.
For continuous control a gang of six shim rods operated individually
or in combination enters the core from above. and employs double-
ballscrew actuators. A similar gang of six rods enters from below
into the lower core half and is used as a burst rod by a double-action
hydraulic cylinder. Reactor shutdown is accomplished by dropping
the lower core half, which is also hydraulically actuated. Large
telescoped cylindrical springs with extremely large spring constants
are incorporated for vertical shock suppression in the fuel stacks.

The maximum temperature increase observed in preliminary
operations is 140°C, which corresponds to a total yield of ~2 x 108
fissions —by far the largest prompt burst yield obtained for repetitive
systems. The design yield figure for this device is ~5 x 10'® fissions.
Because of the relatively large pulse width (~700 usec), no inertial
shock effects have been experienced,

FAST NEUTRON BURST REACTOR (RUSSIAN)

The Fast Neutron Burst Reactor (IBR)!, designed and built in
Russia, is included in this paper for interest because of its unique




HISTORY AND DEVELOPMENT 89

design and because it is the only known foreign-designed fast burst
reactor that falls within the time frame under discussion.

The IBR, located at the Joint Institute for Nuclear Research at
Dubna, U.S.S.R., achieved criticality in June 1960.

This burst reactor produces periodic pulses with an average
power of about 6 kw for physical research, primarily for neutron
time-of-flight experiments. The frequency of the bursts can be varied
within the limits 8 to 80 bursts/sec; however, it can also be used for
the production of large single bursts.

The bursts of power in the reactor are generated by a fast me-
chanical variation of its reactivity, during which periodic super-
criticality of the reactor is attained. The half-width of the power burst
is 36 usec. During the remaining time the reactor is subcritical.

The singularity of the behavior of the IBR is that the value of the
effective portion of delayed neutrons is very small. In normal opera-
tion of the reactor, it is ~107%, e.g., about a hundred times smaller
than the corresponding value for the usual steady-state reactor with
uranium fuel. This circumstance, of course, produces an especially
high demand for precision of the regulating system.

The active zone of the IBR has a fixed part and two movable
parts. The periodic change of reactivity of the system takes place as
a result of the displacement of the movable parts, which consist of
two bushings of 2’U mounted in two rotating members. The reactor
becomes supercritical and the power bursts are developed only when
the main and auxiliary bushings are simultaneously superposed with
the fixed part of the active zone.

The stationary part of the active zone consists of plutonium rods
in stainless-steel jackets. Each rod is fastened by a conical shank
in the upper or lower lattice of the active zone. Single-ended fastening
of the rods guarantees a negative temperature coefficient of reactivity.

The control system and reflectors provide the change of reactivity
of the system during start-up operation, shutdown of the reactor, and
control of the power level in all cycles of operation. For emergency
shutdown two rods in the stationary part, suspended on electromagnets,
are used,

"+ A special apparatus, intended for the production of single power
bursts (reactivity booster), is provided in the reactor.

MODES OF OPERATION -

The two normal modes of operation for fast burst reactors are
steady state and prompt burst. These are no unique features asso-
ciated with the steady state; therefore only the burst mode is de-
scribed.
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" Burst Mode

The procedure for the routine production of fission bursts for
fast burst reactors, with the exceptions noted, is, first, establish the
delayed critical configuration by a short low-level power run, next,
retract the safety block for a period of several minutes to permit
the delayed-neutron population to decay, and then reinsert the safety
block. This step is followed by insertion of the burst rod, which
rapidly boosts reactivity to the desired supercritical point. The
resulting power excursion is quenched by thermal expansion of the
fuel, and the residual plateau power level is terminated by automatic
scramming of the reactor.

FRAN. The sequence of burst operation for the FRAN reactor is
modified as follows: the control rods are adjusted to place the reactor
on a positive period corresponding to 30¢ above delayed critical;
the safety block is removed for ~15 min to allow delayed-neutron
precursors to decay; the burst rod worth 85¢ is inserted; and burst
is initiated by insertion of the safety block.

SUPER KUKLA. The burst-generation procedure followed in Super
KUKLA operations differs in two aspects from the usual burst mode.
First, the delayed critical operation is performed with the burst
gang inserted; then the burst gang is withdrawn. The shim rods are
adjusted so that insertion of the burst-rod gang leads to the desired
reactivity; this adjustment is followed by insertion of the burst-rod
gang. Second, the neutron source remains in place during the burst
mode to reduce to a negligible level the probability of producing an
oversized burst.

HPRR. The burst sequence for the HPRR is as follows: after inser-
tion of the safety block, the reactor is placed on a slightly positive
period by proper adjustment of the regulating and mass adjustment
rods (it has been determined by positive-period measurements that
a period of ~85 sec gives the standard burst yield); the safety block
is withdrawn to allow the delayed-neutron population to decay; and
the burst is then initiated by inserting the safety block and firing
the burst rod to its “in” position.

Other Modes

Two additional modes of operation, namely, square wave and
tailless bursts, were developed for the SPR by P.D. O’Brien and
his Sandia Corporation staff.

SQUARE WAVE. This method 6f operation was developed to meet
an experimental requirement for a higher gamma dose rate than
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could be obtained with normal steady-state operation of SPR—or with
any other available gamma source.

This method required operation of the SPR at a relatively high
steady-state power for times on the order of tens of seconds. Ideally
the power —time history of the reactor during these operations should
approach a square wave.

The experimental requirement for fast rise time obviously implies
short positive and stable reactor periods; a lower limit of 1 sec
(e-folding period) was chosen as a goal to use only after considerable
experience with the longer periods.

For operating at such short periods, the safety block was modified
to permit its use as a control rod with a rate of reactivity control
variable from 2.3¢ to 23¢ /sec.

The normal sequence of operation to establish delayed critical
was followed. The control rods were then withdrawn until the assembly
was made 29¢ subcritical.

The normal burst sequence was followed, and, upon insertion of
the burst rod, the reactor was supercritical by 78¢ and reactor
power increased in a 1-sec period. The safety block was then with-
drawn as the reactor approached the desired power level. This method
gave better results than expected.

Neither SPR nor SPR 1II is now equipped for square-wave op-
eration.

TAILLESS BURSTS. In normal operation, burst reactors of the first
series characteristically produce a prompt pulse in which the peak
power is of the order of 10 Mw followed by a plateau level of the order
of 0.5 Mw. The duration of the plateau depends upon the response time
of the scram system; it is ~30 msec. Another characteristic of such
reactors is the random variation in delay time, the interval between
the attainment of maximum reactivity and the time of burst initiation.
With no external neutron source, the mean delay time for Godiva II
is ~3 sec and for SPR is ~80 msec. A technique of programmed burst
initiation in SPR was developed to reduce the undesirable plateau and
also to provide more precise and predictable timing of the power
pulse. This technique introduces a short pulse of neutrons from a
pulsed D—T generator at the instant maximum reactivity is attained.
The plateau is shortened to a few milliseconds by preprogramming
scram initiation, and the power pulse is predictable in time to an
uncertainty of 1 to 2 usec. The neutron source currently employed
for this purpose, located about 8 ft from the reactor, generates
2 x 10® neutrons (14 Mev) in a 10-usec pulse. This programming is
unnecessary on later Godiva models whose designs incorporate the
spontaneous shock-induced scram feature.
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LIMITATIONS

Maximum burst yields in the enriched-uranium reactors generally
are limited by fuel integrity during the severe shocks associated
-with the rapid temperature increases. Pure uranium metal, particu-
larly as-cast uranium, is subject to surface roughening, anisotropic
crystal growth, and creation of internal voids. Such effects were ob-
served and were presumably caused by burst thermal cycling or irra-
diation, and they occurred for temperature rises (from ambient) of
~200°C —far below the melting point. Mechanical shock to structural
members is also a limiting factor in most of the early burst machines,
. with the exception of FRAN as noted earlier,

Alloyed-uranium fast burst reactors maintain dimensional stability
when subject to more extreme temperature cycles than can be tolerated
with normal uranium metal. Extensive metallurgical tests on this
type of burst reactor have indicated relatively small crystal growth
and excellent phase stability during or following repeated large
temperature cycles of ~500°C. However, this temperature cycle
appears to be an operational limiting value based on LASL’s tests on
the WSMR Fast Burst Reactor described previously.

SUMMARY

This review of the history and development of fast burst reactors
for a period of over two decades indicates that steady progress has
occurred. Most of the developments are traceable to the national
laboratories, but it is encouraging to see the wider use and develop-
ment activities on fast burst reactors in other government and com-
mercial organizations. Of the nine fast burst reactors discussed,
seven are still in active use, which is good testimony to the important
contributions they have made to a wide variety of scientific disciplines.
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ABSTRACT

Preliminary results obtained with a new fast burst assembly are presented. The
fuel is U—1.5 wt.% Mo alloy. Assembly features include a new scheme for se-
curing fuel components in the core.

INTRODUCTION

Performance of fast burst reactors has been limited in the past by
physical damage due to mechanical shock rather than by more basic
fuel limitations, such as high-temperature phase changes. For mini-
mum burst duration, the fuel must be solid metal with the obvious
restriction that cores cannot be cast on one piece because of criticality
considerations. Accordingly, a typical core comprises siX or more
separate castings, with as many as nine bolts of fuel or high-strength
alloy to secure them together. Burst-yieldlimitationin such assemblies
usually is due to bolt elongation or thread loosening as a result of
thermal expansion of the fuel.

The primary purpose of Godiva IV is to provide a flexible core and
support assembly for use in a burst reactor design development pro-
gram. Design emphasis has been focused on maximum power density and
minimum burst duration. The use of the present system as an irradia-
tion facility has received only minor consideration.

In the preliminai‘y version of Godiva IV reported in this paper,
-special attention has been given to the severe mechanical shock prob-
lems. Core-component design and core geometry are being studied to
minimize the transfer of shock energy to the supporting structure. The
damage threshold for individual fuel pieces hopefully will be raised as
a result of the investigation of various fuel alloys.
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CORE DESIGN '

The Godiva IV assembly and controls are shownin Fig. 1. The fuel,
shown unshaded in Fig. 2, is a U-1.5 wt.% Mo alloy (the uranium is
~93.5% %%U) with a general configuration similar to that of Godivas II
and III. Fuel components are all aluminum-ion plated and have a
total mass of ~66 kg. Three external C-shaped clamps, ‘"’/4 in. thick by
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Fig. 1 —First version of Godiva IV on three—légged support stand showing sta-
tionary ving assembly above the top shelf with safety block visible just below
and the electvomagnetic latching assembly above the bottom shelf.
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Fig. 2— Godiva IV core detail.

1%, in. wide, fabricated from high-strength maraging steel, fasten the
stack of six stationary fuel rings.

The stationary assembly is bolted to vertical steel supports with
the bolts threaded into the midpoint of each clamp. This center-of-shock
mounting serves to minimize shocks imparted to the support stand.
The central fuel pieces have been attached to the outer fuel cylinder by
a split steel retaining ring, shown shadedin Fig. 2, and in a later modi-
fication by the second fuel ring with a reduced inside diameter as indi-
‘cated by the dotted line.

Between the C-clamps and the fuel are steel pieces that distribute
the load at the fuel surface and, more importantly, provide shock ab-
sorption at the top. The top piece isa solid loading ring that is relieved
about 0.06 in. on the underside over about 2 in. circumferentially at
each C-clamp position to act as a spring for vertical expansion. This
ring is depressed ~0.005 in. in a special hydraulic press to permit in-
stallation of the C-clamps.

The burst assembly is supported on a three-legged structure visi-
ble in Fig. 1 which houses actuators for reactivity control elements that
enter the core from below, as in earlier Godiva assemblies. The safety
block is threaded onto a stainless steel support mandrel at the lower end
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so that thermal expansion exerts adownward thrust on the support shaft,
opening a magnetic coupling to provide shock-induced scramming.

BURST CHARACTERISTICS

Operating characteristics of Godiva IV are similar to those of
‘Godiva II except for a slightly longer neutron lifetime (Rossi-alpha at
delayed critical, ag, = 0.85 x 10 sec™!). Peak burst temperature in-
creases reached 525°C with burst widths of ~24 usec. Associated sur-
face fluences are ~10'* neutrons/cm? and peak fluxes are ~4 x 10'8
neutrons/cm?/sec. '

Total burst yield for the most recent set of data is shown plotted
against reciprocal reactor period in TFig. 3. Peak power and burst

TOTAL FISSIONS X 407'6

1— © —

e
O 04 02 03 04 05 06 O7 08 05 10 11 12 1.3
RECIPROCAL PERIOD (@) X 10°Y/SEC

Fig. 3— Burst fission yield vs. veciprocal veactor peviod. Yield = Ca(l + a®r?),
where T = 8.9 usec.

duration measured at half-maximum power are shown in Fig. 4. Yield
data were obtained from aluminum (n,®) detectors calibrated relative
to fission activation of uranium foils placed in the core center. Where
aluminum detectors were not used, burst temperature increase was
used as an index of burst yield. Peak power was measured by re-
spons'e of a plastic scintillator photodiode detector. Power calibration
was accomplished by using the approximate relation at some large
yield, Y = 4P, At/3.52, where P, is peak burst power and At is burst
‘duration as defined previously.
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Fig. 4—Peak burst powev and burst duvation vs. reciprocal reactor period.
Power = a?(1 + a?1?) /2bar, wheve T = 8.9 usec.

The average inertial lag time, 7, for this assembly is 8.9 usec,
arrived at by adjusting this parameter in the first-order analytical ex-
pressions presented in Figs. 3 and 4 for best fit with the data.

FISSION DENSITY AND NEUTRON LEAKAGE FLUX

For Godiva IV a limited effort was made to measure fission densi-
ties and a total leakage flux independent of radiochemistry techniques.
Some effort was also made to obtain relevant information regarding
neutron spectra. Fission-density values were obtained from fission-
activation measurements? with low-density ?*°U foils irradiated at the
top of the safety block and calibrated by means of back-to-back fission
chamber.* (The fissile deposits for the fission chamber were previously
intercompared with secondary-standard deposits used by Stein and
Smith et al.>? in a recent measurement of o;(**%U)/0;(**®U) between 1
and 5 Mev.) Fission densities from the two bursts, good to perhaps 6%,

" exceed by 14% a radiochemistry value determined at the same position
on the safety block.

*The chambers and the fissile deposits were kindly furnished by Munson
Thorpe of the Los Alamos Scientific Laboratory.
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A leakage flux per core fission for Godiva IV was obtained from
fission-foil activation responses at two positions: 2 in. above the fuel

surface on axis and near the core center. With computed fission dis-

tributions and a selected cross section of o7(***U) = 1.29 + 0.07 barns, a
value of 8.7 + 1 x 10'% neutrons/cm? per 10! fissions was derived® for
the upper position. (Correction from the Lady Godiva center spectrum
to Godiva IV is less than 1%.)

Specification of neutron spectra in and about a fast-neutron system
like Godiva IV is an unsettled issue. Onlyone aspect of the spectra may
be considered established, namely, the preservation of the **U-fission-
spectrum shape above an energy of about 2 Mev. In Godiva IV, responses
of the high-energy activation detectors, P(n,p), Al(n,p), **Fe(n,p), and
Al(n, @), are almost indistinguishable from their well-established re-
sponses in the ?*°U fission-neutron spectrum. This result is consistent
with those from similar measurements in other Pajarito fast cri_ticals6
and is further confirmed by the well-known photoplate data of Rosen.’
In Table 1 therefore the high-energy-group flux (E > 1.4 Mev) is a 2%y
fission-spectrum component. ‘

Spectrum measurements for Godiva IV are presented in Table 1
along with established results for the undiluted spherical assembly,
Lady Godiva. The spectral indexes listedimply the accompanying three-.
group fluxes and chiefly indicate spectrum differences. Uncertainties,
considered relative to Lady Godiva center spectrum, area few percent.
Measurement and computation are not inverygood agreement; observed
spectra are generally more energetic, with the old photoplate data an
important exception. (Computations also disagree with observed neutron
lifetimes in Godiva IV, the latter implying a less energetic spectrum,!?
See also J. T. Mihalczo, Session 1, Paper 1.)

The softening of Godiva IV spectra due to the internal and external
steel is evident. At the center the fission-spectrum component above
1.4 Mev is down by 40% relative to a **3U fission spectrum and down by
10% relative to Lady Godiva center spectrum. The axial leakdge spec-
trum is even more affected: in contrast with Lady Godiva, the fission-
spectrum component in the axial leakage for Godiva IV is actually
smaller than in the center. The unusual pileup of neutrons between 0.6
and 1.4 Mev is based upon a &; (**U)/5; (Np) index acquiredindirectly,
and it will require verification.

PRELIMINARY RESULTS
Power densities attained on this assembly without damage to the-

clamps - and supports are considerably higher than any attained pre-
viously. Peak power density occurs near the top of the safety block
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Table 1
OBSERVED SPECTRAL INDEXES AND THREE-GROUP SPECTRA

Observed
spectral indexes
7,(?%50) 7 (235 0) Energy groups, Mev eng:éy,
g, (23%U) a; (Np) 0-0.6  0.6-1.4 14— Mev
2357 fission spectrum® (nominal) 0.18 0.28 0.54 1.9,
Lady Godiva*
Central .spectrum
Spectral indexes - 6.24 + 3.5% 1.21 = 3.5% 0.31 0.28 0.41 ~1.54
Computation, ENDF/Bf} (0.33) (0.30) (0.37)
Leakage spectrum )
Spectral indexes 6.0 = 2% 1.18 = 2% 0.29 0.28 0.43 ~1.64
Differential measurements
Photoplate!!} (0.33) 0.29 0.38 ~1.5,
Time of flight1?§ 0.26 0.31 0.43 ~1.6¢
Computation, ENDF/ Bt (0.29) (0.30) (0.41)
Godiva 1V
Central spectrum
Spectral indexes 6.91 + 2% 1.27 x 2% 0.34 0.29 0.37 ~1.44
Computation, Hansen— Roacht (0.38) (0.29) (0.33)
Axial leakage spectrum,
" Spectral indexes 7.4+ 4% 1.16 + 6% 0.28 0.37 0.35 ~1.44

*Uranium-metal sphere (93.5% #35U), critical radius =8.7 cm.

tComputation by the discrete ordinates method using ENDF/B? or Hansen—Roach!® cross sections as
indicated.

fExtrapolation to below 0.2 Mev is based on Eq. 1 in Ref. 6.

§Reduction of zero-degree time-of-flight data for this table includes a computed correction to the full
angular leakage flux.

Al VAIAOD
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about a centimeter into the fuel outside the steel support mandrel. The
maximum peak power density observed to date is nearly 50 Mw/cm?® as
indicated at the upper right corner of Fig. 4. Significantly, no damage
has been observed in the safety block for densities of this order. Fail-
ures observed were cracks in the second fuel ring from the top. This
ring was fractured and replaced twice before the cause of failure was
determined. It was found that the radial clearance provided between the
top central fuel cylinder and the outer rings was insufficient, which re-
sulted in an added constraint on the outer rings. Failure involved frac-
tures that radiated outward from the control-rod clearance holes to the
outside ring surface as a result of stress concentration.

The modified assembly incorporates increased clearance around
the upper inside cylinder and a modified.second fuel ring, as mentioned
earlier. With these modifications it should be possible to increase burst
yield and approach the damage threshold associated with dynamic stress
within the fuel pieces. Calculations based on kinetic energy of fuel ex-~
pansion predict this threshold to be yielding of the fuel clamps at ~10'7
fissions. ' ’ ‘

' If dynamic-stress failure of the fuel should continue, an effort will
be made to improve the yield strength of the metal, first by heat treat-
ment, then by the substitution of a different fuel alloy. A joint metal-
lurgical program is currently underway at Los Alamos Scientific Labo-
ratory and Sandia Corporation to investigate uranium alloys for burst
reactor applications.
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DISCUSSION

YOCKEY: The Chairman would like to ask what is the total fluence
in the glory hole, and what is your peak flux rate?

WIMETT: Peak surface flux rate is of the order of 2 x 10'®
neutrons/cm?/sec. The peak fluence is something over 10! neutrons/
cm?. Glory hole values are about an order of magnitude higher.

O’BRIEN: How do you detect the presence of cracks operationally?
Do they shut you down?

WIMETT: We just chose to stop running after cracks were ob-
served. We lost on the order of 2¢ reactivity in this last.damaging’
‘burst.

~ MUEHLHAUSE: Do you think there would be any virtue in preparing
these assemblies with some initial thermal distribution, i.e., generate.
an opposite radial-stress distribution from the one that the excursion
induces to avoid internal stress deformation during the pulse ?

WIMETT: I am not an expert on stress analysis, but my guess
would be that you would not gain much because whatever stress you get
initially is going to be reflected into an opposite stress. In this case
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your preloading and prestressing would add tothe reflected wave, prob-
ably. There must be someone else here whois more expert on stress.

MUEHLHAUSE: I was thinking you might be able to turn around
thermal gradients from one sign to the other to avoid certain internal
stresses,

WIMETT: My guess is that it would be hopeless just because of the
problem of these stress waves reflecting. You start out with a stress
at the center, and it reflects as surface traction; so, I do not know in
what way the preloading could counteract both those stresses.

STATHOPLOS: There are two types of stresses, of course; one is
due to a thermal gradient, andthatis a constant kind of thing. The other,
the inertial stress, the one youaretalking about, does reverse signs; so
it would be very difficult to preload to take account of or to counteract
the inertial stresses, because they are oscillating back and forth. Per-
haps one could do something about the thermal stress, which is a con-
stant. .

WIMETT: Oh yes, I guess perhaps that is what the earlier ques-
tion posed. It had to do with eliminating that stress due to temperature
gradient. It might help. So far we really have not observed failure due
to that effect, although we know we may eventually.

MUEHLHAUSE: May I make another comment on that? There has
been a suggestion, maybe it has been by several people, that one can
build radial slots into the fuel metal, which would largely alleviate the
thermal stress. I do not know whether it would do much about inertial
stress, but that one suggestion might work. .

WIMETT: Yes. We have given that a lot of consideration, We had to
stop ourselves twice, I think, from cutting slots. We looked at this the
first time it cracked on the outside and considered putting in some
stress relief by slotting on the outside of the rod holes. It does not
particularly matter where the slots are as long as you reduce radial
dimensions over which these temperature differences can give you
trouble. But we talked ourselves out of it, and I am glad we did. But if

- we do reach that form of stress failure, slotting will be our first form
of relief. This has been done at Sandia. I will not discuss it since it will
covered in one of the later papers.

MUEHL.HAUSE: Was the alloy you were working with alpha phase
or gamma phase?

WIMETT: It is alpha phase at this point. The advice of our metal-
lurgists was that they are capable of casting such fine-grained material
that it does not particularly matter whetheritis an alpha or gamma.

MUEHLHAUSE: There is no problem with thermal cycling? '

WIMETT: Not that we know of. For example, FRAN was an alpha-
phase system, and it has produced plenty of bursts without growth due
to the alpha phase.
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ABSTRACT

On the basis of experience gained from the operation and evaluation of other
fast burst reactors, the SPR II was designed to be capable of producing a fast-
neutron fluence of 10%® in a 35-usec pulse inside a 1.5-in.-diameter glory hole.
This second-generation fast burst reactor uses 105 kg of 93% enriched uranium
alloyed with 10 wt.% molybdenum as fuel, which, when fully assembled, forms a
right-circular cylinder 810 in. in diameter by 8.2 in. in height.

During the extensive operating history of this reactor, a number of design
innovations and operational techniques have been developed to allow higher
levels of operation, increased reliability, and improved safety. These develop-
ments and operational experiences involving fuel failures are detailed.

INTRODUCTION

In May 1960 the first Sandia Pulsed Reactor was brought critical and
subsequently used in radiation-effects testing for a series of more
than 5600 operations over a period of seven years. Experience gained
with that reactor, the Health Physics Research Reactor (HPRR), and
other fast burst reactors indicated the possibility of substantial improve-
ment in the pulse yield with modest changes in reactor design, This
possibility, coupled with requirements for a fast burst reactor with a
reasonably sized glory hole in which neutron fluences on the order of
1 x 10" neutrons/cm?® could be achieved in a single pulse, led to the
design effort culminating in the Sandia Pulsed Reactor II (SPR II).
Thus the SPR II answers a specific need and is based upon experience
and development information from Oak Ridge, Los Alamos, White Sands,
and Sandia reactors. Since the SPR II was brought critical in May 1967,
it has performed more than 1000 operations for experimental programs,
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Although the design objectives of SPR II have been met, operations
at the design level caused severe cracking of one fuel plate of the
original fuel assembly. Burst operation at substantially lower yields
producing 300-—350°C AT at the hottest part of the fuel assembly
continued through approximately 850 operations, at which time the fuel
assembly was replaced with one modified to reduce stresses, Opera-
tion at the design yield appears entirely satisfactory from the stand-
point of fuel integrity, although a new problem of damage to the
control-rod drives has delayed routine operation at design yield. The
characteristics of SPR II at two typical operating points are outlined
in Tables 1 and 2.

Table 1
SPR II PROMPT BURST CHARACTERISTICS

Yield, fission 1.0 x 1017 1.6 x 1017
Maximum fuel-

temperature

rise, °C 340 . 560
Initial period, usec 16 12
Pulse width at half

maximum, usec 46 32
Prompt-neutron decay .

constant, sec™! 0.68 X 108 0,68 x 108

Table 2

CHARACTERISTICS OF SPR II RADIATION OUTPUT

Pulse size

340°C AT pulse 560°C AT pulse
Glory Glory
Surface hole Surface hole

Neutron fluence,

neutrons/cm? 2,0 x 101 6.0x10¥° 3.2 x101 1.0 x10%
Peak neutron flux,

neutrons/cm?/sec 4.4 x 108 1.4 x101? 1,0 x101% 3.1 x 101
Gamma dose, ~

H,O rads 3.1 x 10 1.4 x 108 4.8 x 10! 2.3 x 105
Gamma dose rate,
H,0 rads/sec 6.7 x 108 3.0 x 108 1.5 x 10° 7.2 x 10°

REACTOR DESCRIPTION

Fuel System

The SPR II consists of six rings or plates and four rods of 93%
enriched-uranium metal alloyed with 10 wt.% molybdenum (arranged
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Fig. 1— Cutaway of SPR Il fuel system.

as shown in Fig. 1) which together weigh 105 kg. In its most compact |
arrangement, the fuel assembly is 8,078 in. in diameter and 8.206 in.
high with a 1.625 in. diameter hole along the axis of the cylinder. The
six plates, which account for approximately 100 kg of the fuel weight,
are mounted in two distinct halves. The three upper plates are fastened
together by four high-strength A-286 alloy steel bolts threaded into
A-286 alloy steel fingers that protrude beyond the cylindrical surface
of the upper fuel assembly to mounting posts. Thus the upper fuel
assembly is held stationary above the primary mounting surface of the
reactor stand. The remaining three fuel plates are fastened together
by a second set of four A-286 alloy steel bolts threaded into special
A-286 nuts and subsequently mounted on the four fingers of a spider

 fixed at the top of an axially located drive shaft. This lower core half,

called the safety block, is axially aligned below the upper fuel as-
sembly and .is capable of being driven over a distance of 2 in. to make
contact with the upper core half. This motion of the safety block provides
a shutdown capability in excess of $10.

The fuel system is completed by three control rods and a burst
rod, each of which weighs 1.2 kg and is 0.87% in. in diameter by
10.625 in, long. These rods fit into cavities in the fuel 0,938 in. in
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diameter by about 7 in, deep (not allthe way through the assembly). The
additional length of these rods is for mechanical convenience and not
for nuclear considerations. The overall arrangement described is
shown schematically in Fig, 2.
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Fig, 2— Cross section of SPR II fuel system.

Several features of this core merit additional discussion. Investi-
gations on earlier burst reactor designs revealed the existence of
severe shock forces generated by the nearly adiabatic heating and
subsequent expansion of the fuel material.! These shocks produce
oscillations in the fuel assembly sufficiently severe to cause damage
.to the fuel rings (see J. A, Reuscher, Session 1, Paper 3). An acoustical
" impedance mismatch has been introduced between the plates to damp
these oscillations in the axial direction and to reduce the stress in the
bolts holding the fuel plates together. This is accomplished by a feature
designed to also eliminate transverse stresses in the bolts. A lug and
matching recess arrangement is around each of the four bolt holes in
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each plate, as shown in Fig. 3. These four keying elements lock the
fuel plates together to prevent lateral ‘or rotational motion. Since the
male lug is 20 mils longer than its mating female recess, a correspond-
ing gap is introduced between plates. This gap mitigates the shocks
produced within the fuel assembly and provides space for thermal
expansion of the individual fuel plates. Since the components of the
assembly have small contact areas only at the edges and since major
portions of the heating and expansion take place near the center of the
plate, this gap is very effective in reducing the stress introduced into
the bolts.? Even s0, tensile stresses in the bolts as high as 225,000 psi
have been inferred from measurements,?

Fig. 3—SPR I fuel-plate intevlocking avrangement.

Although the dynamic stresses in the fuel-assembly bolts appear to
have been in excess of their static yield points, no failures in bolts
have been experienced in SPR II. There have been several failures,
however, in the fuel components.4 During a series of progressively
larger bursts undertaken with the intent of achieving the design
operating level of the reactor, no difficulties were encountered other
than the occasional need for bolt tightening, as experienced in the
operation of earlier Godiva-type reactors, up to a burst level of
478°C AT. ’

A subsequent 509°C burst was accompanied by a loud report
similar to that of a rifle shot, and two observers saw a shower of
sparks on the closed-circuit television monitor (the shroud had been



110 JEFFERSON

removed). No particular significance was attributed to the sound
since at that time no previous experience indicated that the sound
was abnormal for a 500°C burst. The sparks were suspected to be the
result of pyrophoric fuel particles being separated from the surfaces
of the center (hottest) fuel rings during their mechanical oscillations.
Since a brief visual examination revealed no conspicuous evidence of
damage and since delayed-critical operations indicated no change in
fuel configuration, operations at the 500°C AT level were continued
(with very repeatable results). A subsequent attempt to increase the
burst yield produced a AT of 606°C (somewhat higher than expected)
during which another small display of sparks was observed. Inspection
of the reactor then revealed a broken control rod that failed through a
thread-relief area at its lower end (see P, D, O’Brien, Session 4,
~Paper 6). (In the current SPR II core this intrinsic failure has been
eliminated by increasing the length of the control rod and changing
from male to female threads.) Disassembly and inspection of the core
following the control-rod failure revealed a crack in the C-1 ring (see
Fig. 4) which extended outward from the glory hole through a radial

CHIR
UPPER FUEL —
B2 | ! RADIAL
ASSEMBLY | r==.--—-_---.7 THERMOGOUPLE
; HOLES
C-1 ‘r::::::.::
SAFETY. | o=t
sLock | (Bl GLORY HOLE
N 1

Fig. 4—SPR Il fuel-plate designations.

thermocouple hole, Figure 5 shows the crack as it appeared at that
time. The penetrating dye used to reveal the full extent of the crack
greatly exaggerates its width,

After the broken control rod had been repaired and the other two
control rods modified, SPR II was reassembled, and operations were
resumed at reduced levels. During the 850 operations between that
time and retirement of the damaged fuel assembly, other cracks ap-
peared in the C-1 plate as well as in three of the remaining five plates.
Figure 6 shows the condition of the C-1 plate at retirement. In spite
of the ever-increasing number of failures, the reactor’ continued to
perform satisfactorily at reduced yields. _

These observed failures are considered to have two interrelated
causes. The initial failure along the radial thermocouple hole was
most likely a tensile failure perpetrated by this stress riser. Although
other stress-related failures were observed, some fuel cracks are
also believed to be associated with stress corrosion (e.g., the cracks
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(b)

Fig. 5——The C-1 plate of the SPR Il when cvack fivst appeaved. (a) Top, (b) bot-
tom.
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(b)

Fig. 6—The C-1 plate at retirement. (@) Top; (b) bottom.
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near the bolt holes in the C-1 ring shown in Fig. 6). Elimination of the
corrosion problem involved a change in the cooling system (discussed
later in this paper), and an attempt to reduce stress problems neces-
sitated a change in fuel-plate design. Since the initial failure had
occurred along a radial thermocouple hole, which represented a stress
riser, all thermocouple holes, both radial and axial, were eliminated

©
O
O () @
@
©

Fig., 7— Modified C plate.

20-MIL SLOT

from the C-1 and C-2 plates, Furthermore, since dynamic measure-~
ments on the C-2 ring indicated peak hoop stresses of twice the static
yield strength of the fuel material (see J. A. Reuscher, Session 1,
Paper 3), the C-1 and C-2 rings were modified by cutting two 20-mil-
wide slots through the plate between the glory hole and control-rod
holes as shown in Fig, 7. Experience with the modified core indicates
these modifications were successful in reducing peak stresses in the
fuel.

Drive Systems

The fuel system previously described is mounted on a mechanized
stand that positions the fuel and controls its various motions. The
upper fuel assembly is mounted on the primary mounting surface of
the reactor stand by four posts. The safety block is axially aligned
below the upper fuel assembly on a shaft driven by a two-speed d-c
motor through a belt drive, worm-gear reducer, and Acme screw.
Experience at Oak Ridge National Laboratory on the HPRR indi-
cated the desirability of incorporating a magnetic coupling in the
safety-block drive system to provide shock-induced scrams of the
reactor.’ Therefore on SPR II the safety-block drive shaft is made in
two sections coupled by an electromagnet. With this arrangement any
burst with a yield exceeding ~150°C AT (corresponding to an initial
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period of less than 30 usec) develops sufficiently strong shock forces
to eject the safety block by breaking the magnetic coupling.® This
arrangement offers the distinct advantage of a self-initiating scram,
independent of the electronic scrams and considerabl§ faster (safety-
block movement occurs within 225 usec). This very-high-speed me-
chanical response of the system effectively reduces the length of the
delayed critical tail characteristic of most Godiva-type reactors,
Although the shock forces generated by pulses below ~150°C AT are
insufficient to break the magnetic coupling, a nearly symmetrical pulse
can still be produced by using preprogrammed initiation and scram
signals to drop the safety block a few milliseconds after the burst..
Also mounted on the primary mounting surface of the reactor stand
are the three control-rod drives and the burst-rod drive. The control-
rod drives consist of ad-cdrive motor coupled to a drive pinion through
electric and mechanical clutches., The drive pinion, riding on a rack
fitted into the hardened control-rod shaft, can thus operate the control
rod over its normal 6,75-in. travel, With an adjustment of the current
on the electric clutch and an adjustment of the mechanical clutch, the
drive system can function without slip under normal conditions and
yet slip under the shock loads imposed during the pulse. This clutch
slippage is -intended to prevent damage to the gear and rack teeth
during these high-load periods. The clutch is also used to drop the
control rod under scram conditions. (The SPR II was the first fast
burst reactor to utilize scramming control rods,) Because of the
intentional slippage of the drive train, ‘rod position is monitored
through a separate pinion coupleddirectlytoaten-turn pot in a standard
null-balance readout system. The inertia of this position pickup is
low enough that the sudden accelerations produced by the induced
shocks do not damage the rack or pinion. Control-rod alignment is
maintained by a split linear ball bushing located between the drive
pinion and the position-sensing pinion and by a Graphitar bushing about
9 in, away at the upper end of the rod-drive package. This upper bush-
ing rides on the fuel portion of the rod throughout its travel, thus
imposing the requirement for the 10.625-in.-long fuel rod for the
6.75-in. travel. Mounted on the lower end of the rod-drive package is
an oil-filled dash pot to decelerate the rod at the end of its stroke.
When the new core was installed, it was placed on a separate stand
to allow check-out concurrent with routine operation of the old core.
This dictated, among other things, all new control-rod drives. In these
new control-rod drives problems have appeared since the reduction
of the fuel-assembly stress and corrosion difficulties. The experience
at Sandia has been that any new fast burst core will require an initial
period of break-in during which bolts and other screwed connections,
such as the control-rod-to~shaft joint, must be tightened periodically,
but, with the new SPR II core, the control-rod and burst-rod joints
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demanded almost daily tightening if repeatable operation was to be
maintained. Obviously something in the joint was failing, Disassembly
and inspection revealed that a spacer used to adjust the rods in rela-
tion to their drives was being coined by the repeated shock loads
imposed upon it.

Another problem detected at the same time and also attributable
to the shock forces experienced by the control-roddrive system involved
the screws used to attach the rack (used to drive the control rod) to the
shaft, Several efforts to eliminate this difficulty have been tried with-
out total success although a mechanical stop placed between the end of
the rack and the end of the keyway into which the rack fits has been the
most successful effort to date.

