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damages resulting from the use of any information, ap-
paratus, method, or process disclosed in this report.
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mission or Air Force’’ includes any employee or contractor of
the Commission or Air Force to the extent that such employee
or contractor prepares, handles, or distributes, or provides
access to, any information pursuant to his employment or con-

tract with the Commission or Air Force.
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ABSTRACT

This is one of twenty-one volumes summarizing the Air-
craft Nuclear Propulsion Program of the General Electric
Company. This volume describesthe experimentaland theo-
retical work accomplishedin the areas of reactor and shield
physics.

The reactor physics technology for all ANP reactor types
is presented inits most advanced stage; i.e., no attempt is
made to present chronologically the development of the tech-
nology.

The use of automated techniques for power-mapping critical
experiments in the reactor physics program are discussed,
with particular attention to the use of high speed computer
programs employing the IBM 704 and IBM 7090 computing
systems.

Inthe nuclear shielding program, efforts were concentrated
intwo main areas: (1) the optimum placement of shield mate-
rials to reduce radiation levels, and (2) the calculation of
specific nuclear data, such as nuclear heating and activation,
which are important tothe design of an efficient, safe power
plant.

Methods were developed for determining, at any position
in the reactor-shield assembly, the total flux and the angle
and energy distribution of neutron and gamma rays, as well
as the response of any detector used to measure radiation
effects.

Important shielding computer codes described arethe point
kerneland single scattering codes andthe more recently de-
veloped Monte Carlo codes.
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PREFACE

In mid-1951, the General Electric Company, under contract to the United States Atomic
Energy Commission and the United States Air Force, undertook the early development of
a militarily useful nuclear propulsion system for aircraft of unlimited range. This re-
search and development challenge to meet the stringent requirements of aircraft applica-
tions was unique.New reactor and power-plant designs, new materials, and new fabrication
and testing techniques were required in fields of technology that were, and still are,
advancing very rapidly. The scope of the program encompassed simultaneous advancement
in reactor, shield, controls, turbomachinery, remote handling, and related nuclear and
high-temperature technologies.

The power-plant design concept selected for development by the General Electric Com-
pany was the direct air cycle turbojet. Air is the only working fluid in this type of system.
The reactor receives air from the jet engine compressor, heats it directly, and delivers
it to the turbine. The high-temperature air then generates the forward thrust as it exhausts
through the engine nozzle. The direct air cycle concept was selected on the basis of
studies indicating that it would provide a relatively simple, dependable, and serviceable
power plant with high-performance potential.

The decision to proceed with the nuclear-powered-flight program was based on the 1951
recommendations of the NEPA (Nuclear Energy for the Propulsion of Aircraft) project.
Conducted by the Fairchild Engine and Airplane Corporation under contract to the USAF,
the five-year NEPA project was a study and research effort culminating in the proposal
for active development of nuclear propulsion for manned aircraft.

In the ensuing ten years, General Electric's Aircraft Nuclear Propulsion Department
carried on the direct air cycle development until notification by the USAF and USAEC,
early in 1961, of the cancellation of the national ANP program. The principal results of
the ten-year effort are described in this and other volumes listed inside the front cover
of the Comprehensive Technical Report of the General Electric Direct Air Cycle-Aircraft
Nuclear Propulsion Program,

Although the GE-ANPD effort was devoted primarily to achieving nuclear aircraft power-
plant objectives (described mainly in APEX-902 through APEX-909), substantial contri-
butions were made to all aspects of gas-cooled reactor technology and other promising
nuclear propulsion systems (described mainly in APEX-910 through APEX-921). The
Program Summary (APEX-901) presents a detailed description of the historical, pro-
grammatic, and technical background of the ten years covered by the program. A graphic
summary of these events is shown on the next page.

Each portion of the Comprehensive Report, through extensive annotation and referencing
of a large body of technical information, now makes accessible significant technical data,
analyses, and descriptions generated by GE-ANPD. The references are grouped by sub-
ject and the complete reference list is contained in the Program Summary, APEX-901.
This listing should facilitate rapid access by a researcher to specific interest areas or
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Summary of events — General Electric Aircraft Nuclear Propulsion Program*

*Detailed history and chronology is provided in Program Summary, APEX-901. Chronology information extracted from
Aircraft Nuclear Propulsion Program hearing before the Subcommittee on Research and Development of the Joint Com-
mittee on Atomic Energy, 86th Congress of The United States, First Session, July 23, 1959, United States Government

Printing Office, Washington 1959
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sources of data. Each portion of the Comprehensive Report discusses an aspect of the Pro-
gram not covered in other portions. Therefore, details of power plants can be found in the
power-plant volumes and details of the technologies used in the power plants can be found
in the other volumes. The referenced documents and reports, as well as other GE-ANPD
technical information not covered by the Comprehensive Report, are available through the
United States Atomic Energy Commission, Division of Technical Information Extension,
Oak Ridge, Tennessee.

The Report is directed to Engineering Management and assumes that the reader is
generally familiar with basic reactor andturbojet engine principles; has atechnical under-
standing of the related disciplines and technologies necessary for their development and
design; and, particularly in APEX-910 through APEX-921, has an understanding of the
related computer and computative techniques.

The achievements of General Electric's Aircraft Nuclear Propulsion Program were the
result of the efforts of many officers, managers, scientists, technicians, and administra-
tive personnel in both government and industry. Most of them must remain anonymous,
but particular mention should be made of Generals Donald J. Keirn and Irving L. Branch
of the Joint USAF-USAEC Aircraft Nuclear Propulsion Office (ANPO) and their staffs;
Messrs. Edmund M. Velten, Harry H. Gorman, and John L. Wilson of the USAF-USAEC
Operations Office and their staffs; and Messrs. D. Roy Shoults, Samuel J. Levine, and
David F. Shaw, GE-ANPD Managers and their staffs.

This Comprehensive Technical Report represents the efforts of the USAEC, USAF, and
GE-ANPD managers, writers, authors, reviewers, and editors working within the Nuclear
Materials and Propulsion Operation (formerly the Aircraft Nuclear Propulsion Depart-
ment). The local representatives of the AEC-USAF team, the Lockland Aircraft Reactors
Operations Office (LAROO), gave valuable guidance during manuscript preparation, and
special appreciation is accorded J. L. Wilson, Manager, LAROO, and members of his
staff. In addition to the authors listed in each volume, some of those in the General Electric
Company who made significant contributions were: W. H. Long, Manager, Nuclear Ma-
terials and Propulsion Operation; V. P. Calkins, E. B. Delson, J. P. Kearns, M. C.
Leverett, L. Lomen, H. F, Matthiesen, J. D. Selby, and G. Thornton, managers and re-
viewers; and C. L. Chase, D. W, Patrick, and J. W. Stephenson and their editorial, art,
and production staffs. Their time and energy are gratefully acknowledged.

THE EDITORIAL BOARD:

Paul E. Lowe
Arnold J. Rothstein
James I. Trussell

November 8, 1961
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REACTOR AND SHIELD PHYSICS

INTRODUCTION AND SUMMARY

The technology of Reactor and Shield Physics as applied to aircraft nuclear reactors
of the "direct cycle" type is discussed in this volume. The work described combined
highly specialized technical analyses and versatile experimental approaches to define
the basic and characteristic parameters of these unique nuclear systems.

The direct-cycle nuclear turbojet system provides for the air from a jet engine com-
pressor to pass directly through the nuclear reactor and thence to the turbine. A reactor
system, developed for this application, has a high (approximately 40 percent) void volume
for coolant passages, and utilizes considerably larger passages through the shield than
do reactor systems employing heat transfer media with higher density and higher heat
capacity than air.

This volume is divided into two distinct but related parts, each with its own introduc-
tion. Part I deals with Reactor Physics - the basic nuclear phenomena. Methods of de-
termining the essential nuclear constants and of optimizing the design of practical power
systems are discussed. Part II treats the problems of Shield Physics and the approaches
taken to evaluate the integrated effects of the nuclear radiation source, its reflector, and
its shield upon the design of the flight power plant and the flight vehicle.

Also described are the analytical tools and techniques employing modern electronic
computing machinery which were developed to provide a high degree of optimization in
the design of nuclear power plants for flight applications.

Detailed information on each phase of the reactor and shield physics program are pro-
vided in the publications referenced at the end of each section of the report.
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PART 1-REACTOR PHYSICS

1. INTRODUCTION

The development of a reactor physics technology for GE-ANPD was directed toward
providing a fundamental basis for the nuclear design of the series of reactors required
for the Aircraft Nuclear Propulsion (ANP) program. All GE-ANPD reactors were direct
cycle systems; i.e., were cooled by air supplied by a turbojet which in turn was driven
by the thermal energy supplied to the air by the reactor. The following four basic types
of reactors were developed by the ANP Department.

1.

5.

The concentric-ring reactor with metallic fuel elements and water moderator. The
only example of this type was the R-1 reactor, which was the first reactor on which
major development work was done. It was proposed as a power source for six modi-
fied J-47 turbojets in order to demonstrate nuclear flight. While the R-1 reactor it-
self was never finished, a critical experiment mockup was built and tested, and its
important nuclear characteristics were established. The R-1 reactor is discussed in
APEX-902 of this Report.

The tube-~type reactor with metallic fuel elements and water moderator. The HTRE
No. 1 (Heat Transfer Reactor Experiment No. 1) was the primary example of such
a system. Its nichrome, sandwich-type fuel elements were fabricated in the form of
concentric rings which were located in 37 tubes. These were surrounded by the water
moderator. This reactor was the first to demonstrate use of a nuclear power source
to power a turbojet. The HTRE No. 2 system was a modified HTRE No. 1 with the
seven central tubes removed in order that proposed reactor modules could be tested
at appropriate neutron fluxes, temperatures, and air flows. Both the HTRE No. 1
and HTRE No. 2 had extensive critical experiments associated with them; in the case
of the HTRE No. 2, a different critical experiment was run for each significantly
different test insert. HTRE No. 1 is discussed in APEX-904, and HTRE No. 2 in
APEX-905 of this Report.

The tube~type reactor with metallic fuel elements and hydrided metal moderator.
The HTRE No. 3 and the XMA-1 reactors are the primary examples of this type of
reactor. Both systems were used for extensive critical experiments in order to
explore their nuclear characteristics. The HTRE No. 3 was built and run in an ex-
tensive series of power plant performance tests. The XMA-1 power plant was not
built; however, its nuclear characteristics were, inthe main, established through
critical experiment measurements. In addition, there were measurements of a re-
actor with a hydrided-metallic moderator, with the fuel and moderator at varying
temperatures, in the HOTCE experiment at the ITS.

The homogeneous ceramic reactor. The P140 reactor, the fuel elements of which
were small, fueled beryllium oxide hexagonal tubes, was the primary example of
this type of reactor. While this reactor was never built, its components were

tested extensively in the HTRE No. 2 insert. An accurate mockup of the P140 was
tested as a critical experiment, and a series of critical experiments (SMR series)
to establish the characteristics of beryllium moderated reactors was performed.
The folded-flow reactor with hydrided metallic moderator. Preliminary designs of
folded-flow reactors were explored using both metallic and ceramic fuel, but no
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power reactor was built. A critical experiment (RAG-I), was made to establish per-
tinent nuclear characteristics. In this type of reactor the fuel and moderator are
designed so that air can enter the reactor through a radial air gap, pass through the
moderator, then through the fuel, and then turn and pass out of the reactor through

another radial air gap.

The development of reactor physics technology was concentrated along those lines which
would best serve the design of the reactor types described in the foregoing. A second
trend during the ten-year ANP reactor physics program involved the gradual sophistica-
tion of the technology, primarily through the use of automated techniques for power-map-
ping critical experiments and through the rapidly increasing use of high speed computing
machinery, progressing from the IBM-650 through the IBM-704 to the IBM-7090 comput-
ing systems.

This summary of the ANP reactor physics technology gives a description of the most
pertinent technology at its most advanced stage for all ANP reactor types and makes no
attempt to give a history of the order in which the technology was developed. The manner
in which the reactor physics technology was applied to actual reactor designs is briefly
summarized in section 2. More detailed descriptions of the actual technology are set
forth in the succeeding sections.
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2. REACTOR ANALYSIS METHODS

2.1 OVER-ALL REACTOR ANALYSIS

2.1.1 HETEROGENEOUS CORE

The attainment of a high-performance direct-cycle nuclear power plant requires the
optimization of the nuclear, mechanical, and aerothermal reactor design within the
temperature limitations imposed by the possible materials to be used. To optimize the
nuclear design, a very large number of configurations must be considered within each
area of interest defined by the power plant size and choice of materials for the core and
structure. Thus for a typical heterogeneous reactor, the nuclear design variables could
include cell size and number, void and moderator volume fractions, average fuel loading,
and moderator hydrogen loading. In addition, the reactor design may include several
variations in geometry along each axis for both gross and fine power distribution and in
multiple side- and end-reflector regions. The nuclear design of such a reactor system
from feasibility study through power testing involves logically distinct areas of effort
that range from entirely theoretical, through combined experimental and theoretical, to
a final completely experimental fine adjustment of the reactor prior to power testing.
Thus, although it is impractical to examine experimentally as many as perhaps 500
core configurations of a single type of reactor, it is virtually impossible to design and
build successfully a high performance reactor with only theoretical studies. Finally,
of course, manufacturing-tolerance stackups, residual design uncertainties, etc., can
be compensated for only by experimental adjustment in the particular reactor.

The initial nuclear design activity in which system feasibility is investigated and a re-
stricted range of interest for the design variables is established is of necessity largely
theoretical. Even with high-speed computing equipment, however, an investigation of
many possible values of many design variables is a costly and time-consuming under-
taking. Both the number of systems to be investigated and the analytical detail for each
chosen system must be limited if the design is to be completed within a specific time and
budget. The latter restriction might imply, for example, if a one-space-dimensional few-
energy-group core nuclear analysis rather than a two- or three-dimensional or a multi-
group analysis were used. This approach is obviously reasonable for determining system
feasibility. Investigation of the multivariable reactor core may be held within reasonable
limits by employing the method of statistical experiment design, which is used, for
example, in biological and agricultural research. The unique application of this technique,
in which the reactor calculations performed are viewed as synthetic experiments that
yield values of a dependent variable, e.g., critical mass, in terms of the independent
design variables, is discussed in detail in >HumN|wow.H*> composite experiment design is
used to define the calculations required, and a regression analysis employing a least-
squares criterion is used to define the coefficients of a quadratic response equation giving
the dependent variable in terms of linear, quadratic, and cross-product dependence on
the design variables.2 Such a procedure enables large amounts of calculated data to be

*
Superscripts refer to the reference lists that appear at the end of each section.
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presented in a form directly usable by the nuclear design engineer, e.g., curves of critical
mass versus moderator volume fraction for various moderator hydrogen loadings.

During this initial system-feasibility phase of the nuclear design process, experimental
information on the major reactor core materials - i. e., moderator and fuel element clad
are required in order that the adequacy of both the basic nuclear-cross-section data for
these materials and the analysis methods employed can be evaluated. This information is
most readily obtained from a flexible critical experiment in which effort is not generally
applied to simulating the proposed reactor cell geometry, for example, but which can be
utilized to determine several critical loadings, critical reflector thicknesses, structural-
material danger coefficients, etc. Thus, in the hydrogenous reactor development effort,
flexible critical experiments using water, acrylic plastic, and hydrided zirconium and
yttrium have been performed. This experimental information along with the parametric in-
formation generated theoretically may then be combined to define a fairly restricted area
of interest for further nuclear design activity. In this initial design phase the interaction
with the aerothermal design is generally represented by a required heat transfer area, and
power -distribution design is investigated only to insure that sufficient flexibility is retained
in the proposed design area. Mechanical design interaction is largely ignored in this phase,
although the nuclear effect of the core structure is usually included.

The second design phase, usually designated preliminary design, involves integration of
mechanical, aerothermal, and nuclear design for a configuration chosen from the results
of the initial design phase. Here the object is to demonstrate practicality for the reactor
system. The strictly nuclear design activities are now centered on detailed treatment of a
single or, at most, several reactor cores to establish accurate fuel-loading requirements
and initial power-distribution design information. In addition, the preliminary design phase
involves detailed nuclear design of a critical experiment mockup, the purpose of which is to
obtain an accurate nuclear model of the proposed reactor. The information obtained from
the critical experiment - including detailed power mapping of fine and gross fission power
distributions, critical mass, and control rod reactivity worth - are the basic nuclear de-
sign values. Detailed theory-experiment comparisons on critical mass, for example, are
used to normalize the theoretical results as the design core configuration gradually changes.
The observed power distributions may dictate immediate design changes or may serve as
reference data for further theoretical studies. Although the proposed reactor design usually
undergoes several iterations in order to optimize the coupled thermodynamic, mechanical,
and nuclear designs, these are generally not accompanied by changes in the critical experi-
ment mockup, although proposed changes are usually evaluated for reactivity and power
distribution effects.

