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PREFACE

In September, 1955, a group of men experienced in various scilentific
and engineering fields embarked on the twelve months of study which cule
minated in this report. For nine of those months, formal classroom and
student laboratory work occupied their time. At the end of that period,
these six students were presented with a problem in reactor design. They
studied it for ten weeks, the final period of the school term.

This is a summary report of their effort. It must be realized that,
in so short a time, a study of this scope can not be guaranteed complete
or free of error. This "thesis" is not offered as a polished engineering
report, but rather as a record of the work done by the group under the
leadership of the group leader. It is issued for use by those persons
competent to assess the uncertainties inherent in the results obtained in
Terms of the preciseness of the technical data and analytical methods
employed in the study. In the opinion of the students and faculty of
ORSORT, the problem has served the pedagogical purpose for which it was
intended.

The faculty Joins the authors in an expression of appreciation for
the generous assistance which various members of the Oak Ridge National

Laboratory gave. In particular, the guidance of the group consultant s
J. A. Lane, is gratefully acknowledged.

Lewis Nelson
for

The Faculty of ORSORT

UNCIASSIFIED
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ABSTRACT

This project was initiated for the purpose of determining the feasibility
of a high flux, solid fuel research reactor. The following report describes by
means of a parameter study a reactor consisting of a cylindrical fuel annulus sub-
merged in heavy water. The thermal neutron flux pesks in the heavy water adjacent
to the annulus and is a maximum in the region surrounded by the fuel annulus,
while the minimum thermal flux occurs in the annulus. The fast flux has the
opposite shape. Calculations indicate that practical pesking factors, ratios
of meximum thermal flux in the heavy water to average thermal flux in the fuel
annulus, as high as eight can be obtained,

The report also describes a typical reactor in which the maximum thermal

and fast fluxes are greater than 101% n/cmR-sec.
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INTRODUCTTION

The purpose of this study was to investigate the design of an advanced
reactor for research and materials testing. The reactor analyzed consisted of
an annular array of fuel elements surrounded by heavy water. The thermal
neutron flux was expected to peak in the heavy water region surrounded by the
fuel annulus and in the heavy water reflector. These regions of high flux
surrounding the fuel annulus were to be used for experimental purposes. The
following paragraphs summarize the preliminary analysis which led to the
selection of this type reactor.

A reactor to be used for research and for testing materials is optimized
by maximizing the neutron fluxes. For purposes of analysis the neutron flux
. can be divided into a fast or fission spectrum flux, an intermediate or 4E/E
flux, and a thermal flux. Several Ilmportant experimental uses of neutron fluxes
characterized by these spans of energy.are as follows: a fast flux is desirable
for radiation damage experiments involving non-fissionable materials; an inter-
mediate flux is desirable for experiments with time-of-flight spectrometers and
for studying the effects of resonance capture; and a thermal flux is desirable
for studying effects of thermal neutron capture on reactor materials, for studying
radiation effects on reactor fuel elements, and for studying characteristics of
circulating reactor fuels in reactor environment. Many experiments such as the
study of transuranic buildup in fertile materials require a combination of thermal
and intermediate fluxes.

Fluxes of large magnitude are needed for several reasons. Some experi-

ments involving the measurement of nuclear quantities cannot be performed




accurately without a high flux. 4 high flux provides a high nvt in a short time
which allows one to predict what will happen to certain reactor materials after

long irradiation times in lower flux reactors and also provides additional infor-
mation necessary for determining the effects of the rate of irradiation on materials.
One must remember, however, that reactor experiment time involves preparation time
as well as irradiation time. Thus, if a testing reactor designed for a high

neutron flux is so complicated as to require long down time for experiment pre-
paration, little time has been saved by use of the high flux.

As the thermal flux is increased to higher levels, the power and the burn-
up rate increase rapidly. Thus it seems reasonable that the ultimate reactor
for research and materials testing may be a circulating fuel type reactor since
fuel can be added continuously and heat transfer from the fuel atoms is not such
an important problem. However, the various fluid fuel reactors which could be
constructed using existing technology have some limitations and require additional
development work. Since solid fuel research reactors may involve a lesser
development effort, the objectives of this summer study were limited to the
analysis of such reactors.,

For the reasons discussed above it was concluded that to design a hetero-
geneous reactor with a flux considerably greater than now available it would be
necessary for the high thermal flux region of the reactor to be located other
than in the fuel. Preliminary investigations suggested that a possible means of
achieving such a design would be by arranging the fuel elements in an annular
ring submerged in a low neutron absorbing moderator such as D20, The annular
ring of fuel acts as a source of fast and intermediate neutrons which are

converted into thermal neutrons in the regions external to the fuel annulus,.