Fig. 8—Shock-induced damage to switch washer.

Perhaps the most dramatic illustration of the shock forces imposed
upon the control-rod drive system is the failure of the switch washer
shown in Fig. 8. This washer actuates the upper and lower limit
switches. Since mechanical stops limited travel in both directions, the
only loads imposed upon, this washer are those produced by shock.
These shock loads were sufficient to deform the washer and shear the

1/8 -in, pin.

Containment, Decoupling, and Cooling

The escape of fission products from the fuel assembly of SPR II
is minimized by aluminum-ion plating of all fuel components. This ion
plating also protects the fuel against corrosion during high-temperature
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operation. Evaluation of the desirability of heat treating (diffusing) the
plating indicated that the fission-product retention was greater on the
untreated plates. Although this ion plating is the best protective coat-
ing presently available for this application, it is impossible to coat all
the surfaces of such complex shapes. Therefore other means of con-
tainment are also used.

REACTOR SHROUD. Completely covering the reactor, as shown in
Fig. 1, is a thin aluminum shroud that serves several functions. By
completely covering the fuel assembly and by means of a distribution
system built into its structure, the shroud directs the flow of gas over
the fuel system to achieve relatively efficient cooling, By virtue of
this same complete enclosure, any fission products escaping from the
fuel are contained by the shroud and carried off by the cooling system
(which is passed through absolute and activated-charcoal filters),

Cemented to the shroud is a thin layer of Sylgard (a silicon base
elastomer) loaded to 50 wt.% elemental !’B. This material greatly
diminishes the reactivity contribution of moderating materials external
to the reactor. For example, a polyethylene slab 8 in, square by 2 in.
thick contributed 56¢ of reactivity to the system when no decoupler
was present but only 28¢ .when the decoupling shroud was in place (see
R. L. Coats and R. L. Long, Session 4, Paper 4). The effectiveness of
this material during the pulse is illustrated in Fig. 9, which shows that
the kinetic response of the system to the polyethylene slab is virtually
eliminated by the decoupling shroud.$ Figure 9 does not indicate that,
while the polyethylene slab produced a pulse approximately 10 times
as wide as normal when no decoupling shroud was employed, the same
sample had no effect on pulse width when the shroud was in place. In
contrast, nonmoderating materials near the reactor produce changes in
reactor behavior which are unchanged by the shroud.

Irradiation of samples of the boron-loaded Sylgard in the Sandia
Engineering Reactor prior to its use on SPR II indicated that neutron-
induced embrittlement of the plastic material would limit the life of a
decoupling shroud to about 300 bursts. Other suitable methods of fabri-
cating decoupling materials proved impractical or excessively expen-
sive; so Sylgard was used. Since the original shroud survived in excess
of 800 operations, no further attempts will be made to find a better
material,

COOLING SYSTEM. The initial cooling scheme employed on SPR II
consisted of blowing compressed air on the fuel assembly from a
distribution manifold fitted inside the shroud. This air passed down
around the fuel and was then exhausted from the shroud through a
filter into the reactor room. A refrigerative dryer was used to reduce
the moisture content and to cool air to make a more effective coolant,
As a result of experience with the first core, the fuel-cracking problem

o
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Fig. 9— Effectiveness of SPR Il decoupling shvoud.

appeared to be at least partially caused by stress corrosion, which can
logically be associated with the presence of oxygen and moisture
during the high-temperature high-stress intervals of operation,

Originally plans were to install an inert-gas cooling system,7
so tests were performed using dry nitrogen gas obtained by boiling
liquid nitrogen. As a result of these tests, a liquid-nitrogen storage
tank and evaporator were installed and used on about the last 150 op-
erations of the original core and on all operations of the new core.
With the use of the existing distribution and exhaust system, the cooling
rate of the reactor was improved by about 30%. When the cooling gas
is first turned on, the evaporator and all lines are warm enough so the
gas introduced to-the shroud is ~15°C. As gas flow continues, the
evaporator and lines cool. Therefore as the reactor temperature falls
so does the gas temperature, an effect which maintains a large tem-
perature differential and the higher cooling rate,

More important though, blanketing the fuel system with a dry inert
gas seems to significantly reduce the stress-corrosion problem. Under
these conditions the new core has been operated to pulse levels as
high as 595°C AT without damage. Although the ultimate effectiveness
of this cooling system has not yet been evaluated and although the
mechanical design changes discussed previously undoubtedly have also
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helped, no cracks have been observed in the new fuel system whereas
the original core had developed cracks by this point in its history.
Furthermore, the discoloration of the ion plating observed on the first
core and attributed to high-temperature diffusion of the aluminum into
the uranium has been retarded on the new core.

Reactor Controls

The control system for SPR II is generally quite standard; how-
ever, it does incorporate some features, first employed on its pre-
decessor, which experience has proven quite effective in improving
safety and utilization.

EXTERNAL INITIATION, The design and operation of the original
SPR were very similar to Los Alamos Scientific Laboratory’s Godiva II,
and like that reactor it produced a burst with two distinct phases—the
“prompt spike” and the “tail” that followed the spike and persisted
until the reactor was scrammed, some 30 mseclater. Even this short a
tail was achieved only after concerted efforts to improve the response
times of the relays, valves, and other mechanical portions of the sys-
tem. Another aspect of the burst was that the time between complete
insertion of the burst rod, i.e., attainment of maximum reactivity, and
the occurrence of peak power in the spike varied statistically, Although
the average time® from maximum reactivity to peak power for SPR was
about 75 msec, delays as long as 1 sec were not at all uncommon.
These variations made it impossible to synchronize experiments with
- the peak of the burst, and in some cases recording capability was
exhausted before the burst took place.

Burst-peak timing was improved on SPR by utilizing an external
pulsed deuterium-—tritium neutron source to initiate the burst. The
source, triggered when the reactor achieved its maximum reactivity
condition, produced about 10® 14-Mev neutrons in a 10-usec pulse.
Since the probability of burst initiation within the first microsecond of
such a neutron pulse is virtually 1, the only variation in time from
initiation signal to peak power resulted from source jitter (negligible)
and the error in establishing initial reactivity, which determined the
period on which the reactor power rose, This same system has been
used on SPR II with the result that errors in predicting the time at
which peak power will occur are consistently less than 20 usec. Other
fast burst reactors are also employing this technique.?

AUTOMATIC SEQUENCING. With the ability to predict the time of

the burst peak came the ability to time the various functions of the

reactor to eliminate the tail. In conjunction with the development of

o
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external initiation, a 100-kc¢ timer was installed to program the control
sequence so that.the scram coincided in time with the falling edge of
the burst spike, The sequence used is burst-rod insertion, scram
initiation, and source pulsing. Signals indicating the conpletion of each
step must be received by the system before the next step can be
initiated. This system has also been carried over and used on SPR II.
The breakaway of the magnetic coupling in the safety block on SPR II
would appear to obviate the need for such a programmed sequence
but such is not the case. As mentioned previously, the shock forces
generated in small-yield bursts are not sufficient to disengage the
magnet; therefore without the programmed scram the burst would again
have a tail. Also, the programmed scram disengages the control-rod
drive clutches prior to the arrival of the shock forces, thus reducing
the loads that larger bursts impose on that drive train,

A typical timing sequence used on SPR II (for a 300°C AT burst)
would be to insert the burst rod 400 msec before an arbitrary zero
time, wait 388 msec for insertion and damping of the burst rod,
initiate the scram signal, and about 0.12 msec before zero initiate the
source-pulse signal, These settings vary for different burst sizes
and are determined experimentally,

INTERLOCK BYPASS SWITCHES. Early experience at Sandia with
fast burst reactor control systems revealed the necessity for bypassing
certain sequence or condition interlocks to check out the reactor or to
operate under other than ordinary conditions, The universally employed
technique of clip leads was initially used to bypass these interlocks.
This procedure introduces at least two significant safety problems.
Should the operator, who must leave the console and enter it from the
back, pick the wrong terminals with his clip lead he could bypass safety
functions or operate portions of the reactor unintentionally. Since the
clip lead is hidden in the back of the console, its existence is some-
times unknown to other operators or even forgotten. Therefore on the
SPR and SPR II reactors all approved interlock bypass functions are
permanently wired into the console and brought out to a switch panel
on the face of the console, These switches, mounted behind a locked
panel, are accessible only to the reactor supervisor. The condition
of each bypass is indicated by two panel lights mounted on the face of
the locked panel. Under normal conditions when an interlock is func-
tioning, the lower (green).light is on, and, when the bypass switch is
operated, the lower light is extinguished and the upper {(amber or red)
light is turned on. Thus the condition of the interlocks is displayed in
a way that should eliminate any uncertainty or error. Since all authorized
interlock bypasses are wired in permanently, there should be no oc-
casion for the use of clip leads with their inherent safety problems,
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OPERATIONAL EXPERIENCE

As discussed previously, the decoupling shroud on SPR II is very
effective in decoupling the reactor neutronically from experiments
placed around the outside surface of the fuel. Although the glory hole is
lined by a stainless steel thimble, no decoupling material is present.
Therefore samples placed in the 11/2-in. glory hole are very strongly
coupled to the reactor. An experiment to evaluate these effects was
conducted by determining the reactivity contribution of various ma-
terials located over a range of positions withinthe glory hole thimble, !°

This experiment revealed that materials having high scattering
cross sections and low absorption cross sections (lead and aluminum)
exhibit a negative-reactivity effect at the center of the core but a
much greater positive-reactivity contribution near the core boundary.
This behavior is interpreted to be the result of neutrons being scattered
out of the core by the sample when in the center and back into the core
when the sample is near the core boundary. Materials of high absorption
cross section (e.g., 10B), as expected, displayed avery strong negative-
reactivity contribution near the center of the core. Again, because of
scatter back into the core, a similar positive contribution, although much
smaller, is present as the poison sample approaches the core boundary.
In contrast to these materials, a sample of polyethylene with its high
hydrogen content displayed a positive-reactivity contribution throughout
its range of positions, reaching a maximum inthe center of the core.

Figure 10 compares some of these results, The curve for hydrogen
was obtained by subtracting the effect of carbon (graphite) from that
measured for polyethylene on the assumption that the effects of carbon
and hydrogen in polyethylene are independent.

Evaluation of the effect of sample size on its contribution revealed
that the absolute value of the worth per gram-atom decreases as sample
size increases. This reduction is primarily the result of flux flattening
and flux depression by the sample.

All the above measurements were made in the delayed critical
mode; a few prompt critical bursts were also made with polyethylene
and !B samples in the glory hole. Comparison of these data with free-
field data revealed that poisons in the glory hole tend to depress the
worth of the burst rod without significant effect on the prompt-neutron
decay constant. As theory and previous experiments predict,'! the
polyethylene sample in the glory hole reduces the prompt-neutron
decay constant, thus producing longer initial periods and smaller
bursts for similar control-rod adjustments., Although both poison and
moderating materials in the glory hole tend to reduce the glory hole

fluence, a significant positive contribution to fluence was obtained by -

placing 2-in.-long copper slugs (reflectors) at the top and bottom of
the glory hole. Since these end reflectors reduce leakage, they also
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Fig. 10— Reactivity coefficient of selected matevials as a function of position in
SPR II glovy hole.

modify fission-density distributions, which may, in turn, lead to fuel-
temperature problems.

These data indicate some of the problems associated with the opera-
tion of a fast burst reactor with samples in a glory hole. Experience
with SPR II also indicates the necessity for added caution in operating
the reactor with samples in the glory hole although pulsing the reactor
a few times at lower levels with the sample in place is sufficient to
establish the necessary data points for a satisfactory extrapolation to
larger yields.

CONCLUSIONS

The Sandia Pulsed Reactor II has now been in operation for over
1000 pulses and normally operates at an average rate of about 20 pulses
per week. Difficulties have been encountered in large-yield bursts,
but the problems involving fuel failures by stress corrosion and tensile
failure appear to have been greatly reduced. The problems involving
control-rod drives are being corrected, and nothing indicates that
- routine operation at design level will not be realized in the near future.
This level of operation has been made possible through utilization
of design techniques and materials developed by various organizations
working on fast burst reactor technology. This reactor has proved
quite satisfactory in that experimenters can expect repeatable per-
formances at radiation levels of significant interest.
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DISCUSSION

YOCKEY: Is your reactor shutdown factor reduced by the gaps
between fuel plates?

JEFFERSON: I do not know that it is a great deal different from
what it was in SPR I, and thatis the only thing with which to compare it,
There is, of course, some difference because we are using an alloyed
fuel rather than pure uranium, but we do not have any way to measure
any difference in negative temperature coefficient between this design
and one without gaps because we have not built one without gaps. As
Reuscher pointed out in his paper (see Session 1, Paper 3), the majority
of the reactivity effect is caused by radial expansion, and these gaps do
not change that,

KING: Did the slots you cut in the rlngs improve the s1tuat1on SO
you had no further cracking?

JEFFERSON: We think so. We now have a significant number of
pulses on the new core operated up to temperature excursions of
595°C, and so far we have not detected any cracks in the fuel. We are
now beyond the point where we developed cracks previously.

MILEY: ‘You mentioned that the cold-nitrogen cooling allowed you
to increase the number of pulses per day, but you did not give a number,.

JEFFERSON: We now produce 5 pulses in an 8-hr day.

o
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MILEY: As an experimentalist who uses this type of reactor, I
believe that it would be of interest to study possible methods of in-
creasing the efficiency of cooling methods to obtain a larger number
of pulses per day, This would, in my opinion, greatly increase the
utility of the reactor.

JEFFERSON: As an operator who has to maintain these reactors,
I am violently against that increase because of the activity buildup in
the fuel,

MILEY: I understand that problem, but I am not convinced that
we have reached an optimum number,
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ABSTRACT

The VIPER reactor was first pulsed super critical in August 1967 at the Atomic
Weapons Research Establishment, Aldermaston; since then 150 bursts have been
produced. The pulse width is 400 usec, and the peak yield is 3.5 x 10! fissions.

In principle the reactor is similar to Godiva, but it has certain different
features. The core consists of fuel rods of partly enriched uranium embedded in
a matrix of copper and epoxy resin. The prompt negative coefficient of reactivity
is largely due to the Doppler effect in 238U, an effect which is enhanced by the
moderating properties of the epoxy resin.

DESIGN PRINCIPLES

The fast burst reactor VIPER!? is similar in principle to Godiva but
has a few different features. The core is built of fuel rods, and there-
fore its composition can be changed. The Doppler effect in 38y ig used
to provide a large part of the inherent temperature coefficient. The de-
sign yield is 3 x 10!7 fissions, and the pulse width, for the core compo-
sition currently being used, is about 0.5 msec. A thick reflector is used
to conserve fuel and to provide a space big enough for the irradiation
of 'experiments 1 ft in size. The reflector also helps to decouple the
.core from its surroundings.

The design premise was that uranium-metal fuel would withstand
repeated pulsing to 450°C. For a yield of 3 X 10" fissions we would
therefore require at least 200 kg of metal. With reasonable packing the
35y-reflected critical mass is much less than 200 kg; so uranium
of intermediate enrichment can be used. This factor is attractive be-
cause the Doppler effect in *®U provides a significant inherent shut-
down component compensating for the low temperature coefficient of
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fuel in the form of rods. With 37.5%-enriched uranium and some hy-
drogenous material in the core to soften the neutron spectrum, the
Doppler temperature coefficient compensates adequately. '

It was first pulsed super critical in August 1967, and since then
about 150 pulses have been run.

CORE CONSTRUCTION

The uranium fuel, 37.5% enriched-uranium alloyed with 1.25 wt.%
molybdenum, is in the form of cylindrical rods, each 11.4 in. long and
0.400 in. in diameter, clad in stainless steel. The cladding prevents
possible reaction of -hot fuel with air and also provides a means of
holding each fuel rod at its midpoint sothat the forces developed during
the pulse heating will balance and will not load the reactor structure.
The cladding is pinched to the fuel rod at a circumferential notch in the
center of the rod. Figure 1 shows the fuel-element design. Each ele-
ment is cast and machined to size and contains 155 g of 2%%U in 418 g of
uranium. !

The fuel rods are loaded into the coreas a triangular lattice with a
pitch 0.51 in. (Fig. 2). The fixed central block, 8 in, by 15 in,, contains
spaces for 478 elements, and each of the two side blocks contains
spaces for 133 elements. Each blo¢k is enclosed in a stainless steel
box. The side blocks are attached to hydraulic rams and can be slowly
raised into position to assemble the critical core or rapidly driven
down. There is a central hole into whichthe pulse rod is driven to start
the prompt-critical transient. A sectional view of the core is shown in
Fig. 3. The fuel elements are located by three low-expansion-steel
lattice plates that define the triangular matrix. The holes in the central
plate are displaced radially outward by 0.010 in. with respect to the
holes in the top and bottom plates to prevent simple inward bowing of
the fuel elements due to the radial transverse temperature gradient.
The elements rest on a base plate of steel and are held down by springs
bearing down on the core-box lid. The springs are strong enough to en-
sure that each element remains seated on the base plate after the pulse
.is complete. The space between the fuel elements and the lattice plates
is filled with matrix plates of copper or aluminium-loaded epoxy resin.
Matrix plates are available in thicknesses of 0.375 in. or 0.187 in. and
in various shapes which fit together in layers that fill the core boxes as
in Fig. 2. The matrix area is divided in this way to allow for expansion
of the materials when the reactor is heated., The amount of hydrogen in
the core can be varied by varying the number of epoxy resin pieces
loaded into the core matrix. Generally the matrix material is the same
in any one horizontal layer, as shown in Fig. 3, which represents-the
loading used for the current assembly, VIPER 1. The core is loaded to
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Fig. 1—VIPER fuel rod.
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Fig. 2— VIPER cove plan.

critical, and any spare lattice positions are thenfilled with copper rods
of approximately the same dimensions as the fuel elements. The outline
of the core loading used for VIPER 1 is indicated by a black line in
Fig. 2.

An isometric diagram of the reactor core is shown in Fig. 4.

The maximum volume fraction of uranjum alloy in the core is 45%,
and the minimum voidage amounts to 12.6%. The actual volume fractions
in VIPER 1 are:

Fuel Steel Copper Epoxy resin Void

45.0 14.0 14.0 9.5 17.5
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The atomic ratio H:?*®U is 0.46, and the critical mass is 83 kg of

235U

Although in principle the core composition can be changed, e.g., a
core with no moderator could be built to give a pulse width about 30%
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smaller than at present and a core with more moderator would give
about 50% larger pulse width, it has not yet been necessary to change
the core composition.

REACTOR LAYOUT

A plan of the reactor core and reflector is shown in Fig. 5, and a
vertical section drawing is shown in Fig. 6. The core is surrounded by
copper at least 8 in. thick on all sides, the top reflector being in the
-form of a single slab that can be raised to give access to the top of the
core. Two fine and two coarse control rods filled with boron enriched
in 1°B are provided at the outer edge of the core for reactivity adjust-
ment. They are driven up or down by motors mounted on the reflector
lid. When fully down the boron-loaded region extends over the full core
height, and when fully raised the space is filled by brass followers.




131

1S3m

SOUTH

CONTROL
REFLECTOR
HOLE B

ROD B

FINE CONTROL
COARSE

BORAL PLATE
ROD B

SAFETY

BLOCK B
NW

5208020880
08020 woomoowoo

REMOVABLE
COPPER
REFLECTOR

BASE PLATE
REMOVABLE
COPPER BLOCK

THE VIPER CORE

BRE00R0R0 SRERREACR R0
e e
deoRaae

p———— ]

NORTH

SCR80FS
i

o

e
osss %mooomwo oom@oo&@oooo%
m%wooooomo o@ SeSesess

=

(o]

S
REMOVA-

ABLE
COPPER
PLUG

ommvmmo ®

4 IN.
DiA-
METER

Eai
o @)

Seseaiasssece
3 (0% 202 (S
e SR

()

STEEL REFLECTOR
COPPER REFLECTOR

NN MO e e Ne
5052058305090588550348
R O8O0 OBOR00
R E0806020300056053803
0g030R0806a5E
Qo®3650R08055%CS

CENTRAL

CORE
BLOCK

O

FINE
CONTROL
ROD A
COARSE
CONTROL
ROD A
SAFETY
BLOCK A
REFLECTO
HOLE A

NE

v

1Sv3

o

PULSED-NEUTRON
SOURCE

Fig. 5—Plan of the core and veflector of VIPER.

23 4
SCALE, IN.




132 McENHILL

CENTRAL
IRRADIATION
CAVITY
CONTROL-ROD
gggTROL' REMOVABLE  DRIVE
DRIVE /PLUG
REFLECTOR REFLECTOR|[
LiD i LiD
N N
_L.CONTROL ROD
7 IN FULLY DOWN
/,/;4/ POSITION
%
SioE O
REFLECTOR 2%% ,4//
T 25,
CAANTTK
- NS E
PULSE / CORE
ROD— . SAFETY
BLOCK
PLATFORM
cC—— | —
3 PULSE- i
ROD TEEL
| BRIVE SKIRT
I L“—‘;ES “i;<:>: CONTROL~ROD
0 2 a SﬁgEEY— FOLLOWER
. SCALE, IN. DRIVES

Fig. 6 —Vertical seclion of the cove and veflector of VIPER,

Part of the side reflector is in the form of removable blocks, and the
base plate is extended on that side so that a large irradiation cavity
about 13 in. square and 11 in. long can be provided when necessary by
rearranging the reflector blocks. A boral plate may be inserted to de-
couple the core from any slow neutrons produced in an irradiation ex-
periment in the cavity. A space for smaller irradiation experiments is
provided by the top portion of the central hole in which the pulse rod
moves, access being provided by a removable plug in the top reflector.
This central irradiation cavity is 1.75 in. in diameter and 3.5 in. long
and is 3 in. from the core center at its nearest point. Two other experi-
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mental holes are provided in the corners of the reflector. On the north
side of the reactor there is a 4-in. plug which can be removed to
accommodate a pulsed-neutron source used for neutron-lifetime mea-
surements and for time-of-flight spectrometry. The neutron beam for
spectrum measurements passes through the region of removable blocks
on the south side. The reflector region below the core is extended in
a skirt to act as a radiation shield around the safety blocks when they

are lowered.

A general view of the reactor is shown in Fig. 7. It has a base
measuring 9 ft X 9 ft, is 13 ft high, and weighs 12 tons. The main feature
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of the operating mechanisms is the hydraulic system for fast withdrawal
of the safety blocks immediately after the reactor pulse. Energy for
this purpose is stored in compressed nitrogen in a series of hydraulic
accumulators, three for each safety block. Other ancillary items are a
neutron source to provide an adequate neutron flux during start-up, a
pneumatic drive system for the pulse rod, and a hoist for the reflector
lid. There is also a pulsed-neutron source to initiate the reactor pulse
when required. Provision is made to supply argon gas to the reactor
core continuously so that the core components are always surrounded
by an inert atmosphere when hot. The reactor has no forced-cooling
system, and it requires about 6 hr to cool after a full-size pulse.

The reactor is mounted on a substantial frame that can be moved
along rails when necessary into a position where a pulse of neutrons
can be injected and where a beam can be extracted into a flight tube for
time-of-flight spectrometry. It is housed in a large concrete-walled
containment cell that also houses the low-power experimental fast re-
actor VERA.

CONTROL UNITS AND PULSE ROD

,The reactor is controlled by movement of safety blocks or control
rods. The safety blocks, which are portions of the fuel region of the
core, are each worth at least 5% in reactivity. They are lowered to pro-
vide the necessary margin of safety when the reactor is being loaded
with fuel or with irradiation samples, and they are subsequently raised
as the first step in the approach to critical. Upward movement over the
12-in. stroke is complete in 3 min, The blocks are driven rapidly down
with an acceleration of about 5gtoterminate the plateau heating follow-
ing a prompt critical reactor pulse. Each blockis supported on a 3-in.-
diameter rod driven by a double-acting 4-in.-diameter hydraulic piston.
The pressures on either side of this piston are adjusted so that the net
upward force is sufficient to raise the block, its movement being accu-
rately controlled by a lead screw and nut. When rapid shutdown is re-
quired, the trip signal opens vent valves in the lower cylinder, and the
pressure in the upper cylinder then drives the block down, using stored
energy from a hydraulic accumulator, The block begins to move 20 msec
after the current supply to the vent valves is broken by the trip signal,
and the time required to remove the first dollar of reactivity is 47
msec.

The control rods are brass boxes loaded with enriched boron. Each
of two coarse rods contains about 440 g of B and is worth about $1.2;
each of two fine rods contains about 70 g of !°B andis worth about $0.2.
The control rods provide sufficient reactivity control to balance the ef-
fect of irradiation samples and to provide an alternative means of reac-
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tor shutdown. They are also used to balance the reactor accurately at
the critical condition.

The pulse rod, illustrated in Fig. 3, consists of a steel tube con-
taining a 1,55-in, -diameter by 4.125-in,-long cylinder of uranium metal
weighing 2.35 kg, which is of the same type and enrichment as used for
the fuel elements, The reactivity worth ($1.27) is chosen so that a full-
size pulse can be produced by driving the rod from its fully-out to its
fully-in position starting with the reactor at delayed critical. A small
margin of extra reactivity is incorporated to allow for variations in
pulse-rod worth due to core rearrangements. For the rapid insertion
required in pulsed operation, the rod is driven pneumatically, and it
covers its full 14-in. stroke in 220 msec. This is sufficiently rapid to
reduce the probability of preinitiation to an acceptable level provided
there is no significant neutron emission from experimental components
in the irradiation cavities. For checking reactivity balances the rod
may be driven at slow speed through a nut and lead screw,

CORE MATERIALS

The fuel has to have the following qualities: (1) adequate strength
to resist deformation under dynamic loading at high temperature,
(2) minimum dimensional changes after thermal cycling, and (3) sta-
bility in the radiation environment, The suitability of uranium alloyed
with 1.25 wt.% molybdenum was confirmed by tests of its strength and
its resistance to thermal cycling. ‘

During the reactor pulse the material in the fuel rods is com-
pressed, and a compression wave travels to the end of the rod, where
it is reflected as a tension, The maximum stress occurs at the rod
center where the calculated. average stress for a full-size pulse is
2 tons/sq. in. with a peak at the notch of 8 tons/sq. in, The center fuel
temperature is about 100°C at the compression peak and about 320°C at
the tension peak. The fuel strength was measured by plain bar tests of
the fracture stress and the elongation at temperatures up to 600°C,
Further tests of a similar type were made on bars notched in the same
way as the actual fuel rods. These experiments showed that the 1.25
wt.% molybdenum alloy had adequate margins of strength and ductility
for regular use in 400°C pulses and thatdamage by local yielding at the
notch - would not be expected in pulses up to 500°C.

The growth of the uranium alloy due to thermal cycling was mea-
sured by electrical heating in a vacuum and in argon. The samples were
cycled between 60°C and 500°C once every 2 min.; heating took place
in 2.5 sec; and the growth was measuredafter 500 and 1000 cycles. The
tests were then repeated over the same temperature range with a salt-
bath heating system. The results show that the thermal-cycling-growth
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resistance of the 1.25 wt.% molybdenum alloy is satisfactory; the mate-
rial is unlikely to extend by more than 0.1% as a result of 1000 cycles
to 500°C.,

The stability of the fuel after prolonged irradiation has not been
tested. In 1000 full-size pulses the accumulated neutron dose is about
10'® neutrons/cm? and the mechanical properties of the fuel will be
checked before this stage is reached. Other fuel effects considered
were burn-up, which amounts to 0.0001% after 1000 pulses and is there-
fore not important, and chemical reaction between uranium-and stain-
less steel, which should not be important since it proceeds very slowly
at temperatures below 520°C.

The moderator has to have the following qualities: (1) it should N

contain an adequate proportion of hydrogen, (2) it should be capable of
fabrication into the necessary shapes for the lattice, and (3) it should
withstand heating to temperatures corresponding to a full-size pulse
without damage, significant loss of hydrogen, or distortion. The mate-
rial chosen for this purpose was an aluminium-filled epoxy resin with
the following percentage composition by weight:

Aluminium 28.2

Carbon 50.8
Hydrogen 4.30
Oxygen 16.70

The material had a hydrogen content of 0.062 g/cm? and a density
of 1.44 g/cm® Small blocks of it were tested by heating in an inert
atmosphere for 10 hr at various temperatures. Above 200°C there was
a small weight loss which increased slowly with temperature up to
300°C and fairly rapidly at higher temperatures. However, allowing for
the total time -spent at maximum temperature in each pulse, the total
weight loss in 1000 pulses to 300°C would be about 1%, which is ac-
ceptable. The maximum moderator temperature in a full-size pulse is
267°C,

YIELD AND RADIATION DOSES IN THE FULL-SIZE PULSE

The maximum vyield in a pulse in VIPER 1 is determined by the -

maximum temperature (275°C) to which the epoxy resin components
can be heated without significant deterioration. Assuming a starting
temperature of 25°C, the peak temperature at the core thermocouple
corresponding to maximum yield is 237°C, the average fuel tempera-
ture rises to 332°C, and the peak fuel temperature is 456°C.

The measured maximum yield expressed in fissions is 3.63 x 1017,

The integrated doses of neutron and gamma radiation at various
positions in and around the reactor are shown in Table 1.
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Table 1

RADIATION IN A FULL-SIZE VIPER PULSE

Gamma Integrated
radiation neutron dose rate,
Location dose, r neutrons/cm?/sec
Central irradiation cavity
(bottom surface) 1.3 % 108 1 x 101
Core —reflector interface
{(on reactor midplane) 5% 104 0.9 x 1015
Large irradiation cavity
(13 in, X 13 in, X 11 in,
cavity with boron plate
on core surface)
Inner face 3.5 x 104 5x 1014
Center 1.1 x 10%
Outer face 8 x 103
OQuter surface of reflector
(top surface, near reactor
center line) 1.1 x 103 3x 1013
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DISCUSSION.

GLASGOW: Why did you choose copper for the reflector and for the
space between the fuel elements? Was it for the neutronics or for the

economics ?

McENHILL: We wanted something to reflect the neutrons which was
of reasonable cost. It was partly neutronics, partly economics. I think
we probably misfired on the economic side as copper is now very ex-

pensive.
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ABSTRACT

The design objectives established for the Army Pulse Radiation Facility Reactor
require a surface fluence of 1 to 3 X 10! neutrons/cm? per burst, a burst width
of 40 + 5 usec, a peak flux at the core surface of 2 to 3 X 1018 neutrons/cm?/sec,
a total fission yield of 1 to 3 x 10!%, steady-state operation at 10 kw, and burst
repetition in 2 hr. A parametric study of the Health Physics Research Reactor
led to a core of larger diameter and smaller height-to-diameter ratio, making
possible the inclusion of a glory hole 1.5 in. in diameter. Each core part is
aluminum-ion plated to control corrosion. The core is kept in an atmosphere of
dry nitrogen to control stress-corrosion cracking. All design specifications
were met or exceeded.

The design objectives for the Army Pulse Radiation Facility Reactor
(APRFR) required a surface fluence of 1 to 3 X 10'* neutrons/cm? per
burst, a burst width of 40 + 5 usec, a peak leakage flux at the surface
of 2 to 3 x 10'® neutrons/cm?/sec, total fissions 1 to 3 x 10!7, steady-
state operation at 10 kw, and burst repetition in 2 hr. Since the Health
Physics Reésearch Reactor (HPRR) and its facility! most nearly met
the Army requirements, the approach. for the APRFR was to prepare
a moderately improved and updated version of the HPRR. The design
was modeled after the HPRR, and all design decisions pertaining to
the HPRR were reexamined considering experiences at all burst
reactor facilities, .

A parametric study of the reactor physics of the HPRR-type
reactor was conducted to investigate the effect of the following vari--
ables: (1) diameter of central stainless steel rod, (2) reduction of fuel
enrichment, and (3) ratio of core heightto diameter (H/D). The primary
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factors evaluated were fission yield limited by stress, fluence, maxi-.

mum temperature in the core, and burst full width at half maximum.

The flux flattening that results from a 2-in, stainless steel central
rod allows the total fission yield to increase about 30%. The fluence at
1 m also increases by 30%. The maximum core temperature drops from
405°C to 327°C. The burst width increases from 30 to 39 usec. The
increase in burst width is within design objectives, and the larger
fluence and yield and lower temperatures are desirable. The reactor
configuration with a large central nonfuel region allows the incorpora-
tion of a centrally located glory hole of useful size. An increase in
total yield can also be obtained by decreasing the enrichment from
93 to, say, 80%. This decrease in enrichment is a disadvantage with
respect to a design that incorporates a nonfuel central rod because
the maximum-to-average power ratio is reduced and because the max-
imum core temperature is reduced for a given yield.

Rather large variations of core height-to-diameter ratio are re-
quired for minor improvements in the fission yield at the expense of
appreciable increases in the total critical mass. Large variations in
the height-to-diameter ratio actually reduce the fluence or the flux
near the surface of the reactor core where most of the experiments
are located.’ Little, if any, benefit and possibly some deleterious
effects occur from appreciable deviation from a minimum-mass
height-to-diameter ratio. The interaction of height-to-diameter ratio
and central-void effects resulted in choosing a height-to-diameter ratio
equal to 0.89 rather than to 1.13 as in the HPRR. This choice enlarged
the central void and allowed the addition of an axially located glory
hole large enough for samples or apparatus of significant size. For
such samples the flux and fluence were increased by about a factor of
3 over that available at the surface, which obviously results in a
considerable increase in the usefulness of the reactor,

The total fission yield in most fast burst reactors is limited by
static and dynamic thermal stresses. Accordingly, the relative sizing
and location of control rods, fuel-assembly bolts, fuel rings, and the
safety block were investigated in detail. The limiting stresses were
located, and the sizing of components was adjusted until approximately
the same stress limitation appeared in each part. The fuel rings are
held together by nine U—10 wt,% Mo bolts, The stress analysis showed
that these bolts functioned primarily as very stiff energy-absorbing
springs. Therefore the shank was undercut below the thread root
diameter to increase the energy absorption ca.pability.3

Uranium parts are usually plated to prevent sloughing of UO, and
fission products. Unsuccessful attempts have been made to avoid
stress-corrosion cracking by this means. Both nickel and aluminum-
ion plating were tried.* Results indicated a clear superiority of
aluminum-ion plating; therefore all parts in service are so treated.

o




DESIGN OF THE APRFR 141

Stress-corrosion cracking is a serious problem in applications
of U—10 wt.% Mo. Hoenig and Sulsona’® showed that both oxygen and
water vapor must be removed from the ambient atmosphere. The
core parts are shrouded to contain a dry nitrogen atmosphere, The
static and dynamic stresses relax below threshold for stress-corrosion

cracking in a few minutes. Cooling can thenbe accomplished by blowing
dry air over the core.

All design objectives were met or exceeded. On the basis of early
operational data, performance is as follows: maximum fission yield
2.1 x 10", surface fluence 2.8 x 10! neutrons/cm? burst width 40
usec, and peak leakage flux 6 x 10'® neutrons/cm?/sec. In the glory
hole the maximum fluence will be 9.4 x 10 neutrons/cm2 and maxi-
mum flux 2 x 10'® neutrons/cm?/sec.

PARAMETRIC STUDY OF REACTOR PHYSICS

Reactor Structural Model

The reactor structural model used throughout the parametric
study is illustrated schematically in Fig. 1. Basic features included:
(1) a central stainless steel rod to which the safety block is attached
at a position which is roughly at its axial midpoint, (2) a bolted reactor
assembly consisting of annular cylindrical fuel disks, (3) flexible
“finger” supports to allow essentially unrestrained core expansion
in all directions, and (4) hollow bolts whose shank cross-sectional
area is equal to the minimum thread root area to prevent stress con-
centration in the threads and to maximize energy-absorption capacity.
The cold clearance gaps between the safety block and the rest of the
reactor assembly (as shown in Fig. 1) were kept constant for purposes
of this study. For physics calculations the core was assumed to consist
of 95 vol.% U—10 wt.% Mo, 1.5 vol.% stainless steel (in addition to the
central stainless steel region), and 3.5 vol. % void.

For each core configuration a series of calculations was performed
to establish (1) static physics characteristics, including critical mass,
power distributions, prompt-neutron lifetime, and radial and axial
temperature coefficients of reactivity; and (2) reactor transient power
behavior in the prompt critical regime, e.g., burst yield and width vs.
initial reactivity insertion. The calculation method used to obtain
information in these areas is described briefly in the following section.