Preliminary design also includes theoretical calculation of the various reactivity operating
effects such as moderator temperature coefficients and poisoning by xenon and other fission
products. Because of the relatively high fuel loading for compact heterogeneous reactors,
fuel burnup during desired core life is not usually a large reactivity effect. Xenon buildup,
however, because of its location is a significant though small factor in a thermal reactor.
The moderator temperature coefficient is generally positive in these hydrogenous systems
since the decreased moderator absorption overrides any density-reduction effects.

A very crucial part of the nuclear design of a heterogeneous reactor is the calculation
and/or measurement of the secondary heating in the moderator, reflector, and structural
members of the reactor since the temperatures in these components determine moderator
cooling requirements, for example, and have a large affect on the over-all mechanical de-
sign. Such measurements are part of the critical experiment data for the actual core com-
ponents, but much of the structural heating data must be generated theoretically. Because
of the nonreproducing nature of the gamma ray diffusion problem and the need for complex
geometrical representations, gamma ray heating calculations can be performed on a fairly
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routine basis with Monte Carlo techniques. It is necessary to take account of the neutron
capture gamma ray sources as well as the fission sources, especially in computing extra-
core heating.

2.1.2 HOMOGENEOUS CORE

The basic nuclear design problem for the homogeneous high-temperature system is
centered on core structure rather than on the moderator as in the heterogeneous system.
The use of a high-temperature ceramic moderator avoids the problem of moderator cool-
ing, which dominates the heterogeneous system; butit introduces mechanical design prob-
lems and coolant problems for core structure and core elements that do not produce power,
such as control rods and associated guide tubes. In addition, since the ceramic moder-
ators are not as efficient from a nuclear standpoint, resonance capture, for example, is
a major design consideration. Also, the much higher operating temperatures of the
changes in crystalline scattering properties that accompany the changes from room tem-
perature to operating conditions. Since, as will be discussed in 2. 2, the usual design
procedure is based largely on a room-temperature critical experiment and depends almost
entirely on analytical extrapolation to the operating conditions, the homogeneous-reactor
design effort requires increased physical and numerical accuracy in the analytical tech-
niques employed. These are discussed later in more detail.

The preliminary design phase concludes with the choice of a final design configuration.
The chosen configuration usually allows for only minor additional design changes, and
the succeeding major nuclear design activities are concerned with specifying final fuel
loadings, moderator dimensions, control rod staging, etc. The nuclear mockup used in
the preliminary design phase is modified to the final design configuration, or a new mockup
is constructed in this configuration. This is used as the primary source of final nuclear
design information, although the extrapolation from room temperature to the design oper-
ating conditions is theoretical, and care must be exercised to insure that the related un-
certainties are properly considered in the final design.

After final assembly of the design core, the reactor is tested in a heated-air critical
facility prior to power testing and the final adjustments of poison rods and of fine and
gross power distributions are made.

2.2 DIFFUSION THEORY

Considerable effort in the general area of reactor-physics methods development has
been concerned with applications of diffusion theory. The reasons for this emphasis are
partly historical and partly economic. The reactors on which the principal design effort
was concentrated were thermal, epithermal, or intermediate. Diffusion theory is gener-
ally adequate for analyzing neutron effects in the core and reflector regions of such re-
actors; and in one space dimension, calculations based on diffusion theory consume less
computation time than the potentially more precise Sy transport theory and Monte Carlo
methods discussed in 2.3 and 2. 4. In the analysis of small fast reactors the Sy method
was competitive with the standard diffusion theory methods in computation time and was
therefore used because of its higher precision. In problems involving highly anisotropic
vector flux, such as in deep penetration or strong local absorption of neutrons, the dif-
fusion theory results are not reliable, and higher-order approximations such as the Pj,
double Pj, Sp, or Monte Carlo methods must be employed. Nevertheless, there is a wide
area of applicability for diffusion theory approximations in calculations of reactors for
propulsion applications.
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Virtually every reactor-analysis method has been mechanized in the form of a digital
computer program. The principal reason for this general use of large-scale digital com-
puters is the complexity of multienergy, multiregion reactor calculations. A computer
program for even relatively simple calculations is justifiable, however, on grounds of
speed and reliability. The objective has been to give the nuclear design engineer the means
of performing nuclear calculations in the shortest time and with the least chance for error.
Since the documentation of most computer programs contains the physical basis for the
equations that are programmed, only the salient features of the diffusion theory applica-
tions will be mentioned herein, and references to the machine programs will indicate the
sources of information on mathematical and physical details.

2.2.1 DIFFUSION APPROXIMATION

The diffusion approximation to the energy-dependent Boltzmann equation, which has
been used extensively at GE-ANPD, can be classified as inconsistent B1.3 In this
approximation, with the assumption of spatially constant, energy-independent buckling,
all angular moments of the vector flux are retained while the laboratory differential scatter
cross section is truncated to include only zero and first Legendre moments.4 The incon-
sistency arises in neglecting energy transfers due to first-moment scatter collisions, an
assumption required to obtain the diffusion equation. The error introduced by this assump-
tion should be largest for small hydrogen-moderated reactors in which the first angular
moments of scatter cross section and energy-dependent part of the vector flux are of the
same order as the corresponding zeroth moments. Calculation of the multiplication con-
stant® of small cylindrical critical solution experiments performed at the Oak Ridge
National Laboratory6 indicates the validity of the inconsistent By approximation at sizes
much smaller than the usual design cores.

The diffusion coefficient, which relates current and flux in Fick's Law, J = -Dv¢, in
this approximation is4

1

P 3[y=t - moZs) (1)

where

2t = total macroscopic cross section
Ys = zeroth moment of the laboratory macroscopic scatter cross section
Lo = average value of the cosine of the laboratory scatter angle

K’tan™! (K/=t)

— s ds . 2
Y 32% [K/Zt - tan-! (K/Zp)] for positive buckling, K (2)

2.2.2 MULTIENERGY DIFFUSION EQUATIONS

The multienergy diffusion equation, within the approximation described in 2. 2.1, when
written in terms of lethargy - u = 1ln E(/E, where E; is the highest source neutron energy -
is

-v « D(u)vo(u, r) + Z¢(u)d(u, r) =°£ Zs(u'—u) ¢ (u', r)du' + S(u, r) (3)

The source term, S(u,r), in the bare homogeneous critical reactor for which the diffusion
coefficient was derived is given by

S(u, r) = X(u) fo 2 4(w) ¢ (5, 1) (4)
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where

X(u) = the fission spectrum for prompt plus delayed neutrons
vZf(u) = the fission neutron production cross section
k = the fission eigenvalue required to satisfy neutron conservation.

In practice, equation (3) is applied in multiregion reactors, taking the atomic densities
to be constant for separate areas, and in fixed-source problems; however, the diffusion
coefficient is then based on recipes. Generally the buckling appearing in the diffusion coef-
ficient is, in multiplying regions, taken to be that of the fundamental oscillatory mode
solution to the homogeneous Helmholtz equation

vip+ K9 =0 (5)

in the bare equivalent reactor, defined as the bare homogeneous core with reflector savings
adjusted to produce the same multiplication constant as the multiregion configuration. In
nonmultiplying regions the buckling is taken to be the value for the fundamental oscillatory
mode in the directions perpendicular to the normal to the core surface.

In principle the scatter-transfer source, fw Zs(u'—u) ¢ (u")du', could be represented
0

in digitalized form by a transfer matrix, and the multilevel calculations, which must be
iterated anyhow when the source is a function of the flux, could be solved in a straightforward
manner. When equation (3) is written as a group-conservation equation, this procedure is
used; however an assumption must be made regarding the flux variation across the group in
computing the flux-weighted group cross sections. The scatter-transfer cross sections are
especially sensitive to the assumed variation of flux.

To avoid the need for transfer matrices for each element and for preweighting the trans-
fers with an assumed flux, a slowing down model can be used. When this procedure is used,
neutrons are allowed to slow down by collisions with atoms stationary in the laboratory until
the average velocity of the Maxwellian distribution for the material temperature is reached.
Neutrons surviving to this point are dumped discontinuously into a thermal group having
cross sections weighted by the Maxwellian flux.,8 If the slowing down density,

u 0
q(u) =‘[(; ¢ (u')du' "[u‘ Tg(u'—u") du" (6)

can be related to the scatter-transfer source, then the differential balance equation,

8q(u, r)

o = S(u,r) - Za(w) ¢ (u,r) + v+ D(w)ve(y, 1) (7

where T, = the macroscopic absorption cross section, can be used to eliminate q or ¢ in
(3). The slowing-down model essentially provides the required relationship, although when
it is in differential form, reference to (3) is not required.

The slowing-down model has the form

y 3q/8u+q = £Zg¢ (8)

where £ is the first moment of the transfer probability distribution in lethargy,

&(u) =J:° P(u—u') (u' -u) du' 9)

.
.
rmasee




Variations of the slowing-down model are obtained by the value assigned to y. In the modi-
fied-age model® y = 1. In the Coveyou-McCauley model? y = £. In the approximate Greuling-
Goertzel modell0 y is related to the second moment of the transfer probability distribution by

26(ahv(w) = [ ® Plu—u") (u’ -u)? du’ (10)

In the Fermi age model, y = 0. When 8q/6u is large, as it is in highly absorbing or leaking
regions, the value assigned to y will be important. The Greuling-Goertzel value is recom-
mended for all-purpose use, although in individual cases because of errors in cross sections
and the inconsistent By approximation, other values may happen to give better agreement
with experiment.

In slowing-down calculations when the entire spatial variation is assumed to be the funda-
mental mode solution of (5), the leakage term -V . DV¢ in (7) is replaced by DK*¢, where
K? is the total buckling of the bare equivalent reactor. Since the slowing-down density tends
to be more slowly varying than the flux, being the difference between the integrated sources
and the integrated losses at all higher energies, the flux is eliminated between equations
(7) and (8) to give a first-order differential equation for q of the form

dq L, T4 + DK? £EXg

Exg +y(Zg + DK?) 4 T iZg + y(Z, + DKD) " W

Equation (11) is solved by trapezoidal integration in multilevel detail by machine programs
George,11 C5,12 C-Fine,13 and ZIP.14 The flux is evaluated by eliminating dq/du between
equations (8) and (11) to give

_ q+yS
= t5s + 7(Za + DK) (12)

In slowing-down calculations with diffusion in one spatial dimension, computed by solving
the diffusion equation numerically, the spatial leakage in the directions perpendicular to
the direction of calculation is replaced by DK d), where K? is the appropriate perpendicular
buckling. Equation (3) for the multienergy, mult1reg1on, one-dimensional reactor is written

1 d

-~y ar (D 2)+ (3¢ + DY) 6 = f Te('—w) ¢ () du' +$ (13)

where j = 0 for slab, 1 for cylindrical, and 2 for spherical geometry. Again the slowing-
down model can be used to replace the scatter-transfer source, but the procedure is some-
what different from that when no spatial variable is involved. Equation (8) is integrated
trapezoidally between levels n and n + 1 to give

ap[1 - (upy1 - up)/2y] + [(EZg0/¥)n+1 + (EZ50/¥)n] (un+1 - up)/2
dpn+l = (14)
1+ (upt+1 - up)/2y

9
After equation (8) is used to eliminate 5% in equation (7), the balance equation at level n+1

can be written in terms of q, from equation (14) and the fluxes at levels n and n+1. Since
the values of q and ¢, are known, being taken as zero at level zero and computed suc-
cessively for subsequent levels, the second-order differential equation for ¢y 1 is

1d /5. dé 22
S ] 2 4 S =
T ( D dr>+[za + DK| Iy un)/z}bnﬂ

(15)
ap[l - (upe1 - up)/2y] (upyg - up) (EZg9),

v 4 (un+1 = un)/z 2y + Up+1 - Up

+ Sp+1
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Equation (15) is of the form
-Dv2 9o+ Ap=8 (16)

which is solved subject to Dirichlet-type boundary conditions as a second-order differential
equation for computer applications. The resulting three-point flux equations when written

in tridiagonal matrix form are readily solved by the forward-elimination backward-substitution
method.19 The left and right bcundary conditions are specified as albedos, defined as the

ratio of the inward-directed current to the outward-directed current. Both the multilevel
slowing-down diffusion program G-216 and the multigroup diffusion program F-N15 solve the
one-dimensional diffusion equation (16) in identical fashion, although the quantities A and S

are of different form.

2.2.3 HOMOGENIZATION

Before diffusion theory can be applied to multiregion reactors, it is usually necessary
to homogenize fine-detail inhomogeneities existing in some regions. The core region
may be made up of multiregion cells containing fuel, moderator, cladding, and other
structure. In addition there may be coolant passages that are virtually void in gas-cooled
reactors. When structural members and control elements are located symmetrically, a
two-dimensional r-6 diffusion calculationl? may be used in determining rod worth and in
power mapping; but for most purposes one-dimensional calculations are relied upon.

Generally these inhomogeneities do not lend themselves to treatment by the diffusion
approximation. The material regions are generally too small, or the variations in the
vector flux too rapid for the asymptotic diffusion theory flux to become established in the
regions of interest. The streaming of neutrons in the void channels in low~density ma-
terials tends to increase the leakage rate beyond the value predicted by diffusion theory
for the homogenized medium, and in cylindrical geometry it produces in effect an aniso-
tropic diffusion coefficient.18

In principle it is possible to use the Sy transport methods or the Monte Carlo methods
to define effective-region cross sections and diffusion coefficients, and work along these
lines was carried out as a development effort.19,20,21 Other methods were used in most
design calculations, however, partly because they were developed earlier in the program
and had been correlated with experiment to some extent, and partly because they were
relatively simple, short, and easy to use. A notable exception is the use of one-dimensional
Sp calculation to compute the worth of a bank of control rods, discussed in section 3.

The general method for computing homogenized cross sections in design calculations is
to define a one-dimensional cell in either slab or cylindrical geometry, whichever more
closely describes the actual configuration. The cell boundary should be a line of zero
current (mirror boundary). The cell correction for each cell region is defined as the ratio
of the average flux in that region to the average flux in the moderator region. The reason
for this normalization is that the density of the homogenized moderator primarily deter-
mines the diffusion coefficient. The cross sections of each cell region when multiplied by
the cell correction and volume fraction of the region are the regional contributions to the
homogenized cross sections. This homogenization procedure preserves the cell regional
reaction rates relative to the moderator.

If the cell consists of a moderator containing a single optically thin absorber region as
either a slab, cylinder, or annular cylinder with central void, the albedo of the absorber
can be derived by the method of successive collisions in a monoenergetic transport ap-
proximation by assuming spatially flat collided flux distribution, isotropic scattering, and
cosine current entrance distribution.22,23 A cell correction can then be computed assuming
diffusion theory and a constant source spatially in the moderator. A machine program for
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the slab configuration is a.vailable,24 and results compare favorably with more sophisticated
methods when the absorber is thin. This program was especially useful in analyzing critical
experiments containing fuel foils sandwiched between moderator slabs.

For more-complex slab cells containing as many as 50 regions and variable source dis-
tributions the monoenergetic P} and double P} methods are available in program SHAG.25,26
The double Pg results compare favorably with Sy transport calculations (12 angular incre-
ments) and consume about 1/4 the machine time, since the double P3 calculation is carried
out as an equivalent 4-group diffusion calculation.27

For multiregion concentric-ring cylindrical fuel cells to be analyzed, a monoenergetic P3
calculation with piecewise constant-value sources was mechanized as program 12,23

The S, transport codes were used for cell-correction calculations primarily to verify the
validity of the other methods. Special treatment of the mirror outer-boundary condition is
required for cell calculations using the various S, programs because only the zeroth and
first moments of the vector flux are reflected with nonzero albedo. The use of a very thin,
very dense, nonabsorbing scatterer to provide a mirror material gives satisfactory results.