Calculation Methods

Critical mass, power distributions, and radial and axial temper-
ature coefficients were obtained using a two-dimensional transport
theory code, DDF, on a CDC-1604 computer. The code employs the
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S, method of solving the Boltzmann transport equation, All calculations
used the S, approximation and a convergence criterion, €, of 1073, The
bulk of the parametric study was done using a l-group cross-section
set obtained from 6-group Hansen—Roach cross sections. The machine
calculations were supplemented by experimental data and simple 1-
group diffusion theory calculations where possible,

Temperature coefficients of reactivity were calculated by sub-
jecting the assembly to a 1000°C uniform temperature increase and
allowing unrestrained expansion of all fuel pieces. The expansion
coefficient used for U-10 wt.% Mowas 12.6 x 107 %/°C,

The prompt-neutron lifetime for each reactor core was estimated
from published calculations and measurements for a variety of fast
burst reactors.

The equation used to describe the prompt critical power behavior
of the reactors was

F(t) = a,p(t) F()
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where F(t) = total fissions (or energy) at time t
o(t) = reactivity above prompt critical as a function of time t
o, = 3p/{ prompt-neutron decay constant at delayed critical
Bp = delayed-neutron fraction
{ = prompt-neutron lifetime

The reactivity above prompt critical was described by
p(t) = Py — Ay (1) — By,(t)

where p(t) = prompt reactivity ($) as a function of time t
py = initial reactivity addition ($) above prompt critical
y,(t) = radial displacement (cm) of fuel as a function of time t
va(t) = axial displacement (cm) of fuel as a function of time t
A = radial-expansion reactivity coefficient ($/cm)
B = axial-expansion reactivity coefficient ($/cm)

The power behavior of the reactor wasdetermined through the following
sequence of operations;

1. Select an initial reactivity insertion p,.

2. Assume a total fission yield and reactor power —time history.

3. Compute core-boundary displacements, y,{t) and y,(t), on the
basis of 2. '

4, Compute reactor power—time history on basis of displacements

calculated in 3.
5, Compare assumed power—time history, 2, with computed

power—time history, 4. If burst yield and width agree to within 10%,
stop the problem; otherwise iterate using computed power—time
history in step 2,

Results

The results of calculations for nine basic reactor-core configura-
tions covering three central stainless steel rod diameters (0, 1, and
2 in,) and three core diameters for each steel rod diameter are pre-
sented in Table 1, The prompt-neutron decay constant for each con-
figuration was estimated from published measurementsand calculations
for a variety of fast burst reactors, As a result of calculations by
Mihaleczo,? the decay constant ‘was assumed independent of the core
height-to~diameter ratio for the range of values covered here. The ‘
prompt decay constant varies approximately linearly with central
stainless steel rod diameter from a value of 8.4 x 10° sec™ with no
stainless steel to about 6.4 x 10° sec™ for a 2-in,-diameter steel rod.

The prompt critical power behavior for each of the nine core
configurations in Table 1 was calculated for three values of initial
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Table 1
STATIC PHYSICS RESULTS

Reactor number
1 2 3 4 5 6 7 8 9

Central stainless steel

rod diameter, in, 0
Core diameter, in. 6.5 7.52 9.06 7.0
Core height, in. 13 7.562  5.55 12.1
Core height-to-

diameter ratio 2
Critical mass,

kg U—10 wt.% Mo 115 89.5 94 121.3 101.3 111.6 155.2 122.7 134.3
Total temperature

coefficient, ¢/°C -0.3 -0.3 -0.3 -0.29 -0.3 -0.29 -0.3 -0.31 -0.3
Axial temperature

coefficient, ¢/°C -0.13 -0.11 -0.08 -0.11 -0,09 -0.05 -0.12 -0.11 —-0.06
Radial temperature .

coefficient, ¢ /°C -0.17 -0.,19 -0.22 -0.18 -0.21 —-0.24 -0.18 -0.20 -0.24
Safety-block power

fraction 0.2 0.2 0.21 0,23 0.23 0,22 0.2 0.2 0.22
Outer-shell power

fraction 0.8 0.8 0.79 0.77 0.77 0.78 0.8 0.8 0.78

2
10.0 7.4 .0 11.0
5.4 14.65 8 5.5

~3 ®©
1O

1.73  0.96 0.54 1.98 1.23 0.5

-
=3
2]
—

prompt reactivity insertion. Results of burst yield and burst width vs.
initial reactivity insertion were then tabulated, These results are
illustrated in Figs. 2 and 3, which show burst width vs. stainless steel

rod diameter and burst width vs. core height-to-diameter ratio, .

respectively, for burst yields of 1 x 10'7 and 2 x 10! fissions.

STUDY OF STATIC AND DYNAMIC STRESS

Calculation Methods

In all the reactor cases considered, maximum stresses were cal-
culated for the safety block, outer shell, and bolts. These maximum
stresses for each burst were compared withthe allowable design stress
to determine the maximum burst obtainable for each reactor configura-
tion. The allowable design stress was defined as 90% of the ultimate
tensile strength corresponding to the highest temperature in the com-
ponent. The ultimate tensile strength of U—10 wt,% Mo as a function
of temperature is shown in Fig, 4 for both cast and wrought material,
The allowable design stress in all cases has been based on the use of
cast material (lower curve). Tensile data for U—10 wt.% Mo subse-
quently obtained from samples obtained during fabrication indicated
that the ultimate tensile strengths were 20 to 30% higher than those
used in this paper. This increased allowable strength means that
actual maximum allowable burst yields should be larger than cal-
culated, ‘
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The bolt stresses were obtained using the following expression,3
which is valid for bolts in cases where T, /T, > 1:

1,
A \Y%
Umax = Ea T, <1 +—i)

Ty
2T,

If T,/T, < 1, then
1
As\ %

Oy = EV0 (1 + _z>

where E = Young’s modulus
@ = thermal expansion coefficient
T, = average temperature rise in outer shell
A, = outer-shell cross-sectional area (minimum)
A, = bolt cross-sectional area (minimum)
T, = fundamental period of vibration of bolt
. T, = pulse (heating) period
V, = mean velocity of outer-shell pieces
C = speed of sound in U-10 wt.% Mo

These expressions were plotted as o.,,/EaT, vs. A,/A, for various
values of T,/T,. These curves were then used in obtaining bolt
stresses. '
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The stress in the outer cylindrical shell of the reactor core con-
sists of inertial stress and transient thermal stress. The inertial
stress was computed by methods developed by Burgreen.3 Since the
maximum temperature in the outer shell occurs at the inner edge, the
inner edge is also the point of minimum allowable design stress. The
inertial and thermal stresses were algebraically added at the inner
edge and compared with the allowable stress at that point. In almost
all cases the allowable stress at the inner edge was the stress that
limited fission yield in the reactor.

The stress in the safety block also consists of inertial and tran-
sient thermal stress. The thermal stress, however, is small since the
temperature gradients in the safety block are generally small. The
inertial stress was computed by using a bar model for the safety block
and the appropriate stress-reduction factors.®

Results

Using the results of burst width and yield as described previously,
stresses in the bolts, safety block, and outer shell of each reactor
configuration were calculated as functions of burst yield. Initially,
calculations were made for each core, assuming a standard safety-
block size and a fixed ratio of outer-shell to bolt cross-sectional
area, The standard safety block was defined as having a diameter
equal to half the core diameter and a fuel mass equal to 14.5% of the
total core mass. The shell-to-bolt cross-sectional area, A,/A,, was
fixed at a value of 11.

Stresses in the bolts, safety block, and outer shell of each core
were determined as functions of burst yield. The yield at which each
component reached its stress limit was identified. In almost all cases
the limiting stress was reached first in the outer shell of the core
assembly. For the tall cylinders (core height-to-diameter ratio = 2),
however, the bolts had also approached their limiting-stress values
at about the same fission yield at which the outer-shell stress had
become limiting.

The limiting fission yield and corresponding burst width for each
reactor configuration are listed in Table 2. The maximum core tem-
perature, the fission yield per unit core mass, and the maximum neu-
tron fluence 1 m from the reactor center are tabulated.

A second set of calculations was performed for reactors 4 to 9 to
determine the effect of safety-block size. In these reactors the safety-
block diameter was maximized while a minimum outer-shell thickness
of 1.5 in. was maintained to ensure accommodation of the bolts neces-
sary for shell clamping. The shell-to-bolt cross-sectional area ratio
was maintained at 11, the same value used for the small safety-block
study. The limiting stress in each of these reactors was again at the



Table 2
MAXIMUM PERFORMANCE OF BASIC CORE CONFIGURATIONS

Stress- Max. core Pulse Neutron fluence
Height-to- Critical limited temperature rise width 1 m from

Reactor diameter mass, kg yield, at limited at limited Yield/mass, reactor center,

No. ratio U-10 wt.% Mo fissions yield, °F yield, usec fissions /kg neutrons/cm?

1 2.0 115 1.25 x 1017 720 32 10.8 x 1014 1.38 x 1012
2 1.0 89.5 1.03 x 1017 750 30 11.5 x 1014 1.14 x 1012
3 0.61 94 1.03 x 1017 735 32 10.9 x 1014 1.14 % 1012
4 1.73 122 1.85 x 1017 650 36 11.1 % 101 1.50 x 1012
5 0.96 101 1.17 x 1017 670 35 11.6 x 1014 1.21 x 1022
6 0.54 112 1.25 x 1017 660 38 11.2 x 104 1.39 x 1012
7 1.98 155 1.7 x 1017 610 39 11.0 x 1014 1.89 % 1012
8 1.22 123 1.36 x 1017 620 39 11.1 x 10 1.54 x 1012
9 0.5 134 1.36 x 1.51 x 1012

1017 570 43 10.1 » 1014

8b1

SOTJOHLVIS ANV ‘NIGNAT ‘AFTID0X
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inner edge of the outer core shell; however, as the core height-to-
diameter ratio approached 2, the bolt stress became limiting. The
larger safety blocks allowed higher maximum yields from these cores
ranging from an increase.of 6% at a height-to-diameter ratio of 1.73 to
25% at a height-to-diameter ratio of 0.5.

TR IR
o . /9347% ENRICHMENT .. /|
| .. f 2:IN,STAINLESS STEEL . -/

;1 - LARGE, SAFETY BLOCK ../

[ R 2

! . CORE HEIGHT-T0- DIAMETER"RATIO , "

Fig. 5— Limiting buvst yield vs. core height-to-diameter rati-o.

Stress calculations were alsc performed for two 80%-enriched
cores, designated reactors 10 and 11, with no central stainless steel
rod. Results were obtained for core height-to-diameter ratios of 2.5
and 1.38. At the 2.5 ratio, the bolts reached a limiting stress at a yield
of 1.53 x 10'" fissions. At the 1.38 ratio, the outer shell was limiting
at a yield of 1.37 x 10" fissions. For low-enrichment cores, as for the
previous full-enrichment cores, the bolt stress appears to be limiting
at core height-to-diameter ratios in excess of about 2.0, and maximum
vield per unit core mass appears to decrease at ratios exceeding 2.0,

Since maximum fission yield, maximum neutron fluence, maximum
reactor temperature, and burst width are important performance
criteria, they have been summarized vs. core height-to-diameter
ratio for the standard and large safety-block designs, in Figs. 5 to 7.
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Fig. 7— Burst width vs. cove height-to-diameter vatio fov limiting fission yield.
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METALLURGICAL PROBLEMS

In general, metals are seldom used in the pure form, especially
for load-bearing or stressed parts. It is natural, then, to look for an
alloy of uranium with superior mechanical properties. Pure uranium
has two drawbacks that lend further emphasis toa search for a suitable
alloy, namely, a dimensional instability under thermal cycling and
pyrophoricity. StudyG of the available literature at the time design
decisions were being made on the HPRR indicated that the use of
U-10 wt.% Mo increased the yield strength available to the designer
from 43,000 psi for pure uranium to the 90,000- to 140,000-psi range.
The alloy was demonstrated’ to be sufficiently dimensionally stable
under thermal cycling, Tests showed that U—10 wt.% Mo is not pyro-
phoric, and it is regarded as an improvement over pure uranium even
considering its susceptibility to stress-corrosion cracking and its
notch sensitivity. ’

Pure uranium exists in three crystalline forms—alpha, beta, and
gamma. The alpha phase is stable below 662°C and exhibits an ortho-
rhombic crystalline structure. The beta form is stable from 662 to
770°C; this phase is complex tetragonal. The gamma phase is body-
centered cubic and is stable above 770°C tothe melting point at 1130°C,
The addition of alloying elements, specifically molybdenum, stabilizes
the gamma phase. The time —-temperature transformation curve shows
that in alloys with about 10 wt.% molybdenum the gamma phase may
be quenched to room temperature. The gamma phase is dimensionally
stable under thermal cycling, in marked contrast to the well-known
ratcheting found in pure uranium. This stability is usually attributed
to its body-centered cubic structure, which provides a high degree
of isotropy. The gamma phase is also stable under radiation damage
although the burnup in fast burst reactor service is not large enough
to require this property. )

When design decisions were being made for the APRFR, some
.experience in the use of U-10 wt.% Mo in burst reactors.had already
been obtained with the HPRR, the White Sands Missile Range Reactor
(WSMR), the Super KUKLA,® and at Sandia Corporation. In general,
the material was satisfactory. Plating and stress-corrosion cracking
were the’ principal problems. The maximum burst size that can be
obtained with the fast burst reactor appeared to be limited by mechan-
ical properties; subsequent tests ‘have proven that this is the case.
Alloys of uranium stronger than U—10 wt.% Mo had also been devel-
oped. Information on these alloys which must be evaluated for use in
a fast burst reactor, such as high-temperature strength, fatigue
strength, and dimensional stability in thermal cycling, was not avail-
able, however, These alloys are in the alpha phase. The alpha phase
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is of higher density than the gamma phase, and the difference is suf-
ficiently large to affect materially the neutronic calculations., There-
fore U—-10 wt% Mo was chosen; the use of other alloys is not regarded
to be within the scope of the present engineering design program but
is the subject of another investigation.

The core components were machined from induction-melted vac-
uum castings heat treated to retain the gamma phase. Carbon is the
impurity that is most important and most difficult to control. General
concurrence is that carbon affects both the yield strength and ductility
and should be kept as low in concentration as possible, in any event
below 200 ppm.a_10

Tensile specimens for determining tensile and ductility proper-
ties were prepared. The tensile and ductility properties were measured
in room air and in argon. The results shown in Fig. 8 indicate that the
argon atmosphere afforded an important protection, and the ductility
was preserved at high temperature. Young’s modulus for specimens
tested in argon varied from 11.5 x 10% at 75°F to 10.2 x 10° at 1000°F.
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Fig. 8— Tensile ductility properties of U—10 wt.% Mo alloy.

An improvement in the plating was clearly desirable since nickel
plating on uranium has been found to peel, flake, and blister. It was
decided to compare nickel-plated parts with aluminum-ion-plated
parts during criticality testing. The results with the two methods
would then be evaluated. The aluminum plating stood up very well in
the tests; this method was adopted for the final APRFR core.

The dynamic thermal stresses generated in a fast burst reactor
are large and at high frequency (governed by natural modes of vibra-

@
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tion). Thus the strain rates are very high, i.e., of the order of 500 in./
in./sec. Uranium-—10 wt.% molybdenum is one of a number of metals
which show an increase in yield strength at high strain rate.® This
effect is substantial and may amount to a doubling of yield strength at
very high strain rates. Conservative design practice does not allow
this effect to be relied upon although it is worth noting, nevertheless.

Numerous metals including brasses, steel, aluminum, and titanium
alloys under stress in corrosive environments will crack and fail if
stress exceeds a certain value that depends on specific conditions. The
phenomenon is not well understood, is highly variable, and no doubt is
due to various causes in different materials under different conditions.
Each case must be investigated individually, and a means of protection
must be found to suit each application.

Uranium—-10 wt.% molybdenum is susceptible to stress-corrosion
cracking in room air. Two approaches have been taken: (1) find a
satisfactory plating to prevent access of the element responsible and
(2) eliminate the corrosive compounds in air, i.e., oxygen and water,
or utilize a noble gas. Failure of coatings, as far as stress-corrosion
cracking is concerned, is universally reported.!’ (Nevertheless, a
plating is needed to prevent sloughing and spread of radioactive con-
tamination.) Until a coating that is effective against stress-corrosion
cracking is developed, the second alternative must be used.

As previously mentioned the ductility of U-10 wt.% Mo was
greatly increased at high temperature in an atmosphere of argon.
The use of this gas would solve the problem; however, a more eco-
nomical gas is desired. Since dry air in large quantities is econom-
ical, that medium is a good candidate. Hoenig and Sulsona® made a
rather extensive investigation of stress-corrosion cracking in various
atmospheres, using the field-emission microscope to detect cracks and
to study the surface condition of samples. Studying the effect of a num-
"ber of ambient gases, they found that under dry nitrogen no surface
cracks appeared after 1000 cycles up to a stress of 36,000 psi. This
finding is in agreement with Peterson and Vandervoort,'’ who dis-
covered that vacuum dry nitrogen and dry CO; protect against stress-
corrosion cracking at the same value of stress. On the other hand dry
air was not satisfactory, indicating that both water and oxygen must be
removed from the ambient atmosphere.

The cooling time for the APRFR at large bursts is about 90 min.
Dry nitrogen is expensive as a coolant for this entire period. For-
tunately transient and dynamic thermal stresses are relaxed below
the critical level in a few minutes. It is only necessary therefore to
provide dry nitrogen as a blanket prior to and for a few minutes after
the burst. The cooling may then begin with the use of dry air blown
about the core. This is the means of combating stress-corrosion crack-
ing currently in use.
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DESIGN DECISIONS

The generation of a practical design involves using idealized
parameter studies and material surveys in the context of problems of
fabrication and operation. The flux flattening achieved by a 2-in.
stainless steel central rod indicated that a glory hole to achieve access
to the high-flux region of the core could be provided. The diameter of
- this glory hole was arbitrarily set at 1.5 in. When not in use for exper-
iments, a plug is provided to fill 50% of the cavity. The glory hole must
be surrounded by a protective liner, and clearance must be provided
for installation of the tube and for scramming the safety block. When
all fabrication and installation tolerances are considered, the inside
diameter is 2%, in. for the central stainless steel safety-block holder,
as shown in Fig, 9.

With regard to the core height-to-diameter ratio, the studies
discussed previously indicated that a ratio somewhat less than 1,
namely 0.89, would be the best choice. This decision established the
diameter of the core at 8.90 in. The diameter of the HPRR fuel rings
is 8.00 in.

A design of the safety block which differed from that of Fig. 1 was
studied. This design is shown in Fig. 9 in its final form. The full height
of the safety block shown controls 15% more reactivity than the 3/4-
length block shown in Fig. 1. Since it is positioned at or near its max-
imum effectiveness, the sensitivity of the safety block to positioning
reproducibility is much less critical. The motion required to reduce
the reactivity by $1, however, is much larger. The contribution to the
total fission yield that occurs in the tail of the burst as the safety
block is removed must be evaluated therefore for different heights of
the safety block. This study showed that for a burst yield of 5 x 1016
the full-height safety block permits a contribution from 11 to 20% of
the total yield in the tail of the burst. The 3/4-length block permits a
contribution of from 6 to 11%. However, in the fission-yield value of
interest for this reactor, that is, 1 to 2 x 10! fissions, this tail con-
tribution drops considerably and is not expected to exceed 3% at a
tission yield of 2 x 10'7, v

The calculations were based on an acceleration of 2 g without
consideration of the added acceleration due to the inertial shock. Since
the inertial shock is especially strong in high-yield pulses, the contri-
bution of the tail is expected to be even smaller than 3%. The full-
height safety block was incorporated in the design; this represents one
of the major-departures from the HPRR,

The bolt design shown in Fig. 9 was changed from that of Fig, 1
for a number of reasons. Service and fabrication in the HPRR had
shown that it is not feasible to plate the inside of the hollow bolt. The
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difficulty of drilling a true hole contributed to the cost. The reduced-
shank design was therefore adopted. The bolts were threaded into the
bottom plate of the core which was used in the tests to dz:lmage.2 The
distortion of this plate and galling of the core bolts jammed four of the
bolts. It was necessary to break them to disassemble the core. The
design was changed to secure the bolts individually with nuts, as shown
in Fig. 9. '

A coolant shroud, (Fig. 9), encloses the core to direct the flow of
air. Attached to the coolant shroud is a safety cage which is required
to maintain a minimum distance of 0.5 in. to the core surface. The
function of the safety tube is to prevent the inadvertent lowering of the
core too near the floor, which could prevent the removal of the safety
block, and the floor would add a large amount of reactivity. The
reactivity worths of the reactor components measured both at APRFR
and the Oak Ridge Critical Experiment Facility (CEF) are shown in @
Table 3. ‘

Table 3
REACTIVITY WORTH OF REACTOR COMPONENTS

Total
Component worth, ¢ CEF measurement,? ¢,

Regulating rod 75.5 72

Mass adjustment rod 172.4 168

Burst rod with 2.125-in. adaptor 127.7 *

Glory hole liner : 24,5 No data available

4 TC inserts 5.0 *

Cooling shroud and safety cage 154 148
Displacement gauge mounting plate Not present 49

Nitrogen can 2.0 *

*These are new components, and hence no CEF data are available,

o

After the configuration of Fig. 9 was adopted, the detailed sizing
of parts was accomplished by calculating the localized stress at critical
points in the core bolts, fuel disks, and safety block, as well as in the
mounting-bracket-ring core-support rod, regulating-rod-shaft mount-
ing-bracket fingers, and safety-block holder as a function of burst
yield. The stainless steel parts were designed witha substantial margin
of strength to withstand the shock of bursts large enough to damage
the core. The core-component sizes were adjusted so that the limiting
stress was reached at approximately the same total fission yield. The
largest and safest routine burst yield was thus established at 1.5 x 107
fissions. Burst tests'! performed at CEF established that no distor-
tions occurred at a burst yield of 2.1 x 10!", The difference in these
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figures reflects the conservatism of the detailed design calculations
and the lack of well-established criteria for failure in fast burst
reactor service,

METALLURGICAL SPECIFICATIONS

The metallurgical specifications for the APRFR reflected an
attempt to use the best possible practice in fabrication of this core.
Changes from the HPRR specifications represent a reduction in per-
missible impurities content. Carbon content was reduced from 500 ppm
to 250 ppm. An iron plus chromium plus nickel limit of 200 ppm was
added, as was a separate hydrogen limit of 3 ppm. The specified min-
imum mechanical properties and the required ductility were increased.

All the U-10 wt.% Mo-alloy parts were cast in a vacuum-type
induction heater. High-purity molybdenum powder was blended with
uranium stock in a graphite crucible that had been plasma coated
with zirconium oxide to reduce carbon pickup. Each charge was .
heated to 1400°C and held for 30 min to obtain complete molybde-
num solution. The charge was then cooled to 1320°C, poured into a
graphite mold, flame-coated with zirconium oxide, and furnace cooled.
Each part was then heat-treated at 900°C for 24 hr and again furnace
cooled. The parts were then rough machined, sampled, and inspected.
Bolts and rods were made from multiple-part melts,

All analyses were well below specifications for impurities in the
fuel-ring castings. For rods and bolts, where the surface-area-to-
volume ratios are high, some analyses were slightly in excess of
target. None was high enough to warrant rejection of a part. All parts
were inspected by sampling the top and bottom of each pour and testing
for 40 elements by spectrographic means. Gas, wet chemistry, and
metallographic analyses were also made. All samples were free of
microsegregation, and all samples had essentially 100% retained
gamma phase. ‘

After rough machining, each piece was inspected visually, X-
rayed, and X-rayed again after final machining to the level of 2 to 2T,
Flaws were machined away as required.

Each part was aluminum-ion vapor plated and then heat-treated.
Heat treatment consisted of heating the part to 600°C for 1 hr under
vacuum. Complete coverage with the aluminum converted to various
uranium—aluminum intermetallics was indicated by X-ray diffraction.

One representative casting was cut into tensile specimens., The

results of these tests, when taking past experience into consideration,
indicated that no further tensile testing was required.
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CONCLUSION

Reexamination and reevaluation of the design decisions pertaining
to the HPRR and the application of new information and techniques
learned at WSMR, Sandia Corporation, and at the Super KUKLA facility
resulted in a substantially improved core for the APRFR. The criti-
cality tests at CEF included a series of burst tests which were de-
liberately extended in fission yield until the core pieces sustained
permanent damage.2 This was done to establish experimentally the .
maximum routine operating yield and to verify the desigri calculations.
A number of the detailed design changes described were made as a
result of these tests. The calculated performance characteristics are
given in Table 4,

Table 4
APRFR PERFORMANCE ESTIMATE

Burst size, fissions

1.5x 1017 2.1x 107 3.7 x 10

. Fluence, neutrons/cm?

Core surface 2.0x 101 2.8x10M 4.9x 101

Glory hole 6.7x 10" 9.3x10"¥ 1.6 x 10!
Flux rate, neutrons/cm?/sec

Core surface 4.3x 1018  6.0x 108 1.1x 10!

Glory hole 1.4x 100  2.0x109Y 3.7x 10!
Dose, tissue rads

Core surface 7.6 x 10° 1.1 x 108 1.9 x 108

Glory hole 2.5 x 106 3.6 x 108 6.3 x 106
Dose rate, rads/sec :

Core surface 1.6 x 1010 2.3x10% 4.2 x101

Glory hole 5.3 x 1010  7.7x101° 1.4x 10t
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DISCUSSION

ENNIS: What periods are we talking about here? How fast were

you inserting reactivity? I understand what your neutron flux was,

STATHOPLOS: The reactivity is introduced stepwise by a rapid

insertion of the burst rod. The burst width corresponding to the 1.5 X
107 fissions burst was, I believe, about 40 usec.
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FAST BURST REACTOR MATERIALS
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Battelle Memorial Institute, Columbus Laboratories, Columbus, Chio

ABSTRACT

The properties of alpha-phase and gamma-phase uranium alloys are compared
with respect to fast burst reactor design and operation. Particular emphasis
is given to problems associated with the use of the U—10 wt.% Mo fuel. Pos-
sible future directions in alloy development are examined.

INTRODUCTION AND BACKGROUND

This paper discusses uranium-base fuels for fast burst reactors that
operate at pulse widths of the order of tens of microseconds, such as
the Sandia Pulsed Reactor II and the Godiva IV, Because dilution of
uranium with alloying elements tends to broaden the pulse width, the
fuel alloys of concern will be arbitrarily limited to dilutions of less
than 10 wt%,

When examining uranium alloys within the limits stated, itis
logical to divide them into two groups-—alpha-phase alloys and
metastable gamma-phase alloys. These alloys may be classified
broadly with respect to properties of importance to burst reactor
design., However, we must consider two important facts: first, fast
burst reactor fuels are generally machined from castings, and, second,
mechanical properties of heat-treatable alloys will depend on the
thermal history imposed by the operation of the reactor. Table 1 gives
a general comparison between the properties of alpha-phase uranium
alloys and gamma-phase uranium alloys containing 10 wt.% or less in
additions. The properties of unalloyed uranium are included for com-
parison, The information in Table 1 is self-explanatory; however, the
important properties from the standpoint of fast burst reactor design
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are Young’s modulus E, yield strength Y, heat capacity C, and the
thermal expansion coefficient «. By analysis it can be shown that in a
simple case reactor power may be maximized by maximizing the
expression

¥c
oF

Use of the above expression would be an oversimplification of the.task
of fast burst reactor design, which is indeed more complex. The above
expression is based strictly on a thermal analysisthat does not account
for any inertial effects. Better criteria must be established for figure-
of-merit ratings to compare potential burst reactor fuels, However,
using the above expression and the heat capacities, thermal expansion
coefficients and the best room-temperature mechanical properties
given in Table 1 yield a factor of about 1 for alpha-phase alloys and a
factor of 5.5 for gamma-phase alloys.

URANIUM-10 WT. % MOLYBDENUM

The choice of U—10 wt.% Mo as a burst reactor fuel was natural
since it is the only gamma-phase alloy that had been developed for
steady-state reactor use and indeed the most stable gamma-phase
alloy available at 10 wt.% dilution or less. Compared to unalloyed
uranium this alloy has higher strength and lower modulus.

Now let us examine the considerations which should be made when
U—-10 wt.% Mo is used as a fast burst reactor fuel,

Maintenance of the Gamma Phase

The time-temperature—transformation (TTT) diagram! for U—
10 wt.% Mo is present in Fig. 1. This diagram shows that time at high
temperatures below about 590°C contributes to the transformation to
alpha uranium plus delta uranium—molybdenum. Time at about 500°C
is particularly critical because the transformation can begin in only
8 hr, From Fig, 1 the effect of lower molybdenum content on TTT be-
havior can be seen by examining the curve for U-—8 wtJ% Mo. The
maximum transformation rate occurs at 500°C and begins in only
about 0.8 hr,

The current fast burst reactors cool fast enough to prevent trans-
formation. However, if a reactor is used for a large number of bursts
below 590°C, then the time at temperature during cooling will con-
tribute to destabilization of the gamma phase and possibly will initiate
transformation. The cumulative effects of this type of operation can be
erased by pulsing to gamma-phase temperatures.
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Table 1

¢

COMPARISON OF THE CAST PROPERTIES OF UNALLOYED URANIUM, ALPHA-PHASE URANIUM ALLOYS, AND
GAMMA-PHASE URANIUM ALLOYS CONTAINING 10 WT.% OR LESS OF ALLOYING ADDITIONS

Properties

Unalloyed uranium

Alpha-phase uranium alloys

Gamma-phase uranium alloys

Phases present

Oxidation resistance

Thermal-cycling growth

Thermal considerations

Stress corrosion

Room temperature, as-
cast mechanical
properties

Yield strength, 10% psi
Tensile strength, 10% psi
Young’s modulus, 108 psi
Elongation, %

Thermal properties,
25-600°C

Thermal expansion
coetficient, °C™1

Heat content, cal/g/°C

Alpha-uranium

Poor

Yes

Operations limited by
alpha—beta trans-
formations at 660°C

None known

22-35
6085
22-24

5-10

20
6.58

Alpha-uranium plus small
amounts of second phase

Poor, but better than un-
alloyed uranium

Some growth, but minimal
in certain alloys

Operation probably limited
by alpha—beta trans-
formation about 660°C

None known

50—-70

60—-100

22—24
2-20

Gamma-phase uranium

Better than alpha-phase alloys
but protection still needed for
high-temperature applications

None

Gamma-phase is metastable and
- must be maintained to assure
retention of gamma-phase
properties
Susceptible to stress-corrosion
cracking under certain condi-
tions

90—~120 (as-cast and gamma treated)
90—130 (as-~cast and gamma treated)
10-13 (as-cast and gamma treated)
10—16 (as-cast and gamma treated)

~13.5
8.0
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~ Fig. 1—Time—tempevature-tvansformation diagvam for the U—10 wt.% Mo al-
loys quenched to tempevature from 900°C. [From P. E. Repas, R. H. Goodenow,
and R. F. Hehemann, Trans. Amer. Soc. Metals, 57: 151-152 (1964).]

The consequences of small amounts of transformation of the U~
10 wt.% Mo alloy in a burst reactor are not well understood, but signif-
icant property changes and thermal-cycling distortion could be expected
if a large amount of transformation occurs,

Fuel Homogeneity

Manufacture of U-10 wt.% Mo alloy castings is not without its
difficulties. A problem area is that of both macrosegregation and
microsegregation. Macroinhomogeneity of induction castings, whichare
well stirred in the molten state, is not an important problem. How-
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ever, small differences in molybdenum content occur; and, when these
are combined with microsegregation they can be serious, especially in
large castings. Microsegregation occurs as a result of the difference
in the liquidus and solidus temperatures; the first liquid to freeze is
molybdenum rich, and the last liquid to cool is uranium rich. There-
fore a gradient of molybdenum content exists across the dendrites that
grow from the melt. This gradient may not be evident on microscopic
examination. Generally, a homogenization treatment for 24 hr at 900°C
is used. The diffusion rate of molybdenum in uranium is low, and, if
coarse dendrites are present, a completely homogeneous structure may
not be obtained. The consequence of remaining microsegregation,
especially in a region of low molybdenum content, is a less-stable
gamma phase. That is, low molybdenum content in a cored structure
could lead to transformation in shorter times than are expected.

Stress Corrosion

Evidence thus far suggests that U—10 wt.% Mo and other gamma-
phase uranium alloys are, in general, susceptible to stress corrosion.
Thé combined actions of stress and a corrosive atmosphere cause
failure at a stress below the actual yield strength of the alloy. Stress
corrosion is believed to have been the cause of some rather dramatic
failures in U-10 wt.% Mo alloy.

One of the first-known failures occurred in the late 1950’s at
Battelle Memorial Institute. A rod of gamma-phase U—10 wt.% Mo was
cold swaged. Upon examination the next day, the rod was shattered, as
shown in Fig. 2. Other such experiences were noted elsewhere.
Cracking was observed during and after fabrication of U-10 wt.% Mo
bolts for the KUKLA fast burst reactor, In another case, U—10 wt.%
Mo bolts were removed from the Army Pulse Radiation Facility Reac-
tor (APRFR) after testing beyond design limits. Since the core was
slightly distorted, removal of the bolts was difficult. After removal
the bolts cracked severely, It is now apparent that the residual stress’
in combination with atmospheric corrosion was the probable cause of
failure. .

-Studies performed recently have illustrated the role of residual
stress in stress-corrosion cracking and have also pointed to the
harmful effects of oxygen, hydrogen, and water vapor.? Table 2 lists
the contributing factors and possible remedies to the stress-corrosion
problem, The affect of stress corrosion in a “normal environ-
ment” on the tensile strength® of U—10 wt.% Mo and U—8 wt.% Mo~
0.5 wt% Ti is presented in Fig. 3. These tests were performed with
dead-weight loads and show time dependency. Under the conditions of
the test, U-10 wt.% Mo withstood 37,500 psi for long periods of time,
and U-8 wt% Mo—0.5 wt.% Ti withstood 62,000 psi. These strength
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Fig. 2—Typical appearvance of a swaged gamma-phase U—10 wt.% Mo alloy
that cracked aftev swaging.

Table 2

CONTRIBUTING FACTORS AND REMEDIES FOR STRESS
CORROSION IN URANIUM-10 WT.% MOLYBDENUM ALLOYS

Contributing factors Remedies
Residual stress from quenching Low-temperature heat
treatment, cold working, machin- treatment
ing, or possibly from previous
loading
Oxygen Use of dry nitrogen,

CQ,, or inert gas
Water vapor

Hydrogen Protective plating

values, however, could vary with relative humidity, amount of residual
stress, and other factors.

What does this mean in regard to the use of U~10 wt.% Mo in
fast burst reactors? Referring to Fig. 3, for the short periods of
time for -which the reactor fuel is under stress, stress corrosion is




EXPERIENCE WITH MATERIALS 167

apparently inoperative. The effect of repetitive-burst operation and
stress corrosion on bare U—10 wt.% Mo remains to be determined.

URANIUM-1.5 WT. % MOLYBDENUM

The Godiva IV reactor has been constructed using U~1.5 wt.% Mo

as a fuel material. This alloy was chosen instead of uranium because
it represented an improvement with regard to strength characteristics

125,000

112,500

100,000 AAA U-Bwt% Mo—0.50wt%Ti

000 U-10wt% Mo

1

87,500

PSI

75000

STRESS,

62,5001

50,000}

37,500}

| L I { L 1
25,0000 2 4 6 8 10 12 ia

TIME TO FAILURE, HR

Fig. 3— Delayed-failuve charactevistics of two gamma-phase uranium alloys.
Note that stress corvosion lowers the ultimate strength of the alloy evolved.®

of unalloyed uranium and because its properties are relatively un-
affected by heat treatment. The gamma-phase alloys were not con-
sidered for this application because of stress-corrosion problems,
In this reactor the fuel was not plated originally; aluminum ion-
plating was added after oxidation became a serious problem. (Con-
sidering the results discussed in the previous section it may be
fortunate that U—10 wt.% Mo was not used.) The choice of the U—
1.5 wt.% Mo alloy was the result of an alloy development program
performed at Los Alamos, This alloy has exceptionally good ductility
for an alpha-phase alloy and has a tensile strength of approximately
100,000 psi. In addition, this alloy’s mechanical properties do not
change appreciably with heat treatment, thus assuring uniform be-
havior during burst reactor operation,*
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FUTURE DIRECTIONS FOR FAST BURST FUELS

Fuel Improvement

Improvements in current fuels can be viewed as needed limited
changes. With U—10 wt.% Mo, the most needed improvement is elimina-
tion of its stress-corrosion susceptibility, which may be accomplished
simply by operation with a completely clad fuel or in an atmosphere
of dry nitrogen. Another possibility for improvement is to study the
effect of small additions of alloying elements on the stress corrosion
of this alloy. The addition of small amounts, 1 wt.% or less of platinum

_or another noble metal which is a gamma stabilizer appears promising,

With U-1.5 wt% Mo there are currently no major problems
though oxidation, and thermal-cycling stability might be limiting. For
oxidation resistance aluminum-ion plating or some other coating could
be utilized (see preceding section). For thermal cycling stability the
most that can be accomplished is the achievement of a random large-
grain structure.