The correction to the diffusion coefficient as obtained from homogenized cross sections
that has been used in design calculations is a recipe based on the early work of Behrens18
for computing the increase in diffusion area in an infinite medium caused by closely spaced
holes. As applied in ANPD programs,29 where the holes may actually contain absorber ma-
terials, the Behrens correction is reduced by the transmission of the hole. The Behrens
correction has yielded good correlation with experiments in graphite30 containing 25 percent
void, but in small acryllic-plastic systems31 containing 50 percent void the leakage is over-~
estimated in proportion to the size of the void.

Although not handled as a problem in homogenization, the streaming of particles from
cylindrical tubes has been computed analytica.11y32 and the average albedo determined. The
treatment of a central shaft hole in a reactor has been handled by applying the albedo as a
boundary condition to the diffusion-theory calculations.

2. 2.4 CROSS SECTIONS

The processing of experimental cross section data to a form usable by machine pro-
grams has been a continuing effort based upon the principle that the best available micro-
scopic cross section data should be used in any analysis method in order to assess the
reliability of the method. Virtually all machine programs using diffusion theory and re-
quiring cross section data have been written to make use of nuclear data stored on mag-
netic tape. The principal nuclear data tape that has been used in design calculations con-
tains the cross sections og, {0g, Otp, 0y, and vof in either microscopic or macroscopic
form at 19 energy levels between 107 and 0. 0322 electron-volts, plus Maxwellian-averaged
thermal-group cross sections for temperatures of 68°, 500°, 1000°, 1500°, 2000°, 2500°,
and 3000°F. The data on this tape have been published33 along with a brief description of
the method of processing and will not be discussed further here.

Digitalized cross sections in 19-energy-level detail, even though preserving infinite-
dilution cross section integrals and containing cell corrections using the 19-level cross
sections, are not adequate to treat resonance absorption effects when the absorber is
appreciably self-shielded in resonances, In a brute-force solution to this problem a nuclear
data tape in fine energy detail was prepared,34, 35 and a fundamental-mode slowing-down
program, C-Fine,13 was written to make use of these data. The principal features of this
C-Fine tape follow.

1. The use of single~level Breit-Wigner formulae36 to generate resonance cross
sections.
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2. The use of a transfer matrix to handle the (n, 2n) reaction in beryllium.
3. The use of high-energy inelastic and anisotropic elastic cross section data to define
an effective slowing-down cross section, £og.

The beryllium (n, 2n) reaction in 19-level slowing-down calculations is treated as if one
neutron is inelastically scattered and the second neutron arises from fission with no ab-
sorption.37 This procedure has yielded good correlation with experimental multiplication
constants,37 but the spatial distribution of fissions computed from group constants con-
taining beryllium should not be interpreted as a power profile until the effect of beryllium
""fissions' is removed. This problem can be avoided in C-Fine, where the Be(n, 2n) trans-
fer cross sections from the statistical-continuum model38 are used. A more refined treat-
ment of the beryllium cross sections39,40 shows somewhat different transfer cross sections,
but the effect will not become appreciable except in fast reactors.

Program C-Fine provides a direct method of handling Doppler broadening of resonances
for which resonance parameters are available. An auxiliary Doppler-broadening program,
ANP No. 508, computes Doppler-broadened cross sections from the unbroadened values on
the C-Fine tape and makes these broadened cross sections available to the C-Fine calculation.41

Although Program C-Fine calculates slowing-down density, flux, multiplication constant,
and multigroup constants in a bare, homogenized reactor, its principal application has been to
generate cross sections for the 19-level tape by appropriately averaging the fine-detail cross
sections. The recently developed 25-group nuclear data tape42s43 for use with the one-
dimensional multigroup diffusion program ODD#44 also contains epithermal cross sections
prepared in large measure from data contained on the C-Fine nuclear data tape.

Consistent trends in correlation of multiplication constant with clean, bare critical experi-
ments have been obtained with the C-Fine program and data.45 Some excellent correlation of
danger -coefficient measurements46 was obtained using 19-level cell-corrected cross sections
from program C-Fine in the slowing-down diffusion program Gg,16 indicating that good re-
sults can be obtained for self-shielded resonance absorbers by performing the self-shielding
corrections in fine-energy detail before reducing the cross sections to fewer-level detail. An
alterr}f‘tltive method for handling resonance a.bsorption‘r7 has been incorporated in program
ODD.

2.2.5 KINETICS

Two methods have been incorporated in diffusion codes to determine the period-reactivity
relationship; both methods assume six delayed-neutron groups. The first approach is to in-
sert a time dependence, e“’t, for the neutron density in the time-dependent balance equation
and solve the resulting diffusion equation as a steady-state problem by reinterpreting the re-
moval and source terms.48 This procedure has been incorporated in Programs Georgell
and G-2.16 In order to determine a period-reactivity relation, however, it is necessary to run
separate calculations for each inverse period, w, to determine the corresponding multiplica-
tion constant. A more efficient method is coded in Program C-5,12 where the kinetic "constants"
in the inhour equation,

6
p=lwg+ 2, B Yo
i1

Z A s (17

are computed by first-order perturbation theory.49

This latter procedure is adequate for reactor periods of interest in critical experiments
and normal reactor operation unless a bare-core analysis itself is inadequate. The multi-
plication of the Be(n, 2n) reaction in beryllium reflectors may require a one-dimensional
analysis to obtain correct kinetic effects.
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2.2.6 POWER HISTORY AND THERMALIZATION EFFECTS

The problems on one hand of fuel burnup, fission product buildup, and other isotopic
production dependent on power history and the problems on the other hand of neutron
thermalization are interrelated and complicated effects to compute. The former require
at least two-space-dimensional calculations to compute adequately the effects of neutrons
on the isotopic content of the reactor and vice versa, whereas the latter require reason-
ably correct treatment of neutron interactions with solid materials to predict the correct
neutron spectrum. These calculations have not been as thoroughly mechanized as the less
complex calculations discussed in the preceding sections. A semimechanized procedure
that combines the two-dimensional, three-group diffusion Program CUREL7 with a 20-
group F-N15 calculation and isotopic concentration subroutine has been written,50 but
has not been used in design calculations. An independent isotopic history trace pro-
gram is also available.51

Since the cross section of fission products, particularly xenon-135 and samarium-149,
show resonance structure at energies at which the thermal motions of the scattering
nuclei are not negligible compared with the neutron velocity, the adequate prediction of
reactivity effects associated with isotopic changes and temperature changes might be ex-
pected to require a reasonably correct treatment of neutron interactions with solids.
Multi-thermal-group methods using Program F-N15 have been applied to spectral calcu-
lations in hydrided zirconium®2 and beryllium oxide.?3 The square-matrix transfer cross
sections were generated by a monatomic gas model94 (ANP Program 396), a bound
oscillator model® (ANP Program 419), and a multiphonon model®® (ANP Program 671)
calculations. This procedure has been mechanized in Program ODD,44 which contains a
five-group thermal transfer matrix; however, the adequacy of few-group transfer cross
sections preweighted by an assumed (generally nonequilibrium) flux has not been evaluated.
More information is retained in slowing-down and thermalization calculations using the
transfer kernel, X(u'—u), directly in a multilevel calculation. The integration of the
Z(u'—u) ¢ (u'") product using the computed equilibrium flux to obtain the scatter transfer
source seems more desirable.

2.3 TRANSPORT THEORY

To improve the nuclear analysis of heterogeneous epithermal reactors, the machine
analysis of multienergy transport theory was extended to a variational- optimum formu-
lation having a broad range of applicability to both neutron and photon aspects of aircraft
power reactors.?7,60

GE-ANPD digital computer Program S constructs neutron and photon transport fields
having plane, cylindrical, or spherical symmetry. Lattice detail in geometry, energy,
and momentum angles is flexible. Nuclear analysis capabilities not previously available
include: (1) simultaneous calculation of both adjoint and flux, combined with first-order-
perturbation-theory convergence acceleration applied to eigenvalue, isotropic adjoint
field or source, isotropic flux field or source, adjoint current field or source, and current
field or source, with eigenvalue acceleration chain-compounded continually to any speci-
fied order; (2) isotropic and anisotropic scatter transfer, both exoergic and endoergic,
through an unlimited energy range; (3) flexible array of measurable eigenvalues, including
critical fuel loading, critical moderator loading, critical poison loading, and reactor
period with inclusion of any number of delayed-production groups; (4) neutron-moderation
heating, photon-energy production, photon-energy deposition, and biological-dose deposi-
tion; (5) performance trends, provided as differential perturbation ratios spanning coupled
variation of all eigenvalues and reactor material loadings; (6) material action traverses,
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giving the perturbation worth of materials as functions of location; (7) eigenvalue statistical
perturbation accruing from uncorrelated cross-section uncertainties; (8) variational-
optimum space-energy cell homogenization, weighted with the product of adjoint and flux,
providing complete quasi-constant input for gross diffusion analyses; (9) variational-
optimum gross reactor kinetics, with inclusion of reflector effects and method-of-control
effects; (10) manifestly firm assurance of unbiased convergence, for any physical problem,
provided by use of a mathematical iteration loop constructed in precise correspondence
with the physics of successive free flights.

The analysis method is a logical extension of ideas originated by B. G. Carlson in the
Los Alamos Sy neutron codes.%8 The program uses Carlson's composite discrete-point
and piecewise-linear digital representation, as well as selected portions of his integration
method. The calculation has been coded for the IBM 7090 electronic data processing sys-
tem, using a parallel-logic symbolic-binary reformulation of Carlson's FLOCO compiler
to provide construction of the dual four-dimensional transport field on a basis sufficiently
flexible to span the range of interest in reactor design.59

References 61 through 74 provide a complete summary of the physics and mathematical
techniques adapted to engineering problems. These applications include the analysis of
fast reactors and the extension of the theory to photon behavior.

2.4 MONTE CARLO APPLICATIONS TO HETEROGENEOUS CORE ANALYSIS

The Monte Carlo approach to solving numerical-analysis problems is particularly useful
when the problem is probabilistic in nature. Clearly the electron, photon, and neutron
transport problems that arise in analyzing a reactor core can be expressed in terms of a
set of probability functions. By utilizing the voluminous compilations of experimental and
theoretical cross section data, it is possible to isolate the important particle interactions
and characterize them in terms of the probability functions as required for a particle life-
history Monte Carlo analysis. As a particle life history is traced from the source point to
eventual escape or absorption, the transport characteristics are tallied with the fine detail
limited only by computer storage or running-time considerations. It follows that an ap-
proximation of the particle distribution in space and energy can be obtained by a super-
position of many individual life histories. It also follows that the accuracy of the approxi-
mation is dependent on the number of life histories included in the final result.

One of the most important assets of the Monte Carlo method as a reactor-analysis
technique is the versatility available for specifying the reactor geometry with three
space dimensions and for treating the rapidly varying material compositions of a heter-
ogeneous system. The use of the Monte Carlo method for shield analysis, which is dis-
cussed in a later section, was recognized fairly early as a useful and valid analysis
technique. However, the use of Monte Carlo for reactor analysis has not received such
clear-cut acceptance. The objection to Monte Carlo as a reactor-analysis technique
arises primarily from the fact that the characteristic reactor parameters are determined
by the thermal neutron distribution and this is the most difficult property to compute from
a probable-life-history program. Specifically, a source distribution of neutrons must be
followed down in energy via some slowing-down model until a sufficiently large number of
particles reach thermal energy. First, the slowing-down process requires a relatively
long time, even with high-speed computers, before an individual-particle life history can
be terminated by a thermal-energy cutoff. Second, the results from a statistical slowing-
down technique may tend to be unstable in the thermal-energy range because of the slow
convergence of the method.

SONFIDENTIAL -

ssevee
se e
eseece
soses
.
sessee
eecece
eseease
.
seecos

.
.
.
-
.




30 CONFIOENTIAT™

The work done to develop Monte Carlo as an effective neutron-~analysis technique started
with two definite types of neutron transport problems. The first effort centered around the
development of digital-computer slowing-down programs. Five slowing-down programs were
written. Three of them were development experiments from which two production programs
evolved. The first production code, ''Slowing Down Probability in a Lattice Generated by a
Three-Region Cell of Finite Length"75 follows neutrons down in energy from a monoener -
getic point source to a specified energy cutoff. The second production code, ''Slowing Down
in a Finite Heterogeneous Cylinder with Fuel Tubes'76 follows neutrons down in energy
from an energy distribution at an arbitrary point source. Both programs were written for
a very specific geometry since the programming time required to write a specialized pro-
gram is shorter than that required to write a general-purpose program. Furthermore, the
amount of computer time consumed in running a given production case using a specialized
program is less than the time consumed using a general-purpose program.

The second effort centered around the development of digital-computer diffusion tensor
programs. The diffusion coefficients computed by the Monte Carlo technique are directly
applicable to multigroup computations. Three programs evolved for the computation of dif-
fusion coefficients in heterogeneous systems. The first program, 'Diffusion Tensor for
Slab Geometry,"'?'7 is limited to a lattice of alternate solid-slab and void-gap regions. The
second program was a development experiment designed to compute the diffusion length in
a heterogeneous slab system of up to 300 distinct slab regions. The third program computes
the diffusion length in a lattice generated by a three-region hexagonal cell identical with that
used in the slowing-down program.

One further step is required in the analysis if the diffusion coefficients are to be used for
a multigroup calculation. That is an investigation of the '"Validity of the Homogenization
Approximation for End-Leakage Calculations."78

The most recent work with Monte Carlo in neutron analysis involves the modification and
application of a generalized Monte Carlo neutron program79 to the advanced reactor con-~
figurations wherein a three-space-dimension analysis was required to represent accurately
the material-composition variations. The "Flexible Monte Carlo," FMC, analysis was quite
successful in computing neutron leakage parameters and fine power distributions. The
correlation was attained by a farily definite experiment-theory correlation with the results
of the critical experiment measurements.

The problems mentioned earlier regarding the difficulty in treating the thermal neutron
characteristics of a reactor by a Monte Carlo technique have been largely resolved by work
at various other installations. The work of Drawbaugh of Combustion Engineering, Spanier
and Amster at Westinghouse, Penny and Zerby at Oak Ridge, and Rief at Brookhaven has
provided the basis for the calculation of conditional, adjoint, and self-refining Monte Carlo
analysis procedures for computing the response at a given receiver point due to either
neutrons or photons.

The use of Monte Carlo as a technique for computing the secondary heating from gamma
radiation has proved quite successful. Consequently, a gamma-heating program written for
400 cylindrical annular regions has become an invaluable production program.
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3. CONTROL ROD EXPERIMENTS AND ANALYSIS METHODS

Control of a nuclear chain reaction and the related problem of predictability of the nu-
clear effectiveness of a reactor control system are of great practical concern in establish-
ing the design of reactors in general and of highly optimized reactors such as those for
aircraft propulsion in particular. Although available methods and procedures of analysis
were satisfactory for nuclear calculations of ANP reactors with no control elements in-
serted, evaluating control element effects was very difficult. The difficulties depend upon
the type of reactor and such factors of the control elements as the shape, size, and com-
plexity, number, radial location, and degree of insertion. Mathematical models that treat
control elements as transparent to fast neutrons or black to thermal neutrons are not ade-
quate for control elements in epithermal or intermediate reactors.

To test ANP Department methods for evaluating control rod effects, systematic calcu-
lations were made for solid-moderator-reactor configurations, for which a series of con-
trol rod experiments was performed. The reactor assemblies were hydrogen- moderator,
beryllium-reflector, epithermal reactors that were under development by the GE-ANP
Department.

3.1 SM-1 REACTOR ASSEMBLY

Each SM-1 reactorsl’ 2 consisted of a hydrogen-moderator cylindrical core and a beryl-
lium side reflector. The core had an effective radius of 12,981 inches and a height of
30 inches. The effective reflector thickness varied with each configuration. The moderator
in each fuel-moderator cell was a hydrided zirconium rod within a mild-steel support
tube. The fuel was in the form of Oralloy tube sheets wrapped around the support tube
and held in place by type 302 stainless steel filler sheets. These cells were inserted into
aluminum hexagonal tubes of the reactor matrix.

Hexagonal beryllium blocks 1. 66 inches across flats placed in the aluminum matrix
made up the side reflector. There were no end reflectors.

The assembly was separable into halves along a vertical plane. One half was mounted
on a fixed table, and the other half on a movable table.

3.1.1 CONTROL ELEMENTS

Measurements were made and analytical calculations were performed of effects of three
categories of circular cylindrical rod assemblies:

1. B4C rods.
2, B4C rods in acrylic plastic hexagons.
3. Mild-steel jackets in acrylic plastic hexagons.
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In addition, the worths of noncircular boral rods that replaced, one at a time, a central
fuel-moderator cell of the fixed half of the reactor matrix were determined both experi-
mentally and theoretically.