Alpha-Phase Alloys

As noted in Table 1, of the alpha-phase alloys that are known to
be cast we can expect a modulus of 22 to 24 x 10° psi. This property
does not change significantly with alloy content as long as we are in
the realm of alpha-phase alloys, The best tensile strengths now
available with reasonable ductility are of the order of 100,000 psi.
Some more work should be performed with possible alloying additions
to attempt improvement of tensile strength, and the data should be
obtained at high strain rates.

Gamma-Phase Alloys

When looking for gamma-phase alloys for possible use in place of
U-10 wt.% Mo, we must remember that molybdenum is the most potent
gamma-phase stabilizer that has been investigated. Therefore, when
approaching the problem of developing an alloy which might be sub-
stituted for U-10 wt% Mo, we must consider the question of whether
or not less gamma-phase stability can be tolerated in burst reactor
operation, For instance, in Fig, 1 the TTT diagram is presented for
U-8 wt.% Mo. Can this alloy be used in a current burst reactor with-
out transforming? Or possibly, can it be used even though it trans-
forms? Similar questions arise when known metastable gamma-phase
alloys are considered.

If gamma-phase stability equivalent to or better than that of U—
10 wt% Mo is desired, at least one possibility is open. From the current
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information on the uranium— rhenium system, U—8 to 10 wt.% Re alloys
appear to hold promise.® The mechanical properties and the TTT curve
for these alloys are not known.

The modulus of elasticity of gamma-phase alloys is 9 to 13 X 108
psi, and the best tensile strengths are of the order of 130 10? psi. Al-
loys having higher tensile strengths might possibly be developed.

Beta-Phase Alloys

The beta-phase region in most uranium-alloy systems is quite
limited in extent, and therefore only limited possibilities exist for de-
veloping a metastable beta-phase alloy for burst reactor use. Beta-
phase alloys would be expected to have higher strengths than alpha-
uranium alloys, but the modulus of elasticity is unknown. An alloy of
U-0.3 wt.% Cr-0.3 wth Mo retains beta uranium when quenched;
however, the phase is metastable and transforms at room tempera-
ture. There do appear to be some possible alloy compositions that
would result in retained beta on slow cooling., On the basis of the
solubility of various elements in beta uranium, these additions appear
to be the best beta stabilizers: rhodium, platinum, iridium, and
rhenium. Their solubility in the beta phase is 4, 3, 5, >2, and 2 wt.%,
respectively.
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DISCUSSION

YOCKEY: The Army has developed uranium alloys that have
strengths over 200,000 psi. Do you have any comment on the use of
those alloys?

BAUER: They are principally for armor or projectile applications.
You could try them, but they are low-ductility materials with high
strength, They are not single-phase alloys. Strength is obtained by the
presence of a finely dispersed second phase, I had not really thought
about them for this application, but they are around 90% uranium, too,
containing about 8 wt% molybdenum with other alloy additions. The
major problem in their application would probably be in loss of strength
with time at elevated temperature owing tocoarsening of the dispersion.

Actually there is less of the alloy material than there is in
U-10 wt.% Mo in some of these. One family of these alloys contains
1% of molybdenum, niobium, and zirconium and 0.5% titanium, In a
burst reactor very little time is spent at high temperature.

RUSSELL: Although this is not my field, the curve you showed of
the fatigue strength decreasing in a matter of hours from dead-weight
loading was one of the most astounding things I have seen. Is this a
common thing with uranium alloys, or something that only happens with
peanut butter, or what?

BAUER: It is common to gamma-phase alloys both this type alloy,
uranium-—niobium-base alloys, and the retained gamma-phase in gen-
eral,

RUSSELL: Do normal construction materials show this particular
type of behavior?

BAUER: I think not as a general rule, The effect may be so
pronounced because the gamma phase is metastable,

STATHOPLOS: You mentioned that you thought there would be a
potential problem with alpha alloys if one went to higher temperatures.
Is this because the grain size grows?

BAUER: Grains grow, yes, and particularly w1th higher tempera-
tures of operation you cannot eliminate distortion of alpha-phase al-
loys. You are still dealing with the alpha-uranium phase, and the
alpha-uranium phase is anisotropic. You cannot get completely away
from the thermal-cycling growth problem.

o
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ABSTRACT

A number of design improvements made on the IBR on the basis of operational
experience are described. Some peculiarities of the reactor under operating
conditions of infrequent pulses are given along with a short description and the
main parameters of the high-power periodically pulsed reactor IBR-2 with an
LIU-30 as an injector. Some major experimental works on nuclear physics and
solid-state physics performed using the IBR are discussed.

The periodically pulsed fast reactor IBR was constructed in 1958 —1959
and put into operation in July 1960. Since that time it has been operated
for 25,000 hr and has produced 65,000 kw-hr of power. A detailed
description of the theory of the IBR and its design are given in Refs. 1
to 4 (see Figs. 1 to 3). )

Continuous operation of the IBR made it possible to collect suf-
ficient material to permit positive conclusions to be made regarding
the reactor’s reliability, stability in operation, andfitness for perform-
ing a wide range of physical investigations. During operation some
units and, as a result, the entire reactor were considerably improved
to provide better reliability and to obtain better physical character-
istics for installation,®®

Successful operation of the IBR stimulated the construction of the
IBR 30, an improved and more powerful version of the IBR and a fore-
runner of the next generation of repetitively pulsed reactors, IBR-2.
This 4-Mw liquid-metal-cooled reactor is being designed by the Joint
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Fig. 3— General view of the rveactoy hall.

Institute for Nuclear Research (JINR) together with other design
organizations of the USSR.

OPERATIONAL EXPERIENCE OF AND IMPROVEMENTS TO
THE IBR REACTOR

A periodically pulsed reactor must have a device to provide
periodic pulsation of reactivity. This device consists of two disks with
uranium inserts, a d-c engine, and a system of rotation transfer from
the engine to the disks. During the entire period of reactor operation,
the following failures were revealed:

1. Damage of one of the journal bearings of the main disk, which
caused the shaft to skew; however, the fuel elements remained safe. At
present higher quality bearings are used in the reactor, and an extra
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safety set of bearings has been installed to restrict the skewness of
the roller if the working set should be broken.

2. Destruction of the bearing and transfer parts of the auxiliary
disk owing to radiation polymerization of a viscous lubricant. There-
fore the viscous lubricant was replaced by a flowing one.

3. Wear of the teeth of the coupling that connects the shaft of the
reductor and the main disk, caused by torsional vibrations in the sys-
tem. A coupling with rubber spacers to damp vibrations was placed be-
tween the rolls.

4. Much attention was paid to the steel coating of the main uranium
insert, which tended to swell shortly after start-up.

This swelling caused concern since the gap between the reactor
core and the disk surface was only 1.7 mm. For controlling the shape
of the coating, capacity detectors were put inside to detect the shape of
the coating during the rotation of the disk. By the summer of 1963 the
swelling was 0.6 mm above the disk surface. For safety during opera-
tion, the speed of disk rotation was decreased from 5000 to 3000 rpm,
and the gap between the disk and the reactor core was extended.

At the end of 1963, the disk with the uranium insert was replaced
by another one with a coating 0.6 mm thick instead of 0.4 mm thick.
Examination of the used uranium insert showed no changes in its shape.
Analysis of the conditions of insert operation and some experiments on
models indicated that the swelling of the coating is conditioned by tem-
perature tensions in the coating and is aggravated by centrifugal forces.
We hope that the changes made in the design of the coating on the basis
of these data will make it possible to essentially increase the permis-
sible heat load on the inserts of the IBR-30.

The auxiliary movable insert that varies the pulse repetition rate
determines the magnitude of secondary pulses of power (satellites),
which occur during the passage of the main insert through the reactor
core if the auxiliary insert is outside the core. Physical research on
the reactor showed that the presence of satellites sometimes com-
plicates the handling of experimental data. To decrease the amplitude
of secondary pulses, the former auxiliary insert was replaced by a new,
heavier one with an efficiency of about 1%. Many inconveniences re-
sulted from the necessity to change reductors and to provide manual
synchronization of the main and auxiliary disks when pulse repetition
rate is varied. Added in 1965 was an electrical —mechanical system
that allowed a remote shift of the reductor to another drive without
interrupting the synchronization of the rotation of the main and
auxiliary disks.

In 1964 the cooling system of the reactor was reconstructed. In
particular, the flow of air for fuel rods was increased up to 170 m3/hr,
and forced-air cooling was provided for the safety rods. These im-
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provements made it possible to raise the average power of the reactor
up to 3 kw and then up to 6 kw. The temperature of the fuel-rod canning
was 180°C at 6 kw. The temperatures of the coating of the uranium
insert and of the disk near the insert were measured by thermosensi-
tive colors. According to these measurements, the temperature of the
uranium in the center of the insert was estimated to be 190 to 260°C.

Initially the kinematics of the reactor permitted its operation at
power pulse repetition rates of 5, 10, 25, and 50 sec”! (at a disk-
rotation speed of 3000 rpm). However, a number of improvements to
the mechanical parts made operation of the reactor possible under
other conditions of reactivity pulsation. For some physics experi-
ments it is desirable to increase the amplitude of power pulses, i.e.,
to decrease the pulse repetition rate at an unchanged power. This con-
cerns, first, experiments with very slow neutrons (a long time of flight
from the source to the detector) and, second, those cases in which the
background intensity is proportional to the time of analyzer operation
(i.e., the background is of nonreactor origin). In these latter cases a de-
crease in the repetition rate makes it possible to get a better relation
of the effect to the background.

In 1966 the IBR was operated in the mode when packets of pulses
were formed with the frequency of 1/8 cycles/sec; the cycle of pulses
inside the packet was equal to '/, sec and was determined by the fre-
quency of rotation of the main moving core. The nature of pulse varia-
tion in time is shown in Fig,. 4.

Operation with infrequent pulses of a constant amplitude was car-
ried out in the summer of 1968. The repetition rate was equal to 1
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Fig. 4—Scheme of veactor pulse powey in the IBR opevating condition of alter-
native amplitude pulses.
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pulse/5 sec. The energy of one power pulse was 10'® fissions, which cor-
responds to an average heating of the reactor fuel elements of about
10°C. The peak power at the pulse was 700 Mw. Quite unexpectedly in
these conditions of operation, the pulse width of fast-neutron pulses
considerably decreased. At a pulse repetition rate of 1/5 sec and an
average power of 6 kw, the measured value of the pulse half-width was
56 1sec and in the conditions of infrequent pulses, 36 usec (Fig. 5). The
neutron detector used in measurements of pulse shape was a thorium
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Fig, 5—Shape of the IBR veactor power pulses at the repetition vate 5/sec and
0.2/sec.

fission chamber placed 6 m from the reactor core, pulses from which
were sent through an electronic amplifying unit to the time analyzer
with an intermediate memory with dead time of 1 usec. The observed
reduction of the pulse width and the shiftin the position of the maximum
.of the pulse indicate the presence of a powerful negative effectof
reactivity during the pulse, the value of which is estimated as 107% ab-
solute units of reactivity.

Tension gauges detected nonstationary processes in the steel
cladding of the fuel rod during and after the pulse. The tension gauges
were glued to the surface of the fuel-element cladding at two points in
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the reactor median plane, one at the most distant point from the
center (No. 1) and the other at anangle of 90° with respect to it (No. 2),
the rod being a distance of 4.3 cm from the reactor center. The lower
end of the fuel element was fixed; the upper end was loose. The fre-
quency of longitudinal vibrations of the cladding (the negative value of
the ordinate in Figs. 6 to 9 corresponds to the extension of the clad-
ding) was about 8000 cycles/sec at the maximum amplitude of 3 x 1073
mm, which is in a rather good agreement with the values calculated
using the methods of Randles.® The observed delay of the maximum of
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Fig. 6— Vibrations of steel fuel-vod cladding in conditions of infrequent pulses
(detector No. 1).
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Fig. 7-— Vibrations of steel fuel-vod cladding in conditions of infrequent pulses
(detector No. 2).

cladding extension with regard to power pulse corresponds to that
theoretically predicted. On the basis of the measurements, we can
rather definitely conclude that the thermal expansion of plutonium does
not result in the above-mentioned dynamic effect of reactivity. The
contraction of the cladding (the positive ordinate in Figs. 6 to 9) at
the moment of pulse, detected by gauge No. 1, seems to be due to fuel-
rod skewness caused by the unevenness of heat release in the rod cross
section. The fuel-rod skewness may be a reason for the negative jump
of reactivity. However, an insufficient amount of experimental data
makes it difficult to describe unambiguously the real picture of fuel-rod
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Fig. 9— Damping of tvansverse vibvations of the fuel-vod cladding.

dynamics and of reactor kinetics at the moment of thermal shock.
Since the effects discovered experimentally influence the physical
characteristics of pulsed reactors, e.g., their safety, stability in
operation, and the ability of the fuel rods to hold up under operation,
some additional investigations will be carried out on the IBR-30
reactor.

The first attempt to multiply by 100 to 200 times the short neutron
burst generated by an electron pulse from the microtron in the center
of the reactor core was made® at the beginning of 1965. Since that time
the IBR has been operated alternatively in the booster and reactor
mode, The periods when the microtron was not operated in conjuhction
with the IBR were used for its intensive study and improvement. The
IBR microtron system has been operated about 3000 hr for experiments,
The parameters of this systemw—12 are given in Table 1.

The maximum power of the system in the booster mode of opera-
tion was achieved not only by increasing the electron current but also
by increasing the diameter of the uranium target from 10 to 15 mm,
(three times the diameter of the beam), which resulted in the yield of
neutrons from the target reaching its maximum value of 1.5 x 107°
neutron/electron at an electron energy of 30 Mev., The continuous
operation of the IBR in conjunction with the microtron showed that an
increase in the accelerated electron current above 100 ma in a pulse
could hardly be expected.
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Therefore it was decided to disassemble the microtron and to use
the LIU-40 to inject electrons into the IBR-30. The linear accelerator
will be installed vertically above the reactor. The parameters of the
accelerator and booster with LIU-40 are given in Table 1, Much atten-
tion was paid to the target of the linear accelerator on which the ef-
ficiency of the conversion of electrons into neutrons is dependent.

Table 1

THE CHARACTERISTICS OF INJECTORS AND BOOSTERS OF
THE LABORATORY OF NEUTRON PHYSICS

IBR-30 with
Parameter IBR microtron LIU-40

Energy of electrons

injected into target, Mev 24 to 30 44
Electron current onto

target during a pulse,

ma 60 to 80 180
Duration of electron

pulse, usec 1.7 to 1.9 1.8
Pulse-repetition rate,

sec™! 50 100
Booster mean power at a

half-width of 3 usec, kw 1to 1.2 20 to 30
Duration of continuous

operation, hr 100 to 200

Some thermal-—physical calculations and experiments carried out with
the electron flux of the microtron made it possible to choose an optimal
design of target for operation in the IBR-30 core. High-melting-point
alloys of plutonium will be used as target material. The target will be
cooled by gaseous low-pressure helium, The maximum temperature
of the target cladding is expected to be about 800°C. The character-
istics of the beam in the LIU-40 make it possible to use the IBR-30
in the booster mode of operation at almost maximum power. The
principles of design in the IBR-30 remain the same in the IBR. How-
ever, for operation at a mean power of 20 to 30 kw and for easier
operation of the reactor under difficult radioactive conditions, some
changes were made in some of the reactor parts. An increase in heat
removal from the reactor core is achieved by a decrease of the fuel-
rod diameter and an increase of air flow up to 300 m3/hr. The power
produced in the moving part of the core will be equally distributed
between two *¥U inserts. The kinematic scheme of the reactor will
enable operation at practically any pulse repetition rate, i.e., from
100 sec ! to single pulses with the energy of 10'® fissions. A normal
alternate operation of the two uranium inserts is possible only if
their efficiencies differ by no more than 107° reactivity units. Other-
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wise an unequal amount of power is produced in the inserts. The
fabrication of inserts with the required precision is practically im-
possible. Therefore some measures are foreseen to balance the in-
serts physically. Considering the unfortunate solution of fastening the
reactor core on the IBR disk jacket, a possibility of changing the pulsa-
tion device of the reactor without dismantling the reactor core is
foreseen.

The main characteristics of the IBR-30 are listed in Table 2.
Start-up of the reactor is planned for 1969, '

Table 2
CHARACTERISTICS OF THE IBR-30 REACTOR

Mean thermal power, kw 30
Power during a pulse at

a frequency of 5 sec™!, Mw 150
Fissions/pulse Up to 1016
Half-width of power pulse at a

frequency of 5/sec, usec 50
Neutron generation time, sec 1078
Volume of the reactor core, liters 2

Fast-neutron flux in the core,

averaged over time, neutrons/

cm?/sec 108
Tast-neutron flux in the core at

a maximum pulse, neutrons/

cm?/sec 5.1018
Leakage of thermal neutrons {rom

the moderator surface, averaged

over time, neutrons/cm?/sec 6,1010
Half-width of thermal-neutron
pulse, usec 90

The physics investigations carried out on the IBR and the IBR
microtron system are related to the following four areas:

1. The study of the neutron as an elementary particle; estimation
of neutron polarizability in the electrical field of the nucleus;!® a new
method of measuring the neutron—electron interaction;'* the first ob-
servation!® of ultracold neutrons (velocity, 5 m/sec). The use of ultra-
cold neutrons will permit a substantial increase in the accuracy of
the measurements of the time of neutron decay and neutron electrical
dipole moment.

2. Nuclear physics, especially studies of neutron resonances: the
development of a method to polarize neutrons with an energy of 1 to 10
ev;'® the use of polarized neutrons and polarized nuclear targets in
solving the important problem of the spin dependence of neutron—
deuteron scaxttering17 and the determination of the spins of holmium
neutron resonances;'® the study of the alpha decay of excited nuclear
states occurring in the form of neutron resonances;m'20 and the study
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of characteristics of the neutron resonances of a large number of
nuclei, including fissioning ones.?

3. Some problems that are of importance to nuclear power engi-
neering: the measurement of neutron spectra generated in the propaga-~
tion of fissionneutronsin matter;22 the capture and fission cross sections
and their ratio for the most important fissioning nuclei in a wide energy
range;23 and the study of the Doppler effect in uranium in the region of
intermediate neutron energy.

4. Physics of condensed matter: the development of the time-of-
flight method for the study of neutron diffraction by the magnetic
substances in intense magnetic fields (such fields canbe generated only
in the form of infrequent pulses, and diffraction measurements are
practically impossible on stationary reactors in this case); and the
study of the critical states of liquids, the atomic dynamics of liquids
and crystals, and impurities in crystals using the method of quasielastic
and inelastic scattering of neutrons, 228

A considerable amount of information obtained in the fields men-
tioned are either quite new or essentially more accurate compared to
those known before. To a considerable extent the possibility of carrying
out these investigations is conditioned by the advantages of the IBR as
a neutron source for neutron spectrometry.

THE IBR-2

The IBR-2 is a device that can have a wide range of applications in
nuclear investigations, in the study of condensed matter by neutron-
physics methods as well as applied works connected, for instance, with
the study of pulsed radiation effects. )

- The device is comprised of a repetitively pulsed fast liquid-metal-
cooled reactor, a high-current linear induction electron accelerator
LIU-30, and experimental facilities (Fig. 10). Two modes of operation
are possible: (1) an electron beam is sent from the accelerator to the
target placed in the core of the subcritical pulsed reactor, i.e., a
booster mode of operation, and (2) the reactor is used without the
injector in a condition of pulsed operation.

The Reactor

The IBR-2 reactor is a fast reactor with a highly enriched core
made of PuO,, which is the same as that of the stationary BR-5 reactor
and which has been tested in operation.?®*® Pulsation of reactor power
is achieved by modulation of reactivity by moving a part of the reflector
with regard to the reactor core.

The reactor core, 40 cm high, is an irregular hexagon in the
horizontal plane and consists of fuel assemblies of the type used in the



184 BLOKHINTSEV, YASVITSKII, ET AL.

| ——g
2 ' '

T i
.
Fig. 10—A layout of the IBR-2.

(1) Reactor (5) The operating building of the IBR
(2) Reactor building with expevi- (6) A 100-m neutvon guide of the IBR
mental hall (7)) A 1000-m neutron guide of the

(3) Accelevator building IBR-2

(4) Center building for measuring

BR-5 reactor with the spacing of 27 mm. The fuel assemblies are forced
into the lower supporting steel plate. There are seven fuel rods in each
of the assemblies; some 71 fuel assemblies are placed in the reactor
core. The fuel rods are fixed at both ends and coiled by a wire 0.5 mm
in diameter for separation., The overload of fuel assemblies is achieved
while keeping the reactor vessel airtight. The used-up fuel assemblies
are cooled by sodium above the core before removal, Seven central
cells of the core are occupied by a chami‘el, the lower part of which is
used to locate the electron accelerator target and the upper part is
used to expose samples. The target is situated at the half-height of the
core. Initially the target material will be tungsten cooled by sodium
circulating in an isolated loop.

The reactor core is in a double-walled steel vessel. The gap be-
tween the walls is used for sodium leakage control and hot-air supply
to heat the reactor. The sides of the hexahedron are surrounded by
air-cooled tungsten elements 80 mm thick which serve as control rods.
The main and auxiliary coaxial moving reflectors are adjacent to the
largest side of the hexahedron. The rotors of the moving reflectors
have three trapezoidal bulges, one of which is a proper reflector and
the other two are for equilibrium. The rotor is 120 ¢m in radius and
6.5 cm thick (Figs. 11 and 12). It is rotated at 3000 rpm by an a-c
engine, The auxiliary reflector is rotated by the same engine through
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Fig, 11— The plan of the reactor core.
(1) Fuel assembly (8) Exposure channel in veflector;
(2) Accelevator tavget BAC, fast safety vods; MAC, slow
(3) Main moving veflector : safety rods; KC, compensating
(4) Auxiliavy moving veflector control rods; TP, medium-effi-
(5) Sectioned light-watev moderators ciency contvol vods; AP, automatic
(6) Cold moderator control vod

(7)) Reflector of the cold moderator

a transmission, and its speed may be changed. The reactor can be
operated at four possible pulse repetition rates, namely, 50, 25, 10,
and 5 pulses/sec. The highest repetition rate occurs when the auxiliary
reflector is stopped. The pulsation device is contained in a thin-wall
airtight jacket filled with helium. The control rods KC-1 and KC-2 are
intended for compensation of burnup of 2*Pu and temperature reactivity
effect; the medium-efficiency rod is used for smooth variation of
reactivity during the start-up of the reactor,

The automatic control rod (AP) is moved by a stepping engine of
low inertia, The safety of the reactor is provided by four safety plugs
worth 3.2%; two of them are operated by a hydraulic machine. The fast
safety plugs (the worth of BAC is 0.4%) operate between power pulses
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Fig. 12— Vevtical cutaway view of the IBR-2.
(1) Acceleralor tavgel channel (7} Thevmal and radiation shield
(2) Moving reflector votor (8) Shutter drive
(3} Reactov core (9) Central exposure channel
(4) Hydvaulic dvive of fast safety vods (10) Inner concvete biological shield
(5) Neutron-beam channel (11) Movable shield with reflectors

(6) Shutter of beam channel and modevators
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during the period of 0.02 sec. The ejection of the slow safety plugs is
performed by gravity when the supporting magnets are switched off.

The cooling system of the IBR-2 core is, in principle, similar to
that of the BR-5 stationary reactor, which proved to be reliable during
continuous operation. The cooling system has three double loops. The
coolant in the first and second loop is liquid sodium, and air is in the
third one. The loops are doubled for safety. Circulation of sodium in
the primary and secondary loops will be achieved with the aid of elec-
tromagnetic pumps. The input and output sodium temperatures are
300°C and 400°C, respectively. The flow rate of the coolant at a mean
power of 4 Mw is supposed tobe 120 tons/hr. The cooling-system design
foresees the opportunity of natural circulation of sodium in case the
pumps fail to operate. Table 3 gives the main characteristics of the
reactor., The data of this table are calculated using the Monte Carlo
method code® and are confirmed by the results of the mock-up of
the reactor.

Table 3
CHARACTERISTICS OF THE IBR-2 REACTOR

Mean thermal power, Mw 4
Power during a pulse:

At a frequency of 5/sec, Mw 7700

At a frequency of 50/sec, Mw 700
Power released between pulses, Mw 0.22
Power released in satellites at a

frequency of 5/sec, Mw 0.026
Burst energy at a frequency of

5/sec, fissions 2.5 x 1018
Global leakage from the reactor, ‘

neutrons/sec 1.75 x 1017
Half-width of power pulse at a

frequency of 5/sec, usec 90
Neutron generation time, sec 4.2 x 108
Core volume, liters 17.9
Reactor operating run at design

power until 5% burnup, days 1000

Experimental Setup

The reactor is situated in the center of a biological shield, formed
by two coaxial rings (Fig. 13). The space between the rings is occupied
by experimental facilities., The space serves also as a place for as-
sembly and disassembly of stationary reflectors, light-water modera-
tors, tube conveyers, etc., which are installed on shielding trolleys.
Three-fourths of the outer concrete shield ring is surrounded by an
experimental hall of 2600 m? in area. The linac electron guide and de-
flecting magnets, which turn electrons at 90° (Fig. 12), are situated in
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Fig. 13— Shielding and hovizontal neutron~beam holes of the IBR-2.

(1) Intermediate neutvon modevator (7) Exposure thermal-neutvon channel
(2) Thermal-neutvon moderator (8 Exposure fast-neutron channel in
(3) Cold-neutron source reflector
(4 The?fmal—neutron modevatoy (9) Exposure fast-neutvon channel in
() Stqtzonary reflectov the middle of the core (the
(6) Light-watey modevator ’ figures are in civcles)

the hall beneath the reactor. Moderators can he placed either in the
vicinity of the reactor reflectors or in the shield and moved by a
special device at 40° with regard to the horizontal plane. Figure 13
gives the arrangement of the horizontal neutron-beam holes and
moderators around the reactor core. Moderators 1, 2, and 4 are light-
water ones consisting of isolated sections, which permits their thick-
ness to be varied to 35, 45, and 55 mm to obtain a maximum neutron-
beam intensity in the energy interval required. The design of moderator
loops permits a homogeneous and independent poisoning of the moderator
or any of its sections. ‘

Moderator 1, situated close toc the moving reflector, can be used
mainly as a source of intermediate neutrons. The moderator is
traversed by three horizontal channels 200 mm in diameter, one of

o
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which is 1000 m and two of which are 500 m in length. Moderators 2
and 4 will be sources of thermal and epithermal neutrons. Neutrons fly
from these moderators through six horizontal guides 200 m in diameter
and two inclined guides 150 mm indiameter, Channels 1 and 9 represent
a straight-through tangential channel, which can be used, for instance,
for experiments with “neutron gas” (the study of the parameters of
nn-scattering). Both these channels are installed on shield trolleys,
which permits their orientation to moderators 4 and 2, if required. To
generate cold neutrons (A > 4A) a liquid-hydrogen moderator with a
volume of 1000 em? is located behind light-water moderator 6. Gaseous
helium with an input temperature of 11.5°K is used for its cooling. The
maximum temperature of hydrogen in the chamber is 25-24°K, and
4 atm of pressure is kept in the moderator chamber to prevent hydro-
gen from boiling. The effective temperature of neutrons leaving the
moderator is expected to be 50°K. The cold moderator is traversed by
horizontal channels 4, 5, and 6, each 150 mm in diameter. The pos-
sibility of installing a hot moderator to increase the yield of epithermal
neutrons is being considered. Beryllium oxide is supposed to be used
as a material for the hot moderator, in which case, it should be heated
to 1800 to 2000°C by reactor radiation, The installation of three tube
conveyers is foreseen. Table 4 presents the neutron-flux intensities
that are expected.

Injector for the IBR-2 Reactor

An electron accelerator has been chosen as the injector since its
construction is simpler and its operation is more reliable compared
with accelerators of heavy particles.

The principles of operation and design of the LIU are very sim-
ple.’%3 This accelerator consists of a row of pulsed transformers
(toroidal inductors), for which the electron beam accelerated along the
inductor axis is a secondary winding. The cost of the LIU is decreasing
while the efficiency is increasing, with reduction of the diameter of the
inductors.®® Therefore the outer diameter of the LIU permalloy core
of the inductors was chosen to be 260 mm. The average power of the
electron beam is expected to be 15% of the total power supply of the
accelerator.

Table 5 gives the parameters of the LIU. The LIU-30 units have
the following characteristics. The electron gun is meant for a pulse
voltage of from 300 to 500 kv, the emission current from the cathode
being 300 amp. The inductors, in each of which the energy increase
is 23 to 25 kev, will be manufactured from a 50% iron—nickel permalloy.
The inductors are cooled by distilled water. The pulse-reversing mag-
netism is generated by pulsed line-type modulators. Some artificial
nonuniform long lines with an impedance varying from one cell to
another according to a certain law are used as energy accumulators.
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Table 4

PARAMETERS OF NEUTRON BEAMS ON THE IBR-2

REACTOR

Thermal-neutron flux, neutrons/cm?/sec
From the surface of moderator 6,

averaged over time 5.8 x 1012
From the surface of moderators 2 and
4, averaged over time 3.5 x 1012
In exposure channel 7, averaged over
time 8 x 1013
From the surface of moderator 6 at a
maximum pulse at a frequency of 5/
sec 1016
In the straight-through tangential
channel at a maximum pulse 9 x 101
Half-width of thermal neutrons, usec
In moderators 2, 4, and 6 120
In exposure channel and in cold
moderator 200
Neutron flux in energy interval 0,46 ev
to 1 ev from the surface of moderator
1, neutrons/cm?/sec . 0.4 x 1012
Flux of neutrons with A = 5 A from the
surface of the cold moderator at a
neutron maximum pulse, neutrons/
A/cm?/sec 4.2 x 1014
Flux of fast neutrons with an energy of
0.4 kev to 10 Mev in the central ex-
posure channel averaged over time,
neutrons/cm?/sec 3 x 1014
Table 5
PARAMETERS OF THE LIU-30
Energy of electrons, Mev 30
Current during a pulse, amp 250
Electron pulse duration, usec 0.5
Repetition rate, sec™! 50
Outer diameter of the inductor, mm 260
Accelerator length, m 160
Power supply of the installation,
averaged over time, Mw(e) 1.35
Electron-beam power, averaged over
time, Mw 0.2
Number of neutrons per pulse from
a thick unmultiplying uranium target,
neutrons 1.2 x 1013
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Power thyratrons serve as ion commutators. One modulator feeds
several inductors simultaneously. The energy storage line is charged
by a d-c source through a choke coil, which provides the so-called
“resonance condition of operation.” In this case the voltage on the line
exceeds the voltage in the current source.

Since the accelerator is long, delivery of accelerating pulses onto
the inductor is compatible with the passage of electrons through the
inductors. The focusing and correction of beam-axis deflections from
the inductor axis are performed by special-current coils and short
solenoids placed between inductor sections. Separate focusing and
correcting elements have independent power supplies. Because of the
large length of the accelerator, the magnetic field of the earth will de-
flect electron trajectories with regard to the accelerator axis between
inductor sections. This effect is compensated by the special current
coils. :

The accelerated electron beam will be controlled by gauges that
measure the total electron current, its space distribution, and the posi-
tion of the beam with regard to the accelerator axis.

The average power of the IBR-2 plus the LIU-30 booster vs. the
half-width of pulse is given in Fig. 14.

MEAN POWER (W), MW

o 1 | | | 1
0 5 10 15
PULSE HALF-WIOTH (915), uSEC

Fig. 14— The mean IBR-2 rveactor powev vs. the half-width of the pulse for
booster opevation; the pulse half-width 0y and the powev W are expressed in
micvoseconds and megawatts, vespectively.
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DISCUSSION

LARRIMORE: Could you tell us about the schedule for the IBR-2.

BLOKHINTSEV: Up to this date I have no formal decision from the
Scientific Committee of our Institute, but I hope I shall have a positive
decision soon. It would take several years to complete this installation.

McENHILL: I would like to know how you produce the very cold
neutrons traveling with the velocity of 1 to 2 m/sec. Also, what current
of neutrons at that velocity do you achieve with this system?

BLOKHINTSEV: We produce ultra-cold neutrons using the total
reflection of these neutrons from a copper tube. The number of these
neutrons is 1 neutron/100 sec. These experiments were performed
under less than optimum conditions.
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McENHILL: In the reflecting tube for reflecting these cold neu-
-trons, do you use a specialized tube, say of nickel, for reflecting the
very cold neutrons down?

BLOKHINTSEV: Copper.

MIHALCZO: Is 4 Mw the best power to construct such a system, or
is 10 or 20 Mw better? Have you done optimization studies on the
power? :

BLOKHINTSEV: You mean why did we choose 4 Mw? I do not like
to make big jumps; it is better to proceed step by step.

LARRIMORE: Have you decided on a fuel for IBR-2? Is it going to
be plutonium oxide?

BLOKHINTSEV: Yes, we chose the fuel elements very similar to
the elements of the BR-5 reactor at Obninsk. We have had good ex-
perience with them.

LARRIMORE: When you are using the IBR-1 in both the pulsed
reactor and accelerator pulsed reactor mode, are you using it roughly
half and half, or mostly in one of these ways or the other, or does it
depend on the experimental program?

BLOKHINTSEV: This depends on the experimental program. Ingen-
eral, we used IBR-1 half and half in both modes of the operation. -

MILEY: As I understand it, the IBR-30 uses a moderator block
to produce thermal neutrons, i.e., a thermal-neutron pulse. Could you
describe the moderator block? ‘

BLOKHINTSEV: We usually used water as the moderator-block,
For ultracold neutrons we used polyethylene.

MILEY: Polyethylene? What size is it?

BLOKHINTSEV: The size was about 1 mm thick.

BECKURTS: I have a question concerning the data of IBR-2, If I
understood you correctly, you will have a burst half-width of 90 usec.
This sounds very large compared to what people have been striving
for. Is that because you find it very difficult to get a shorter one, or
is it because your experimental people are not interested in shorter
burst widths. » ‘

BLOKHINTSEV: Of course it is better to have ashorter duration of
pulse than 90 usec, but itisnot so important for us because we have two
modes of operation, namely, pulse reactor mode and electron ac-
celerator injection. '

BECKURTS: I see. This quoted figure referredto the pulsed reactor
operation ?

BLOKHINTSEV: Yes.

BECKURTS: I see. But then would you have peak powers com-
parable to those figures given in the table that you have just shown?

BLOKHINTSEV: Those figures were for pulsed reactor operation.
Data with the injector are given in the paper.
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LARRIMORE: For the IBR-30 where are you going to put the elec-
tron accelerator? As I remember, in the pictures of the IBR layout
the microtron was in a little room directly above the IBR.

BLOKHINTSEV: We use the same room for the new linear ac-
celerator which previously housed the microtron. It is, as you indicate,

located above the pulsed reactor.
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ABSTRACT

The repetitively pulsed fast reactor is of interest as a high-~intensity source
for neutron-beam experiments. The design characteristics of a conceptual
pulsed reactor operative at an average power of 30 Mw are discussed. The
peak power during a pulse is about 4700 Mw, and the pulse width at half-
maximum power is 90 usec. The reactivity is varied by reflector sections on
high-speed rotors carried past a bare face of the core. A two-rotor system is
preferred to provide for variation of the repetition rate between 20 and 60
pulses/sec.