Rod-cell specifications are listed in Table 3. 1. Their cross-sectional views are shown
in Figures 3.1, 3.2, and 3. 3.

3.2 GENERAL ANALYSIS PROCEDURE

Calculations of control element effects can be reduced to the following major steps:

1. Calculation of effects of fully inserted central rods.

2. Correction for partial rod insertion, if applicable.

3. Determination of worths of noncentral rods as a function of radial location.
4, Computation of the worths of rings of rods.

The control rod effects were calculated on a two-group basis employing flux-weighted
fast-group constants from a multienergy, normal-mode, slowing-down diffusion treatment.
Thermal-flux depression factors calculated with P4 approximation to transport theory

were used,

Three combinations of models were employed in the computation of the core and re-
flector two-group constants in the case of central circular rods. These combinations

were:

1. Modified-age theory with no Behrens* correction for both the core and beryllium

reflector.

2. Modified-age theory with no Behrens correction for the core, Coveyou-Macauley
theory for the reflector.

3. Modified-age theory with Behrens correction for the core, Coveyou-Macauley theory
with no Behrens correction for the reflector.

Modified-age theory with no Behrens correction was used in getting the core and reflector
two-group constants in the case of single noncentral rods or rings of rods.

The multiplication constant, k, of a reactor with no control elements inserted was ob-
tained by employing Program George3 multiplication-constant matching procedure. The
associated core and reflector two-group constants were used in calculations of the multi-
plication constant, k;,, of the reactor with control elements inserted.

kin_ k

Reactivity worth of a control element is defined as percent Ak/k = x 100. Group-
averaged albedos express the insertion of control elements for which the available rod-
transmission programs are applicable. The rod-transmission subroutine in Program
George using McLennan's treatment,5 and Multienergy Transport Theory 704 Program S
were employed to compute rod albedos. When a poison rod or a mild-steel jacket in an
acrylic plastic hexagon replaces a central fuel-moderator cell, the rod or the steel jacket
is represented by albedos and the acrylic plastic is treated as a separate region. When a
single-rod assembly of this type is noncentrally located, both the rod and acrylic plastic
or the jacket and acrylic plastic must be represented by albedos.

*The application of Behrens correction accounts for the change in the diffusion coefficients caused by the presence

of voids in the reactor.*
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CONTROL ROD SPECIFICATIONS
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Boron Carbide Poison Rods

Rod No. Diameter, in. Length, in. Weight, g
B1 0. 500 14,879 91
B3 1.000 14.974 351
B5 0.750 14.938 198
B32 1.11 (ID)
1.41 (OD) 15. 250 269
Mild-Steel Jackets
Nominal Inner Outer
Diameter, in. Diameter, in, Diameter, in. Weight, g
1/2 0.518 0.563 76
3/4 0.768 0.813 107
1 1.018 1.063 142
1-1/2 1. 555 1.625 369
Noncircular Boral Rods
Rod
Cross Section
Shape Dimensions, in. Weight, g
Slab 1strip 1/8x7/8 x 16 2.3
Cruciform 2 strips 1/8 x 3/8 x 16 each 147
Square 7 strips 1/8 x 7/8 x 16 each 506
Truncated triangle Base: 7/8; top flat: 1/8; 210
(Actually an Altitude: 5/8; length: 16
isoscelle
trapezoid)

Acrylic Plastic Moderator

Hexagonal Tube
Cross Section: Regular hexagon 1. 600 in, across flats,

A full-length axial hole through each hexagon

Length: 15.00 * 0. 04 in.

Nominal Hole Size, in, Hole Diameter, in. Weight, g
1/2 0. 594 565
3/4 0.844 485
1 1.094 372
Rod P41

Length: 15.000 in,
Diameter: 0,993 in.
Weight: 225 g
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VSB32S B3SB32S

B,C rod 3 in annular

VB32S

1-inch jacket in annular

Annular B4C rod 32 in
BAC rod 32 BAC rod 32

otherwise void cell

B3svVs2 P41B32S B5SV
B ,C rod 3 in 1-1/2-inch Acrylic plastic rod 41 in B,C rod 5 in otherwise
jacket in otherwise void cell annular B‘C rod 32 void cell

Fig. 3.1-Cross-section views of various B;C rods
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acrylic plastic hexagon
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acrylic plastic hexagon
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Fig. 3.2~ Cross-section views of various B,C rods and steel jackets in
acrylic plastic hexagons
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I

otherwise void cell

otherwise void cell

Boral cross in Equilateral boral triangle

otherwise void cell in otherwise void cell

Fig. 3.3—Cross-section views of boral rods with non-circular cross sections

3.3 RESULTS OF THEORY-EXPERIMENT COMPARISON

3.3.1 CIRCULAR CYLINDRICAL CENTRAL RODS

The effect of a fully inserted central control rod assembly was calculated with one-
dimensional, multiregion, multienergy, two-group diffusion theory Program F-2.’7 The
halfway insertion of the rods was accounted for by cosine-squared longitudinal weighting.*
The effect of either a B4C rod 5 (solid absorber rod) in a void or an identical B4C rod 5
is an acrylic plastic hexagon (solid absorber rod in a moderating hexagonal tube) replacing
a fuel-moderator cell was determined by running two-dimensional, diffusion-theory Pro-
gram CURE® in R, Z geometry. A comparison of experimental and calculated worths (per-

cent Ak/k) of various central, circular rods halfway inserted in SM-I-2-C reactor is shown
in Table 3. 2.

When the insertion of a rod is represented in terms of albedos computed by McLennan's
treatment, theory-experiment discrepanciesT range from about plus or minus 5 percent
for B4C absorber rods to about 20 percent (overprediction) for B4C rods in acrylic plastic
hexagons. When albedos computed with Program S are used, theory-experiment dis-
crepancies amount to about 40 percent.

It should be noted that the worth computed by Program CURE of a B4C absorber rod
halfway inserted into a channel of a considerably larger radius than that of the rod is about
61 percent of that of a fully inserted identical rod; the longitudinal cosine-squared weight-

*This is equivalent to flux-squared longitudinal weighting, since in the absence of end reflectors a cosine distribution
can be assumed for the longitudinal flux.

calculated % Ak/k — experimental % Ak/k

TPercent discrepancy = el % ALK
experimental % <

x 100
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TABLE 3.2

COMPARISON OF EXPERIMENTAL AND CALCULATED WORTHS OF CIRCULAR CENTRAL RODS

Calculated Worth, Cosine-Squared Longitudinal Weighting®

Core: MA,® NB? Core: MA,2 NB2 Core: MA,2 B1?
Circular Cylindrical Experimental Worth, Reflector: MA,* NB*  Reflector: CM,2 NB2& Reflector: CM,? NB2
Rod Assembly %ak/k %ak/k % Discrepancy %ak/k % Discrepancy %ak/k % Discrepancy
B5SV -0.893 £0.013 -0.688 -23.0 -0. 667 -25.3 -0. 637 -28.7 I
B3SVS2 -1.086 *0.021 -0, 997 - 8.2
B3SB32S -1.488 * 0.030 -1.552 + 4.3 -1.534 + 3.1 -1.451 - 2,5
VB32S -1.303 * 0.026 -1.245 - 4,5
VSB32S -1.299 * 0.026 -1.245 - 4.2 -1.229 - 5.4 -1.162 - 6.7 B,C rods
P41B32S -1.443 * 0.029 -1.262 -12.5 -1.239 -14.1 -1.183 -18.0 |
S-B5SVD -0.893 *0.013 -0.482 -46.0 -0.495 -44,6 -0.453 -49.3
$-B3svsb -1.086 * 0.021 -0.632 -41.8 -0.581 -46.5
S-B3SB32sP -1.488 * 0.030 -1.014 -31.9 ¥
B1SP2 -0.394 * 0.008 -0.464 +17.8 -0.506 +28.4 -0.435 +10. 4 BZ,C o 1
B5SP2 -0.675 % 0,013 -0.782 +15.9 -0. 805 +19.3 ~0.717 + 6.2 A
B3SP2 -0.939 +0.019 -1.082 +15.2 -1.086 +15.7 -0.988 + 5.2 RSBSOS
S-B5sP2P -0.675* 0.013 -0.494 -27.0 b
V1SP2 +0.206 = 0.004 +0, 154 -25.2 +0.128 -37.9 +0. 147 -28.6 SS jackets in
V5SP2 +0.163 * 0.003 +0.122 -25.2 +0.103 -36.8 +0.123 -24.6 acrylic plastic
V3SP2 +0.086 * 0,002 +0. 082 - 4,17 +0. 076 -11.6 +0.081 - 5.8 hexagons

Longitudinal Worth Computed with CURE

B5SV -0.893 £ 0.013 -0, 844 - 55 -0.816 - 9.4 -0.780 =12
B5SP2 -0.675 = 0,013 -0.811 +20.1 -0.835 +23.7 -0.744 +10.2
S-B5SVP -0.893 £ 0.013 -0. 590 -33.9 -0. 605 -32.2 -0.554 -38.0

2Explanation of abbreviations:
MA Modified-age slowing-down model
CM Coveyou-Macauley slowing-down model
NB No Behrens Correction
B1 Original (701) Behrens Correction
b Albedos computed with Program S

ing result is 50 percent. The rod worth computed by means of CURE is in good agreement
with its measured value; the rod worth computed by the cosine-squared method is not.
However, when the same B4C rod in a tightly fitting acrylic plastic hexagon replaces a
fuel-moderator cell in one-half of the reactor matrix, both CURE and cosine-squared
longitudinal weighting overpredict the rod effect. In the case of the B4C poison rod in a
void, Program CURE apparently accounts for the "lightning-rod'" effect, i.e., for the
increase in absorption at the rod tip.g’ 10

Figure 3. 4 shows radial fluxes calculated by Program F-2 in the SM-I-2-C reactor
with a central B4C rod-5 inserted. Figure 3.5 shows CURE-computed longitudinal flux
distributions in the core 2. 251 centimeters from the reactor axis with the central rod
halfway inserted. Figures 3.6 and 3.7 illustrate the respective flux distributions with the
same B4C rod 5 in an acrylic plastic hexagon replacing a central fuel-moderator cell.

3.3.2 NONCIRCULAR CENTRAL RODS

Since GE-ANPD machine programs employed in albedo calculations for control elements
inserted into circular channels require circular cylindrical geometry, it was necessary
for computational purposes to replace a noncircular rod by an equivalent circular one.
Hurwitz and Roe's1l scheme was followed in determining the effective radii, rggs, for the
"circularized'" flat plate, the square, and the cross-shaped rods. An intuitive method of
letting r¢r be equal to the mean of the radii of inscribed and circumscribed cylinders was
employed for the triangular and cross-shaped rods.

The circularized control rods were represented in terms of albedos based upon effective
radii and either upon conservation of boral density or conservation of boral weight in the
rods. The rod worths were determined by the procedure outlined in section 3, 2. It was
found!2 that albedos based upon the conservation of boral density yield closer theory-
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experiment correlation than those based upon conservation of boral weight. Theory-ex-
periment correlation is satisfactory for control elements of square and triangular cross
sections, but it is not satisfactory for the plate and cross. Furthermore, the intuitive
method for the circularizationof the cross, yields lower theory-experiment discrepancies
than the scheme of Hurwitz and Roe.

For control slabs or plates inserted into noncircular channels13 the group-averaged
albedos were determined by the slab-transmission subroutine in Program George. Pro-
gram CURE was then employed to calculate the effects of the control slabs. Since experi-
mental data on the effects of control slabs inserted into noncircular channels were not
available, the accuracy of prediction by the latter method was not evaluated.

3.3.3 SINGLE NONCENTRAL RODS

The method of applying radial weighting to central control rod worths and Program K14
were used in determining the effects of single noncentral rods.

The following were used as radial weighting functions:

2.405r
3o (BRT) ) 6101 s 0 0, PPV,

and the sum

P Am. 405 H.v +W %Aw.mmm H.V
0 R 4 i R ’
where R is the bare equivalent radius plus the radial extrapolation distance; r is the core
center to rod center distance; ¢y, ¢,, 1 *, ¢, *, P, and P* are calculated fast and thermal
fluxes, adjoint fluxes, fission density and adjoint fission density; and J; and J, are Bessel
functions of the first kind of order, zero and one, respectively.

Program K calculates the multiplication constant k of a system consisting of a reactor
core and a central or single noncentral rod; it computes fast flux, thermal flux, and power
distributions in rod-centered and core-centered cylindrical coordinates.

A detailed comparison of results!2 indicates that the radial weight function,

2 (2.405 T 1, Aw.mwmuv
J5 A.Iw +pu_ =R

yields the smallest theory-experiment discrepancies. It introduces no deviation on account
of the noncentral rod location for rod-to-reflector distances larger than about 10 centi-
meters, and only about 10 percent deviation in the remaining core region.

The discrepancies between measured effects of noncentral rods and those computed by
Program K stay well within the discrepancies for central rod worths. Hence, no deviation
between computed and experimental rod worths was introduced by Program K on account
of the noncentral rod location within the maximum distance from core center to rod center
imposed by Program K limitations,

3.3.4 RINGS OF RODS

If more than one control rod is inserted into a reactor, the effectiveness of each rod
depends upon the position and worth of every other rod. This interdependence is a complex
function of geometry, reactor parameters, rod parameters, and rod location.

A theory-experiment comparison was made of the worth of identical rod assemblies con-
sisting of B4C rods 5 in acrylic plastic hexagons, each replacing a fuel-moderator cell in
one-half of the reactor matrix and arranged in symmetrical patterns of 2, 3, 4, 6, and7 rods.
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The following two methods were employed in computing rod worths.
Procedure 1

1. Center-rod worth was determined.

2. Cosine-squared longitudinal weighting accounted for insertion of the rod halfway.
3. Off-center importance weighting accounted for the noncentral location of the rod.
4, Rod worths were corrected for shadowing-rod gﬁmwmoﬁozm.um

Procedure 2

1, Few-group, two-dimensional, multiregion, diffusion-theory Program CURE was em-~
ployed to compute the worth of a symmetrical ring of fully inserted rods,
2. Cosine-squared longitudinal weighting accounted for the insertion of the rod halfway.

Both methods overpredict rod w = ths.12 This also occurred with both single central and
noncentral B4C rods in acrylic plastic hexagons - the thicker the acrylic plastic annular
wall, the larger the discrepancy.

The consistently high rod worths suggest that the albedos used to express a rod insertion
do not accurately represent the rod when it is embedded in an acrylic plastic annulus. When
the rod is embedded in an acrylic plastic annulus, the core flux spectrum is changed. Neu-
trons are also reflected into the core. Thus only a portion of the core flux spectrum used
in the rod albedo calculations is incident upon the absorbing rod, and therefore fewer neu-
trons than predicted are actually absorbed by the rod. This leads to an overprediction in
rod worth when acrylic plastic or, for that matter, any moderating and reflecting material,
fills the void between the rod and the core.

A different method was used with an intermediate-spectrum reactor with a ring of con-
trol rods inserted into the reflector.1® For analysis rod poison was homogenized over a
gross annular region. Multienergy, one-dimensional transport theory Program s-v0 was
employed in computing the effects of the control system.

The calculations consisted of the following major steps.

1. Preliminary gross radial analysis of the reactor with all control rods withdrawn.
2. Fine radial analysis of the control rod cell.
3. Gross radial analysis of the reactor with the control rods, represented as an annulus,

inserted into the reflector.
4, Gross radial calculations of the reactor with all control rods withdrawn.

The preliminary gross radial analysis serves the purpose of supplying flux and current
spectra to be used as surface sources at the edge of a control rod cell in the fine analysis.

The purpose of the fine rod-cell calculation is:

1. To obtain neutron-absorption rates in the rod.

2. To get radial flux and current distributions in the control rod cell.

3. To compute isotropic (flux) and anisotropic (current) rod-cell homogenization factors.
They are used to weigh poison rod cross sections in the gross analysis to account for
the self-shielding in representing the rods as an absorber homogenized over a gross
annular region,

3.4 CONCLUSIONS

The rod-analysis methods discussed yield relatively satisfactory theory-experiment
correlation for circular cylindrical pure poison rods, The worths of B4C rods in acrylic
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plastic moderator hexagons are overpredicted by about 15 percent, and those of steel
jackets in acrylic plastic hexagons underpredicted by about 20 percent.