The performance of the system described is limited by the ability of the
fuel to withstand the cyclic thermal and inertial stresses caused by power
pulsing. The high-cycle-fatigue strength of a cermet fuel with a molybdenum
matrix was determined in the unirradiated condition, and these data were used
as the basis for the core design. Developments and tests on this fuel and on
other potential pulsed reactor fuels, such as U-Nb—Zr ternary alloys and a
U-—Th dispersion, are outlined. A series of critical experiments and beam-
source optimization studies performed in support of the design effort is de-
scribed.

INTRODUCTION

The repetitively pulsed fast reactor is under study at Brookhaven Na-
tional Laboratory as a high-intensity neutron-beam source for re-
search. Two  alternate concepts are being investigated: a pulsed re-
actor in which the reactivity is modulated by mechanical means and
an accelerator pulsed reactor in which neutrons are injected into the
system from the target of an electron accelerator coincidentally with
mechanical modulation of the reactivity. Preliminary studies of these
concepts! indicated that the performance of the pulsed reactor, in
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terms of burst magnitude and pulse width, is limited by the ability of
the fuel to withstand the cyclic thermal and inertial stresses produced
by pawer pulsing and by the rate of reactivity variation of the reactivity
pulsation device. The performance of the accelerator pulsed redctor,
however, is limited primarily by the output of the electron accelerator
that is used to generate the injected neutrons; the fuel stresses and the
reactivity pulsation device requirements are not so severe as in the
pulsed reactor,

The studies that have been performed have concentrated on the
reference design of a pulsed reactor in which performance is limited
by the repetitive stresses developed in the fuel and on. supporting fuel-
development work, critical experiments, and beam-source studies.
Discussions of these four major areas of work comprise the main
sections of this paper.

The goal of the reference design for the pulsed reactor is to de-
velop a realistic maximum performance system that will provide the
basis for evaluating the experimental utility of the concept. The cur-
rent state of the reference design is described in detail in the next sec-
tion. When this design has been evaluated, the system will be optimized
to improve its performance, if possible.

In the absence of experience with fuels operating at high power
levels in a repetitively pulsed reactor, it is essential to select a fuel
for the reference design which is amenable to theoretical calculation
of its response to power pulsing and is sufficiently developed so that
its mechanical properties are known and can be used as the basis for
the design. A PuO,—Mo cermet was selected as the current reference
fuel because it best satisfies the above requirements and it promises
to have a high burnup potential. Tests performed on the cermet fuel
and on other candidate fuels are described under Fuel Test and De-
‘velopment.

Studies of the accelerator pulsed reactor have not progressed as
far as those of the pulsed reactor. The accelerator pulsed concept
requires a fuel with a higher fissile-material loading because its core
tends to be more compact. Test work is planned on such a fuel, U—
10 wt.% Mo. On the basis of currently available data, the design pa-
rameters outlined in the preliminary studies! of the accelerator sys-
tem still appear feasible.

A fast reactor critical assembly, the Critical Experiment Pulsed
Fast Reactor, designated CEPFR-1, was designed, constructed, and
operated to provide design data for the pulsed reactor reference de-
sign and to provide a means of testing the reliability of the predictions

of reactor performance. The CEPFR-1 facility and the results ob- -

tained thus far with thefacility are described under the section Critical
Experiments,
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Beam-source experiments have been performed to study the
characteristics of hydrogenous moderating blocks in pulsed reactors.
The purpose of this work is to provide a basis for the design of the
moderating blocks to produce the maximum yield of thermal neutrons
with a pulse width commensurate with the burst width of the reactor.’
The results of these experiments are described under Beam-Source
Studies.

PULSED REACTOR REFERENCE DESIGN

Design Description

The current version of the reference pulsed reactor core is
60 liters in volume,I is cooled with sodium, and is fueled with a 60
vol.% PuO,—Mo cermet. The reactor operates at an average power
of 30 Mw, and the design repetition rate is 60 pulses/sec. At this
repetition rate, the fuel will be exposed to about 10° power pulses in
200 full-power days of operation. The fuel burnup after 200 days will
be about 2 at%. Since there are many inertial-stress cycles in the
fuel during each power pulse, the expected cyclic-stress exposure is
at least 10! cycles, which is well into the high cycle fatigue range.
The performance of the reactor is limited by the high cycle fatigue
properties of the cermet fuel, and the current reference design core
is based upon the results of fatigue tests of unirradiated specimens of
the cermet fuel, with UO, substituted for PuO,.

Reactivity is varied by means of two rotors carrying sections of
reflector past a bare face of the core. The reflector-block material
is a titanium alloy, Ti—5 wt.% Al—-5 wt.% Zn—5 wt.% Zr, and the rotor
hub may be either of the same material or of a higher strength mate-
rial, such as maraging steel. Even if similar materials are used for
the reflector block and hub, a mechanical joint between the two is
required to facilitate periodic replacement of the block. The favored
rotor arrangement is one in which the core does not fall in the plane
of rotation of the rotor. Such an arrangement dictates a horizontal
shaft for each rotor, with shafts offset horizontally from the core
region. A sketch of the core region and the pulsation devices is shown
in Fig. 1. The reflector pulse block that provides most of the reac-
tivity variation is carried on a high-speed rotor of 36-in. radius
spinning at 3600 rpm. The tip speed is 1130 ft/sec, which represents
- a conservative design for these materials. The high-speed rotor de-
termines the pulse characteristic, and the speed of the second rotor
can be varied to control the repetition rate such that a pulse is pro-
duced only when the pulse blocks of both rotors pass the core simul-
taneously. The two-rotor reactivity pulsation system allows variation
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of the repetition rate between 20 and 60 pulses/sec; but, to stay within
the fuel cyclic-stress limitations, the average reactor power must be
reduced as the repetition rate is lowered to hold the burst magnitude
at an approximately constant level.

| |

i Na
(l:_OREs . COOLANT !
<=0 s
° tiA

PRIMARY
PULSE BLOCK

SECONDARY
PULSE BLOCK

; i
‘/ i
CORE VESSEL ‘ {

Fig. 1— Pulsed veactov cove and pulse-block avvangement, with hovizontal
shafts.

The rotor housing is partially evacuated to reduce the aerodynamic
drag. The energy generated in the rotor tip as a result of gamma and
neutron heating is radiated to the rotor housing, which is cooled by
nitrogen gas. Preliminary calculations indicate that the steady-state
reflector-block temperature will be about 800°F, ,

The core has an equivalent height-to-diameter ratio of about 0.5.
The short core is advantageous in this geometry in that the reflector
pulse block and the coolant both pass the core in the short direction.
Thus the reactivity curve is sharpened at the peak, and the bulk-cool-
ant temperature rise is minimized. A disadvantage may be a reduction
in the thermal flux in the beam-source moderating regions around the
periphery of the core. As an alternate, a core with a height-to-diameter
ratio close to 1 and with a different rotor arrangement (Fig. 2) is
being considered. However, this paper will be limited to the flattened
core of Fig. 1.

The characteristics of the current reference design pulsed reac-
tor have been estimated, and they are given in Table 1.
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The reactor-shield zone and primary-system layout are shown
in plan view in Fig. 3 and in elevation in Fig. 4. The sodium-cooled
core is contained in a core vessel with the beam-source moderator
blocks and radial reflector outside the core vessel in a nitrogen-

CORE VESSEL

CORE i Na

Fig. 2— Altevnate pulsed veactor cove and pulse-block avvangement, with verti-
cal shaft.

cooled zone. The core vessel extends to an overhead pot containing
the primary-coolant circulating pumps and heat exchangers. The
primary-system components are either flanged or plugged into the
system, and the connections are located within the sodium pot. This
concept facilitates access to and replacement of primary-system com-
ponents. Provision is also made for periodic replacement of the core
vessel since it will be subjected to irradiation damage owing to its
proximity to the core. The location of the intermediate heat exchanger
above core level provides for natural-circulation cooling of the core
in the event the circulation pumps are inoperative. ‘

Fuel handling will be performed in a cell located above the core
vessel. Access to the control rods, moderator blocks, and reflector
sections, and facilities for replacement of the core vessel are pro-
vided in this cell. A separate cell on the same level is provided over
the pot for the maintenance and replacement of primary-system
components.

The pulsation device will be maintained in a cell on the same level
as the experimental area. A shield plug is set close to the rotor hous-
ings with sealing strips around the periphery to form a minimum-
volume cavity for the core region and pulsation device. This cavity,



202 HENDRIE ET AL.

Table I
SUMMARY OF PULSED REACTOR REFERENCE-DESIGN CONDITIONS

General Characteristics

Fuel material 60 vol.% PuO;—Mo cermet
Coolant Na .
Core volume, liters 60
Design repetition rate, sec™! 60
Range of variability of repetition rate,

sec™! 20 to 60
Average power, Mw 30
Peak power, Mw ) 4700
Pulse width at half-power, sec 90 x 10~6
Prompt reactivity between pulses, $ —-15
Prompt-neutron lifetime, sec 5x 1078
Parabolic reactivity coefficient o,

m™2 2

Thermal and Hydraulic Characteristics

Coolant flow, gal/min 6200
Core inlet temperature, °F 400
Bulk coolant At, °F 121
Average core power density, Mw/liter 0.5
Peak core power density, Mw/liter 1.05
Maximum temperature rise in fuel during

pulse, °F 22.5
Maximum fuel center line temperature, °F 650

Mechanical Characteristics

Fuel element, outside diameter, in. 0,155
Cladding thickness, in. 0.015

Pin spacing, pitch-to-diameter ratio 1.10
Primary rotor diameter, in. 70

Primary rotor speed, rpm 3600
Primary rotor tip speed, ft/sec 1100
Secondary rotor diameter, in. 40
Secondary rotor speed, rpm 1200 to 3600

lined with energy-absorbing material to absorb the blast energy associ-
ated with an accident, provides leak containment. A seal is provided
where the core vessel penetrates the floor of the core-region cavity
so that, in the event of a vessel rupture above that point, the cavity
would not drain but would flood to keep the core covered with coolant,
This seal must be decoupled when the core vessel is replaced. All
the piping below the level of the core cavity has secondary leak con-
tainment, including the flanged joint at the lower end of the core
vessel, which must be disconnected to permit removal of the core
vessel, Access to this joint is provided in a cell located beneath the
reactor cavity.
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Electrical trace heating will be provided on all piping, and nitro-
gen-gas heating will be used in the core region and primary-system
pot.

Thermal Analysis

The thermal characteristics of the reference core have been
analyzed using a three-dimensional heat-transfer code, LION, that
was obtained from the Knolls Atomic Power Laboratory and adapted
for use on the CDC-6600 computer at Brookhaven. A specimen of the
thermal analysis performed for a local power density of 1.9 Mw/liter is
shown in Figs. 5 and 6. For this specimen case the pulse was assumed
to have a half-width of 60 usec, and the repetition rate was 22 pulses/
sec, The fuel element in this case was a 0.125-in,-diameter pin of
cermet fuel with a 0,015-in,-thick cladding of molybdenum metallurgi-
cally bonded to it. Figure 5 is a graph of the temperature of each nodal
point at the axial peak of the core hot pin. Nodes 51 through 57 cover
the fuel from center line to surface; nodes 58, 59, and 60 are in the
cladding; node 106 is on the cladding surface; and node 117 is in the
coolant stream. In this case, the fuel temperature increased at a rate
of about 2 x 10°°F/sec for about 70 usec after the start of the pulse,
although the cladding remained unaffected for this period. The rapid
chilling of the outer portion of the cermet, node 57, as a result of heat
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Fig. 5—Temperature historvy of nodes at the axial peak of the hot pin duving and
following a power pulse.
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loss to the high-thermal-conductivity cladding, is illustrated by the de-
crease in temperature indicated after about 180 usec. This chilling
caused a steep temperature gradient at the fuel-cladding interface and
led to a significant alternating thermal stress applied on top of the
average thermal stress that existed due to the steady-state temperature
gradient in the pin. Figure 6 showsthe actual temperature profile in the
pin as a function of time and indicates the steep temperature gradient
in the vicinity of the fuel—cladding interface after 216 usec. The maxi-
mum gradient actually occurs at 192 usec; the stresses were calculated
at that time. After 45 msec all temperatures have returned to their
initial values, indicating that equilibrium pulsing conditions have been
obtained.

820 l 1 1 T T T 1
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Fig. 6 — Transient temperaiuve profile at axial peak of hot pin.
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Stress Analysis

Pulsed operation leads to two sources of cyclic stress. The first
is a cyclic thermal stress resulting from the chilling of the fuel surface
after a power pulse. This chilling occurs before the fuel center line
temperature has been reduced and thus increases the temperature
gradient from center line to surface. The result is an alternating
thermal stress applied in addition to the mean thermal stress due to
the steady-state gradient associated with the average reactor power,
There is one stress cycle of this type per power pulse.

The second cyclic-stress component is the inertial stress that
results from the extremely rapid heating rate during a pulse and from
the inability of the fuel to physically expand in equilibrium with the
temperature. This stress induces longitudinal and radial vibrations
of the fuel pin and produces many stress cycles per individual power
pulse. The rate of amplitude decay, hence the number of stress cycles
per power pulse, depends on the internal and external damping.

For an analysis of the cyclic thermal stress, the transient tem-
perature data are used as input to the code TEAR. This code pro-
vides an analytical solution to generalized plane thermal-stress prob-
lems involving layered materials. Figure 7 shows the radial (o,),
circumferential {r,), and axial (0,) stresses corresponding to the tem-
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Fig. 7—Thevmnal stresses in fuel pin at time of peak thevmal gradient.
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perature pattern at the time of the peak temperature gradient at the
fuel —cladding interface for the specimen thermal case shownin Figs. 5
and 6. The cladding is in tension in the circumferential and longitudinal
directions, and it maintains a compressive thermal stress in most of
the fuel. The stress in the fuel near the interface, however, is tensile.

It is apparent from the specimen case results that the use of a
cladding with a lower thermal conductivity, such as Inconel, might
offer some advantage in reducing the chilling effect at the fuel surface.
The same advantage could be obtained by using an insulating barrier,
but the axial restraint of the fuel by the cladding would be poor. Analy-
sis of a PuO,—Mo cermet fuel clad with Inconel indicates that the
fuel-surface tensile stresses are reduced by a factor of about 2. Most
of this reduction is due to the decreased surface-chilling effect, with
the balance due to a better match of the Young’s modulus—thermal
expansion coefficient product of the fuel and cladding.

The determination of the inertial stresses in a clad fuel element
is more difficult. The one-dimensional case of thin unclad rods sub-
jected to a ramp temperature input has been solved by Burgreen.2
A series of computer codes are under development at Brookhaven to
handle the more general stress problem in a pulsed reactor and to
analyze both the thermal and inertial stresses simultaneously. These
shock codes use a finite-difference method for solving equations of
motion of an elastic body subjected to rapid heating, Features of these
codes that have not been included in previous work in this field are:

1. Extension to three-dimensional problems.

2. Inclusion of the inertial term,

3. The capability of analyzing layered (clad) materials.

4, The capability of handling arbitrary temperature input functions.

The first code of the series, for homogeneous axisymmetric
bodies, has been checked out satisfactorily against Burgreen’s one-
dimensional model for inertial stresses and displacements in a long
thin unclad rod. The results also compare satisfactorily with the
Pochhammer solution for longitudinal vibrations in an infinite cylinder.3
Another trial run was made for the stresses in a rapidly heated thick
cylinder with a length-to-diameter ratio of 1.4. There is no analytical
solution to this problem; however, the same problem was solved using
an adaptation of a code developed by the Sandia Corporation, and there
was excellent agreement between the two methods of solution. Thus
the agreement obtained in these restricted cases between the Brook-
haven code and other methods of solution indicates that the code is
working satisfactorily. The other codes in the series applicable to
layered axisymmetric bodies and finally to heterogeneous nonsym-
metric bodies are now being completed.

o
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Accurate values for the inertial stress will not be available until
the layered-body shock code is operating. For the present we must
depend upon simple approximations. A one-dimensional model indi-
cates that the inertial stress will fall between 1/4 Ea AT and 3/2 Ea AT,
depending upon the length of the fuel element, where E is the modulus
of elasticity, o is the coefficient of expansion, and AT is the tempera-
ture increase in the fuel during a pulse.

If the alternating inertial stress is assumed to equal tEa AT,
the following conditions are obtained for the specimen case of Figs. 5
and 6;

Mean thermal stress, psi: 5500
Alternating thermal stress, psi: +2800
Alternating inertial stress, psi: +6400

The frequency of the alternating inertial stress is in the range of
10 to 20 kc/sec, corresponding to the longitudinal resonant frequency
of the fuel pin. The inertial stress is superimposed on a thermal
stress that varies in the specimen case from 2700 psi just prior to a
pulse to 8300 psi shortly after a pulse, and then decreases again to
2700 psi. The alternating inertial stress decays in amplitude after a
pulse at a rate (as yet undetermined) governed by the damping char-
acteristics of the fuel assembly. The specimen case thus gives an
alternating stress of +6400 psi with a peak mean stress of 8300 psi.

It should be noted that the current reference design core operates
at much milder conditions than those of the specimen case. The cur-
rent reference design core, with a peak power density of 1.05 Mw/liter
and a repetition rate of 60 pulses/sec, has the following stress condi-
tions at the axial peak of the hot fuel pin:

Mean thermal stress, psi: 3050
Alternating thermal stress, psi: +580
Alternating inertial stress, psi: +1310

The high-frequency alternating stress here is +1310 psi with a peak
mean stress of 3630 psi. These conditions were chosen to be within
the current allowable stresses for the cermet fuel of +1500 psi alter-
nating, 4500 psi mean for a 10'? cycle life.

In several areas of the stress analysis, these assumptions, which
require further study, were made:

1. The number of inertial-stress cycles that the fuel will be ex-’
posed to per pulse is unknown since the damping has not been deter-
mined. The current design assumption is that the decaying inertial-
stress wave train will be equivalent to 10 full-amplitude inertial-stress
cycles per power pulse, applied at the peak thermal stress. This de-
sign assumption is subject to revision as a result of detailed analyses
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to be done with the layered-body shock code modified to include damp-
ing effects.

2. The effects of irradiation and burnup on the ultimate strength
and fatigue properties are unknown. A program is planned to provide
these data.

3. In this analysis the pulse energy has been assumed to be gen-
erated uniformly in the cermet, whereas, in fact, it is generated in the
oxide particles alone. Analyses are to be performed of the micro-
stresses induced by the rapid heating of 150-p cermet particles within
metal matrices. Ultimately, reliance must be placed on proof tests
where a fuel pin can be subjected to fission heating to produce this
effect and to evaluate its influence on fuel failure.

4, The reference fuel is a PuOy—Mo cermet; the material that
has been tested thus far is a UO;—Mo cermet. The effect of the sub-
stitution of plutonium for uranium in the cermet is not expected to be
serious but must be considered.

Physics Analysis

Survey calculations were performed of the critical volume and
neutron lifetime of some candidates for pulsed reactor fuel mate-
rials. The results are tabulated in Table 2, The calculations were

Table 2
SURVEY CALCULATIONS FOR REFERENCE DESIGN

Critical volume, Neutron lifetime,
Fuel liters nsec

40 vol.% PuO,—Mo cermet - 94 61
60 vol.% PuOy— Mo cermet 38 41
60 vol.% *%¥U~ Mo cermet 135 70
23570, ceramic 37

30 vol.% 235U~ Th dispersion 175 83
50 vol.% 235U —Th dispersion 50 56

Note: 1. Coolant volume fraction, 26% (sodium).

1

2. Cladding and structure volume fraction, 30%.

3. Core lined with 2 cm of BJC between core and reflector.

4. Core reflected with 28 cm of stainless steel (75%) and
sodium (25%).

done for cores lined with a 2-cm-thick absorbing layer made up of
B{’C and tantalum. The effect of this liner, in general, is to reduce
the neutron lifetime by a factor of 2 and to increase the core volume
by a factor of 1.5, in comparison with an unlined core with the same
composition., The survey calculations of critical volume were done in

o
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cylindrical geometries (height-to-diameter ratio = 1) by the S, method.
The volumes were checked, and the lifetimes were calculated in
spherical geometry with AIM-6; the agreement between the critical
volumes calculated by the two techniques was excellent. In both cases
the Hansen and Roach group constants were used.

After the 60 vol.% PuO,—Mo cermet was selected for the reference
design and the reference core geometry and compositions were estab-
lished, detailed calculations of the critical volume, neutron lifetime,
and parabolic reactivity coefficient @ were performed with the Monte
Carlo code 05R ALFA. The geometry and materials of the various
core regions used in those calculations are indicated in Fig. 8. The

RADIAL REFLECTOR (STAINLESS STEEL AND
VOID, 30 CM THICK)

MODERATING REGION

POISON LINER
(H20, 2 CM THICK)

{82 ¢ AND Ta, 2CM THICK)

40 CM
\PULSE BLOCK

{12.7 CM THICK)

*@b 0.3-CM GAP

AXIAL REFLECTOR
(75% STAINLESS STEEL,
25 % Na)

WINDOW
(1.27 CM THICK, W}

D___L

CORE (25% Na,27% PuQp,
45 % STAINLESS STEEL AND Mo)

\\\\\\\\\\:

Fig. 8—Cove geometry and composition fov vefevence-design physics analysis.

accuracy of this code was tested by applying the code to calculations
of the CEPFR-1 core parameters, and the agreement between calcu~
lated values and experimentally determined values of all parameters,
with the exception of the neutron lifetime, was very good. In the neu-
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tron lifetime large discrepancies existed between calculated and mea-
sured values for cores with no poison liners. However, for cores with
" a poison liner on all surfaces except the pulse block face, the agree-
ment was good, Therefore the calculational techniques applied to the
reference core, which is lined with poison material, are concluded
to be valid.

The reactivity change associated with a moving reflector block was
calculated for rectangular cores similar to the CEPFR-1B critical
assembly. The calculations were done using the Sy method (N = 4, 6,
8, and 8T) in x—y geometry for cores with various arrangements of
poison liners and cavities, The Sgr uses a new weighting function that
was constructed to accurately describe the anisotropic flux with a
small number of angular segments, The values for Ak corresponding
to movement of the reflector block from a position centered on the
bare core face to a position displaced by 1.27 cm from the center are
summarized in Fig. 9 for various arrangements of poison liners. From
this analysis it was concluded that an absorbing liner on a portion of

'-— 7. 78CM*]
MOVING f MOVING TaBz

2.285 GM
REFLECTOR ’o"f oM™ REFLECTOR |
o .
TA y * '
CORE 6 oM CORE
e 22.86CM — o] l
Ak = 0000523 Ak = 000137
(a) (b)
MOVING T2°ZB§5 MOVING
REFLECTOR ‘ REFLECTOR
. g
CORE CORE
11425 CM y;
CAVITIES
Ok = 0.000892
{c) {a)

Fig. 9—Promising methods of incveasing the Ak covvesponding to small move-
ments of the pulse block. The values of Ak ave those calculated for a 1.27-cm
displacement of the pulse block from the indicated position.
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the bare core face increases the reactivity change associated with
movement of the reflector block, The effect of the absorbing liner
between the core and the stationary reflector on the Ak is small;
although poison material in this location is quite effective in reducing
the neutron lifetime. Cores with cavities, as shown in Fig. 9, were
also studied; however, the convergence of the calculated reactivities
was not satisfactory, and no conclusions could be reached concerning
the effectiveness of core cavities in enhancing the reactivity change.

FUEL TEST AND DEVELOPMENT

Selection of Candidate Fuel Materials

Battelle Memorial Institute (BMI) made a detailed survey of fuel
materials for application to the pulsed reactor and the accelerator
pulsed reactor. All available data on alloy, cermet, and dispersion
fuels that met the initial screening criteria were compiled.4 The initial
screening criteria required that the fuel must:

1. Contain a minimum of 3.5 g/cm?® of fissile material,

2. Be capable of about 2 at% burnup,

3. Contain minimum amounts of elements with low atomic num-
bers to provide for a minimum neutron lifetime,

4, Be capable of being clad for operation in liquid-sodium coolant,

5. Be suitable for operation at surface temperatures between
200°C and 400°C and at power densities of 2 to 4 Mw/liter.

The fuels that satisfied these criteria are listed in Table 3. The
fuels that were selected for the pulsed reactor and the accelerator
pulsed reactor are indicated in the appropriate column of the table.
The selection of fuels for the two concepts is based on the results of
preliminary studies which indicated that the fuel with a high fissile
content was needed for the accelerator-injected concept and more
dilute fuels could reasonably be used for the pulsed reactor. In some
cases the core volume using a dilute 25y -bearing fuel is quite large,
and the material is of more interest if it contains the isotope 2%°U.
These cases are indicated by the asterisk,

A three-phase fuel test and development program was envisaged
to determine the capability of the candidate fuels. The outline of the
program is: .

Phase I: Development of fabrication techniques and determina-
tion of mechanical properties, including fatigue behavior, of the mate-
rials in the unirradiated condition.

Phase II: Steady-state irradiation of materials and postirradia-
tion testing to determine the effect of irradiation.
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Table 3
SUMMARY OF FUEL SURVEY

Uranium or Application
plutonium Accelerator
loading, Pulsed pulsed
Fuel g/cm3 reactor reactor Comments
Alloys
U—-40 wt.% Al 3.5 Too dilute
U—-10 wt.%. Mo 15 X
U~10 wt.% Nb 15 Inferior to
U—10 wt.%
Mo
U-40 wt.% Zr 6 X*
U—-20 wt.% Nb—27 5.7 X*
wt.% Zr
Ceramics
U0, 9.2 b
ucC X
PuO, 9.6 X
PuC X
Cermets and dispersions
60 vol.% PuO,—Mo 5.8 X
60 vol.% UO,—Mo 5.5 X*
60 vol.% Pu or UOy;~ Stainless steel
stainless steel matrix in-
ferior to Mo
Liquid
PuO, (or UO,)—Na paste X
Pu—Fe—Ce X

*Of interest primarily with *3U isotope.

Phase III: Proof tests that simulate, as closely as possible, op-
eration in a high-performance pulsed reactor. No single test can pro-
duce all the effects of reactor operation; so a series of tests will be
required, each of which will simulate one or more of the critical
aspects of pulsed reactor exposure,

The materials indicated in Table 3 cover a wide range with regard
to their states of development. Also, the properties determined for
some of these materials in the unirradiated condition will be meaning-
less. The ceramic and liquid fuels are examples. The U- Zr alloy
falls into this category because it is not a gamma-phase stable mate-
rial and because the effect of irradiation on the properties of this
material is expected to be significant, The U-10 wt% Mo alloy also
fits into this category; however, in the interest of obtaining some
data on which to base a reference design of the accelerator pulsed re-
actor, Phase I testing of this alloy is planned,
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Development work has been done on a UO,—Mo cermet, the U—
Nb—Zr ternary alloy, and the U—Th dispersion. Of these, the cermet
material is in the most advanced state of development, and specimens
of this material have been subjected to high-cycle-fatigue tests. The
results of the work thus far are described in the following sections for
each of these three fuel systems. Because the high cycle fatigue prop-
erties of the UO,—Mo cermet have been determined to a sufficient
degree to provide a basis for reactor design and because the effect
of irradiation is not expected to be as severe in the cermet as in the
other fuels, the cermet was selected for the pulsed reactor reference
design,

Development of U~Nb—2Zr Ternary Alloys

Interest in this ternary-alloy system is based on constitution
work done by Russian investigators® which shows that there is a stable
gamma—uranium-phase field extending from the niobium corner to.
uranium contents as high as 58 wt.%. Existence of the stable gamma
phase promises good resistance to the effects-of irradiation and cyclic
stressing for this alloy, No data were available for these alloys, and
no fabrication experience was reported.

Several specific alloys of the ternary system were fabricated by
BMI. Polished sections of the first castings indicated the presence of
center line ‘“pipe” that was very fine and could not be detected in
radiographs or in unpolished sections of the castings. Subsequent
castings were performed using an Al,Oj collar in the top section of the
mold in an attempt to slow down the rate of heat loss from the melt
and thus provide for better feeding of molten metal into the solidifying
region.

A casting of U~31 wt.% Nb—12 wt% Zr was heated in vacuum for
4 hr at 1000°C and for 2 days at 1250°C, Metallographic examination
indicated that homogenization was obtained and that the alloy was in-
deed single phase. However, a large grain size was exhibited, and a
less severe homogenization treatment. was attempted. Homogenization
at 1250°C for 12 hr in vacuum proved to be adequate to obtain a
homogeneous fine-grained single-phase material. Fabrication of this
material by hot rolling at 1000°C and at 1250°C resulted in cracking.
Similar unsuccessful results were obtained for castings with the
composition U—-62 wt.% Nb—7 wt.% Zr. In addition, contrary to pre-
dictions based on the available phase diagram, a small amount of a
second phase was distributed uniformly throughout the grain bound-
aries of this alloy. The second-phase contamination may have been
the result of a deviation from the desired composition, an impurity
phase, or a phase stabilized by minor impurities.
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A third ternary composition, U-20 wt% Nb—27 wt% Zr, was
selected in an attempt to produce a fabricable material and to gain the
advantage of a wrought structure not obtainable in the other two U-—
Nb—Zr alloys. Two castings of this alloy were prepared by arc melt-
ing and were cast into graphite molds. The resulting structure was
single phase and homogeneous after 12 hr at 1250°C in vacuum. How-
ever, large grain sizes were obtained. Before improving the grain
size, fabrication by hot rolling at 1315°C was attempted. Both castings
were successfully rolled to a diameter slightly over 0.25 in. The alloy
oxidized heavily, and, if the temperature of the specimen was allowed
to drop much below 1315°C, it became very difficult to work. Seven
additional arc castings were made in tapered molds and were homog-
enized for 4 hr at 1250°C, For fabricating the castings, right-circular
cylinders were first machined from the castings. Two cylinders were
coated with MgO by exposure to burning magnesium ribbon and were
placed in molybdenum cans. The canned specimens were hot rolled
at 1315°C, Two passes were made through the rolling mill, and di-
ameter reductions of 12.3 and 15.2% were achieved.

Tensile tests were performed on specimens of the three ternary
compositions that were studied, and the results of these tests are
presented in Table 4.

Table 4
TENSILE PROPERTIES OF U-Nb—~Zr TERNARY ALLOYS AT 800°F

Ultimate 0.2% offset Area
Modulus, strength, yield strength, reduction,
Alloy 108 psi psi psi %
U—-27 wt.% Zr—20 wt,% Nb 12.5 91,200 75,700 32.5
U—-31 wt.% Nb—12 wt.% Zr* 12.0 36,000 0
U-62 wt.% Nb—7 wt.% Zr* 17.0 36,000 0

*As-cast,

Development of U—Th Dispersions

Uranium —thorium dispersions are of interest because of the higher
fissile-atom concentrations that are obtainable in comparison with a
cermet containing the same volumetric fraction of UO,. The uranium
is present in the dispersion in the alpha phase. However, if it is con-
tained in small microspheres by a continuous thorium matrix, the ir-
radiation behavior may be satisfactory, Development of this material
was pursued at BMI to develop fabrication techniques and to determine
the limit on uranium content,

The first attempts to produce a Th—30 vol.% U dispersion were
made at 1000°C, as appeared to be necessary from the literature on
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powdered thorium., Subsequent attempts at temperatures as low as
800°C resulted in essentially fully dense specimens. The effects of
sintering pressure and temperature were investigated for a Th-—
40 vol.% U dispersion. The pressure ranged from 5000 to 17,000 psi,
and the temperature ranged from 750 to 1000°C. For temperatures
above 750°C the microspheres showed excessive deformation, At
750°C the highest pressures produced negligible deformation. The
density of the specimen was influenced more by pressure than by tem-
perature; so densities greater than 90% of theoretical could be achieved
even at 750°C by using pressures of 15,000 to 17,000 psi. An attempt
was made to fabricate tensile specimens by blending and cold pressing
the 40 vol.% dispersion into pellets %, in, in diameter by Y, in. long.
Eight pellets were loaded into each of five tantalum tubes, which were .
then evacuated and sealed by electron-beam welding. The five speci-
mens were hot isostatically pressed at 750°C and 17,500 psi for 3 hr.
All these specimens broke during machining along one of the bond
lines between specimens.

Development and Test of Cermet Fuels

Two matrix materials were considered for cermet fuels; stainless
steel and molybdenum., The stainless steel matrix was of interest be-
cause it was the more highly developed of the two. However, the low
~thermal conductivity and high coefficient of expansion of the stainless
steel cermet were disadvantages in comparison with the molybdenum
cermet. On the basis of these properties, the molybdenum cermet was
selected over the stainless steel cermet. It has been assumed that the
nature of the ceramic material used in the cermet, i.e., UO,y, UC, PuO,,
or PuC, has little effect on the mechanical properties of unirradiated
specimens.

General Electric Co., Nuclear Materials and Propulsion Opera-
tion (GE-NMPO), fabricated UOy,—Mo cermet specimens of 40, 60,
and 80 vol.% UO, and measured the tensile strength, thermal expansion,
thermal conductivity, and sonic velocity of specimens of these mate-
rials. The results of this work are described in Ref, 6, and the me-
chanical test data are summarized in Table 5. The specimens were
machined from cylindrical slugs of depleted UQ, dispersed in a
molybdenum matrix and in some cases were clad with pure molyb-
denum. The ceramic particle sizes used in the various specimens were
40, 150, and 400 4,

Additional specimens were fabricated for fatigue testing., Fatigue
tests were performed on the 60 vol.% UO,—Mo cermet with a 150-u
ceramic particle size at two ffequencies, 186 and 14,000 cycles/sec.
The low-frequency tests were conducted by BMI using a machine
owned by Brookhaven National Laboratory, The inert-gas system used



Table b
TENSILE-TEST RESULTS FOR Mo—-U0O, CERMET SPECIMENS IN HELIUM

Room-~ Static Yield str "
Fuel Fuel temperature Test modulus at 1elo_§ :iss, Ultimate

Specimen loading, particle static modulus, temperature, temperature, 413 stress,t Elongation,T

No. vol.% size, i 1078 psi °F 1078 psi 0.02% 0.2% 1073 psi %
-1-al 80 150 14.2 800 3.6 4.6 0.1
~1-a2 80 150 800 4.4 4.6 0.3
~1-a3 80 150 800 9.8 3.9 4.4 0.2
~-1-a4 60 150 12.1 1500 6.6 7.2 1.1
-1-a5 60 - 150 1500 6.9 0.6
~1-a6 60 150 1500 19.7 12.9 0.1
-1-al 60 150 17.4 800 14.17 8.3 10.3 0.6
-1-a2 60 150 800 10.6 12.6 0.3%
-1-a3 60 150 6.5 800 5.3 7.8 7.9 0.6
-2-al 60 40 20.5 800 13.5 0.3
~2-a2 60 40 800 10.2 0.4
-2-a3 60 40 800 13.7 0.2
-1-a7-G§ 60 150 14.3 800 10.5 0.2
-1-a8-G§ 60 150 800 10.4 10.4 0.1
-1-a9-G§ 60 150 800 11.5 11.5 0.4
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A-1-bl1f¥ 60 150 15.4 800 8.5 11.5 13.3 1.
A-1-b27 60 150 800 . 16.6 1.
A-1-b3T 60 150 800 20.2 8.9 11.1 13.6 1.
A-l-cl** 7t 60 150 800 9.2 11.2 0.
A-1-c2** 60 150 18.2 800 7.5 8.2 10.9 0.
B-1-al 40 150 15.4 800 8.1 11.5 15.1 2.
B-1-22 40 150 800 12.6  15.0 17.1 2.
B-1-a3 40 150 800 10.4 9.2 11.6 14.3 1.
A-3-bl 40 400 14.0 800 7.9  10.6 12.4 1.
A-3-b2 40 400 800 9.5 11.5 14.9 3.
A-3-b3 40 400 800 8.8 11.2 13.7 1
D-1 0 48.5 800 7.1 10.1 37.8 52§
D-2 0 . 800 7.3 9.8 37.7 53§
D-3 0 800 7.7 9.9 36.8 518§

*0.005 min~! strain rate.
T1.0-in. gauge length X 0.25-in. diameter.
IBased on overall length of specimen,
$§G = General Electric molybdenum; all other specimens are Sylvania molybdenum.
ffVapor coated with 0.005-in. molybdenum.
**Clad with molybdenum by autoclaving and machined to 0.003-in. thickness.
f7Cladding removed from half of gauge length in machining (because of nonconcentricity).
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for the elevated-temperature tests did not provide adequate gas purity,
and severe oxidation of the specimens occurred during the tests. As a
result, further tests at the low frequency were performed at room
temperature, The high-frequency tests were conducted with ultra-
sonic equipment at Hydronautics, Inc. This testing was performed
in a high-purity inert-gas environment at 750°F., All fatigue testing
of the cermet was done at a mean stress of 4500 psi, Strain gauges
were attached to all specimens to monitor test conditions, Before the
start of each fatigue test, the modulus of the material was measured,
This measured value was used to calculate the cyclic stress from the
cyclic strain that was monitored on the specimen during the test. The
test results are plotted in Fig. 10. The predicted fatigue curves are

3500 , . ; @

CURVES PREDICTED FOR MATERIAL WITH AN ULTIMATE TENSI.LE
STRENGTH OF 9000 PSI AND 12,000 PSI, WITH A MEAN
APPLIED STRESS OF 4500 PSI
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ULTRASONIC TESTS AT 14,000 CYCLES/SEC, 750°F
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Fig. 10—High cycle fatigue life of 60 vol.% UOy—Mo cermet. All specimens
weve lested with a mean applied stvess of 4500 psi.

also plotted in Fig, 10 for two assumed values of the ultimate tensile
strength that bracketed the range of tensile strengths measured by
GE-NMPO for this material. The Goodman criteria were used for the
predicted curves, and all the data are consistent with the predicted
behavior., This agreement provides the basis for the cermet fuel
fatigue properties used in the reference design of the pulsed reactor:
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‘ CRITICAL EXPERIMENTS

General Description

A fast reactor critical assembly designated CEPFR-1 was con-
structed in support of the pulsed reactor reference design work. This
assembly, consisting of a core of uranium, stainless steel, and alumi-
num, reflected by stainless steel, was used for measurements to test
the reliability of theoretical predictions of the reactor parameters.
Experiments to provide basic data were done on assemblies that were
geometrically simple.

The basic component of the assembly was a split-bed machine that
allowed separation of the core into two nominally equal sections. The
table surfaces of the machine were two polished granite slabs 3 by
6 by 1 ft, giving a working surface of 6 by 6 ft when the halves were
together. The core and reflector were constructed of elements whose
dimensions were 1.5 by 1.5 in. in cross section and 39 in. in length.
Core elements were made of 1.5-in.-square, 0.035-in. wall, stainless
steel tubing with 12 in, of solid stainless steel in the bottom end, a
14%,-in. fuel section, and 12Y% in. of stainless steel in the upper sec-
tion. The fuel section contained uranium, aluminum, and stainless

Table 6
COMPOSITION OF CEPFR-1A CORE

Core Reflector
atomic density, atomic density,
Element 10724 atoms/cm? 10724 atoms/cm?
2By 0.01160
238y 0.0008406
Iron 0.02337 0.05967
Aluminum 0.008555
Chromium 0.006452 0.01693
Nickel 0.002843 0.007502
Copper 0.0001544 0.0001117
Manganese 0.0005231 0.001293
Magnesium 0.00005043
Carbon 0.0000916 0.0002365

Note: Core volume = 20.825 liters, and excess reac-
tivity = 92¢.

steel pins to achieve the desired core-region atom densities. The
- fuel was in the form of 0.170-in.-diameter pins. The fuel material
was highly (93.2%) enriched-uranium metal, with a thin (about 0,0001
in,) fluorocarbon coating. The composition of the assembly CEPFR-1A,
which is typical of the assemblies reported here, is shown in Table 6.
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Standard reflector elements were 1,5-in,-square by 39-in.-long
stainless steel bars., Some cans, identical to those used for loading
core elements, were loaded with boron carbide with a filler bar of
stainless steel 0.5 in. thick. The cans were always loaded into the
assembly so that the steel bar was next to the core. Other cans were
loaded with boron carbide and a 0,.25-in.-thick strip of tantalum metal.
These cans were loaded into the assembly so that the tantalum bar was
next to the core. »

The four control-rod blades were loaded with an appropriate num-
ber of fuel, stainless steel, and aluminum pins to maintain the overall
core volume fractions. The rod motion was horizontal and normal to
the direction of the table motion; the length of the fuel loading along
the direction of travel corresponded to the width of any given core,

Figure 11 shows a typical plan of an assembly, in this case
CEPFR-1C.
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Fig. 11— Plan view of a lypical CEPFR-1C assembly. Each cell unit =1.5 by

1.5 in. Contvol-vod width (including sheath) = 0.875 in. Numbeved cells contain

Juel. S = Souvce location. B = ByC-loaded elements. O = Refleclor elements.
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Some of the more important measurements performed in the
CEPFR-1 series are outlined below. The measurements made on a
given assembly are summarized in later sections.

1. Safety Measurements. On each assembly a number of experi-
ments were carried out to determine the operating characteristics and
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to measure quantitative values of parameters affecting safety. Included
in these were control-rod worths, rate of reactivity addition by various
modes, worths of hydrogenous reflector in and about the assembly, the
effect of increasing the steel-reflector thickness, some cursory power
measurements, and health physics radiation surveys,

2. Fixed-Reflector Worth Effects. In addition to the investigation
of the worth of hydrogenous material in and about the core, measure-
ments were made of the effective worth of small blocks of various
materials placed in the reflector near the core. These were made to
get an idea of the comparative magnitude of metal and hydrogenous
material reflectivity. In addition, the worth of a stainless steel re-
flector bar was measured as a function of location near the core
boundary.

3. Moving-Reflector Worth Effects. The reactivity worths of re-

flector blocks near an open core face were measured as a function of
the position, block geometry, and block material. The size of the open
core face varied, and in some cases a barrier of boron carbide or
boron carbide and tantalum was placed between the reflector block and
the reflector steel extending beyond the open core face., The effect of
such barriers on the parabolic coefficient of the reactivity curve was
studied. In addition, the effect on the parabolic coefficient, o, of core
cavities or core reentrant holes was studied for a number of assem-
blies., (The coefficient ¢ is defined from the parabolic form of the
reactivity2 vs. position curve in the vicinity of the maximum: p(x) =
— @x°.)
4. Neutron-Lifetime Measurements. The neutron lifetimes for
selected assemblies and conditions were measured by the Rossi-alpha
technique. For most measurements a fission chamber was located at
or near ‘the core—reflector interface. A number of different kinds of
fission chambers, as well-as He? detectors, were used in an effort to
improve the measurement of neutron lifetime. Measurements using a
specific fission detector located in a region as similar as possible
from core to core were used as a standard.

P max

CEPFR-1A Experiments

CEPFR-1A was an assembly reflected by about 12 in, of steel on
all sides. The nominal core size was 9 by 9.5 by 14,77 in, ] '

The worth of small blocks of various materials in the reflector
next to the core was measured. A reflector element was removed, and
a drive device was made so that a small block of material could be
placed at the core midplane and then removed by remote control. The
blocks used in this experiment were all 13/8 by 13/8 by 3Y, in. After
achieving criticality and a suitable power, the sample was drawn up-
ward until it was completely out of the reflector, the reactivity seen
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on the analog meter being plotted against the sample position through-
out, Typical curves are shown in Fig, 12, It should be noted that
hydrogenous materials caused a maximum in the reactivity curve.
“In” to“out” reactivity worths of various materials are:-

Sample material Worth, ¢
Cadmium —-7.8
Palladium -~12,0
Aluminum —12.8
Brass —-17.0
Copper —-18.4
Carbon (graphite) —20.9
Nylon —33.5
Lucite —-37.0
30
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Fig. 12— Wovth of small blocks in the CEPFR-1A veflector.

The worth of an entire steel reflector element at several different
positions was determined by measuring the change in reactivity when
the element was removed. These worths averaged around 50¢ for re-
flector elements next to the core, :

The neutron lifetime for CEPFR-1A was measured with a standard
fission-counter detector located in the steel reflector near the re-
flector—core boundary. Several measurements were taken, and the
weighted mean of these measurements gave a lifetime of 200 nsec,
calculated with the assumption that B.sr was 0,007,
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CEPFR-1B Experiments

The CEPFR-1B assembly had one core face exposed, and the core
volume was increased to compensate for the lost reflector worth.

The measurements made on the CEPFR-1B cores consisted of a
survey of the effect of various reflector blocks placed in front of the
open core face, Block materials and geometries were changed, and
for each case a study of block position vs, reactivity was made, as
well as a measurement of neutron lifetime when the block was exactly
in front of the open core face.

The reactivity was determined as a function of reflector-block
position by moving the particular block away from its maximum re-
activity position when the assembly was just critical. In nearly all
cases the block was moved in a plane parallel to the plane of the open
core face; in one case it was moved perpendicularly away from the
open core face, The assembly reactivity was obtained from an analog
computer programmed to solve the kinetic equations using an input
signal from an ion chamber at the assembly.

Results of the measurements are summarized in Table 7.

Table 7
MEASUREMENTS ON CEPFR-18B

Block* Excess k,T  Block worth, o, l,

Block material size $ $ ¢/cm? (nsec)
Stainless steel! A 1.75 35.75 1.91 137
Stainless steel B 0.30 4.20 1.35 135
Polymethyl methacrylate A 2.85 7.10 3.15 159
Beryllium A 5.70 10.40 3.36 191
Nickel A 2.35 6.50 1.91 134
Nickel B 0.75 5.00 1.50 132
Stainless steel C <0.10 1.70 0.57 130
None 0.25 136
Carbon steel A <0.05 4.45 1.20 135

= 14.8 by 9 by 4 in.
B =14.8 by 9 by 2 in.
C =14.8 by 3 by 4 in.
TWith the block in its most reactive position and k effective = 1 for the core
specified, i.e., at the start of the sliding-block measurement.

CEPFR-1C Experiments

Figure 11 shows a plan of a typical CEPFR-1C assembly. The
experiments on CEPFR-1C involved reflector-block measurements for
various sizes and materials of blocks which covered a variable-width
open core face. The total reactivity worths of the different blocks
varied by a number of dollars. In addition, the width of the open core
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face was changed by replacing outer-row fuel and reflector elements
with poison elements.

Some conclusions regarding the CEPFR-1C experiments may be
summarized as follows:

1. For the steel reflector block, and with poison elements used to
define the core window, the use of B,C alone in the amounts tested in
the CEPFR-1C assemblies appears to do little for «. There is some
improvement of « with the addition of tantalum to the B,C. Poison
barriers appear to be effective in increasing the value of o for steel
reflector blocks when sufficient poison is inserted.

2. With the beryllium reflector block, the use of B,C + Ta poison
to define the window substantially enhances «. This is probably a re-
sult of the slowing-down properties of beryllium, which give the bar-
rier a higher effective absorption.

3. Of all the reflector materials tested, the beryllium block is
superior in terms of « and in terms of total reactivity swing. The
lifetime is affected adversely, increasing from about 140 nsec with
steel reflectors to about 190 nsec with beryllium reflectors.

4, Tungsten is a good window material when used in combination
with a steel reflector block. The @ with a tungsten window was mea-
sured to be greater than the o with no window (air) although the dif-
ference was not large.

5. There appears to be little advantage obtained in either the «
values or total reactivity effect by reducing the reflector-block width
or the open-face width, '

CEPFR-1D Experiments

The CEPFR-1D cores were built to investigate the effect of core
cavities (reentrant holes) on the reflector-block reactivity and on o,
The cores were widened from a standard 9 in. in earlier assemblies
to 12 in. to achieve the core cavities. This change required different
control-rod loadings since the rods move in the direction which defines
core width and must be loaded to that width for clean geometry. Rods 1
and 2, which ran in the region in which there were cavities, were
loaded with voids in an appropriate location to align with the cavities.
The core elements remained unchanged, except that the cavities were
made by insertion of fuel elements in which the fuel region was not
loaded. Thus the cavities included the 0.035-in. walls of the cans.

Some conclusions regarding the CEPFR-1D experiments may be
summarized as follows: »

1. The average values of o were in all cases reduced by the
presence of the cavities, and the total block worths were less for the
same size of sliding block,
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2. The cavities caused the reactivity vs. position curves to depart
from a parabolic shape by about 30% in the direction of sharpening the
peak of the curve,

3. Windows of either lead or tungsten were found to have little
effect on o over that which was observed for a similar size air gap.
The overall reactivity swing was reduced by about 10% by either a
Yy-in, window of lead or tungsten over that measured for a similar air
gap. Another effect of the presence of a window or gap was the dimin-
ishing of the nonparabolic behavior of the sliding-block reactivity
curve discussed in (2), With no gaps or windows, the nonparabolic
effect was about 30%; with gaps or windows !/, in. thick, the nonpara-
bolic effect was reduced to the order of 6% for the window and 18% for
the air gap; with 1-in.-thick gaps or windows, the effect was no longer
appreciable.

4. Shortening the cavities 1.5 in, (from 7.5 in.) by the addition of
one fuel element in each increased o, the total reactivity swing, and
the nonparabolic effect by 10, 6, and 4%, respectively.

5. Increasing the amount of tantalum to three times its normal
amount in two elements adjacent to each side of the 9-in, core opening
had no appreciable effect on o or the total block worth, contrary to
the observations on CEPFR-1C. This apparent contradiction may be
due to the difference in core configuration (the CEPFR-1C had a solid
core whereas the CEPFR-1D had two cavities in the core) or to having
exceeded the optimum tantalum loading in the above elements.

BEAM-SOURCE STUDIES

Experiments are in- progress to study the characteristics of
hydrogenous moderating blocks in pulsed reactors. The purpose of
these studies is to provide a basis for the design of moderating blocks
that will give the maximum yield of thermal neutrons with a pulse width
commensurate with the natural pulse width of the reactor,

Preliminary steady-state, pulse-shape, and spectrum measure-
ments have been made to study the characteristics of various thick-
nesses.and geometries of polymethyl methacrylate (Lucite) and poly-
ethylene at room temperature and liquid-nitrogen temperafure in both
the pulsed and steady-state modes. A detailed analysis has been done
at room temperature on 24- by 24-in, stacks of various thicknesses.
The data were used to synthesize the relative merit of various thick-
nesses of Lucite and polyethylene as moderating blocks for a fast
pulsed reactor.
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Steady-State Measurements

These measurements were conducted using neutrons from a 2%y
fission plate. The spectrum is assumed to be comparable to the leakage
spectrum from a fast reactor, although probably somewhat harder.
The study has concentrated on hydrogenous moderators since hydro-
gen is the only element that can moderate the fast neutrons in the
time required.

The experimental arrangement is shown in Fig. 13. The Brook-
haven Medical Research Reactor was operated at 100 watts nuclear
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Fig. 13— Beam-souvce test assembly.

power for all runs. The beam from the patient-facility beam port was
thermalized by 2 in. of paraffin and 2 in. of Lucite before it impinged
on the %%U fission plate. The test assembly immediately behind the
fission plate moderated the fission neutrons. The resultant neutrons
were counted by a BF; detector, which is very nearly a 1/v detector,
since the absorption probability for 2200 m/sec neutrons is only 0.04.
Count rates were taken under four conditions for each assembly, i.e.,
with and without fission plate and with and without the cadmium plate
immediately in front of the BF; detector. From these four count rates,
it was possible to eliminate those neutrons originating in the reactor
neutron beam and also to differentiate between thermal neutrons (sub-
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cadmium) and epicadmium neutrons that had originated as fast neu-
trons in the fission plate.

In most cases the moderating blocks were 24 in. square with
variable thickness. However, one rectangular prism, 3 by 3 by 24 in.
was studied for comparison. Unless otherwise noted, the moderating
blocks were 24 in. square.

The neutron-yield results for Lucite are shown in Fig. 14 and for
both materials in Table 8. A buffer zone or region between the fission

40,000 | N B Bt B R Bt B B T

30,0000 / —
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20,000 / NONBUFFERED :J

RELATIVE THERMAL-NEUTRON YIELD

10,000 — / : R

(A N T N N N N NS ) N T N
o} 1 2 3
TEST ZONE, IN. LUCITE

Fig. 14 —Steady-state thermal-neutvon yield fov Lucile with a subcadmium
steady-state fission souvce.

plate and the test zone composed of either Lucite or polyethylene and
separated from the test region by 0.028 in. of cadmium was effective
in increasing the thermal-neutron yield, presumably without affecting
the neutron-pulse shape. The improvement in yield was observed to
occur predominately in the small assemblies. No improvement is seen
for the intermediate assemblies; in the larger assemblies the thermal-
neutron yield decreases when a buffer zone is inserted.

Both Lucite and polyethylene were used to investigate differences
that might result from molecular-binding effects and from hydrogen-



_Table 8

0€¢

SUMMARY OF BEAM-SOURCE EXPERIMENTS

Steady state

Thermal flux Epicadmium
relative to relative to
Temperature, T, /8, @ (10Y, ¢ (10Y, ¢ (1/8) peak Lucite peak Lucite
°K Stack description usec m/sec 1077 1077 @ (10%) X thermal (@3) thermal
300 1-in. Lucite 24 by 24 in. 34 2900 1.08 0.28 3.85 0.875 0.334 0.07
7 1-in. Lucite 24 by 24 in. ~90 1750 1.30 0.29 4.48 0.805
300 2-in. Lucite 24 by 24 in. 75 2900 6.6 0.85 7.75 1.045 0.843 0.07
300 2-in. Lucite 24 by 24 in. 75 2900 3.3 0.38 8.66 0.987 0.843 0.07
77 2-in. Lucite 24 by 24 in. ~165 1750 0.65 0.1 6.5 0.958
77 2-in. Lucite 24 by 24 in. ~120 1800 - 1.9 0.3 6.35 1.00
300 3-in. Lucite 24 by 24 in. 130.5 2900 4.4 0.36 12.20 1.13 0.95 0.0405
77 3-in. Lucite 24 by 24 in. ~182 1700 2.0 0.2 10.0 0.904
300 4-in. Lucite 24 by 24 in. 172 3000 4.6 0.25 18.4 0.848
300 1-in. polyethylene 24 by 24 in. 39 (43) 3100 2.1 0.36 5.83  0.857 0.59 0.0785
300 2-in. polyethylene 24 by 24 in. 89 2900 4.4 0.32 13.75 1.065 1.08 0.0607
300 3-in. polyethylene 24 by 24 in. 136 3000 4.2 0.27 15.5 1.131 0.835 0.033
300 1-in. Lucite cadmium + 35 3000 1.65 0.34 4.85 0.835 0.405 0.07
1-in. Lucite buffer
300 11/%—in. Lucite cadmium + 51 2950 3.1 0.38 8.15 . 0.759 0.67 0.07
/p-in. Lucite buffer .
300 3- by 3- by 24-in. LuciteT 80 2700 0.6 0.075 8 0.755 0.347* 0.0325

*Run normalized to give relative yield without the bottom aluminum buffer.
TWith 3Y,-in. aluminum side reflector + 3Y-in.-thick aluminum buffer separated by cadmium.
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atom densities. When the thermal-neutron yields from Lucite and
polyethylene are compared on an equal hydrogen-atom basis, little
difference exists except for the amount of hydrogen present in thick-
nesses greater than about 1,5 in. of either moderator. At greater
thicknesses the Lucite moderating block gives a slightly lower yield
than does polyethylene. This difference may be dueto geometric effects
since Lucite has a lower hydrogen-atom density and hence the BF; de-
tector is slightly farther away from the source.

Puised Experiments

The pulsed experiments were carried out using aKaman model 810
source to supply 14-Mev neutron pulses having a width of 3 usec at the
rate of 10 pulses/sec to the stacks. The source was located below the
stacks, and the neutron detector was located above the stacks. The
cold stacks were contained in an aluminum box covered on the bottom
and sides with cadmium and insulated from its surroundings on all
sides by 3 in. of expanded polystyrene. Liquid nitrogen was poured
into the aluminum box, in intimate contact with the moderator, to re-
duce the temperature of the box to approximately 77°K.

Pulse-shape and spectrum measurements were carried out for
both room-temperature and cold stacks, The pulse shapes emitted
from the surface of the room-temperature moderator blocks were
determined by following the neutron intensity leaking from the top
24- by 24-in, face with a B‘°F3 counter as a function of time, after
initiating the 3-usec pulse of neutrons at the bottom 24- by 24-in,
face. The time behavior of the neutron leakage was followed with a
TMC. 2566-channel analyzer using the time-of-flight logic unit. In most
cases the channel width of the analyzer was set at 4 usec. The pulse-
shape measurements were carried out with the B'F; counter both
directly on the moderator surface and with it separated from the
surface by 0.028 in, of cadmium so that both the thermal and epi-
thermal behavior could be determined.

Similar measurements were carried out for the cold studies
except that the detector was separated from the stack by the expanded
polystyrene insulation. For interpreting these runs, measurements
were performed of pulse shape for various thicknesses of insulation
between the stack and the detector.

The spectra of the neutrons leaking from the room temperature
and cold stacks were determined by carrying out time-of-flight mea-
surements with the B!F, detector mounted from 1 to 3 m above the
upper surface of the stack and the time analyzer set to a 32-usec
channel width,

The data taken in both the pulse-shape and spectra measurements
were corrected for background, dead time, and counter sensitivity.
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The data were analyzed assuming the neutroh—velocity spectrum could
be described by the sum of a Maxwellian and a v tail

o(v) dv = A(Bv)? e 4y + B (Vl> dv (1)
0

The spectra are characterized in Table 8 by the parameters ¢(1/83),
®(104, ©(1/8)/9(10%, and x. The peak flux in the Maxwellian compo-
nent of the neutron spectra is ¢(1/3), and the flux at 104 cm/sec is
<p(104). The latter is an arbitrary velocity in the epithermal region
where the velocity spectrum is nearly 1/v in character. The ratio
©(1/8)/0(10%) is the ratio of neutron fluxes at 10* cm/sec (epithermal)
and at 1/8 cm/sec (thermal). In all cases X was found to be nearly
unity, which would be expected if the energy spectrum were 1/E in
the epithermal region. :

Synthesis of Test Data

The measured decay constants and yields of low-energy neutrons
from the various room-temperature source blocks that have been
studied were used to synthesize the relative performance of these
sources at a -pulsed reactor. Synthesis was carried out assuming that
the pulsed reactor had a 50-ysec pulse width and that a useful figure
of merit could be written

P max
W2

where ¢ .. is the peak thermal flux intensity and W is the full width
of the thermal-neutron pulse at half-maximum,
The value of ¢ .. was calculated for various thicknesses of

Lucite and polyethylene using Kley’s' formulation

P max = (0°S° (1 - e_SO/T)

neutrons/cm?/sec (2)
where <P°s° (relative steady-state flux from the thermalization block)
and 7 (block decay constant in usec) were experimentally determined.

The thermal pulse width at half-maximum (W) emerging from the
thermalization block for a 50-usec reactor pulse was calculated also
assuming Kley’s formulation

W =50+7n(1+e %) sec (3)

The figures of merit as a function of thickness of Lucite and poly-
ethylene blocks were determined; the Lucite results are shown in
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Fig. 15. The figure of merit peaks at a 1.2-in, thickness of Lucite and
a 0.8-in, thickness of polyethylene, and at the peak the polyethylene
figure of merit is about 50% greater than for the Lucite. The poly-
ethylene has about 50% greater hydrogen density than Lucite, which
illustrates the importance of using a moderator block with as high a
hydrogen density as possible, It is also interesting to note that the 3-
by 3- by 24-in. Lucite prism has a figure of merit of less than 40%
that observed with a 24- by 24-in. Lucite block having the same pulse
width (~ 2 in. thick).
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Lucite H has a density of 5.6 X 1022 atoms/cm?.
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DISCUSSION

McTAGGART: I would like to ask a question about your lifetime
measurements on the critical mock-ups. What material was the re-
flector without a poison liner ?

HOFFMAN: Stainless steel.

McTAGGART: In our experience not with steel but nickel and
copper, the calculations of flux in these reflectors and the contribution
which the neutron population makes to the neutron lifetime is quite
often wrongly calculated because of inadequate data, The presence of a
boron liner between the core and the reflector eliminates these low-
energy neutrons from the reflector, and this may be why you get better
agreement between the lifetime calculations for this poison-liner sys-
tem.

HOFFMAN: Yes, that is quite probable.

BLOKHINTSEV: You made a statement that you had some ex-
perience with fluid-metal fuel elements, What do you think about the
possibility of using fuel elements of this type?

HOFFMAN: We have thought about it a little bit. The experience
at Brookhaven has been on liquid-bismuth systems which are quite
dilute, and to get a high uranium content you have to go to a slurry. The
most obvious liquid fuel seems to be molten plutonium, and that indeed
is a possibility in the future,

BLOKHINTSEV: Is it in the far or near future ?

HOFFMAN: We have not réached that decision yet.

LARRIMORE: Would someone from Los Alamos like to say some-
thing about molten plutonium? No? Okay. .

CLACK: Your summary says that the reactor is to be used for
high-intensity beam applications or beam research. Would you care to
comment on probable research applications?
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HOFFMAN: I wouldn’t care to comment, but there may be some-
one in the audience who would. No volunteers? We feel that it can be
applied to the general class of research being performed at the high-
flux reactors on solid-state physics studies. I couldn’t get any more
specific than that,

HENDRIE: In the presence of an assortment of eminent experts,
perhaps Karl Beckurts could help us out since he is at least tempo-
rarily on the staff at Brookhaven, and 1 do not propose to talk about
experiments while experts are around,

BECKURTS: I think it might be worthwhile to cover that in the
session tomorrow.



3-3 SHORT MODERATOR PULSES
AND BOOSTER SYSTEMS

R. G. FLUHARTY
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Los Alamos, New Mexico

ABSTRACT

A simple description of booster and accelerator-pulsed reactor properties is
given in terms of point reactor kinetics. A concept of an accelerator pulsed
reactor of ~3 Mw average power and 5-usec pulsewidths at pulse rates up to
200 pulses/sec is presented. The major features are *3¥Pu fuel and a partially
voided core concept which yields shorter neutron lifetimes and flexible moder-
ator and flight-path configurations by eliminating beam tubes. Methods for ob-
taining short moderator pulses are illustrated with methods for estimating beam
intensities.

Booster reactors are defined as reactor systems in which neutron
multiplication is obtained utilizing an external accelerator source.
Generally, the reactivity is held constant, but many recent proposals
provide for cyclic variation of the reactivity. As such, cyclic or peri-
odic boosters or accelerator pulsed reactors require a source and
operate below prompt critical during pulse-source multiplication; but,
they have an average reactivity below delayed critical. The following
discussion consists of three parts.

The first part is a very simple review of booster and accelerator
pulsed reactor systems for those who are unfamiliar with them. No
new results are included. I am indebted to Gary Russell! for the calcu-
lations and figures used in this section.

The second section describes a pulsed reactor concept that has
many .ideas based upon accelerator target technology. Most of the
work was performed at Idaho Nuclear Corporation for the AEC.! Brief
comments on modification and further developments at Los Alamos
Scientific Laboratory (LASL) are also included.

237
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The third section introduces an approach for estimating beam
intensities. It should also provide guidance for experimental moderator
optimization.

GENERAL BOOSTER CONSIDERATIONS

The general properties of repetitively cycled systems have been
discussed by Larrimore? in more detail than can be covered here. A
major conclusion is that the realizable pulse gain is limited by the
delayed-neutron sources. This limitation can be seenfrom the following
expression for the ratio of the power generated due to delayed neutrons
to the total power:

5
P,

1)

A
where Py is the power from delayed-neutron sources, P,, is the total
average power, and Ak, is the average value of the prompt reactivity.
This result follows immediately from subtracting the prompt gain,
1/Ak,=1/(1 -k +8), from the total gain, 1/(1-k) (k is the average
neutron multiplication), and dividing by the total gain. Likewise, the
ratio of the power from the delayed neutrons to the power in the pulse
can be expressed

L (2)

where P, is the pulse power and g* isthe conventional effective delayed-
neutron fraction. Note that g above is equal to kg*. The limitation is a
special case of the general statement that any steady-state reactor
must actually be subcritical in the presence of neutron sources. Criti-
cality is defined in the usual sense of equilibrium from fission regen-
eration.

Equations 1 and 2 are especially convenient because reactivities
in dollars yield the power fractions directly. If, for example, the reac-
tor is operating at an average reactivity of $4 below delayed critical,
then Eq. 2 yields the fraction 1/4 or 25% delayed power between pulses
to pulse power. The $4 is equivalent to ~$5 prompt reactivity.

Note that Eqgs. 1 and 2 are completely independent of the method
. of pulsing or the reactor configurations. The only reactor dependence
is through the nuclear-fission isotope used because of the different
delayed-neutron fractions. The effects of the different delayed-neutron
fractions are illustrated in Fig. 1, which shows the total and prompt
gains as a function of neutron multiplication k for a nonreactivity-
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modulated booster. Because the prompt-neutron gain is 1/ak,, the gain
must be less than 1/8 to avoid going delayed critical. This places rough
absolute limits on gains less than 400 to 500 for ***Pu and ***U and 140
for #%U. For the 25% background-to-pulse-power case above, these lim-
its are reduced from 80 to 100 for 2%Pu and 28 for ***U. These lower
limits are more realistic because the 25% average power between
pulses is much nearer the maximum acceptable limit.

This 25% maximum acceptable limit is a point frequently mis-
understood; the argument is that, since the ratio of pulse-height peak
to rate between pulses is very high, an excellent signal-to-noise ratio
still exists. This point is illustrated in Fig. 2, which shows pulse
heights and backgrounds for different fission isotopes. Actually this
signal-to-noise argument is good, provided the events to be observed
occur during the pulse. However, for neutron time-of-flight experi-
ments, the source-pulse neutrons occur at the detector, spread out in
time over the period between pulses. A's a first approximation the
neutrons at the detector are equally distributed over the. period; so the
signal-to-noise ratio is 4:1. In addition to the time-of-flight usage,
for any experiment in which delayed events are being observed, ap-
propriate signal-to-noise considerations must be made which are
similar in character to those mentioned for time-of-flight experiments.
In Fig. 2 about 65% of the power is generated between pulses for 35y,
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Operating charged-particle accelerator neutron sources in com-
bination with boosters without reactivity modulation could not exceed
a few hundred kilowatts for the limits discussed; methods for re-
moving these limits have been proposed. One proposal® suggests that
B can be reduced by removing the delayed-neutron precursors, but the
idea has not been developed. The most useful approach would be to
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chemically remove the delayed-neutron precursors from recirculating
homogeneous reactors, but homogeneous reactors have proven so dif-
ficult .as static systems that flowing systems have not yet been at-
tempted. Most proposals (including the following) for source-driven
systems include the use of cyclic reactivity insertion, which allows
the system to approach delayed critical or to exceed delayed critical
for a small fraction of the period. For the rest of the period, the re-
activity returns to well below delayed critical, providing an average
multiplication that is well below delayed critical. The source is in-
troduced when the prompt reactivity is low, yielding a high source géin
(€ = l/Akp); the background is determined, however, by the average
1/Ak%, which is less than 1/B8. An idealized representation of this opera-
tion is shown in Fig. 3, '

For such a source-driven system, the prompt reactor period is
the product of the neutron gain times the prompt-neutron lifetime,
which is given by

T, = 1/a =Gl =1/ak, (3)
where ¢ is the prompt decay constant, G is the gain, and [ is the aver-
age neutron lifetime in the reactor. For many applications the value
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of 7, is specified; and, because the reactor lifetime is fixed, the gain
is fixed. Or, in a positive sense, the reactor designer can increase
gains for specified 7, by minimizing the neutron lifetime. For example,
the requirement of a pulse width of 10~ sec restricts the gain to 5 for
a lifetime of 2x107% sec and to 10 for 1 x 107% sec. In contrast,
specifying a pulse of 3 x 107° sec would allow gains of 150 and 300,
respectively, for the corresponding neutron lifetimes, Note that reac-
tivity modulation would be required for the high gains at 3 usec if the .
additional specification of 25% background-to-pulse power is required,
but for the lower gains the background-to-pulse power is 1 and 2%,
respectively, - with reactivity modulation. In fact, for the lower gain
cases, modulation would be of very little value because practical
modulation amplitudes are small compared to the 0.2 and 0.1 values
of prompt reactivity for the gains of 5 and 10. A very good swing or
amplitude for modulation is a swing of 0,03 in Akp.

Note that the conclusions on total gains are completely independent
of the time width or pulse shape of the source pulse, but the additional
effect of a finite time width for the source pulse is to lower the allow-
able reactor period because of the increased pulse width introduced.
The effect of the reactor neutron lifetime on pulse shape and width
for fixed gain and source pulse width is shown in Fig, 4. From the
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figure we see that the above statement is oversimplified, and the
restriction on gain should indeed be greater if a need to retain the
input pulse shape exists, Also, the restriction on gain is weakened by
the source pulse width if the overall pulse width is not limiting. Note
that the same gain is assumed for all lifetimes for this figure.

Assuming a pulsed reactor operating near critical, the neutron
leakage is very nearly given by the ratio

Leakage _n-1 (4)
Total neutrons produced n

where 77 is the effective number of neutrons produced per neutron ab-
sorbed. A comparison that illustrates the relative advantage of **Pu
as a fuel is given in Table 1 for typical reactor systems, Note that
although the leakage neutron yield is maximum for ***pu, the pulse
width is also largest because of the larger prompt gain allowed by the
lower delayed fraction. The corresponding leakage neutron rates for
357 and *°U could be attained for *®Pu at lower average power and
with a lower pulse width,

Table 1

COMPARISON OF FUELS FOR REACTORS OPERATING AT THE
SAME AVERAGE TOTAL POWER*

235 23375 239y,
B* = 0.00641 B*=0.00267 B*=0.00204
v=2.46 v=2.51 v=2.93
Parameter n=2.13 n=2.33 n=2.69
Prompt gain 422 584 685
Prompt leakage gaint 222 333 430
Total gain 937 943 1061
Av. total power, Mw 9 9 . 9
Peak power/av. background power 634 1016 1011
Prompt energy in pulse, % 45 62 65
Av. prompt leakage rate,T
neutrons/sec 1.69 x 1017 2,53 x 1017 3,27 x 10%7
Effective pulse width, usec 6.5 8.0 9.0

*(8s = 9.5 x 10'7 neutrons/sec, I,=1x 1078 sec, Ts = 4 usec, tk= 750 psec,
repetition rate = 200 pulses/sec, reactivity swing = $5.0.)
TMaximum possible.

REPETITIVELY PULSED REACTOR CONCEPT

A preliminary reactor concept1 with many attractive features
consists of a small plutonium booster reactor producing 3 to 10 Mw of
average power in conjunction with a charged-particle neutron source.
The combination of a reactor (booster) and a charged-particle neutron
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source provides a facility of great flexibility as a reactor-technology
tool because of the wide range of pulse frequencies, power-pulse
heights, and pulse widths that can be produced. Pulse frequencies
variable from 0 to 200 pulses/sec and widths variable between 1077
and 107° sec are representative with corresponding peak power-pulse
heights (3000 Mw) within the limits imposed by average power and
shutdown shock conditions. In the neutron-spectrometer mode of
operation, the reactor is operated as a subcritical neutron pulse
amplifier, amplifying short neutron-driving pulses from the charged-
particle source. In this operational mode, high neutron gains and cor-
responding high reactor pulse power are obtained by rotating reactivity
controls. The average reactivity of the reactor is maintained well below
delayed critical, but the cyclic reactivity variation permits short-time
operation between delayed and prompt critical for large amplification
of the source pulse.

Schematic representations of the preliminary concept are shown
in Figs. 5 to 7. Figure 5 is a cutaway view of the reactor and modera-
tor system, The 8- by 8-in. cylindrical reactor core consists of fuel
and liquid-sodium coolant, A central tube through the core provides
access for the electron or other charged-particle beamand a plutonium
target. The target cooling is contained in the particle-beam tube,
allowing independent maintenance of the target. The upper half of the
central tube also provides access to test samples from the reactor
top. Irradiation space is also available in the elliptical containment
vessel. The moderators for neutron spectroscopy sources are cooled
to 80°K with liquid nitrogen. Liquid-helium cooling to obtain lower
temperatures could easily be incorporated if studies indicate sufficient
merit, but liquid-nitrogen temperatures are adequate for large per-
formance gains. Two l-m-radius rotating reactivity controls, which
are in phase, are shown as they approach the reactor to provide the
cyclic reactivity control. Studies are being made including fuel as a
part of the rotating reactivity control. The reactor pulse frequency
can be varied by operating the two rotating reactivity controls at dif-
ferent frequencies, This approach is desirable because the pulse
characteristics are relatively unaltered compared to a single rotor
- control when repetition rates are varied. A horizontal section of the
Facility Repetitively Pulsed Reactor (RPTF) reactor concept and
moderator is shown in Fig. 6. The drawing shows the rotating reactivity
controls in the position for maximum reactivity. Only a few of the fuel
pins of a total array thrbughout the core are shown to allow clear
presentation of the rotor position. The relative positions of the reflec-
tor, g decoupling shield, and moderator are also shown. Figure 7
shows the relative vertical positions of the charged-particle target,
reactor core, moderators, sample holder, and rotating fuel. It also
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gives the direction of flow for the reactor, moderator, sample,’ and tar-
get coolants.