Thus, the accuracy of the results obtained by the same method depends upon the kind
and complexity of an analyzed rod regardiess of its location. This seems to indicate that
the discrepancies are due to inaccurate rod-albedo values.

In the case of insertion of the rod halfway, cosine-squaredlongitudinal weighting is un-
satisfactory for B4C rods in voids, but relative rod worths determined by Program CURE
are in good agreement with experiment.

Results obtained indicate that either Program K or off-center weighting of control rod
worths by

1
[¢1 &1 + &2 7], P P*, or J} A%v Ly Am.wz Hv

can be used to compute worths of single noncentral rods without introducing any appreciable
deviation on account of the noncentral location.

Both Program CURE and the application of shadowing coefficients to worths of single
noncentral rods yield overpredicted effects of rings of rods.
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4. REACTOR RUNAWAY ANALYSIS

As in all reactor operations the evaluation of the safety of the reactor is extremely
important. The hazards normally associated with reactor operation were compounded in
Evendale by the presence of off-site personnel living within 270 meters of the test cell.
Consequently, the hazards associated with this reactor operation were evaluated rather
extensively. The analytical procedures outlined apply primarily to critical experiments
fueled with metallic uranium. However, the same analytical procedures are useful for
other reactors that differ only in a modification or a change in the shutdown procedure
or mechanism. Calculational methods and receptor dosages are evaluated in "HTRE
Hazards wmvoun..u and in APEX-921.

4.1 CAUSES OF NUCLEAR INCIDENTS

Various causes for the initiation of reactor runaways have been considered. These fall
into two broad classes, accident and sabotage. Accidents are defined as incidents due to
human error or equipment failure. Sabotage involves tampering with intent to cause
damage, either physical or psychological.

Careful examination of accident conditions reveals that multiple failures and in most
cases some degree of negligence must be assumed for an accidental reactor runaway.

A reactor could be sabotaged in a number of ways, provided that a saboteur could suc-
cessfully circumvent all security measures that should prevent his access to the cell.
Since the psychological and political effects of a minor accident resulting from sabotage
might be as serious as the effects of a major accident, no attempt is made to identify a
most-probable or worst-possible sabotage.

For an accident to occur, at least two things must happen. First, the reactor must be
critical or near critical; then a fast-acting initiating mechanism must operate to make
the reactor supercritical, Analysis of the various means of initiating reactor runaways
in the flexible critical experiment facility has shown that the most probable and the maxi-

mum accidents are due to a potentially critical reactor being made supercritical by the
joining of the table halves.

The following sequence is postulated to be the maximum credible accident. The reac-
tor would have operated with a particular core for some time. Sequence of operations
would have indicated a change in the core configuration to be necessary. An analytical
evaluation indicates the configuration change will increase the worth of the reactivity by
a little less than 1 dollar. To compensate for the added reactivity, an amount of poison
equal in worth to this increase will be added to keep the reactivity within the control sys-
tem bounds. A member of the operating crew makes a mistake in the sign of the worth of
the change he is to make, and he adds a positive contributor to the reactivity of the sys-
tem. The net increase in system reactivity will be approximately 2 dollars, During sub-
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sequent operation the speed-limiting system of the table fails, and all other mechanical
safety systems fail allowing table closure at constant maximum rate. As the separation
distance lessens, the reactor rapidly becomes supercritical, and a runaway occurs.

4.2 DESCRIPTION OF THE MAXIMUM CREDIBLE ACCIDENT AND METHODS OF CALCULATING IT

The maximum credible accident may be considered to occur in three distinct stages.

The first stage starts when the reactor reaches delayed critical during table closure.
Reactivity is continuously added at a decreasing rate with table closure at constant maxi-
mum speed. The reactor reaches and exceeds prompt critical, and power rises through
many decades. This stage is terminated when the fuel in the region of highest power den-
sity reaches vaporization temperature.

During the second stage a portion of the fuel in the reactor is vaporized and is ejected
after sufficient fuel vapor pressure is built up in the core. The reactivity at any instant
during the second stage is the sum of the reactivity produced by table closure minus the
worth of the ejected fuel vapor. The duration of this stage is a fraction of a second and is
over before table closure is completed. The second stage ends when the neutron flux is
reduced to a level corresponding to that of the delayed neutrons produced in the runaway.

The delayed neutrons produced in the power excursion contribute to the now-subcritical
reaction as it gradually dies out. More energy is released, and fuel vaporization continues
in the third stage because of the thermal inertia of the system. This final stage of the
runaway is assumed to be terminated when any further energy contribution becomes a
negligible fraction of the total energy hitherto released during the runaway,

The analysis of the second stage is based on the following basic model.

1. The vaporized fuel flows according to equations describing the steady-state flow of
compressible fluid, The fuel vapor is at any time distributed uniformly throughout
the free-flow volume of the reactor. To compensate for this assumed uniformity,
the calculated flow out is not allowed to occur until after an imposed delay time,
which is the time required for a pressure wave to travel from the center of the
reactor to the opening through which the vapor escapes.

2. The flow of fuel out of the reactor is described as occurring from one steady-state
flow to another. Thus, the fuel can be in one of three stages:

a. Unvaporized fuel that is motionless inside the reactor and hence possesses only
internal energy.

b. Gaseous fuel inside the reactor that has, in addition to internal energy, kinetic
energy resulting from the motion of the gas as it flows out of the reactor. At any
time, a unit mass of gaseous fuel inside the reactor is at a pressure, P, and has
a density, p ; thus, neglecting the volume of a unit mass of unvaporized fuel be-
cause it is small in comparison with the volume of the gas, the flow work done
by a unit mass in expanding after it has vaporized is equal to P/p.

c. Gaseous fuel ejected from the reactor that has, in addition to internal energy,
kinetic energy due to a net motion in the outward direction and that in escaping
does flow work on whatever gas is already outside the reactor.

States a and b are true states in the sense that at any time all the material in each

state has exactly the same internal and kinetic energy, and has done the same

amount of work in expanding. State c is really a sum of states since the character-
istics of the ejected gas vary and depend upon when it was ejected.
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3. It is assumed the reactor contains 1 atmosphere of fuel vapor at the start of the

v accident; i.e., vaporization does not take place until the temperature of the fuel is
high enough to maintain vaporization with 1 atmosphere of fuel vapor pressure pre-
sent. The fuel taking part in the vaporization process has the same temperature as
the vaporized fuel., This common temperature is determined by a Clapeyron-type
equation appropriate to the change of phase in question.

4, The runaway is stopped as fuel vapor leaves the reactor, It is assumed that the
effect on reactivity is linear with the total flow out and that it does not take place
until the vapor has actually left the reactor. In addition, the flow out is not counted
as having any effect on reactivity until after an amount of fuel having the same
weight as the air originally in the reactor has been ejected.

5. The duration of the second stage is of the order of 10 milliseconds. Because of this
short duration and the decreasing slope of the reactivity-addition function with table
closure, the continued addition of reactivity during this period is quite negligible in
comparison with the large negative-reactivity effect of the fuel-mass removal.

6. The reactivity effect of the homogeneous fuel vapor inside the reactor free-flow
volume is essentially the same as that of an equal weight of fuel in the original solid-
state distribution.

7. The temperature-reactivity coefficient is neglected.

8. Heat transfer to the metal sheet surrounding the uranium in metallic fuel elements
is not included in the analysis of the runaways. This omission is based on the con-
sideration of the temperature distribution through a laminar array of 0.0005-inch
uranium, 0,001-inch Teflon, 0,001-inch air, and 0.003-inch stainless steel. The
heat-propagation time constants for this array are calculated with the standard
time-dependent heat diffusion equation in which a temperature perturbation in the
uranium is represented by an additional delta function source term, 6(x) &(t). The
time constants so developed are 7 microseconds for uranium, 330 microseconds for
common metals, 300 microseconds for air, and 75 x 103 microseconds for Teflon.
Therefore, the propagation rate is essentially controlled by the Teflon alone. The
outer surface of Teflon reaches a maximum temperature 75 milliseconds after in-
sertion of a temperature pulse. The uranium reaches vaporization temperature
within 80 milliseconds, and stage 2 of the runaway is terminated 10 milliseconds
later, The heat drainage into the Teflon is calculated to be less than 10 percent of
the total fission energy release in the runaway. An increase in the calculated energy
release during the runaway due to the exclusion of the heat transfer to the metal and
heat drainage through the Teflon is thus within the bounds of accuracy that can be
claimed for this type of analysis. The Teflon coating of the uranium foil is thus a
considerable safety feature.

9. Vapor loss through the transverse gap between table halves is neglected, although
stage 2 of the runaway is completed well before the table is closed. This is an ob-
viously pessimistic assumption because the area available to the escaping vapor is
considerable,

10. The total energy released during the runaway is the sum of the total fission energy
plus the energy of combustion of the expelled uranium fuel vapor, All of the expelled
vapor is assumed to oxidize and the reaction is assumed to proceed directly to U3Og
exclusively.

Program 0129

Program ommom divides the history of the runaway into three successive regions. In
each region the reactivity at any time, t, is said to contain an external component, Kgxt,
which may be defined as the addition of reactivity with table closure, and an internal com-
ponent, kj,, which in this case is defined as the worth of the ejected fuel vapor. The ex-
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an accelerated reactivity increase if both cause the reactor to be on the same period at
that instant when the fuel in the highest-power-density region reaches vaporization tem-
perature.

This program is designed to analyze only above-prompt-critical runaways. Delayed
neutron reactions can, therefore, be disregarded in the first and second stages of the
runaway. It can be further shown that the fission energy content will be essentially the
same for a runaway in which delayed neutron reactions are included as the fission energy
content for a runaway in which delayed neutrons are neglected, provided that in the latter
case the prompt-neutron flux level is extended to a factor of 108 below its peak value,
The equivalent fission energy of the delayed-neutron-sustained after-reactions is thus
calculated in Program 0031 by continuing time iterations until the prompt neutron flux
has decreased through six decades from its peak value,

The mass flow rate of the fuel vapor, W, calculated for adiabatic flow of a perfect gas
through a nozzle can be shown to be a function of the time-dependent fuel-vapor density,
p(t), in the reactor free-flow volume. If this flow starts at time t, from initiation of the
accident, then at time t the mass of fuel vapor expelled from the reactor is

t
M = ftz W [p(t)] dt
The time derivative of the thermal flux can now be expressed as

t
(ak/0y -5 [ Wow)]at -8
2

1

S bunt) = Ptnt) (4)

where:

& = the reactivity worth of a unit mass of fuel
1 = the average neutron generation time
B = the average effective delayed neutron fraction

The time derivative of p(t) is dependent on:

1. Initial power level at the start of the runaway.

2. Neutron flux level,

3. Reactor free-flow volume.

4, Cross-sectional area of the free-flow volume.

5. Vapor exit nozzle cross-sectional area.

6. Vapor mass flow rate.

7. Clapeyron-type relation between fuel vapor temperature and equilibrium vapor density.

This functional relation can be written for a given reactor as

dp(t
92O - ¥ [ott), oen 0] )
The integration of equation (5) is initiated by a Runge-Kutta numeric integration process

and is continued by Milne's method.,

Program 0031 thus analyzes a runaway by the simultaneous solution of differential equa-
tions (4) and (5). For each time iteration, a record is presented of the elapsed time, the
flux level, integrated power, integrated vapor mass flow rate, vapor temperature inside
the reactor, and dp/dt.

Program 0129 presents a fine analysis of the nuclear kinetics of the runaway. The gas
dynamics of the fuel vapor are simply treated as being always directly proportional to the
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integrated power in stages 2 and 3 of the runaway. Program 0031, on the other hand, per-
forms a detailed study of the gas dynamics and excludes some effects of delayed neutrons,
Program 0031 thus imposes limitations on the reactivity input mode, is valid only for
above-prompt-critical runaways, and oversimplifies stage 3 of the runaway by the equiva-
lents of the total energy contribution.

Program 498

IBM 704 or 7090 Program 4984 was evolved from two existing production programs,
No. 0129 and No. 0031. The program was written with the intention of retaining the

desirable features of both production programs while combining them into one unified
calculational scheme,

The basic analytical treatment is fully presented in APEX-457,2 -213,3 and —585.4

Program 498 should not be used for analysis of transients taking more than a few
minutes of actual time or of excursions so slow that geometry change (meltdown) occurs
rather than fuel vaporization and expulsion. This limitation is due to the fact that the nu-
merical technique in the main program is not designed to handle efficiently semi-steady-
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4.3 HAZARDS TO SURROUNDING AREA

In general, there are three sources of radiation from fission products that have been
released to the atmosphere during a reactor excursion. These are: (1) irradiation of the
entire body from fission fragments in the radioactive cloud, (2) irradiation of the lungs
from inhaled fission fragments, and (3) irradiation of the entire body from fission frag-
ments that are deposited on the ground by rainout from a radioactive cloud.

In all cases the fission fragments are considered to originate at a point source at the
top of the stack (the height of the stack is 30 meters) of the test cell and then to diffuse
according to Sutton's distribution equation for diffusion from an instantaneous point source.

Sutton's equation is used to determine the distribution of the fission fragments in the
radioactive cloud. Knowing the distribution, it is possible to calculate the dosage re-
ceived by a receptor from the three sources mentioned above. In computing total body
dosage, it is necessary to consider both the gamma and beta radiation; in computing in-
halation dosages, only the beta radiation need be considered since the lungs will receive
all the betas but only a small part of the gammas.

In the analysis for total body dosage from a distributed source, consideration must be
given to the attenuation due to the inverse-square law, to air absorption, and to the buildup
due to air scattering. The dosage from the whole cloud requires a triple integration over
the volume of the cloud as well as an integration over time to account for fission frag-
ment decay and the motion of the cloud past the receptor, who is located on the ground,

The working equations developed from the above analysis involve approximation, chief
among which is that tha radiatian amiccinn fram anA tha anatial Ai ctrihutinn in tha nland
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5. REACTOR EXPERIMENTS

5.1 DESIGN-CONFIRMATION NUCLEAR MOCKUPS

5.1.1 R-1 REACTOR MOCKUP

The first nuclear mockup built by General Electric for an aircraft type of nuclear
reactor was for the heterogeneous R-1 reactor. (See APEX-902.) Prior to construction
of the R-1 reactor the nuclear mockup was to be fully investigated at essentially zero
power to verify nuclear characteristics, particularly power distributions. The R-1 nu-
clear mockup,1 shown in Figure 5.1, was a vertical right cylinder that was split axially
into two halves, one of which was on a movable table. The core consisted of concentric
cylindrical rings, alternating between aluminum water tanks of 1-inch radial thickness
and fuel rings containing U3Og in a fluorocarbon matrix. The uranium-235 inventory was
72. 43 kilograms. The fuel ring thickness was varied to flatten the power radially. The
12-inch reflector and shield was in two sections to permit filling with demineralized and
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Fig. 5.1—Cutaway view of R-1 reactor mockup
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Fig. 5.2—HTRE No. 1 mockup with fuel elements inserted and beryllium
reflector in place

Figure 5.4, was constructed for critical experiments. A limited number of material
substitutions, such as 304 stainless steel for Inconel X tube sheets,4 were made.

Including a mockup of the HTRE No. 3 reactor based on preliminary design specifica-
tions, five different core configurations were built and tested to evaluate power distribu-
tions and reactivity worths of various control rod patterns and core materials.

The HTRE No. 3 reactor was initially designed to have the moderator clad primarily
with a molybdenum hydrogen barrier next to the hydrided zirconium. One of the chief
experimental results, and a surprising one, was reactivity loss due to the addition of
this molybdenum. During the analytical evaluation to determine the reason for this high
reactivity loss, new cross section data were received. These data indicated a larger
resonance in molybdenum at an energy level of about 40 electron volts than had previously
been reported. The neutron population in this reactor at this energy was extremely im-
portant because this energy level was close to the mean energy of fission-producing neu-
trons. As a consequence of this large reactivity loss due to molybdenum, a major design
change was instituted. Basically this change was the removal of the molybdenum and the
addition of more cooling area to bring the moderator temperature down to that allowable
for unclad moderator.

The moderator was rehydrided and machined to simulate final hydrogen distributions
and primary-air cooling slots. The resultant change in the power distributions in the core
achieved the desired flattening.5 The required increase in excess reactivity was gained by
raising the fuel inventory in the core from 365 to 390 pounds of uranium-235.