In Fig. 8 beam-tube configurations and a larger view of the rota-
tional system are shown., Multiple beam access toa common moderator
surface is obtained by voiding space around the reactor., The voided

Containment Vessel

Cold

Inert —Gos
Cubicle

Fig, 8— Hovizontal view showing typical beam-tube configurations and velative
positions of the votating fuel with respect to the RPTF veactov cove.

space also provides great flexibility in the test utilization of the reac-
tor, and it could even allow a complete change of the reactor system.
Safety advantages are also inherent in the voided concept. The voided
region is cooled by gaseous helium, The helium system will provide
an additional radioactivity containment.

A schematic diagram of the neutron source and reactor building
of the RPTF is shown in Fig, 9, and another aspect of facility flexi-
bility is shown. This aspect, represented by a separate charged-
particle target cell, illustrates that the charged-particle source and
the reactor can be operated independently. The reactor design allows
for operation as a pulsed reactor in a super-prompt critical mode in
contrast to the booster or neutron-amplifier mode. At the same time,
the electron beam can be utilized to study heat- and energy-transfer
problems separately. The normal target power density from such an
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electron beam is at least 10 times that of the reactor itself, and this
power density can be increased (~25 to 30 Mw/liter) by focusing the
beam to a smaller size.

The accelerator needed to supply the neutron source is considered
to be a reasonable extrapolation from linacs now in operation. The
original Idaho Nuclear Corporation proposal visualized a 100-Mev
1.25-amp peak current with 4-usec pulses, and pulse rates of 200
pulses/sec. This proposal provides 100 kw on the target, which is about
a factor of 2 increase over the highest powers available from known
operating linacs. Recent study has centered around specifications of
8-amp peak current, 60 Mev, 3-usec pulses, and 100 pulses/sec, These
specifications would supply 144 kw on target, and they could be ob-
tained by a conservative extrapolation of the 80-amp peak current
PHERMEX linac. The enhanced target power provides a greater margin
of safety against errors in the estimated neutron yields or in lowering
the design gain and hence the pulse width,

Basing costs of such accelerators upon the scale-up in average
power results in a 5 to 10 million dollar range. It is most likely that
the 800 cycles/sec megaHertz (L band) machines would perform best
at higher voltages and lower currents, but equivalent performance is
promised in the same price range. A recent proposal by Knapp4 using
side-coupled cavities promises to provide the source strength for
considerably less than 5 million dollars. Because of the efficient con-
version from radio frequency to electron energy, significantly lower
operational cost would also result, Studies of the maximum current
limits for such systems are required to confirm this potential.

A major purpose for the void around the reactor is to minimize
the neutron lifetime. An example of the merit of this approach is given
in Table 2 from LASL calculations.’ The realization of the full bare
configuration cannot be expected because the entrance and exit coolant,
moderators, and reflector safety controls will compromise these num-
bers. Also, calculation methods to determine the dependence of the
void on size are only now being developed. Experimental critical

Table 2
NEUTRON LIFETIMES FOR CYLINDRICAL MODEL

12 g Pu/cm? 16 g Pu/cm?
Reflected Unreflected Reflected Unreflected

Neutron lifetime for

infinite cylinder, sec 7.8 x 1078 0.90 x 1078 6.7 x 1078 0.66 x 1078
Neutron lifetime for

core height-to-

diameter ratio = 1 3.1x107% 0.93x 1078 2.4 x107% 0.67 x 1078




250 FLUHARTY

studies will be required before accurate evaluations can be made of
these factors, It does not seem unreasonable to expect neutron lifetimes
of less than 2 x 107% sec for partially voided configurations.

The voided-core concept provides the following possible additional
advantages:

1. Maximum neutron leakage per fission (1.5 to 1.9 neutrons/
fission) available from the core. These leakage neutrons can be utilized
for experiments but are also potentially available for breeding,

2. Enhanced effectiveness of mechanical reactivity insertion be-
cause of the high leakage sensitivity.

3. Increased negative temperature coefficients due to stronger
leakage dependence upon thermal expansion,

4. Internal expansion chamber capability for safety containment.

5. Flexibility for changing experiments near the reactor core,
i.e., a single target moderator can be viewed by a number of neutron
beams without conflicting beam pipes near the core.

6. Simplified cooling requirements for the reactor shield.

Many of these points must be classed as predictions because they have
not been demonstrated by experiment or calculation, but they do offer
interesting points for exploration.

The advantage of high 5 for highneutron leakage for source reactors
has already been discussed, and emphasis upon the breeding aspect
is a digression from the research aspect since the research reactor
is not intended for use as a breeder. However, the idea leads paren-
thetically to some interesting considerations about voids for breeding
reactors. Generally, the effect of a reflector consisting of 233U or
22T for conversion is to degrade the fast-fission-spectrum neutrons
into a lower energy region that is unattractive for **Pu because of
enhanced capture and lower fission at the lower energy, The void
decouples the bare system from the degraded spectrum, preserving
the high potential breeding ratio of the bare system. This idea needs
computational verification and parametric study, and optimization
remains relatively unexplored,

ESTIMATES OF TIME-OF-FLIGHT BEAM INTENSITIES

If we assume a uniform moderator without internal sources or
regeneration, the vector transport equation for the flux at v, T, t can be
expressed by the operational equation

ad

e Ad (5)

where A = B + K, B is the sum of leakage, downscattering, and absorp-
tion terms, and K is an integral of a scattering kernel operating on the
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flux integrated over all other vector space involving the sample volume
and vector space. According to Williams,6 the solution can be expressed

S(v,t) = Mv)e ™™ + 75 A (e + [T e AQw) dx (6)
where M(v) is an equilibrium Maxwellian-like distribution, the second
term represents higher energy eigenfunctions (which can be shown to
represent near-equilibrium before the final distribution is obtained),
and the third term is a continuum distribution. The equilibrium and
near-equilibrium eigenfunction solutions are interpreted to contain
upscattering as well as downscattering, whereas the transient con-
tinuum solution only contains downscattering. Thus, for a system at
zero degrees, the continuum distribution alone would remain because
the neutrons would continue to moderate indefinitely without absorp-
tion, The qualitative agreement with this interpretation is illustrated
in Fig. 10, where the time distribution at a fixed energy or velocity
has been measured’ for leakage neutrons from a polyethylene sample
at room temperature and for the same sample at ~80° K,

An experimental measurement of the time-dependent spectrum of
polyethylene is represented in Fig. 11, The narrow ridge leading down
to the Maxwellian is seen in the foreground. The evolution of the
transient to the stable Maxwellian is not readily evident, but Fig. 10
is based upon an actual constant energy-time measurement, and in-
deed the energy distribution can be interpreted as a Maxwellian, with
the consideration that it is a diffusion-hardened leakage spectrum. A
rough schematic of the process represented is shown in Fig. 12, the
view is from the top as in an equipotential plot. The heavy black lines
represent twice the dispersion and the maximum value of the distribu-
tion function. Equiflux contours are very schematically represented.
The peak and the width progress together in the continuum transient,
diverging linearly until upscattering starts as equilibrium is approached.
The two representations of the distribution become orthogonal as
equilibrium is attained. Note the continuation of the continuum transient
for zero temperature. »

The major discussig)n in the following pages will be about the
transient continuum or slowing-down portion of the solution, The fact
that the properties of the solutions of the transport equation are not
a closed subject is only noted, and the discussion will be restricted to
simple cases, alleviating the necessity of more rigorous development
in this active field. Some reference to the theory will be made as it
applies to the experimental approach being outlined. The experimental
approach could, in turn, be of direct interest in testing the theories,
but the basic objective will be to optimize the coupling between pulsed
reactors and experiments. In this sense, the approach is that of an
engineering development program or anapplied measurement technique.
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Fig. 11—Experimental neutvon spectva plotted as a function of time after the
intvoduction of a delta-function souvce.

Assuming an infinite medium at zero degrees, an analytical solu-
tion of the time-dependent slowing-down neutron density for a monotonic
hydrogen gas is given by

N(E,t) dE dt = % (zvt)? e~ 9}—? dt )

where Z is inverse mean free path and has been assumed constant for
all energy, v is the average velocity, t is the time, and E is the neutron
energy. The major approximation neglects the variation of cross sec-
tions with energy. Experimental data given in Fig., 13 show that the
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Fig. 12— Equiflux plot of the neutvon time—energy distvibution aftev intvoduc-
tion of a delta-function souvce. The stvaight outside lines indicate the dispevsion
of width of the time pulse; the center is the peak of the distvibution. The final
enevgy distributionis a diffusion-cooled Maxwellian decaying away with a single
exponential. .

experimental data are accurately described by the functional shape
without specifying amplitude and cross-section values. The maximum,
average value, second moment, and dispersion are given in the ex-
pressions below:

2
tmax = ﬁ
- 3
=3y
- 12
2 _ 24
t Zv

M=J#_p:§§ (8)

Assuming that £ = 1.4 em™!, a rule-of-thumb value for the reciprocal
product 1/2v for the hydrogenous medium is

=1/2VE usec (9)

)
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where E is in electron volts, The above equations provide the basis for
estimating epithermal-neutron pulse widths where it is assumed that
7p» the full width at half maximum, is given by 7, = 2% 0.7 At = 1.4 At
For the idealized case of ¥ = 1.4 cm™}, the value of 7, is given by '

-4 10
T = g Usec (10)

where E is in electron volts, This equation yields a value of 5.2 usec at
0.05 ev; the experimentally observed values are 9 ysec for solid am-
monia, 15 tsec for polyethylene, and 17 pusec for water, The difference
is assumed to be the lower product of the inelastic-scattering cross
sections and mean logarithmic energy loss compared to the free-atom
case. Subsequent calculations assume a 10-ysec pulse width at 0,05 ev,

A more general and quite accurate formula describing the time
distribution for any medium was developed by Koppel? using the
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Greuling— Goertzel approximation, This approximation can be con-
sidered as a higher order age equation approach, and the appropriate
expression obtained is

1
= =y ¢ @/y)-1

where T = the gamma function

y :E Zyvt

3
and
) l1-a-—- e ~Saci
[ 1—o— e

where ¢ is the usual average logarithmic energy decrement, ¢ is the
maximum energy loss per collision, and € = In 1/a. For estimates for
heavy moderators, the following Russian® slowing-down spectrometer
values are recommended:

(12)

where M is the mass of the moderator,

These time functions are schematically represented in Fig. 14,
and their magnitudes can be estimated from the formula given, A
time-of-flight experiment at a distance R can be represented by a
linear time transformation of the time distribution by a time given by
tos = R/v. The classical time-of-flight specification is that t,; be much
greater than 2 At = Tp, Which avoids the problems posed by the non-
separability of velocity and time in Eqgs. 7 and 10, If this specification
is not satisfied, the problem needs to be treated using partial dif-
ferentials, More generally, the implied uniform sources and infinite
media, which are required to provide the given solutions, are not
realistic; energy separability must be examined, Even where such
separability can be made, the complicated source distribution and
delta-function time source imply complex eigenfunctions or expo-
nentials that are necessary to describe the wave-front character of
the continuum transient. However, the simple point of the time delay
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TIME

Fig. 14— Graph of the time—width distvibution (neav the initial time) showing
the effects of an enevgy-dependent souvce including inelastic scatteving. The
latter effect is overemphasized. The second time distvibution is that seen at the

end of a time-of-flight path.

and the dispersion in this delay will be general and must be accounted
for in time-of-flight experiments, It is usually treated as a source-
thickness correction, but greater refinements are expected to show
that this correction is inadequate. This question will be left open here.

The basically complicated calculation of the space, energy, and
time distribution of the flux within the medium will be avoided by dis-
cussing the problem from an empirical, experimental point of view,
The immediate discussion will be restricted to the three observables:
the source strength q, the leakage currents, and the equilibrium ther-
mal leakage., The source strength is assumed to be the first interaction
neutrons in the moderator from an external source. This distribution
would be best determined by a Monte Carlo calculation, but rough
estimates are not difficult. The total source q is desired. The leakage
flux is experimentally observed to have an energy dependence de-,
scribed by the modified 1/E expression

K;dE (13)

6(E) dE =
b(E) d £

Typically, experiments have been performed to optimize ¢ as a func-
tion of thickness of the moderator. These optima are energy depen-
dent,'® but the values of n usually fall between 0.85 and 0.95, the lower
value being obtained for higher energy optimization., In the infinite
medium, the flux becomes K, dE/E, and the exponent lower than 1 is a
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measure of the competition between moderation and leakage. Within
the infinite medium the integral of the flux gives something like 17K, for
a unit density hydrogenous moderator, whereas the integral over
Eq. 13 gives, for example, 34K, Because the number 17 represents
the case for all source neutrons reaching therinal, a fractional rela-
tion can be established:

1 1

h :ﬁ " Ntherma] (14)

1
17
where Nuermal 18 the normalization constant integral over energy for
the internal neutron flux (all-volume sum) with leakage. For the case
chosen, Nyema i also 34, or half the neutrons reach thermal and half
leak out. For an optimum moderator for resonance neutrons, the case
of one-half leakage and one-half reaching thermal is observed to be a
reasonable approximation. Thermal measurements also provide rea-
sonable confirmation of this result,
A prescription or recipe for estimating beam fluxes (neutrons/
em?/sec) is given by -

EU-"SF,F,F;K dE
¢ = E 2 (15)

where S = total source strength

F, = fraction of the source impinging on the moderator

F, = fraction of neutrons staying in the moderator

F3 = fraction of the leakage observed by the experiment, sug-
gested to be estimated by taking the fractional buckling for
the surface viewed

K = normalization constant for the leakage spectrum

0 = solid angle subtended by 1 cm? at the detector or beam sam-
ple position, and this is 1/4er2 if R is large compared to the
surface dimensions of the moderator being viewed

The optimization problem for a pérticular experiment is in itself com-
plicated, and, for a large variety of beams, many optimization studies
will be required before the best solution is found, Usually the beam
fluxes will be (10°— 10~¢ SAEQ/E)/E.

Calculations can be made to determine equivalent-source fluxes,
and these will be found to be disappointing because the moderator
optimization has been made to maximize ¢peax /72, where ¢peax is the
peak of pulse and 7 the time width., A maximum moderator pulse flux
equivalent of 10! neutrons/cm?/sec for thermal neutrons is about the
best that can be obtained. This flux is postulated from a total neutron
leakage of 1.7 x 10'Tneutrons/sec from the reactor, and it assumes the
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equivalent flux to be determined from the source leakage being one-
half the equivalent flux and allowing a factor of 4 for peak-to-average
flux from a rectangular slab, However, this approach should only be
used to emphasize the basic difference in optimization of beam leakage
at short time vs, optimizing the moderator flux.

The merits of the short pulse-leakage optimization can only be
realized by comparing experimental intensities because source com-
parisons in the terms of flux alone leave out many area, geometric,
and collimation factors. For example, a conventional steady-state
reactor flux of 10!7 neutrons/cm® and 10-cm-diameter beam ports
would produce fewer neutrons per square centimeter at the end of the
flight path than the 10'® neutrons/cm® pulsed source above if it is
necessary to use a chopper to obtain the 10-usec pulse. The major
difference is the chopper collimation limit on the source area that can
be used. In contrast, the total area (~400 cm?) would be potentially
available if energy resolution is the only restriction (the need for
angular definition of the beam could certainly modify this comparison).

As presented, the proposal places great emphasis upon tangent
beams, which are generally desirable because of the inherent advantage
to shielding and background problems. This advantage results since the
direct reactor radiation is once scattered in leaving the reactor, and
it is degraded in energy and much easier to suppress experimentally.
Cases occur in which the neutron intensities favor side view of the
moderator perpendicular to the general source direction, Macklin
and Harvey!! have shown that the halo target adopted for the ORELA
produces higher beam intensities than a moderator placed between the
target and experiment. The Idaho studies® also indicate enhanced source
intensities when viewing perpendicular to the source for special mod-
erator cases. Further study of this question will be required, and the
important point is to raise the question of the side-view alternative,

The above discussion emphasizes the desirability of retaining
maximum flexibility in allowing moderator—source modification in
the reactor design. In addition to the desire to allow optimization for
different experimental needs, separate and frequent maintenance on
cold moderators should be allowed for until enough experience has
been obtained to demonstrate the lack of such need or how to design
around the need. Aside from the practical engineering considerations,
maximum source intensities (as discussed previously) will probably
negate the perpendicular-moderator scheme because maximum total
intensities are obtained by use of the largest F; and the total area
possible. The subject is by no means closed, and the need for flexibility
to allow for moderator modifications is enhanced thereby.

The previous discussion has been almost exclusively directed
toward neutron beams, but important experiments must be carried out
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near the reactor. One case that should be mentioned is that of neutron
reactors where it is important to optimize the flux, Here advantage
can be taken of the time-dependent moderation of the neutrons as the
Russians’ have done in their slowing-down spectrometer by using a
lead moderator., Here the neutron hold-up in time, because of low
energy loss per collision, yields markedly enhanced resonance fluxes
and time separation giving ~30% fractional energy resolution. High
peak 1/E pulse fluxes can be expected. The optimum reactor pulse
width will vary rapidly with energy. For 5-usec reactor pulses the
optimum flux starts at 50 to 100 ev and remains for lower energies.
The upper limit can be extended by lowering the reactor pulse widths
if the same peak power is retained.
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DISCUSSION

HENDRIE: There was an elevation of the core and of the rotors
either with or without fuel running just below the core. Have you looked
at the reactivity swing as a function of the separation of the rotor
surface from the lower core surface?

FLUHARTY: No, we have not. Geometrically, the rotor is large
enough; so it looks as if we could stand separations of the order of
inches without serious loss in the reactivity because of the relative
size of the paddle. In other words, the paddles are large compared to
inches,

HENDRIE: I expect this might be true for a fueled slug on the
rotor, I wonder if it is true for a reflector block. The SORA people
found a very strong reactivity-swing dependence on that separation.

FLUHARTY: They were more worried about rates than we are.
We have proposed to operate this as a pulsed reactor, but, if we do,
we are going to have to look at questions like this more closely. For
a booster or accelerator pulsed reactor these problems are not nearly
as severe.

HENDRIE: We would like to use something like that on our ver-
sion, but we find such a strong reactivity dependence that it just gets
out of hand.

BLOKHINTSEV: What power do you intend to develop in your
booster installation?

FLUHARTY: We are in the neighborhood of your proposal with
an average power of 3 Mw, This figure 1ooks very conservative, and
it seems reasonable to go on up to 6 Mw, The volumes we are talking
about are in the range of 6 to 10 liters. '

BLOKHINTSEV: What about a realization of your idea?

FLUHARTY: You mean where do we stand in terms of actually
getting on with the job? We are still very much in the proposal stage;
as you can see, what we are talking about here is a concept. The
engineering ideas have been looked at, and they seem to be conserva-
tive—1less than 10° rise in the fuel per pulse. We are comparing with
steady-state systems, and it is not a big extrapolation on that basis.
But we are just proposing at this point.
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ABSTRACT

The pulsed reactor SORA, designed at the Common Research Center of
EURATOM at Ispra as a source for neutron-physics experiments, is described.
The design of the reactor facility and its operational characteristics are re-
viewed, and operational control and safety and reactor safeguard considerations
are discussed.

INTRODUCTION

The SORA reactor is a pulsed fast reactor designed at the Common
Research Center of EURATOM at Ispra to serve as a neutron source
for beam research in neutron and condensed-state physics using the
time-of-flight measurement technique. * Construction has been proposed
at Ispra as a replacement for the existing 5-Mw heavy-water research
reactor and as an important step in the development of pulsed reactors
as intense neutron sources.

Detailed design studies on SORA started in 1963. From July 1964
to January 1966, the design and specifications for the entire reac-
tor plant were prepared under a contract between EURATOM and
the consortium BELGONUCLEAIRE/SIEMENS -SCHUCKERTWERKE.
A critical-experiment program for SORA was carried out under a
EURATOM-U. S. Atomic Energy Commission agreement at Oak Ridge
National Laboratory from the fall of 1965 to the fall of 1966. Numerous
theoretical and experimental studies in reactor physics and design,

*The term ““pulsed reactor’’ is used to describe a reactor that is periodi-
cally, or repetitively, pulsed by reactivity insertions.
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experimental facilities, safety, dynamics, and control have been car-
ried out at Ispra.

The SORA reactor design and experimental use have been de-
scribed at previous stages in its development, notably at Karlsruhe in
1965' and at Santa Fe in 1966.2 In this paper we review the design of
the reactor facility and its operational characteristics, and we dis-
cuss operational control and safety features and reactor safeguard
considerations.

DESCRIPTION OF THE REACTOR FACILITY

The layout of the SORA reactor facility has been established on
the basis of experimental, operational, and safety requirements. Ex-
perimental requirements, similar to those for steady-state reactors
used for neutron-beam experiments, are: a variety of types of neutron
sources, good access to the neutron sources, good shielding to reduce
experimental background, adequate space for experimental setups, plus
a few special requirements, e.g., the possibility of extending beams
beyond the reactor building.

The layout follows the lines of other research reactors. The ex-
perimental and operational areas are separated as much as possible,
allocating almost the entire area above the main floor to the experi-
menters and almost the entire basement area to the operators. For
this reason and for safety reasons, we have located practically all the
core cooling-loop components in the basement. Handling of the core,
the vessel internals, and the pulsation device is done above the main
floor.

Safety considerations have played a major role in establishing the
plant design and operating conditions, In addition to many normal op-
erational provisions, ultimate safety is assured by a two-barrier con-
tainment: the reactor block shield as containment for explosive effects
and the steel reactor building as containment for any fission-product
activity released.

Figure 1 is a cutaway view of the reactor showing the general ar-
rangement. In this section some details about the various parts of the
reactor will be given.

The Core

The key to optimized performance of a fast pulsed reactor (or
accelerator pulsed reactor) is small core volume, giving low prompt-
neutron generation time, high worth of external reflectors, and a high
ratio of leakage neutrons to fission neutrons, Attaining a small core
volume means minimizing coolant and structural volume fractions, By
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Fig. 1— Cutaway view of SORA.

(1) Fuel element
(2} Core window
(3) Subassembly support plates
(4) Reflector
(5) Control rods
(6) Moderator
6 (7) Moderator loading tube
(8) Horizontal beam tube
(9) Slanted beam tube
(10) Large beam tube
(11) Irradiation tube
(12) Coolant inlet pipe
(13) Lower plenum
(14) Vessel support rim
(15) Upper plenum
(16) Auxiliary-loop outlet
(17) Main-loop outlet
(18) Overflow line
(19) Cover-gas line
(20) Core hold-down structure
(21) Vessel shield plug
(23) Vessel instrumentation extension
(24) Pulsation cell
(25) Cooling-gas inlet pipe
(26) Cooling fan

(27) Connector for electrical connec-
tions

(28) Rotor-positioning drive

(29) Main drive motor

(30) Barrel for position indication

(31) Main rotor bearing

(32) Helium-tight rotor housing

(33) Housing for cooling-gas flow

(34) Main rotor arm

(35) Beryllium reflector hlock

(36) Balancing arm

(37) Upper emergency bearing

(39) Upper shaft butt

(40) Lower shaft butt

(41) Lower bearing

(42) Cooling-gas outlet

(43) Connector for helium and lubri-
cation

(44) Graphite-shield coolant inlet

(45) Graphite shield

(47) Lower reflector

(48) Shield block

(49) Shield block

(53) Pulsation-device rails
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using an array of fuel elements with rather large diameter (15 mm)
rods in close-packed hexagonal geometry, we attain in SORA a fuel
volume fraction of 0.79 and a total core, volume of less than 6 liters,
" The core cross-sectional area is about the same as that of a water-
reactor subassembly. However, for easing nuclear-safety problems
during fuel loading, unloading, and storage, the core is divided into
three concentric. subassemblies, and the inner subassembly, a central
seven-rod cluster, is loaded last. This division into subassemblies
also eased the cooling requirements (for which we use gaé) during fuel
handling. It did, however, raise a question about clearances necessary
in the core for loading and unloading the subassemblies without damag-
ing the fuel elements. Tests recently completed on a core mock-up
indicate that small clearances are required, which should not cause
other problems. :

The close packing of the fuel elements causes circumferential
variations in the heat removal from the fuel element which, in turn,
cause circumferential temperature variations in the cladding (see
Core Heat-Removal Characteristics), These temperature differences
cause axial thermal stresses considerably larger than other types of
cladding stresses expected and create the possibility of thermal-stress
fatigue due to start-up-—shutdown cycles. This factor has led us to con-
sider alternate cladding materials for SORA, materials having higher
yield strength or better conductivity than stainless steel. With the use
of an Inconel, a power level of 1 Mw in SORA will be possible without
difficulty.

Regarding the choice of a uranium alloy for SORA, the advantages
of the fuel used in the Experimental Breeder Reactor No, 2 (EBR-2),
U-5 wt.% Fs, over U~9 wt.% Mo becomes increasingly evident: 9%
higher uranium density, 20% higher thermal conductivity, and the rap-
idly deepening understanding of swelling behavior under irradiation. It
seems completely reasonable® to expect 0.8 at.% burnup with less than
5 vol.% swelling at central temperatures up to 550°C. This corresponds
to an irradiation life of about 1.5 years for the highest rated fuel and
2,5 years for average rated fuel, at 1 Mw mean power.

Pulsation Device

The design of the pulsation device was developed with the criterion
that the overall mechanical reliability had to be as high as possible
considering that certain parts are subject to wear and to radiation
damage. The resulting basic features are: '

1, Vertical axis of the device.

2, Symmetric rotor design relative to rotor vertical midplane.

3. Compact, transportable, and exchangeable unit that does not
require adjustment after installation in the reactor block.

&

o




SORA 269

4. Provisions for maintenance and inspection outside the reactor
block to guarantee that the pulsation device maintains the characteris-
tics of a new device during operation periods.

The materials were chosen on the basis of performance characteris-
tics and neutron activation,

The use of beryllium as a moving reflector has several significant
advantages: high reactivity worth as a reflector, low weight, and low
activation. Beryllium also has good strength and reasonable ductility in
the operating-temperature range of 100 to 200°C. At these tempera-
tures fast-neutron irradiation results in an increase in strength and a
loss of ductility owing to helium production [mostly from (1,27) reac-
tions], which will limit the lifetime of the beryllium in SORA to a few
years. For this reason, annual or biannual replacement of the pulsation-
device rotor is foreseen during the first years of operation, and we
expect that eventually only replacement of the beryllium pieces will be
necessary. For reasons of safety as well as fabrication, the total be-
ryllium reflector is divided into four blocks, 6 cm high, 11 cm wide,
and about 7 ¢m thick,

The beryllium pieces are attached at the end of the long arm of a
three-armed propeller, the two balancing arms being shorter to reduce
their reactivity effect when they pass near the core. The rotor and
conical hollow-shaft butts are made of the well-known Ti—6 wt.% Al—
4 wt.%V alloy that provides a high strength-to-weight ratio and low
activation under irradiation. The rotor is made up of four identical
layers 6 cm high, to each of which is keyed one beryllium block. The
connections are made by three high-strength-steel keys, ‘each of which
takes a centrifugal force of 2,5 tons during operation at 3600 rpm.
These keys are prestressed by four titanium wedges so that elongation
will not occur at rotor speeds up to 4000 rpm.

The mechanical safety factors, considered as the ratio of maxi-
mum stress to yield or ultimate strength, at operating conditions are
high in comparison with those used in the design of other rotating
equipment, The minimum safety factors against yield stress are 3.3 in
the beryllium, 3.8 in the steel keys, 3 in the fixation region of the tita-
nium rotor, and 8 in the rest of the titanium rotor, which is designed
for uniform stress. The separation of the beryllium and rotor into four
separate pieces and the use of the three-key connections give addi-
tional high reliability against a sudden breakage of a large segment of
the beryllium or its fixation.

The rotor operates'in a narrow leak-tight housing filled with he-
lium gas to reduce friction power. The use of helium also limits the
Mach number to 0.3. The aluminum-alloy housing is designed to have a
high rigidity, Part of this rigidity is supplied by external fins provided
to assist the transfer of the friction heat from helium through the
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housing to a special nitrogen cooling circuit. This circuit passes 9000
m?/hr of nitrogen (S.T.P.) between the housing and an outer aluminum
casing to remove approximately 30 kw of heat. The thin flat window in
the housing, next to the core, presents no fabrication problem. This win-
dow, a square plate of forged aluminum with 2-mm minimum thickness,
is welded into the housing ring with controlled prestress to increase
its stability.

The rotor shaft butts are supported by oil-lubricated bearings, the
upper one supporting the rotor weight and the lower one serving only
* for radial guidance. In addition, emergency graphite bearings above
and below the rotor, with 0.25-mm normal radial clearance, assure
support of the rotor during stoppage in case of a serious failure of a
bearing.

The upper rotor shaft butt is connected through a tooth coupling to
the motor shaft; a torque limiter is positioned between so that, in case
the motor shaft should seize, the rotor may spin to rest without inter-
ference. The motor is a two-pole asynchronous motor with a squirrel-
cage rotor fed by a special power transformer that provides the desired
velocity control of better than +0.5%. An electromagnetic brake, a
geared pickup barrel for position signals, and a slow-speed positioning
drive with electromagnetic clutch are also provided.

Reflector and Controls

The reflector that surrounds the core on five of its six sides has
been designed to:

1. Provide a second containment for the active NaK circuit in the
core region,

2. Efficiently reflect fast and intermediate neutrons back to the
core.

3. House the seven control and safety rods and the two moderator
cryostats.

4. Prevent the return of thermal and epithermal neutrons from the
scatterers and thermal shield to the core,

5. Permit an efficient conversion of fast neutrons to slow neutrons
in the moderators.

The second vessel containment system is provided by a steel layer
that closes off the reflector from the vessel and other surroundings.
An inner region of the reflector is made of a good fast reflecting ma-
terial, a W—Ni alloy, which also has the advantage of good epithermal-
neutron absorption, The high conductivity of this material aids the
transfer of heat deposited by gamma rays to nitrogen coolant flowing in
channels located at the front and rear. Surrounding and supporting the
inner reflector region is a stainless steel structure that also guides
the control rods and moderators. ‘
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Separation between the thermal-neutron sources and the core is
provided by an absorber layer located between the W—Ni alloy and the
stainless steel parts of the reflector and around the front of the two
moderator cryostats. The absorption capability is specified as equiva-
lent to 0.25 g/cm? of !B for neutron energies up to 10 ev,

Seven reflector control rods perform the required safety, regula-
tion, and reactivity compensation functions, The safety and reactivity
compensation rods are located as close as possible to the core to ob-
tain maximum reactivity worth, Smaller reactivity worth is required
for the automatic control rods, one fast-acting rotary and one slow-
acting, and they are located farther from the core.

Experimental Facilities

The two principal neutron sources are located in cryostats placed
in the 14-cm-diameter vertical holes in the reflector, close to the core.
Each cryostat feeds four horizontal 10-cm-diameter beam tubes, two
centered at 6 cm above core midplane and two centered at 6 cm below
core midplane. This arrangement will allow the moderator geometry
and composition to be optimized differently for the upper and lower set
of beam tubes. For example, in the cold source, which is planned for
the central cryostat, one part may include a beryllium filter and the
other may not.

The preliminary layout of the cold source has an inner half-
cylinder of ice (volume about 1.5 liters) and outer half-cylinder of
beryllium. The cooling of the estimated 800 watts is performed by a
liquid-nitrogen or gaseous-helium loop. For the thermal source, a
volume of about 1 liter and a heat generation of about 500 watts is
estimated. _

Additional experimental facilities include four slanted beam tubes
viewing the upper layers of the two cryostats, two horizontal beam
tubes for fast neutrons oriented toward the core window, and a large-
diameter (30 cm) special-purpose beam tube intersected by a vertical
irradiation tube, )

Flanged penetrations through the reactor building are provided for
each horizortal beam tube, and-an area of up to 100 m is available out-
side the building for experimental purposes. In the direction of one of
the fast-neutron beam tubes, a distance of 1000 m is available,

Reactor Block and Shields

The reactor block shield surrounding the core and the so-called
“pulsation cell” where the pulsation device is located is made of heavy
concrete with steel reinforcement except for the inner 40 cm sur-
rounding the pulsation cell, which is made of special borated concrete.
This layer and the aluminum covering of the pulsation cell reduce the
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activation level inside the reactor block. A movable lead shield
located in the cell is provided to shield core radiation when the pulsa-
tion cell is opened with the fuel in place. A graphite thermal shield is
located between the reflector and the concrete shield in the beam-tube
area to reduce the heat generation level in the concrete. This graphite
layer is covered with boral to absorb the thermal neutrons produced,
and it is cooled on its surfaces by nitrogen-gas flow. The heat genera-
tion is estimated to be 10 kw, almost all of which is due to neutron
capture in the boral.

Cooling Circuits

The core heat is transferred through primary and secondary NaK
circuits and rejected to the atmosphere in air-cooled heat exchangers.
A 50-kw auxiliary NaK system is provided for shutdown cooling, Cool-
ing of the friction heat of the pulsation device and the heat generated in
the reflector, controls, and shields, as well as the room containing the
NaK loops, is by nitrogen circuits that transfer the heat through freon
secondary systems to water-cooled terminal heat exchangers.

Handling of Activated Parts v

The fuel subassemblies are transferred from the core to a hot
cell in the basement and vice versa in a special transfer machine that
is handled by the building crane. Inert-gas cooling is used during
transfer operations. A 'second simpler machine is used for handling
other reactor-vessel internals (shield block, instrumentation insert).
The pulsation device is moved within the pulsation cell from outside
with special manipulators at the back of the cell and is handled by the
building crane through a top hatch in the block shield, A special warm
workshop for maintenance and testing is being planned adjacent to the
reactor building. Control rods and moderator cryostats are handled in
a room below the reactor block from which access is provided to the
hot-cell area.

'Nuclear Control and Safety Instrumentation

Nine neutron-detection channels are provided: two start-up chan-
nels, two mean power (log) channels, three safety channels, and two
movable-control channels, The detectors view the thermal-neutron
pulse in the graphite, which has a peak-to-average value of about 15
and a width of about 1 msec. Timing signals are obtained from the pul-
sation device. Conventional detection.chains have been adopted for the
nuclear instrumentation although it is planned to incorporate special-
ized detection chains into the control and safety system at a later date,
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OPERATIONAL CHARACTERISTICS

The reactor physics, pulse characteristics, and core heat-removal
characteristics are discussed in this section. A summary is given in
Table 1.

Reactor Physics and Pulse Characteristics
The reactor/ physics calculations for SORA concern pulse charac-

teristics, core steady-state design, and moderator design. Develop-

) Table 1 ’
PRINCIPAL REACTOR OPERATIONAL CHARACTERISTICS

A Reactol Ph\slcs Characteristics

Prompt- neutr‘on oeneldtmn time, nsec o 20
‘Delayed-neutron fraction - 0.0064
Reactivity worth of movmo reflector, Ak/k ) 0.038
Parabolic reactivity pulse constant (@), Ak/k em? o5 x 1074
Isothérmal temperature coefficient, Al\/k/°C ’ T 1.4 %1078
‘Total'worth of control rods, Ak/k * - ' 0.030
Maximum prompt reactivity at pulsed crltlcahty Ak/k T80 x 1070
‘Time=-averaged néutron flux in core, neutrons/cm?/sec s ~
Total averaged over core ) 87 x 108
Abgve 0.9 Mev averaged over core =~ - - . o 4.0 x 1013
.Core volume, liters : : o 6
‘Corefurdniuim.loading, kg : - : L6l

Pulse Chd.l acte nstlcb

O By (600 kw)  Plutonium (1 Mw).
Pulsé frequency, 'sec : I 50 P S
Moving- reflector perlpheral o ’ o
| veloc1ty, m/sec | . {283
.Maximum pulse power,!Mw - . 160
Power pulse half-widthi psec 156
Ratio of peak to backg round power \ 1600
Peak thermal flux in> 1'eference ? :
central moderator neutrons/cmz/sec ‘, 1.5 x 1015
_iThermal*flux half width in Feference ; . ‘ D
central moderator usec ’ 75 N g 75 B e
B . ek [PURPSPND B - - N I
yo Core Heat Removal Character1st1cs (600 kw)

e . R

gAverage core power den51ty l\w/hter ) ‘ 100.