Two configurations of the modified mockup were tested to veryify the final design. A
measure of the improvement in techniques is provided by comparing the measured and

.
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Fig. 5.3 —Fuel element support structure

predicted excess reactivity of the successive core configurations of the mockup. The dif-
ference between predicted and experimental reactivity of the first configuration was 1. 48
percent Ak/k, whereas that of the final configuration was only 0.36 percent Ak/k.B

After design-confirmation experiments and some shield-mockup studies for the HTRE
No. 3 were completed, a sector of the core was modified to test several proposed design
configurations for the XMA-1A reactor.” This technique of using a sector of the parent
core to test relatively small design changes or more-exact prototype models was a fast
and economical method for design-confirmation studies and was used extensively in other

critical experiments at GE-ANPD.

| 5.1.4 XMA-1A MOCKUP (ASM)

The XMA-1A power plant, the design of which approached that of a final ground-test
prototype, had to meet much more stringent performance specifications than the HTRE
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Fig. 5.4 —Partial rear view of TSM

No. 3. (See APEX-907.) The XMA-1A reactor nuclear mockup, the ASM, was conse-
quently built as closely to actual design specifications as time and experimental flexi-
bility permitted. In many respects the reactor, Figures 5.5 and 5.6, closely resembled
that of the HTRE No. 3.8 Major differences were in radially and longitudinally nonuniform
fuel distribution, reduced moderator volume fraction, and a very detailed hydrogen den-
sity distribution variation.

The total experiment was broken down into three phases. During the first phase the
off-design moderator provided experimental base points from which moderator specifica-
tions could be established.? The reactor was then rebuilt and corresponded in the second
phase to the then-current design with respect to moderator volume fraction and distribu-
tion; fuel loading and distribution; and nuclearly equivalent front and rear shields, end
reflectors, and radial shield. Measurements in phases 1 and 2 consisted generally of de-
tailed power-distribution and reactivity studies. In a third set of experiments the final
design of the reactor and shield were simulated, and studies were conducted on problem
areas such as power measurements in critical longitudinal locations at several poison
insertion depths in addition to the usual reactivity and core power-mapping studies.10
Also included were measurements of gamma heating in several core materialsll and
shielding measurements!2 such as fast and slow neutron and gamma flux mappings
through and outside the radial and end shields.

After the termination of these experiments, which led to the issuance of design specifi-
cations for the XMA-1A, another experimental program evolved. The basic philosophy of
this program was to use the mockup reactor as a radiation source for a number of shield-
ing experiments. Inasmuch as most of the shielding data previously obtained in the ANP
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development program had been obtained with water-moderator reactors with essentially a
zero void fraction, the additional tests were conducted for air-cooled reactors.12,13

5.1.5 ADVANCED XMA STUDIES

A ceramic reactor assembly (CERA) was built!4 as a mockup of a feasibility test for
an advanced core for the XMA system. Although the feasibility test was soon shelved to
prevent a diversion of the Department from the then primary effort (the XMA-1A), it was
decided to operate the mockup, shown in Figure 5.7, to test analytical techniques for
ceramic reactors and to develop a valid technique for nuclear measurements in such a
device. A basic set of reactivity and power-mapping data confirmed the feasibility of the
design and the relative flatness of the radial power profile.15 In view of the subsequent
emphasis on ceramic (BeO) GE-ANPD reactors, a major benefit derived from these
mockup tests was the finding of an unexpectedly large fraction of nuclear poisons such as
boron and lithium in the BeO obtained from vendors.

5.1.6 ADVANCED CONFIGURATION STUDIES

During the latter half of 1959 preliminary mockups of three different ceramic-core
reactors were constructed and operated in the SMR matrix facility. The designs studied
were of the offset twin engine (P127), offset single engine (P141), and shaft-through
single engine (P140). The preliminary critical assemblies were known as the MOP-I;
ACT-I, and SIC-I, respectively. The cores of all three mockups were constructed of
beryllium oxide tubes and half-hexagonal prisms with metallic Oralloy fuel foils. Each
core had beryllium oxide end reflectors and beryllium metal or oxide radial reflectors.
Metallic, longitudinal combination tie rods and guide tubes were mocked up on 7-inch
centers in all three configurations.

c21247
Fig. 5.7—Top, rear view of CERA
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5.1.6.1 P127 Ceramic Reactor Mockup (MOP-I)

The Be-U23% atomic ratio was varied from 529 to 1 to 247 to 1 in four concentric regions
in the MOP-I reactor, shown in Figures 5.8 and 5.9, in order to present some degree of
power flattening. The moderator volume fraction was 0.54 in all regions of the core. The
total uranium-235 loading was 49.9 kilograms. The diameter of the active core was 52.2
inches, and its length was 29. 8 inches. The radial reflector was composed of 3. 81 inches
of beryllium. There was no mockup of the shield in the MOP-I configuration.16,17

5.1.6.2 P141 Mockup

The Be-U235 atomic ratio was held constant at 181 to 1 in each of the four concentric-
core regions of the P141 mockup. Power flattening was accomplished by varying the vol-
ume fraction of the coolant void in the core regions, from 0.53 to 0.48. The total uranium-
235 loading was 50.5 kilograms. The diameter of the active core was 40.9 inches, and its
length was 31.9 inches. The reflector was 1.67 inches of BeO backed up by 3.01 inches of
beryllium. A shield mockup was constructed of stainless steel, lead, boral and acrylic
plastic to approximate the nuclear characteristics of the Core Test Facility.”"> 9,20

5.1.6.3 Preliminary XNJ140E Reactor Mockup (SIC-I)

The Be—U235 atomic ratio was held constant at 183 to 1 in each of the five concentric-
core regions of SIC-I (see Figures 5.10 and 5.11). Power flattening was accomplished
by varying the volume fraction of the coolant void in the core regions from 0. 53 to 0. 48.
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Fig. 5.8 —MOP-1 reactor
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The total uranium-235 loading was 54.6 or 55.5 kilograms according to slight loading
variations made during study of the shaft region of the core. The inner diameter of the
active core was 16.04 inches; the outer diameter was 45.1 inches, with a 6.14-inch-
thick radial reflector of beryllium and 1. 22 inches of BeO; and the core length was 31.9
inches. The control system of the design core was mocked up by 42 europium or boron
carbide rods in the radial reflector. The shaft materials studied were 304 stainless steel
and Inconel X. Shaft insulators were mocked up with AlSiMag-196, beryllium oxide, or
aluminum oxide. The shaft shield was beryllium metal. The radial shield consisted of

0. 84 inch of type 304 stainless steel. The front shield was 304 stainless steel containing
1 weight percent natural boron. The rear shield was beryllium metal faced with boral.21

5.1.7 XNJ140E REACTOR MOCKUP

The nuclear mockup for the XNJ140E-1 reactor was approached on a different basis
from that of previous mockups. Prior to the construction of this mockup, a full-scale
assembly had always been constructed with physical as well as nuclear details being
closely copied. Only those aspects concerned with airflow and high temperatures were
ignored, the use of high temperature fuel elements being avoided because of the increased
potential hazard. The result, in general, was an excellent mockup for obtaining directly
applicable data. The prime disadvantages were (1) the long time required between freézing
the design and operation of the mockup, (2) the expense, (3) the difficulty in modification
for late design changes, and (4) the fact that low-temperature fuel elements using metallic
fuel are not good representations of ceramic elements. In the new approach to these prob-

i

C-22642
Fig. 5.10 —SIC-1 reactor
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Transverse cross section of SIC-1

Fig, 5,11




lems it was assumed that gross measurements such as total excess reactivity and rod-
bank worths are primarily a function of the gross properties of the assembly and do not
require a mockup of fine details. It was also assumed that fine measurements of power
distribution, rod scalloping, etc., are dependent primarily on local detail.22,23

The mockup was installed in the KEY matrix facility. This facility consisted of hexag-
onal aluminum tubes, each 1.75 inches across flats, stacked to form a square array ap-
proximately 8 feet on a side. The total length of the array was 7 feet. Half of this length
rested on a fixed table, and the remaining half on a movable table. Thus the assembly

halves could be separated.

Into this matrix was installed a core, Figure 5.12, consisting of approximately 5/6
gross mockup with low-temperature fuel elements and 1/6 fine mockup with modified
design-type ceramic tube elements. Actually, the ceramic tube area occupied slightly
more than a true 1/6 of the core in order to provide a buffer zone between the fine and

gross regions.

C-23766

Fig. 5.12— XNJ140E-1 partial mockup in KEY facility
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This solution overcame most of the disadvantages of a completely detailed mockup. It
also retained the possibility of making both gross and fine measurements. The fact that
most of the fuel elements were of low-temperature design was in effect a safety feature.
It was necessary, of course, to provide a reasonably close nuclear mockup in the gross
portion of the core since the applicability of the fine measurements in the detailed mock-
up sector would be affected by the neutron environment provided by the surrounding
region.

The KEY facility was designed so that the hexagonal matrix tubes could be removed
from the top to provide the versatility required for building a variety of assemblies. For
example, for the XNJ140E-1 critical experiment some matrix tubes were removed in a
1/6 sector at the top of the assembly to allow installation of a stainless steel can contain-
ing design-shield materials.

The various parts of the XNJ140E-1 mockup were installed as shown in Figures 5.12
and 5.13. Progressing radially from the center, the regions shown represent the (1) shaft
void, (2) shaft and shaft liner material, (3) shaft insulation, (4) fueled core, (5) reflector,
(6) pressure-pad spring and pressure-shell materials, and (7) shield.

Surrounding the core in the reflector are shown the 48 rod positions, which represent
the control and safety rod positions in the design core. The nine shown at the top, just out-
side the detailed-measurement sector of the core, are exactly positioned by virtue of spe-
cially cut reflector parts. The rod positions surrounding the remainder of the core are
approximately correct and were obtained by removing reflector from a half cell.

C-23518
Fig. 5.13 — Detail of XNJ140E-1 mockup measurements sector
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The poison rods used to mock up the design control system were not automatically actu-
ated in the critical experiment. Instead they were manually positioned to required inser-
tion depths. The control rods and safety rods for the critical experiment were located in
the shaft region and lower half of the core. In most cases the same cell contained two
rods, one actuated from either end.

The detailed-measurement sector, shown in Figure 5.13, consisted of approximately
1/6 of the assembly. In the core portion of this sector fueled BeO tubes that closely
mocked up the design-core tubes were installed. The remainder of the core contained
elements similar to those used in the SIC-I assembly. The rod positions in the measure-
ment sector, as previously mentioned, were near the correct design positions. The
other major difference between the measurement sector and the remainder of the mock-
up was in the shield area. As shown in Figure 5.12, the matrix tubes were removed and
replaced with a can containing LiH shield material. Initial criticality of the XNJ140E-1
critical experiment was attained with the entire assembly as a gross mockup. The fine-
measurement sector was installed later.

The front and rear shields of the XNJ140E-1 were represented in the mockup to a thick-
ness sufficient for determination of their effect on the core and for shield heating measure-
ments in the problem areas. The front shield region consisted of a mockup of the tapered,
borated stainless steel region nearest the core, backed up with approximately 8 inches of
beryllium. The rear shield and grid plate were represented by appropriate amounts of
boral, stainless steel, and beryllium inserted to approximate the correct shapes and lo-
cations. This mockup was also extended to a thickness of about 8 inches.

Many design-study measurements were made with the XNJ140E-1 mockup.24 Included
were measurements of nuclear heating in the radial and rear shields, the reactivity loss
from thermocouple wires, a hypothetical fuel-meltdown mockup, the asymmetry caused
by the slight mismatch between fine and gross sectors, and a three-dimensional power
profile. In addition, of course, the control system and the excess reactivity of the mock-
up were evaluated.

As measured with the assembly that best represented the XNJ140E-1, the critical ex-
periment had a reactivity excess of 5.07 percent Ak/k. The mockup bank of 48 rods had a
measured value of 4.77 percent Ak/k at 12-1/2-inches of insertion. Using a single-rod
calibration curve to extrapolate to the full XNJ140E-1 insertion depth of 24 inches, a cal-
culated worth of 10.7 percent Ak/k was obtained.

5.2 EXPERIMENTS TO CONFIRM ANALYSIS METHODS

5.2.1 SMR EXPERIMENTS

Many method-confirmation experiments were conducted in the SMR matrix facility at
Evendale. The SMR facility, shown in Figure 5.14, contains 1868 hexagonal aluminum
tubes, each 1-3/4 inches across flats and 72 inches long. These tubes are stacked hori-
zontally in honeycomb fashion to produce a matrix having dimensions of 70 by 70 by 72
inches. The matrix is hydraulically separable about a vertical plane dividing the assem-
bly into two identical halves. The nuclear assemblies were loaded into the two halves so
that matrix separation produced a gross change in the reactivity of the assembly and al-
lowed access to a plane at or near the longitudinal center of the configurations. Also pro-
vided for in the facility are channels suitable for instrumentation for control, safety, and
information and provisions for the appropriate safety and control mechanisms.

The successful design of the HTRE No. 1 led to the investigation of the feasibility of a
flight prototype using a solid hydrogenous moderator (AC-107). Hydrided zirconium was
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C-03553

Fig. 5.14—SMR facility

chosen as the moderator for the preliminary design study. Whenthe AC-107 design was dis-
continued, the mockup assembly installed in the flexible critical experiment assembly was
retained for general investigation of the nuclear properties of ZrHy-moderator reactors.
The reactors for these experiments were typically made critical by reflector-thickness
adjustments and reflector-fuel cell exchanges, and operational reactivity control was
achieved by remotely actuated removal of fuel-moderator assemblies. Fine reactivity ad-
justments were made manually by aluminum-boron poison strips. The resultant clean
cores were relatively easy to define analytically and therefore provided sound theory cor-
relations.

5.2.1.1 Hydride-Zirconium Systems

The initial experimental verification of the slowing-down model to be used for hydrided-
zirconium systems came from data obtained from the solid-moderator assemblies,
SM-126’27 and SM-2.28 Core diameters ranged from 19.2 to 32.5 inches, fuel loadings
from 16. 2 to 46.9 kilograms of uranium-235, and thickness of the beryllium metal radial
reflectors from 2.4 to 9.3 inches. The core length remained constant at 30. 0 inches, and
the moderator (ZrHy, Ny = 3.97) volume fraction was 0.36 in all the cores. A typical
core configuration is shown in Figure 5.15, and fuel element detail in Figure 5. 16.

The SM-1 and SM-2 series of configurations also provided data on the following effects:

1. In-core control rods and their interaction.29,30
2. Reflector control rods and drums.31
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Fig. 5.15—Typical hydrided-zirconium-moderated core in SMR facility

C-20570

Fig. 5.16 — Solid-moderator-type fuel element with central moderator bar
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. Reflector savings.29,32

Moderator, poison, and structure annuli at the core-reflector interface.33
Axial voids and islands.28

6. Flux peaking in core.34

Q1 W

5.2.1.2 Hydrided Yttrium System

To provide the necessary high-temperature capability for the XMA-1C flight-prototype
power plant, hydrided yttrium (YHy) was selected as a possible moderator. One of the
assemblies in the SMR matrix facility was replaced by an assembly identical except for
the substitution of hydrided yttrium (YHy, Ny = 5.5) for the hydrided zirconium on a
volume-for-volume basis. This yttrium assembly was designated as the RAM-I. The re-
activity, flux, and power were found to be almost identical for the two reactors.39

Initial theory-experiment correlation of 0.5 percent Ak/k excess reactivity, 3.3 percent
cell reactivity, and 0.177 rms fractional-power-density correlation indicated that existing
analysis tools, such as the Program 1017-G-2 sequence, were sufficient for YHx reactors;

but the general need for refinement of the treatment of beryllium reflectors was again ap-
parent.36

5.2.1.3 Acrylic Plastic System

One other hydrogen system was constructed and operated in the SMR facility. It was the
safety-orientated design study (NTGS) of the Nuclear Test Gage.37

5.2.1.4 Beryllium Metal Systems (BEM-I and BEM-II)

The best slowing-down model to be used and the magnitude of the (n, 2n) reaction in

beryllium-metal-moderated systems were determined from the BEM-I and BEM-II sys-
tems.

The BEM-Icores, Figures 5.17 and 5.18, were 30.0 inches long and 39.2 or 46. 2 inches
in‘diameter. Core excess reactivity was established by variations in the beryllium-metal
radial-reflector thickness and by uniform poisoning of the core with cadmium wires. The
moderator volume fraction was a constant 0.60, and the beryllium-to-uranium-235 atomic
ratio was 1426 to 1. The subcadmium fission fraction was 0.69 for the smaller-diameter
core and 0. 83 for the larger cores.38,39

In the BEM-II cores the moderator volume fraction was 0.83. The core length was 32.0
inches, and the diameter varied from 15.7 to 21.7 inches. The beryllium metal reflector
thickness varied from 3.0 to 8.4 inches. Critical fuel loadings varied from 14.5 to 1.7
kilograms of uranium-235 to give beryllium-to-uranium-235 atomic ratios from 288 to 1
to 4592 to 1. The subcadmium fission fraction varied from 0. 45 to 0.92.40,41

5.2.1.5 Beryllium Oxide Systems

The beryllium-metal moderator of two of the BEM-II cores was replaced on a volume-
for-volume basis with beryllium oxide, as shown in Figure 5.19. The resultant cores
were designated BEOM-II. The 33. 7-inch-long cores were 20.2 and 15.7 inches in diam-
eter. They contained 4.5 kilograms and 14.5 kilograms of uranium-235 for beryllium-to-
uranium-235 atomic ratios of 908 to 1 and 170 to 1. Subcadmium fission fractions were
approximately the same as those for metal-moderator cores. The loss of reactivity of the
cores, as compared to that for the beryllium-metal-moderator cores, was compensated
for by increasing the reflector thickness. The effectiveness of beryllium metal and beryl-
lium oxide as reflector materials was also compared in these configurations.42

A third BEOM-II core was designed and built so as to be particularly sensitive to im-
purities in the beryllium oxide moderator. This 27.1-inch-diameter core contained 5. 4
kilograms of uranium-235 for a beryllium-to-uranium-235 atomic ratio of 1362 to 1 and
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Fig. 5.17—Cross sectioh at central transverse gap of BEM-I reactor
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Fig. 5.18 — Half-length fuel element and beryllium bar for BEM-I reactor
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C-21228
Fig. 5.19 —Cross section at central transverse gap of BEOM-II reactor

a resultant subcadmium fission fraction of 0.85. Appreciable changes in the assembly re-

activity were noted when beryllium oxides manufactured by different vendors were used
as moderator.

5.2.1.6 Beryllium-Hydrogen Systems

Experimental information required for determining optimum safe masses and atomic

ratios of ceramic fuels was obtained from subcritical and critical assemblies in the SMR
matrix facility.

Properties of a core equivalent to a 1-cubic-foot sphere containing 805* grams of
uranium-235 at a 254 to 1 beryllium~to-uranium-235 atomic ratio were determined. The
maximum observed multiplication of this sphere was 2.5 with 12 inches of acrylic plastic
reflector and sufficient acrylic plastic in the core to establish a hydrogen-to-uranium-235
atomic ratio of 355 to 1 in the core. These were the maximum conditions obtainable with
the materials available. Reasonable extrapolation indicated an expected multiplication of
3.3 at a hydrogen-to-uranium-235 atomic ratio of 500 to 1.

*An anticipated batch size of 350-grams times a safety factor of 2.3.




.
oo
ee

seee
scesoe
snee
.
®scsce
seeee
.
esone
.
.
seesce

76

Additional fuel was added to the 12-inch acrylic-plastic-reflected core having a hydrogen-
to-uranium-235 ratio of 355 to 1. The system multiplication at a loading of 1780 grams of
uranium-235 per cubic foot was found to be only 4.35, and the method of attack was discon-
tinued as the predicted criticality was at fuel loadings in excess of 3 kilograms per cubic
foot.

The 1-cubic-foot core was surrounded with the best reflector obtainable (16-inch
beryllium-metal end reflectors, 6.1 inches of beryllium metal plus 9.5 inches of acrylic-
plastic radial reflector). Criticality was achieved at three different fuel loadings by vary-
ing the moderator content. The reactive worths of uranium-235, acrylic plastic, and beryl-
lium oxide were measured in each case. It was concluded that (1) the minimum critical
mass of a 1-cubic-foot spherical system having a beryllium-to-uranium-235 atomic ratio
of 250 to 1 is 830 grams at a hydrogen-to-uranium-235 atomic ratio of 500 to 1, and (2) at
this concentration of hydrogen and below, the addition of beryllium oxide to the system at
the expense of an equal volume of water will decrease the assembly reactivity.

5.2.2 HIGH-TEMPERATURE CRITICAL EXPERIMENT REACTOR

The HOTCE (hot critical experiment), Figure 5.20, is a reactor designed to study high-
temperature effects while retaining the experimental advantages of a critical experiment
assembly. It was assembled and operated in the Low Power Test facility at the General
Electric Idaho Test Site.44,45

The HOTCE core consists of 151 fuel cells in a modified hexagonal array. For ease and
safety in working with the assembly and to permit faster cooling of the heated core, the
reactor was separated into two parts at shutdown. For this purpose, approximately one-
half of the reactor was mounted on a movable table.

The moderator is zirconium hydrided to a hydrogen-atom density of 4.1 x 1022 atoms
per cubic centimeter. A 4-inch beryllium reflector surrounds the core except at the ends.
The active core is 30 inches long and has an effective diameter of 51. 6 inches. The hy-
drided zirconium extends 2.75 inches beyond the fueled portion of the core to furnish a
partial end reflector.

This reactor makes use of a unique fuel element design that has a dual purpose. Each
elementis ofa helix made from 1/8-inch-diameter, fuel-bearing, stainless-steel wire. The
fuel, contained within the wire, is 93. 2 percent enriched uranium dioxide (UOg). The total
uranium-235 inventory is 41.9 kilograms.

In addition to providing nuclear fuel, the wire fuel elements heat the core. With electri-
cal connections at the ends of the elements, they serve as resistance heaters. Thus, no
extraneous materials are required in the core to act as heating strips.

The fuel elements may attain a temperature of 1600°F during a heating cycle. The mod-
erator is heated by radiation and convection and is designed to withstand temperatures to
1300°F. The reflector pieces are separately heated by resistance-strip heaters located
in grooves around the outer perimeter of the refiector. The entire core and reflector are
insulated from the ambient air by a 4-inch blanket of high~temperature, refractory-fiber
insulation.

The control system uses combination control-scram actuators. Poison-tip rods are con-
nected to the actuators by electromagnets and are scrammed, upon release of the magnets,
by a compressed spring. For control the electromagnets, with rods attached, are moved
with motor-driven lead screws. From one to three of the stainless-steel-clad boron car-
bide rods may be driven by a single actuator.

This reactor was designed and built to obtain information on the effects of temperature
upon reactor performance and to develop high-temperature-reactor measurement tech-
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5.20 —HOTCE reactor in Low Power Test facility (LPT) at Idaho Test Station
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niques. The core is simple in design: all cells are identical and large enough to provide
sizable test holes for the insertion of test fuel elements, control elements, measuring
devices, etc. With the fuel element removed, any fuel cell provides such a test hole.

The HOTCE attained criticality with about 2 percent Ak/k excess reactivity. High-
temperature runs show a positive temperature coefficient of reactivity changing from
about 0.0035 percent Ak/k per °F at room temperature to zero at approximately 1000°F
average core temperature.46,47 A further increase in temperature results in an inver-
sion with a slight negative coefficient at 1100°F, the highest temperature attained.48

5.2.3 REVERSE FOLDED-FLOW REACTOR MOCKUP

The folded-flow concept, shown in Figures 5.21, 5.22, and 5. 23, is a departure from
conventional compact reactors in two principal areas, (1) the intricate coolant gas flow
pattern and heat transfer system and (2) the unique core arrangement with its high-
leakage design. The critical experiment work was accordingly split into two phases. The
first phase was a feasibility check with an acrylic plastic moderator and with the reflec-
tor void volume lumped in the exit-air gaps.49 Reactivity and power-distribution measure-
ments from this assembly, the RAG-1 (Radial Air Gap),%0 served primarily as checks on

C-22883

Fig. 5.21—RAG-1 folded-flow mockup for critical experiments, shown with
six reflector sections dropped down
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Fig. 5.23 —RAG-1 reactor schematic cross section

the applicability of conventional analytical techniques.91 Sufficient data were obtained to
serve as a base for the preliminary P122 folded-flow design and its design-confirmation
mockup. For this second phase a 60-degree sector of the reactor was rebuilt with a hy-
drided zirconium moderator, improved slotted radial-reflector segments, and a sectional
mockup of the borated-stainless-steel primary shield. Detailed power distribution and
reactivity measurements were obtained,52 and the more-difficult-to-predict secondary
gamma heating distributions were determined.93

The folded-flow reactor is discussed in detail in APEX-909, "Aircraft Nuclear Propulsion
Systems Studies."
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6. NUCLEAR-MEASUREMENT TECHNIQUES

6.1 INTRODUCTION

Inasmuch as the design of aircraft reactors by GE-ANPD was carried on by a combined
analytical-experimental approach, great emphasis was laid on the measurement of fission-
power distributions. During design iterations, fission-power distributions were often meas-
ured with as many as 7000 points. This measurement sequence was repeated with the vari-
ous conditions of power plant operation, i.e., control rods out, simulation of xenon build-
up, or different phases of the design iteration. Consequently, much effort was made to
automate procurement, reduction, and reporting of this information. A 10-channel propor-
tional counting system was procured for this purpose.1

As more types of information were procured, precise knowledge of the absolute reactor
power was obviously required. Data described above were generally used as relative in-
formation. However, data such as those required for shield design were required in ab-
solute terms. Data of this form were received by measuring power distributions through-
out the reactor, integrating these distributions over the reactor fueled volume, and de-
termining the average value of this integrated quantity.z’3 Inasmuch as the distribution
functions were in terms of corrected counting rates, this provided the average counting
rate per gram of uranium in the reactor. The counting rate per gram of uraniumto fission
rate per gram was converted by exposing uranium and a catcher foil in a sigma pile,
measuring the counting rate in the activation catcher foil, and calculating the fission rate
in the uranium from which this counting rate was obtained. This calculation was initially
performed in 1954; data obtained at a later date indicated a strong liklihood of a large
error. The fission rate in the uranium was calculated again in the early part of 1961, and
all data obtained prior to March 1961 and reported in any references on an absolute or
per-watt basis had to be divided by 1. 38.4 The only exception to this would befissionrates
in portions of the reactor external to the reactor core.

6.2 FISSION POWER MEASUREMENTS

Three primary methods for measuring power, or uranium-sensed neutron flux, were
used at GE-ANPD.

Fission fragment catcher foils were utilized on all critical experiment reactors in which
the uranium fuel sheets were accessible. This was the case with all metallic fuel element
reactors. The foils were precision-punched discs of aluminum with a nominal diameter of
0.5645 inch or, for more detailed distribution studies, 0.25 inch. The foils were exposed
in selected locations in intimate contact with uranium whose surface had been reduced of
the oxide. During activation in the reactor, fission fragments would be imbedded in the soft
2S aluminum foil in proportion to the fission density near the uranium surface underneath
the foil. The decay radiation was then counted in beta-proportional counters with preset
time control. Data readout was automatically punched by an IBM 026 keypunch unit to facili-
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tate data reduction on the IBM 704 c:omputer.1 Decay correction was by an experimentally
determined table of values for a 20-minute reactor run and corrected to an average decay ﬁ
time of 50 minutes after shutdown.

When foils could not be used because the metallic fuel was not accessible, long sections
of uranium wire were used. The wire had a core consisting of a mixture of uranium, 80 Ni -
20 Cr and vanadium and was clad with 5-mil-thick 80 Ni - 20 Cr. The enriched-uranium
content was about 1 gram for each 5 feet of wire. The wires were grouped in batches in
accordance with their activity after uniform exposure to a reactor leakage flux in a ro-~
tating acrylic-plastic mounting disc. The precision of slug data for single point values
was somewhat poorer than for catcher foils; fractional standard deviations for the two
methods at 95 percent confidence were 8 and 4 percent, respectively.?,6 The main diffi-
culty with wire slugs was the nonuniformity of the clad.

A method was developed in which the activity of catcher foils, i.e., relative fission
density, was correlated with absolute reactor power level through an empirical conver-
sion factor4 and through measured power distributions in the reactor to an accuracy of 7
percent.

6.3 FLUX MEASUREMENTS

The usual flux-detector materials, such as gold, indium, copper, and uranium, were
used either as foils or wires to measure thermal neutron flux distributions. Cross cali-
bration with the standard flux in the sigma pile provided absolute flux values. The tech-
nique of using wire flux detectors was improved by the development of several automatic
wire scanners. Two wire scanners were developed in which the activated wire was
mounted on a rotating wheel, which moved the wire under a scintillation-crystal detec-
tor. One of these scanners had a builtin analog-type decay-correction device in which
a special template actuated a high-precision linear resistor, which attenuated the signal
in relation to the decay time. Readout on this scanner was on an X-Y recorder. The
other rotary wire scanner employed a single-crystal detector with a specially developed
shape for high spatial resolution. This wire scanner was designed to work into a multi-

channel pulse-height analyzer. The mode of operation is as follows. The wire was
mounted on the periphery of the wheel. As the wire passed over the crystal, the pulses
generated by the crystal and the photomultiplier were fed to an appropriate scaling sec-
tion of the pulse-height analyzer. The pulse-height analyzer, however, was modified so
that it operated as a time analyzer with external gating for the time-channel switching.
As the wheel containing the wire was rotated, another disc rigidly mounted to the same
shaft would, of course, also turn. A number of small holes were drilled through the disc
that served as a light passage between a light source and a phototube. Thus, in essence
this disc acted as a light interrupter. The pulses generated by the interruption of the
light beam provided the channel switching gates previously referred. Thus, the periphery
of the wire would be transformed from spatial coordinates to a time-coordinate system
for purposes of data accumulation.” Decay correction was thus avoided, and even short-
half-life detector materials could be used. Data readout was either by cathode ray tube,
strip-chart recorder, paper-tape printer, or IBM 026 card punch.

A tabulated linear carriage in the third wire scanner moved the wire past three equally
spaced scintillation crystals, which also had high-resolution shape. The wire was counted
incrementally with preset count control. Data readout was again through an IBM 026 on
cards.

Experiments were also undertaken to measure fast neutron energy distributions by
means of threshold foil response as well as the other methods outlined in section 6. 6. 2.
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Foil types used werefissionfoils, such asthorium-232, uranium-238, plutonium-239 and
resonance and threshold detectors, such as sulphur-32, bare and cadmium-covered cop-
per, sodium in the form of sodium chloride, and nickel. The foils were counted on beta and
gamma scintillation counters. Activations at the critical experiment power levels were
satisfactory except those for nickel.5>9

The development of measurement techniques tended toward automation and high pre-
cision. This was necessitated by the large volume of data associated with the capability
of the critical experiment facility for handling four reactors and by the close integration
of critical experiment data with the confirmation efforts of reactor-design and analysis
methods.

6.4 REACTIVITY MEASUREMENTS

Techniques used for reactivity measurements in the critical experiment work at ANPD
were for the most part conventional and straightforward. The methods were primarily
(1) positive-period evaluation of a control rod or other reactor components and (2) com-
parison of differences in positions of the control rods with the reactor critical under vary-
ing conditions.

The positive-period method was adopted because of the high concentration of beryllium
generally used in ANPD reactors. Negative periods were initially evaluated and were found
to be too dependent on power history. Consequently, the positive periods were used almost
exclusively for all reactivity measurements. The period could be measured by a slope
measurement on a logarithmic power recorder by timing marks between factors of 10 on
linear direct-current recorders, or by a rapid-readout scaling system. The last method,
which shows promise of being the most precise technique, consists of a fission chamber
feeding into an externally gated scaler. With the reactor on a positive period, the scaler
would be set up to count for 6 seconds, read out on punched cards in the next 6 seconds,
and then initiate the next 6-second counting cycle. The punched cards could then be fed to
a computer. The computer would be programmed to compute the slope and evaluate the un-
certainty associated with the data.