!Peak to- averdg'e power ratio” . .. Le
‘Average fuel-element hnear power, watts/cm\ Co 230 .
‘Coolant inlet temperatur °C 1 : ) 200
Coolant average. velomty m/sec o R S T : R
Average coolant~ stemperature rise, °C 54

Average heat-transfer coefficient, watts/cmz/ C ‘ 1.5
Maximum fuel température,.°C ' ' 435
Maximum cladding peripheral temperature difference, °C - 86

Pressure drop in reactor vessel, kg/cm? - . R W
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ment of new methods was required in all three areas, The latter two
areas have been experimentally complemented by a comprehensive
critical-experiment program and by moderator experiments.

Both analytical®*® and numerical® methods for calculating pulse
characteristics have been developed. In the analytical work, the origi-
nal theory of Bondarenko and Stavisskii’ has been generalized and ex-
tended to pulsed boosters. The numerical method is a three-energy-
group two-space-region kinetics model using input data obtained from
stationary S, flux and adjoint calculations.

The theoretical methods used for calculating the steady-state
physics characteristics have been previously described.?® Both the
specially developed Monte Carlo® code TIMOC and the Sy codes are
used. .

Physics design parameters for SORA are now calculated by the
following codes:

1. TIMOC: core reactivity, moving-reflector worth and differen-
tial reactivity effects (except ), generation time.

2, Sy codes: core reactivity, core power distribution, control-rod
worths, core reactivity coefficients, neutron kinetics input data for
AIREK-PUL, reactor and moderator flux distributions,

3. AIREK-PUL: core and moderator pulse characteristics in a
three-group two-space point model,.

No satisfactory method is available for calculating o,

The SORA critical experiment program!’ was performed at the
Critical Experiments Facility of Oak Ridge National Laboratory with
EURATOM participation from September 1965 to September 1966.
These experiments were performed on a rather exact geometrical
mock-up of the SORA design. The core was mocked up by highly en-
riched U rods located in vertical holes in an iron matrix. Measure-
ments were made of moving-reflector reactivity worths and pulse
shapes for beryllium and iron blocks with widths between 11 and 26 cm
and for various window configurations. (The window denotes the struc-
tures between the core and moving reflector.) The experimental pro-
gram also included many measurements of control-rod and simulated-
moderator worths and of various reactivity effects.

Larger than expected discrepancies in core reactivity were found
in detailed cross-check calculations between the critical experiment
and the design by TIMOC and 2DXY codes. These discrepancies have
stimulated a cross-section evaluation program based on the ENDF-B
cross-section tape. Reactivity calculations as a function of the number
of fuel elements in the core for the current reference design are plot-
ted in Fig. 2, which shows a difference of about 4% in k. and an as-
sociated uncertainty in core loading of plus or minus four elements.
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Fig. 2—Maximum effective’ multiplication factors as a function of the number
of fuel elements in the cove.

The dependence of the reactivity worth and o value of beryllium
moving reflectors on the window thickness, as determined in the criti-
cal experiment, is shown in Fig, 3. Lines of constant worth in dollars
($1 = 0.0064) and o in ¢/cm? are shown. The present reference design
has an 1l-cm beryllium reflector and a 10-mm window, giving $5.9
worth and a 7.8 ¢/cm? o value. Increase in the beryllium width would

' improve both worth and o and is therefore under consideration,

The theoretical calculations and experimental measurements for
the neutron sources have been discussed previously.2 In the first se-
ries of experiments'! the relative neutron yields of various moderator
configurations at room and liquid-nitrogen temperature were mea-
sured. These measurements were extended to determine the time be-
havior of neutron pulses at single energies.12 Considerations on the
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Fig. 3— Beryllium veflector veactivity wovths and o values from the SORA
critical expeviment.

design and optimization of experimental setups at pulsed reactors have
developed continuously, ¥

Core Heat-Removal Characteristics

In rod bundles with small spacings and liquid-metal cooling, heat
transfer to the coolant is closely coupled with heat transfer inside the
fuel element. A solution to this problem has recently been completed,
and a computer program has been put into operation at Ispra.'’ Heat
conduction is calculated in the fuel, bond (or gap), and cladding, in-
cluding the possibility of anisotropic fuel conductivity (e.g., due to ra-
dial cracks), Conduction is considered in the coolant using velocity

. distributions (as a function of pitch-to-diameter ratio) which were ex-
perimentally determined. Neglect of eddy conduction makes the results
conservative for Peclet numbers above several hundred, but this effect
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is of small importance in SORA or similar systems. The results show
a large reduction in average heat-transfer coefficient, in comparison
with annular geometry, and illustrate the importance of good fuel,
bond, and cladding conductivities in improving peripheral conduction
and in thereby reducing circumferential temperature differences in the
cladding.

Results are shown in Table 1 for NaK coolant (200°C inlet tem-
perature, 6 m/sec velocity), stainless steel cladding (0.3 mm), sodium
bond (0.2 mm), and U-5 wt.%Fs fuel. Parameter calculations have
been performed to evaluate the effect of material conductivities and
dimensions on maximum fuel temperature and maximum cladding
peripheral temperature difference.

OPERATIONAL CONTROL AND SAFETY

Control and Safety Systems

The reactivity of the reactor is controlled by seven rods serving
the following functions (P = pulsed operation; S = stationary operation):

ROD FUNCTION

Safety rods (2) Fast scram

Fast control rod P: fast automatic control

Slow control rod P: automatic compensation
of fast control rod

Regulation rod Start-up; S: automatic control

Adjustment rod P: reactivity compensation
from delayed to prompt
criticality

Compensation Long-term reactivity compen-

block sation

Mock-up testing of pneumatically actuated drives for the fast safety
rods have been carried out on two systems, one using fast-opening
valves and the other using a pneumatic —mechanical latch system. The
first, on which testing is more advanced, has demonstrated initial rod
movement of 5 cm within 42 msec after a scram signal. This perfor-
mance is within the specification that the reactor be shut down within
two pulses after a high-pulse scram signal.

The automatic control function in pulsed operation is divided
among two rods for greater safety: a rotary rod with 10 pcm* worth and
a maximum speed of 1 rps and a vertically operated rod with about
40 pem worth and a maximum insertion speed of 1.4 pcm/sec. The

*The abbreviation pcm is a very convenient unit of absolute reactivity:
1 pem = 1075 Ak = 107%% Ak = .00001 change in reactivity.
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slow rod centers the fast rod in its range. The fast rod is driven by a
d-c¢ motor, with low time constant and high rotor inertia, directly
connected to the control-rod shaft.

The safety system is divided into two interconnected parts, the
nuclear-safety system and the pulsation-device safety system. This
division results from the requirements to operate the pulsation device
with the reactor shutdown and to operate the reactor in both pulsed and
stationary modes. The nuclear-safety system initiates two safety
actions: fast scram by rapid removal of the two safety rods, backed up
by removal of other rods, and slow scram by extraction at normal
speed of the safety and other rods. The pulsation-device system ini-
tiates two principal safety actions: fast stoppage of the rotor (in about
5 min) and normal stoppage of the rotor. These two safety systems are
interlocked to provide the necessary shutdown action for reactor and
pulsation device, depending on the type of malfunction signal,

Operational Characteristics

Requirements for reactivity control during reactor operation arise
from long-term reactivity effects, relatively prompt-acting effects, and
scram and shutdown considerations, Operational reactivity inventory
diagrams in Fig, 4 show the maximum reactivity condition and the
pulsed and stationary operating conditions at the beginning of fuel life.
The excess reactivity requirement of 1830 pcm (0.0183 Ak) above de-
layed critical includes allowances for the difference between delayed
and pulsed criticality, fuel burnup and swelling, changes in moderators,
fuel-loading reactivity step, and reserve.

The similarity of pulsed and stationary reactor kinetics has been
previously discussed.”’ The usual inhour equation can be used for
mean power periods if a fictitious delayed-neutron fraction is intro-
duced. This has the value 31 pcm for SORA, The percentage variation
in the peak pulse power caused by small variations in the peak prompt
reactivity is about 4% per pem,

During start-up in the pulsed mode, the dependence of the pulsed
reactor multiplication factor® K on the peak reactivity is important.
This relation is shown -for SORA in Fig. 5. Also shown in Fig, 5 is the

subcritical source multiplication m, defined for a pulsed reactor as

K/B(1 —K). In routine start-up after establishing the core-cooling con-
ditions, the pulsation device is started, bringing the source multiplica-
tion to about 20. The two safety rods, the compensation block, and the
adjustment rods are inserted in sequence. The reactor is then about
600 pcm subcritical, with source multiplication about 30 and K = 0.16.
The regulation rod is then introduced continuously up to about 50 pcm
below pulsed subcriticality. At this point the actual critical approach
begins, and the reactivity insertion rate is progressively reduced from
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3 pem/sec to 0.3 pcm/sec. An interlocked semiautomatic procedure
for constant period is presently being considered.

Associated Studies

Two studies connected with evaluation of operational control and -
safety are worthy of note. The first is a reactor simulation and con-
trol study aimed at providing the information concerning the transient
behavior of the reactor needed for the design, for operation, and for
safety analyses. Initially a mean value (i.e., period-averaged) kinetics
model was studied using both a digital program and transfer-function
analysis. The model included two-temperature thermal feedback and a
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fast control loop, which was optimized using transfer-function tech-
niques, Problems studied included reactor start-up and system re-
sponse (with and without control) to reactivity, coolant inlet tempera-
ture, and coolant velocity step and ramp changes,

' More recently, a discrete-time simulation was begun using a
_ discrete-neutron kinetics model for pulsed reactors'® in which the
time behavior of the delayed-neutron precursor concentrations is con-
sidered explicitly only just before and just after each power pulse.
The power pulse is represented by a delta function, and a general
integration of the precursor equations between pulses is used. A
multiprecursor-group treatment has been included in a digital simula-
tion code, including thermal and control feedbacks. A one-precursor-
group treatment will be incorporated in a digital-analog pulsed reactor
simulator. At the present time, reoptimization of the fast control loop
is-underway, ”

The second study concerns the effects of pulsing on the SORA fuel
element. First results reported'® showed the distribution of the avail-
able vibration energy between the fuel and the cladding and the maxi-
mum stresses to be expected from single pulses. Limits for fuel-
element damage due to pulsing effects were shown to be far above
operating conditions. More-recent work has focused on tl:le damping of
the vibrations between two pulses. The dominant damping :effect will be
contact between fuel and cladding at the bottom of the element. Experi-
mental measurements have shown that internal friction in the fuel and
viscous effects at the surface will not be important,

o
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A theoretical study of the buildup of vibration amplitude due to
repeated pulsing has given significant results.? When the fundamental
vibration frequency of the fuel slug is not an exact multiple of the re-
actor period, destructive interference occurs, Curves of asymptotic
amplifications, i.e., amplitudes relative to single-pulse amplitudes,
vs. the number of fuel vibration cycles per pulsation period are shown
in ‘Fig. 6 for three values of damping. The peak amplification, which
occurs when fp=N is an integer, is 1/[1-exp(—p/7)}] Where p is the
pulse period, 7 is the damping time constant, and fp is the number of
fuel vibration cycles per pulsation period. For 65% of the frequency
range, however, the maximum amplitude is less than the single-pulse
amplitude, quite independent of the magnitude of damping. Calculations
of the transient buildup in pulse’ amplitude show that this buildup takes
several seconds, In SORA the effective damping caused by contact of
the bottom of the fuel with the cladding is expected to be so large that
no appreciable amplitude buildup occurs.

REACTOR SAFEGUARDS ANALYSIS AND STUDIES

Considerable effort has been devoted to assessing the operational
and ultimate safety of SORA. Recently a thorough study of conceivable
malfunctions was completed which confirmed the large margins of
safety provided by inherent and design features of the reactor,
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The most severe accident conditions are connected with reactivity
incidents, Three types have been identified: accidents due to breakage
of the pulsation device, reactivity insertions with the pulsation device
running normally, and a core melting—reassembly accident caused by
complete failure of the primary cooling system. The maximum credi-
ble accident is attributed to a particular specific failure of the pulsa-
tion device —the sudden breakage of the reflector-block fixation region
in a titanium rotor layer,

Several new codes have been developed for analyzing the reactivity
accidents., The DOPPELAS program"”'23 computes the temperature
rise in the fuel during an excursion due to a step reactivity input be-
tween two pulses, with allowance for a prompt Doppler feedback (posi-
tive in SORA) and an inertially delayed negative axial thermal-expan-
sion feedback, DOPPELAS has been used to establish fuel-element
damage thresholds for ramp reactivity insertions with the pulsation
device running normally, These thresholds are given in Table 2 for

Table 2

THRESHOLD REACTIVITY RAMP RATES FOR FUEL-ELEMENT DAMAGE
OR MELTING, $/SEC

6-mw power level 600-kw power level

Pulse after start Fuel-element Fuel . Fuel-element Fuel
of ramp damage melting damage melting

1 25 27 7.2 © 8.9

2 12.5 13 3.6 4.5

source power and full power. The lowest is $3.6/sec, which would
cause fuel-element damage on the second pulse after start of the re-
activity insertion. The safety system will shut down the reactor by the
third pulse, The largest accidental reactivity ramp rate identified in
the analysis of malfunctions was $0.01/sec, which would not cause
system damage even if the safety system was inoperative,

For the evaluation of severe transients, including those resulting
from assumed fractures of the pulsation-device rotor, the SOREX-1
code has been developed.%’24 This code includes models to evaluate the
reactivity input caused by breakage of the rotor: Kkinetic behavior of
the broken fragment, compression of the core by the broken fragment,
and axial expulsion of the coolant during the compression pulse, The
nuclear excursion is evaluated using the modified Bethe—Tait method
for an equivalent sphere with rigid outer boundary. The fuel equation of
state used in SOREX-1 has been evaluated using the corresponding-
states correlation; the results of a Van der Waals model were used as
independent corroboration, :

o
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In accordance with the philosophy of the preliminary safeguards
evaluation, conservative assumptions have been made at each stage of
the calculational models previously mentioned. The largest credible
energy release has been conservatively estimated to be 430 Mw-sec
total energy, of which 325 Mw-sec is available for mechanical destruc-
tion. The initiating event for this accident is the instantaneous fracture
of the fixation region of one pulsation-device rotor layer at an angle of
10.8° before it reaches the center-window position. Although these en-
ergy releases are the basis for the containment evaluation and specifi-
cation, further development of the excursion analyses to represent both
the actual design and the physical models more realistically is ex-
pected to result in a large reduction in the maximum credible accident.

The reenforced-concrete reactor block contains the explosive ef-
fects of any destructive reactor accident. The initial feasibility was
shown using an equivalent static~pressure method for spherical ge-
ometry which allows for both shock and blast pressures. A combined
theoretical — experimental program was started in 1967 to treat in
more detail the actual geometry and special parts. The experimental
program, using conventional explosives in scaled models, is aimed at
providing data on shock and internal-missile effects in real geometry,
blast pressure buildup and decay, behavior of reenforced concrete un-
der explosive loadings, and shock-wave destruction in the beam-tube
channels. From the first test series significant results are now being
obtained for model laws and for gas-exhaust and heat-sink effects on
blast-pressure decay. This program has already considerably deep-
ened our understanding, and we expect it to provide us with the in-
formation necessary for assuring adequate and realistic excursion
containment,

CONCLUSIONS

The additional design and development work for the SORA reactor
since the SINS meeting in September 1966 has further confirmed the
conclusions in our paper presented at that meeting.

SORA does not pose particularly difficult operational or safety
problems. Experimental and theoretical physics studies have con-
firmed the suitability of reflector pulsing used in SORA and have
shown that SORA will be an excellent thermal- and cold-neutron
source for time-of-flight experiments. Control and safety studies in-
dicate that normal operational control can be readily performed and
that malfunctions will not cause damage to the reactor or danger to
operating or experimental personnel, Studies also demonstrate that the
containment system provided will assure that the maximum credible
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accident does not cause a significant hazard to the surrounding
population.

DISCUSSION

V. R. NARGUNDKAR (letter to G. R. Keepin after the conference):
Our department has planned to build a pulsed fast reactor. I am giving
some of its features here. The pulsed fast reactor will be fueled with
PuO,, and a molybdenum —iron reflector will be used. The average power

will be about 30 kw, and forced-air cooling will be used. The reactor
will be reflector pulsed, with a 50-usec pulse width and a repetition
rate of 50 pulses/sec,

I have been associated with this project for a year or so. We have
finalized the design of the critical facility, and we expect to reach
criticality in early 1970 and to continue critical experiments for 2
years., The pulsed fast reactor is expected to be ready around 1973,
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4-1 SURVEY OF FAST BURST REACTOR
OPERATING PROCEDURES

ROBERT L. LONG
University of New Mexico, Albuguerque, New Mexico

ABSTRACT

The operating procedures of six of the eight operating fast burst reactor fa-
cilities are reviewed. Significant variations both in philosophy and in details of
operation are discussed. Some recommendations are made for standardization
of operations requirements.

INTRODUCTION

From my experience working at several burst reactors and after
carefully reviewing the written procedures for a number of facilities,
1 have noticed significant variations in the philosophy and details of
operations at various facilities. This paper attempts to identify the
common practices, as well as the variations, Operations manuals from
six of the eight operating fast burst reactor facilities were reviewed
with particular attention to (1) staffing requirements, (2) review and
approval of experiments, (3) radiological safety control of personnel,
(4) reactor check-out and start-up procedures, (5) burst-sequence
procedures, (6) maintenance, and (7) emergency procedures.

WRITTEN PROCEDURES AND RECORDS

Table 1 summarizes the information obtained concei‘ning the length
of written operating procedures, the amount of detail found in the pro-
cedures, and the formal records kept (as identified in the written
procedures)., As shown in the table, the written procedures vary in
length from about 35 to 130 pages. The Super KUKLA and Godiva IV
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LONG
Table 1
SURVEY OF WRITTEN PROCEDURES
Facility Length Amount of detail Records kept
APRFR Operating, Very detailed. Speci- 1. Operations log
Aberdeen 96 pp.; fies switches by 2. Operations checklists
Proving 28 figs.* name and tells a. Preoperational
Grounds, which lights come b. Daily instrument
Md. on at a specified c¢. Pulse data sheet
time, etc. d. End-of-day
e. Steady-state data
sheet
f. Outdoors operations
g. Core assembly
h. Weekly and monthly
3. Instrument calibration
card file
4. Instrumentation and
equipment modification
repair card file
FBRF Operating, Quite detailed. 1. Operations log
White 78 pp. Specifies which a. Daily
Sands Emergency, switches, which b. Burst operation
Missile 21 pp. lights; etc. ¢. Power operation
Range, d. Transport procedure
N. Mex. e. Monthly
2. Burst reactor log of
operations
3. Experimental plan file
4. Maintenance card file
FRAN Operating, Step-by-step in- 1. Console log
National 130 pp. struction through 2. Bypass log
Reactor sequence. Gen- 3. Experiment log
Testing erally does not 4. Burst diagnostics book,
Station, refer to specific FRAN burst form
Idaho switches, lights, 5. FRAN prestart-up
etc. instrument checklist
6. Maintenance records
HPRR Operating, Very detailed. 1. Operations log
Oak 167 pp. The APRFR a. HPRR check-out
Ridge Emergency, patterned after sheets
National 10 pp. HPRR. b. Steady-state log
Labora- c. Burst log sheets
tory, 2. General operations log
Tenn. 3. Trouble log
4. Experiment log
5. Maintenance card file
6. Reactor controls change
memorandums
7. HPRR change memo-~-

randums
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Table 1 (Continued)

Facility Length Amount of detail Records kept

SPR II Operating, Brief step-by-step 1. Operations log
Sandia 62 pp. instructions. Does a. Daily checklist
Labora- Emergency, not refer to specific b. Monthly checklist
tory, 10 pp. lights, switches, 2. Burst operations log
N. Mex. ete. 3. Experimental request

file

VIPER Operating, Step-by-step instruc- 1. Detailed operating log
Atomic 35 pp. tions through se- 2. Physicists’ log
Weapons Emergency, quences. Generally 3. Trip sequence record
Research 3 pp. does not refer to book
Estab- specific switches, 4. Operating certificate
lishment, indicators, etc. file
United . Pulse summary log
Kingdom 3. Critical approach file

5
6
7. Core lattice records
8. Fissile materials
storage log
9. Fault record book
10. Reactor fault report
11. Reactor maintenance
sheet file
12. Reactor drawings and
circuit diagrams
13. Reactor modification
file

*Included for general reference.

fIncludes description of the reactor of the facility, and of the maintenance
procedures.

tIncludes 35 pp. of descriptive material.

facilities do not have formally prepared operations manuals; therefore
they do not appear in Table 1,

Some of the operating procedures incorporate large amounts of
descriptive material, and the Health Physics Research Reactor (HPRR)
manual includes maintenance procedures. The Fast Burst Reactor Fa-
cility (FBRF) has two separate maintenance manuals, one for electrical
and mechanical maintenance and the other for instrumentation main-
tenance., Some manuals also include emergency procedures; other fa-
cilities have separate emergency procedures. The most-detailed
emergency procedures seem to be those for the FBRF.

The types of records and available checklists also vary greatly,
with VIPER having requirements for the largest number of records.
The degree of formality about record keeping seems to depend very
much on the safety review authority for a particular reactor facility.
Those facilities with a large number of required formal records seem
to adapt very quickly to a routine, which makes the record keeping
acceptable, if a bit annoying at times.
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In evaluating the written procedures with regard to length and
amount of detail, it is difficult to favor any specific format; however,
details about “which switch to push” and “which lights should light”
may mask the more important aspect of following correct and de-
liberate operating sequences. The minute details of operating the
console itself are really learned only through actual operation of the
controls, A few of the manuals are so lengthy that the essential steps
in the operating sequence are difficult to locate and identify. After
‘having participated in writing the manuals for two of the facilities
listed in Table 1, I prefer the step-by-step instructions (e.g., as in
the SPR II and VIPER manuals) which are not broken and chopped up
by hardware details.

The use of formal checklists to assure the followingof a correct
sequence seems to be especially favored at the reactors operated
by the military at the Army Pulse Radiation Facility Reactor (APRFR)
and FBRF. Such checklists are useful, but the operation underway is
more important than the completion of the checklist. That is, when
following the checklist could lead to an unusual or undesirable situa-
tion, the operation must be halted and any change in sequence must be
reviewed by appropriate operations personnel before modifications
are made and the sequence continued.

PROCEDURES CONTENT

Staffing Requirements

Four levels of staff competence and responsibility exist at most
reactor facilities. The titles at each level vary somewhat, with Reactor
Operator being the only title common to all facilities. The levels are
listed in Table 2 with an appropriate title* and a brief summary of the
responsibilities at each level. Since these levels are common to most
facilities, this organizational arrangement is apparently satisfactory.
The number of staff at the reactor supervisor and operator levels de-
pends on the reactor work load and on the degree to which the reactor
staff is assigned other responsibilities,

All the facilities have a specified training program for their staff
with certification at the end of the training program being based on a
written and oral examination administered by the Facility Supervisor,
usually with the assistance of an examining committee. Satisfactory
completion of the training program and qualification for the staff
position is then certified by the Facility Supervisor. Most of the
facilities require that the Operations Supervisor hold a college degree
in engineering or the physical sciences, or the equivalent. Many of the

*These titles will be used in the discussions throughout the rest of this paper.
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Table 2
STAFF LEVELS

Number at
Title each level Responsibilities

Facility 1 Senior technical management level. Responsible for
Supervisor overall supervision of reactor facility. May also
have responsibility for other reactors or radiation
facilities. Appoints and certifies training and quali-
fication of reactor staff. Provides for review of op-
erations and establishes policy.

Operations 1 Senior technical supervisory level. Responsible for
Supervisor review and approval of all reactor operations and
experiments. Supervises and approves modifica-
tions on design and procedures within limits laid
down by management and safety review committee.
Supervises programs for studying and measuring
reactor characteristics.

Reactor 2 or more Technical supervisory level. Responsible for day-to-
Supervisor day supervision of reactor operations. Present at
the reactor facility for all operations. Monitors and
directs all operations of the reactor. Assists Op-
erations Supervisor in planning and review of
experiments.

Reactor 2 or more Technical operations level. Responsible for manipu-
Operator lation and control of the reactor under supervision
of Reactor Supervisor. Performs inspection and
maintenance of equipment.

Reactor Supervisors also hold college degrees, but it is not uncommon
to find experienced technicians working very satisfactorily at this
level.

Most of the facilities have a formal requirement for staff members
to participate in some minimum number of operations over a specified
time period to maintain certification. This requirement seems espe-
cially important considering the experimental nature of these facilities
and the relative ease with which significant changes in operating char-
acteristics may occur.

Most of the facilities have two committees with responsibilities
for planning and review of operations. These committees are usually
(1) an operations committee and (2) a safety review committee.

The operations committee is usually made up of the Operations
and Reactor Supervisors plus a health physics representative and
perhaps one other experimentalist, e.g., a frequent user of the facility
within the organization. This committee reviews experimental re-
quests and monitors the day-to-day operation of the facility.
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The safety review committee, composed of persons other than
the operations staff and sometimes with representatives from other
reactor facilities, reviews and approves operating limits, unusual
experiments, major modifications to either procedures or facility and
reactor design, and the overall administration of the reactor safety pro-
gram. From my experience the chairman of this committee should be
someone Wwho is not in either the local technical or administrative
chain of supervision. Since the committee sometimes imposes re-
strictions on the operation of the facility, a chairman with line re-
sponsibility may find a conflict between his requirement to provide an
unbiased review of safety questions and his desire to see a particular
experiment or modification accomplished.

Another interesting aspect of the facility staffing is the variation
in the number of staff members required to be present for reactor
operations. Although most facilities require that at least two persons
be present in the control room for the reactor to be operated in the
steady state, one facility requires three persons at all times, and
another requires only one “responsible observer’ (not a certified Re-
actor Operator) to monitor steady-state operations with servo control.
For burst operations all but one facility require the presence in or
near the control room of a minimum of three persons: a Reactor
Supervisor, a Reactor Operator, and an Operator-in-Training or
-health physics monitor. Especially for reactors that are burst fre-
quently or operated at relatively high (1-kw) steady-state power levels;
the presence of a health physics monitor as part of the operations
staff can prevent chronic radiation exposure over the specified safe
limits.

Review and Approval of Experiments

Procedures for review and approval of experiments at all facili-
ties are based on the concept of the Operations or Facility Super-
visor approving those experiments falling within specified limits set
by the safety review committee and higher authority review organiza-
tions (e.g., the U, S. Atomic Energy Commission). Experiments not
within these limits are submitted to the safety review committee for
review and approval. There are, however, great variations in the
details of obtaining approval for experiments and in the amount of
authority delegated to either the Operations or Facility Supervisors.

, The facility with the simplest review procedure requires only that

an experimental plan be submitted to the Operations Supervisor for
his review and approval. He reviews the experiment from the stand-
point of its effect on the safety of reactor operations and approves or
disapproves it. At this facility only experiments of a very unusual
nature, those involving the use of high explosives or exceeding a
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reactivity worth of $1.50, must be referred to the safety review
committee.

The facility with the most complicated review procedure requires
that an experimental plan be prepared for each series of experiments.
This plan must include a thorough description of the experiment and
indicate any limits on operation, any potential hazards, and any special
procedures required. The plan is then submitted to an operations
committee for review and approval. (The Operations Supervisor acts
as chairman of this committee.) With the approval of the operations
committee, the plan is then submitted to the Facility Supervisor for
his approval. He, in turn, submits it to the safety review committee
for their approval. This committee then submits the experimental plan
to the top level of technical management for final approval. Once an
experimental plan has received final approval, the Operations Super-
visor may then approve minor changes before or during the actual
conduct of the experiment series.

Three of the remaining four facilities have an operations com-
mittee that assists the Operations Supervisor in the review and ap-
proval of experiments. In the last facility each experimental plan must
be reviewed and approved by both the Operations and Facility Super-
visors. As indicated at the beginning of this section, experiments of
an unusual nature (e.g., explosives or large reactivity worths) are
referred to the safety review committee.

At one facility a university consultant periodically reviews the
experimental program and operational data. The Facility Supervisor
indicates that these reviews have been quite helpful in providing in-
sight into potential procedural and design difficulties.

The use of an operations committee in the review procedure
permits a variety of viewpoints to be. applied to each experimental
plan and removes the requirement that the Operations Supervisor be
familiar with all the potential problem areas in any given experiment.
Keeping the. responsibility for approval of experiments at the opera-
tions level encourages the operations staff to be fully alert and to
avoid falling into the attitude of “The Safety Review Committee said
it’s all right, so let her rip!” Ultimate safety of any experiment always
lies with the individuals actually carrying out the operations.

Radiological Safety Control of Personnel

There are two primary methods of controlling the access of
personnel to the reactor area during operations. The first method is
that applied at the HPRR and APRFR (these reactors are essentially
unshielded) where a muster badge system is used. Anyone entering
the fenced-in limited-access area is issued a numbered badge by a
security guard. Persons holding these badges are then located by
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visual or voice contact to ensure that all persons in the reactor area
are in the remotely located or shielded control building during the
reactor burst.

The other method is generally applied at the facilities with heavily
shielded reactor cells. The cell is cleared of personnel by the opera-
tions staff just prior to operation, and access to the cell is prevented
usually by a physical lock (but at some facilities by electrical interlock
systems that prevent power from being applied to the door drives).
Both methods appear to work quite satisfactorily.

Reactor Check-Out and Start-Up

As expected, all the facilities follow a prescribed procedural
checklist for reactor check-out and start-up. The purposes of the pre-
operational checks are to ensure (1) safety of personnel during reac-
tor operation, (2) satisfactory performance of the reactor control and
safety systems, and (3) proper arrangement of experimental equip-
ment with respect to the reactor. At VIPER the Operations Supervisor
and Reactor Supervisor must agree on the settings of trip levels and
on the reactivity corrections for the desired burst yield. These data
are then recorded in the reactor logbook prior to start up,

Prior to start-up on FRAN, the Operations and Reactor Super-
visors independently calculate the limit on one of the FRAN control-
rod insertions. The movement of the control rod is then physically
limited by inserting an aluminum plug into the control-rod hole in the
‘reactor core. The limit on the control-rod insertion is that the total
available excess reactivity with all rods inserted must not exceed the
amount required to produce a burst yield of 5 x 10'® fissions. After
the delayed critical configuration is established, the total available
excess reactivity is determined experimentally; if it exceeds the
limit, the operation is terminated, and the aluminum plug is changed.

The start-up or approach to a delayed critical steady-state op-
erating level is just about the same at any of the facilities. All facili-
ties permit the burst rod to be inserted (and latched in most cases)
prior to safety-block insertion if the reactor is to be operated at a
high power level and if an appreciable temperature rise is anticipated.
On VIPER the burst rod has a slow electromechanical drive and can
be used as a control rod when desired.

All the procedures require close observation of the start-up
(count-rate) instrumentation channels when inserting the safety block
‘and termination of the operation (by scramming) if it appears the
reactor will be critical with only the safety block fully seated. In
addition to this precaution, on VIPER the safety block must be stopped
after each 2 in. of insertion (full insertion is 8 in.), and the count rates
must be measured with a scaler and compared to data from the pre-
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vious operation. These data are quite reliable in indicating the relative
change in reactivity of the system, primarily because the reactor has
a much larger neutron start-up source (10 to 15 curies of polonium—
beryllium) than usually used on reactors in the United States.

Burst Sequence

CORRECTION FOR DESIRED BURST YIELD. Interesting and per-
haps significant variations appear in the sequences leading up to a
burst at each of the six facilities. On all the reactors the usual ap-
-proach to critical sequence is followed with insertion of the safety
block and subsequent insertion of the control rods to achieve a low-
power steady-state operating condition.

On the HPRR the Reactor Supervisor then specifiesthe control-rod
adjustment required to give the desired amount of prompt reactivity
when the burst rod is inserted at a later time in the sequence. On the
APRFR the Reactor Operator and the Reactor Supervisor independently
determine the required reactivity correction and control-rod move-
ment. When they have agreed, the control-rod correction is made by
the Reactor Operator and verified by the Reactor Supervisor.

Next, on both the APRFR and HPRR, the period resulting from
the rod movement (may be positive or negative) is measured by
plotting the count rate as a function of time from two scaler-timers
receiving signals from fission-counter detectors. The measured period
must correspond to the desired reactivity correction (allowed devia-
tion not specified), or the control-rod adjustment must be changed and
the period remeasured. The safety block is then withdrawn to permit
the neutron level to decay to essentially the spontaneous fission source
level (wait period). ‘ A

On the FBRF and SPR II the Reactor Operator determines that
the reactor is delayed critical by observing the output of a linear
micromicroammeter on a chart recorder. The definition of delayed
critical is that no detectable power level change occurs during a
2-min observation interval. The Reactor Supervisor verifies the de-
layed critical condition and specifies the required control-rod correc-
tion. The correct movement of the control rod by the Reactor Operator
is then observed and confirmed by the Reactor Supervisor, and the
safety block is removed to begin the wait period.

On FRAN after delayed critical is established, the safety block
is cycled out and in twice to assure proper seating, and delayed criti-
cal is again established. Since the burst rod has a reactivity worth of
approximately 90¢, the control-rod correction always involves an
addition of reactivity such that the worth of the burst rod plus the
worth of the control-rod reactivity addition equals the desired prompt
reactivity addition. The control rod is then inserted the desired
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amount, and the safety block is again removed. After about 3 min
the safety block is reinserted, and the stable reactor period (cor-
responding to the control-rod reactivity addition) is measured. The
operations must be terminated if the measured and predicted reac-
tivity differ by more than 1¢. If the reactivity addition is correct,
the safety block is removed to begin the wait period.

On VIPER the Reactor Supervisor and Reactor Operator make
independent calculations of the required control-rod correction which
are recorded in separate logbooks. They then compare their calcu-
lations, resolve any differences, and both verify the delayed critical
control-rod positions by a 2-min observation of steady-state power
level. The control-rod correction is made, the new position recorded,
and the reactivity adjustment again calculated. After movement of the
control rod, the pulse rod is adjusted (it has both a slow and fast drive)
to reestablish delayed critical. The change in reactivity is determined
from the pulse-rod calibration curve and must agree with the change
calculated from the control-rod movement., The pulse rod is then
driven to its withdrawn position, and the safety block is removed to
begin the wait period. :

A comparison of the procedures for the correction for desired
burst yield shows that sequences at two of the reactor sites do not pro-
vide any check on the control-rod reactivity correctionother than veri-
fying the corrected position on the rod-position indicators. Three of the
sequences require that stable reactor period measurements be made
to verify the correct control-rod reactivity adjustment; one sequence
uses a slow drive capability and calibration curve of the burst rod to
verify the control-rod reactivity adjustment. Only two of the six se-
quences require two independent calculations of the actual reactivity
correction required, and only one of these insists on actually keeping
separate logs to try to ensure that the calculations are really inde-
pendent.

The discussion of this particular sequence may appear lengthy,
but it seems to be the most crucial in the entire burst operation.
The significant differences in the care with which this sequence is
accomplished are probably the result of pressures by safety review
committees. Another possible factor is the difference in experience of
the staffs at the facilities. At least an independent check on the calcu-
lation of the reactivity correction would seem desirable; to ensure
such a check being carried out for each burst, it should probably be
formalized in some way.

CORRECTION FOR TEMPERATURE CHANGE DURING WAIT PERIOD.
The reactor core can change temperature during the wait period.
If the core cools, reactivity will be added (~0.3 /°C for most of
these reactors) to the prompt reactivity addition at the end of the
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wait period. Three of the reactors prevent (by electrical interlocks)
any movement of the control rods during the wait period, but the re-
actor procedures require that, if the change is greater than a specified
amount (varying from 1 to 5°C), the sequence must be halted and re-
started with the reestablishment of delayed critical. Two of the re-
actors have interlocks so that reactivity can only be withdrawn during
the wait period, and a correction for cooling is made just prior to
reinserting the safety block.

One reactor permits either an addition or withdrawal of reac-
tivity during the wait period to compensate for temperature changes.
Since an inadvertent movement of a control rod and the subsequent
addition of reactivity during the wait period could go undetected
because of the low neutron population and high degree of subcriticality,
this degree of flexibility is perhaps unwar