The above-described methods were, as usual, useful for evaluating reactivity of the
order of 0.1 Ak/k. Because the nuclear mockup is required to have the same amount of
reactivity associated with it as was needed for the operation of the reactor, various means
of inhibiting this reactivity in the mockup are used. One means might be simply the inser-
tion of control rods to the appropriate depth. This method was useful for evaluating the
power distribution of the reactor in the cold, clean condition. However, it was necessary
to evaluate the reactor during various phases of the operating cycle. For this purpose
uniformly distributed absorber wires were inserted throughout the nuclear mockup to sim-
ulate the effects of xenon absorption and fuel depletion. To evaluate the worth of these
many pieces of wire, a statistical sampling technique was evolved. This technique con-
sists of establishing the position of the control rods with all the wires in place and the re-
actor critical. A small randomly selected number of wires would then be removed from
the reactor, and the reactivity addition due to this wire removal would be evaluated by re-
storing the control rods to their previous position at criticality and measuring the period
by one of the above methods. The reactivity worth per wire would then be determined. By
repetition of this sequence 10 to 15 times, a distribution curve of the average worth per
wire was obtained. By subjecting this distribution curve to standard statistical-analysis
procedures, one could obtain the extrapolated worth of all the poison wires and the un-
certainty associated with this determination. Since the sample was small, the effect of
interactions by the wires was not significantly disturbed, and a truer evaluation of the
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effects of these wires on the multiplication constant of the reacting system was conse-
quently possible.

The method of comparing differences in control rod position due to a change in the re-
actor was in general felt to be accurate within 0. 001 percent Ak/k if just the reproduci-
bility of the system is considered. Moreover, with reactors containing a high concentra-
tion of beryllium a definite correlation appeared in variations between presumably identi-
cal reactor configurations and power history. This apparently can only be attributed to a
buildup of an external flux contribution due to the(y, n) reaction in beryllium.

6.5 DOSIMETRY

During the experiments outlined in section 5 many measurements of the biological dose
in the vicinity of the reactor were made. The doses measured were due to fast neutrons
and penetrating radiation such as gamma rays.

6.5.1 GAMMA DOSE RATE

Two techniques were used for the determination of the radiation levels around the ex-
perimental reactors. The first was the use of conventional film badges. The film packets
were located at various points along the core axis and along radii about the axis. Conven-
tional development methods and photometric determinations of film darkening were used
to convert this information into roentgens per hour per watt of reactor power as a function
of various configurations about the reactor. The second method for determining these gam-
ma dose rates the use of air-equivalent carbon-wall ionization chambers. These ionization
chambers would drive directly into micro-microammeters, and the data would be obtained
in the control rooms.10,11

6.5.2 NEUTRON DOSE

Experimental procedures very similar to those for determining gamma dose rates were
used for determining fast neutron dose rates.12 The doses were obtained in units of energy
deposition in polyethylene per unit of reactor power. A Hurst-type fast neutron dosimeter
was modified for these experiments. The modifications to the'dosimeter reduced the sensi-
tivity of the chamber to gamma radiation and thus extended the range of usefulness of the
dosimeter. The dosimeter was fed into a Convair-type integrator for rough correlation of
energy to dose. In this circuitry counts are accumulated in a manner proportional to the
height of the pulse output of the dosimeter. This pulse-output height is proportional to the
energy of the proton, which in turn is related to the energy of the incident neutrons. The
counts accumulated after a given period of time are proportional to the energy deposition
in polyethylene at the experimental points in question. Another method of converting do-
simeter response to rate of energy deposition was to feed the dosimeter output into a multi-
channel pulse-height analyzer that provided a finer resolution of energy distributions. No
analyzer data was in turn converted into equivalent polyethylene dose.

6.6 SECONDARY HEATING MEASUREMENTS

Techniques for measuring gamma heating with Bragg-Gray detectors in various reactor
materials have been demonstrated and may be considered proved on the basis of perform=~
ance and comparisons with alternative detection methods.

Theoretically, a Bragg-Gray detector14,15,16 consists of an infinitestimally small gas-
filled cavity in material being heated by the kinetic-energy loss of charged particles tra-
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versing the region. In the gamma-heating detector the charged particles are betas pro-
duced by the gamma interaction processes with matter, as in Compton scattering, pair
production, and the photoelectric effect. The amount of heating produced in the chamber
material is determined by measuring the amount of ionization produced by the betas in the
gas-filled cavity and theoretically relating it to the energy deposition in the surrounding
chamber-wall. To simplify the theoretical treatment of the problem, certain restricting
conditions must be applied to the chamber design. The main principle to be followed is
that the beta energy distribution must be continuous and uniform over the path length of
the betas that traverse the gas-filled cavity. A second principle, which is more easily
met in practice, is that the primary charged-particle production in the gas-filled cavity
must be negligible in comparison to the production in the chamber-wall material. These
principles are met in the chamber design by making the wall thickness greater than the
range of the beta particles in the material and by making the mean linear cavity dimension
very much smaller than the range of the traversing betas in the gas. This second design
condition can be experimentally validated by varying the gas density in the cavity while
the chamber is in a constant gamma field and noting the linear variation in cavity
ionization.

A necessary assumption is that an insulated collecting electrode can be introduced into
the gas cavity without violating the basic chamber principles.17 However, if the principles
are violated by the inclusion of the electrode, the effect on the chamber response can be
calculated and a correction factor applied. The ionized particles are collected by means
of an electric field maintained between the collecting electrode and the chamber wall. The
electric field is so arranged that the ions are collected without recombination or multipli-
cation. This is experimentally demonstrated by observing the extent of ion collection as a
function of the applied electric field and operating the chamber in the region of saturated
ionization.

The Bragg-Gray type of detector has been used for some years as a device for the de-
tection of gamma rays in air and materials that can be considered air-equivalent. The
carbon ion chamber and the Victoreen Condenser r-Meter ionization chambers are ex-
amples of Bragg-Gray gamma dosimeters in common use. The latter are considered
secondary standards, being calibrated against NBS radium. Carbon ion chambers are
commonly calibrated against the Victoreen chambers and used for reactor measurements.
Instruments of this type are referred to as secondary measuring devices since an experi-
mental calibration is performed against either another secondary standard or a primary
standard.

Using the Bragg-Gray type of detector to measure gamma heating in nuclear reactor
components is somewhat more complicated than using a simple air or air-equivalent
chamber, since reactor components are generally far from air-equivalent. Specialized
techniques are required to calibrate the detectors with a standard source, thus allowing
them to be used as standard absolute detectors. This admittedly is a complication, since
it requires each chamber to be constructed to more rigid specifications than would be the
case if the chambers were to measure gamma heating relative to some standard device.

An advantage in using the detectors as standards is the elimination of the experimental
error in any calibration. With the recent theory improvements and advances in the design
and construction of cavity ionization chambers, it is doubtful that an experimental cali-
bration of a Bragg-Gray detector would make the device more accurate than a chamber
operated as a standard.

A useful check on the absolute methods of determining gamma heating is provided by a
comparison of calorimetric and ionization measurements made at the same point in the

|

ecssese
.

esee
essece
e
.

sens
.

. .
wesese
LT ERY
seesse
o o

.

.

esscse
soesee
. .

.

.

sece

.
.
.
.
.
.
.




90

radiation field. In one such comparison18 the gamma heating in graphite at a point in a
beam of cobalt-60 gamma rays was determined first from the rise in temperature of a
hollow graphite cylinder and then from the ionization in an air-filled cavity in a similar
graphite cylinder at ithe same location. The two measurements were found to agree with-
in about 3 percent. In another such comparison19 performed at ORNL, gamma heating
was determined using COg in a graphite-walled cavity ionization chamber and a calorim-
eter that measured the rate of vaporization of liquid nitrogen. The results of the two
methods agreed within 3 percent.

That cavity-ionization theory remains valid with materials having higher z numbersthan
graphite was verified at the Hanford Atomic Products Operation by experiments in which
the responses of graphite, aluminum, copper, silver, and lead ionization chambers were
experimentally determined with cobalt-60 gamma radiation and were compared with the
calculated responses with excellent agreement.20

The use of cavity ionization chambers for the measurement of reactor gamma heating
has been quite limited. At Knolls Atomic Power Laboratory such chambers of beryllium,
aluminum, and steel were used to measure gamma heating in the Preliminary Pile Assem-
bly (PPA) reactor. The results were in reasonable agreement with the simple gamma
heating analytical calculations used on the reactor.21 However, gamma-heating measure-
ments were abandoned when it was decided that for the purposes concerned the analytical
methods were adequate. Measurements of gamma heat generation were made in the
Engineering Test Reactor22 (ETR) in 1958 with pedestal- and rod-type calorimeters and
carbon ionization chambers (operated as standard detectors). The carbon ionization cham-
bers were determined to be the most useful devices in measuring the gamma heating, and
an extensive mapping of the ETR core was performed with apparently excellent agreement
with analytically predicted values.

Bragg-Gray chambers were 1sed to measure gamma heating in HTRE No. 3 assemblies
in Idaho in order to obtain a comparison with calorimetrically determined nuclear heating
rates.16 In 1958 a Bragg-Gray chamber of hydrided zirconium and caiorimeters contain-
ing hydrided zirconium sensing slugs were used in the first HTRE No. 3 assembly. The
two methods of determining gamma heating rates agreed to within 9 percent with the calo-
rimeters indicating the higher heating rates. Unfortunately, the calorimeter portion of
the testing was terminated by a power excursion before the completion of the measure-
ments, and it was necessary to use the distribution of the predicted nuclear heating rate
to correct for differences in chamber and calorimeter locations and to subtract from the
calorimeters the heating contribution due to the kinetic energy loss of the reactor neutrons.
The limit of error in the comparison was consequently larger than the 9 percent discrep-
ancy between the methods of determination.

A second comparison was made late in 1959 in the rebuilt HTRE No. 3 between zirconi-
um Bragg-Gray chambers and hydrided-zirconium calorimeters. The discrepancy between
the values from the Bragg-Gray chambers and those from the calorimeters was about 5
percent.

In the first HTRE No. 3 comparison the values of the heating rates measured by the
Bragg-Gray chambers and the calorimeters were a factor of about 2.5 higher than the
analytically predicted values. However, this is not considered significant since the power
excursion prevented a final reactor power calibration by the heat-balance method. In the
second HTRE No. 3 comparison the heating rates measured with the Bragg-Gray device
were 12 percent higher than the predicted values23 on the basis of power determined from
the heat balance performed on the reactor.

Fabrication of Bragg-Gray detectors from certain materials such as alumina, beryllia,
and lithium hydride is difficult. A means of circumventing this problem is to use an alter-
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native detector and calculate a correction factor based upon the theoretical response of
the Bragg-Gray detector used and the response of the material in which the gamma-
heating measurement is desired. This method was used at Kellogg Radiation Laboratory,24
where the relative response of Bragg-Gray detectors was calculated as a function of Z
number, barrier effectiveness, and gamma energy absorption cross section. The gamma-
heating correction factor used was simply the ratio of the barrier-effectiveness values of
the wall materials of the chambers. By means of this method a beryllium or aluminum
chamber can be used to determine gamma heating in other materials such as lithium hy-
dride or water. Implicit in the conversion from relative cavity ionization to relativegam-
ma energy deposition is the assumption that the Bragg-Gray chamber used is only sensi-
tive to first-collision gamma interactions in its wall material. This is accomplished by a
design restriction on the detector that the wall thickness be very much smaller than the
mean-free-path length of the gamma radiation. Naturally the design restriction(previously
stated) that thechamber wall thickness be greater than the range of the beta particle in

the material must also be followed.

In summary, the technology for measuring gamma heating in nuclear reactor compo-
nents has been adequately demonstrated and substantiated by correlation experiments per-
formed at GE-ANPD and at other facilities.

6.7 SPECTRAL MEASUREMENTS

In several critical experiment assemblies determinations were made of the fast neutron
spectrum and the gamma ray spectrum. These data were to be of use in the detailed de-
sign of the aircraft shield.

6.7.1 GAMMA SPECTROMETRY

Gamma spectral determinations were made by the use of a sodium iodide thallium-
activated crystal. The crystal was 5 inches in diameter by 7 inches long. The photomulti-
plier was coupled to the crystal by means of a thin lucite cap, and the output was trans-
mitted through a cathode follower into a multichannel pulse-height analyzer. The crystal
tube and preamplifier were mounted in a collimator composed of lead, iron, and lucite.
The entrance hole was on the crystal axis and was 1/4 inch in diameter. The length of
the collimator hole was approximately 20 inches. Crystal responses were calculated by
Argonne National Laboratory using their George computer.25 Experimental response func-
tions at various discrete energies were also determined by means of various sources for
the lower-energy gamma rays and the positive-ion Van de Graaf at WADD.26

6.7.2 NEUTRON SPECTROMETRY

Fast neutron spectrum data were obtained from the ASM and the KEY facility. Lithium-
loaded Ilford emulsion plates were used to obtain the spectrum. By operating the reactor
at very low power in order to preclude significant gamma clouding of the film, a number
of reaction tracks were produced in the emulsion. These plates were then sent to Convair,
Fort Worth Division of General Dynamics Corporation, where track lengths and angles
were computed. By the imposition of suitable restrictions on those tracks that were
counted, such as angle of track with respect to emulsion surface, a neutron spectrum
could be erected. The angular dependence of the reaction track with regard to the inci-
dent angle of the neutron was eliminated by this restriction of counter tracks to those of
a fairly small angle.9

Another promising method of determining neutron spectrum was under development when
the work was terminated. The technique involved used a pair of solid-state ionization de-
tectors, surface-junction back-biased silicon diodes on either side of a thin wafer of
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lithium=-6. Neutrons incident upon this layer of lithium-6 produced the alpha-particle re-
action, or track, and tritium. These particles would then be totally absorbed in the ioniza-
tion chambers on either side of the wafer. By summing these pulses and subtracting re-
action energy value, the energy of the incident neutron could be determined.27

6.8 NONFISSION NEUTRON HEATING

During the operation of the KEY assembly, described in section 5.1, oneitem of infor-
mation desired was the reaction rate of neutrons in the borated sections of the reactor
assembly. Consequently, measurements were made using two detectors to determine this
rate. One detector was simply a miniaturized BF3 counter that was moved through approp-
riate places in the assembly to provide a reaction density-distribution curve. The other
technique was similar to that described in section 6.6 for neutron spectroscopy. However,
one solid-state detector would be used with the junction faced by a layer of boron. Ap-
proximately one-half the reaction products from the interaction of boron-10 with the neu-
trons would produce ionizing particles incident on the detector. If this detector were
coupled to suitable pulse-counting electronic equipment, the counting rate would be pro-
portional to the reaction rate in the boron facing the detector. One difficulty apparent in
this technique was that most silicon diodes produced for this purpose appear to have a
small amount of boron in them, presumably as doping. The reaction of this boron is iden-
tical to that of the purposely superimposed layer. Moreover, the pulse height distribution
from these internal boron reaction rates was different than that from the external boron
reaction rates. Consequently, it became difficult to separate the two reactions and to
provide information as to what the true boron reaction-rate distribution was.

6.9 NUCLEAR TEST GAGE

The procurement of materials to go into or near a nuclear reactor core presents special
problems inherent with the need for low-nuclear-cross-section materials. Often the ven-
dor is not equipped to make analyses of the quality desired. When such analyses are ob-
tained, they are usually expensive and time consuming, and the test sample is destroyed.
The need to avoid these disadvantages suggested the building of the Nuclear Test Gage
(NTG).

The NTG is a subcritical assembly consisting of a core containing fully enriched uranium
and moderated and reflected by acrylic plastic. The fuel-bearing volume is cylindrical, 24
inches in diameter and 24 inches long. It contains 4.2 kilograms of uranium-235 in the form
of uranium foil approximately 93 percent enriched. A 6-inch-diameter sample hole extends
longitudinally through the unit, although normally this hole is plugged in the end-reflector
region, and only a 2-inch hole penetrates the plug.

The NTG is loaded in a configuration calculated to achieve a flat neutron-flux profile
across the exact center of the core in order that the scattering cross section of the sam-
ple and minor variations in its location shall have a minimum effect. It is somewhat
more important to have a reasonable length of flattened flux longitudinally than radially
since the sample carrier mechanism precludes the possibility of significant radial sam-
ple shift. Neutron flux profiles, both radial and longitudinal, were measured with indium
foils. The longitudinal flux was measured along the center of the sample hole, but the
radial flux map, not easily obtained from the NTG, was measured in a mockup assem-
bly installed in a hexagonal-matrix critical experiment facility. This full-scale mockup
provided a means of checking safety features in addition to a final check of the design.
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Four 0. 25-curie radium-beryllium sources are equally spaced around and inserted in-
to the fueled annulus. Surrounding the cylindrical fueled volume on the side and both ends
is a 6-inch layer of acrylic plastic to act as reflector. The assembly has a multiplication
of approximately 70 and a thermal flux in the center of the sample hole of about 5 x 104
n/cm? -sec.
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