~15=

If the metal to water ratio in the fuel zone is high so as to give adequate
leakage of neutrons from the fuel annulus and if there is poor moderation and
high thermal absorption in the annulus so as to give a large ratio of fast to
thermal flux in the annulus, then appreciable peaking of the thermal flux occurs
in the region surrounded by the fuel annulus (hereafter referred to as the
moderator) an& in the reflector. Since the multiplication constant decreases
rapidly with increasing metal to water ratio and since the moderation in the
anmilus depends largely on the space required for the coolant, the main objective
from a nuclear point of view was to maximize the ratio of fast to thermal fl—x
in the fuel annulus,

The thermal flux is proportional to the power per unit mass of fuel, while
the fast flux is proportional to the power per unit volume. Therefore, the desire
cordition in the annulus is obtained by maximizing the fuel concentration and
power density. From the heat transfer point of view this meant maximizing the
surface area to volume ratio in the fuel elements,

A design study was initiated on a reactor incorporating the concepts
summarized in the above paragraph. This reactor was designated the High Flux

Research Reactor (HFRR),
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SUMMARY OF RESULTS

In sumarizing the results of this study it may be beneficial to give a
general description of a typical reactor based on the analysis found in this

report. References should be made to Figure 1. "

A cylindrical fuel annulus, surrounded by D20 is the basic concept by
which a high thermal neutron flux is obtained in a region other than the fuel.
The D20 region in the center of the reactor is called the moderator. In this
region a maximun thermal flux peaking exists. Another peak, not so great,
exists in the D20 reflector on the outside of the fuel annulus. The fast flux
peaks in the fuel region, where the thermal flux is a minimm. Axial distor-
tion of the flux is reduced by D20 end reflectors 200 cm thick. The flux distri-
butions are shown in Figure 2.

The highly enriched fuel; in the form of a uranium-eluminum elloy, is
incorporated in aluminum clad, plate-type fuel elements. Bach elements is three
feet long and is in the form of a spiral. Other design features make it possible
for each element to rotate continuously during operation of the reactor, resulting
in more uaniform burnup of the fuel. Palrs of elements are located in aluminum
fuel element housings which are grouped to form the fuel annulus. They are
gcured by plugging into a plenum chamber at the bottom of the reactor tank.

Cooling of the reactor is accomplished with heavy water that enters through
the bottom of the reactor tank. Water is directed through the fuel element
housings as well as against the outer surfaces of the housings. The latter
is accomplished by means of baffle plates which may also serve to direct coolant
flow for experiments suspended in the moderator and reflector regions. Pressuri-
zation of the coolant in the fuel element housing is obtained by means of
the circulating pump head and the pressure drop across an orifice at the outlet

end of the housing. The hot water discharges from the orifice into the moderator
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and reflgctor regions which are at essentially atmospheric pressure and is then
c¢irculated through heat exchangéfs° A secondary system of light water removes
the heat from the heavy water to cooling towers or some other suitable sink.

Complete control of the reactor is accomplished by means of: two one-
quarter inch thick steel or aluminum clad cadmium segmented cylindrical safety
elements adjacent to the inside and outside circumferences of the fuel annulus;
twenty-one stainless steel shim tubes, located between fuel element housings
which contain a continuously circulating aqueous boric acid solution for shim
control and burnable poison, the concentration of which can be varied during
reactor operation; and four or more steel or alumimum clad cadmium regulating
rods located in empty shim tubes, Safety and regulating elements are driven
from the bottom of the reactor. Each safety shell is worth seventy percent
reactivity, each boric acid tube zero to two percent reactivity, amd each
regulating rod one half percent reactivity,

Shielding directly above the reactor consists of 200 em of D, 0, 18 cm

2
of iron thermal shield and 295 cm of concrete. One daj after shutdown remote
handling of experiments througﬁ holes in the concrete is required ard is
accomplished inside a cylindrical tank, purged with helium. During operation
of the reactor at 500 Mw power, a person can stand on the concrete over the
reactor,

A small inert gas space is provided above the D20 for continmious removal
of deuterium and oxygen produced by radiolytic decomposition.

Based on the analysis in this report, the following detailed information

approximately represents the maximum conditions for the reactor just described:
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Average thermal flux in fuel annulus
Maximum thermal flux in center region
Maximum thermal flux in reflector

AQeragé fagt flux in fuel anmilus

Average intermediate flux in fuel anmulus

U-235 concentration in the fuel elements

Fuel loading
Reactor power
Fuel cycle time

Average power density

Specific power
Maximum power density

Average heat flux

Maximum heat flux

Coolant velocity

Maximum fuel element surface temperature
Coolant inlet temperature

Average coolant exit temperature
Pressure drop across orifice

Moderator radius, Rl

Anmulus width, R

2

Reflector width, R3

Length of fuel zone, 2H

6.12 x 10%4
4.81 x 10%7
2.45 x 1015
2.36 x 1015
1.46 x 1070
1.3 x 10°%atons /om3
9.8 mg/cm2
1.5 kg

A25 Mw

10 days

1500 watts/cm’

1.45 x 108Btu/hr ft3
31,000 Kw/Kg

3.48 x 108Btu/hr £t3
4.69 x 10°Btu/hr £t°
1.13 x 10%Btu/nr £t2
30 ft/sec

350°F

100°F

200°F

260 psi
40 cm

2] cm

75 cm

3 ft




Diameter of fuel elements 3.5 in,
Number of fuel elements 50 .
Total volume of fuel elements 2.85 x 10%em’
Thickness of fuel plate, W .030 in,
Thickness of coolant channel, E 045 in,
Coolant circulation rate 62,000 gpm
Pressure drop across fuel element | 62 psi

Wt.% of U in U-Al alloy 12.5%

MM in fuel elements . 667

Average thermal flux in ten cm diameter experiment placed
at center of reactor

Thorium 5.8 x 1014
Iron 5.2 x 1014
19 3 15
MIR fuel element (9 x 10" atoms U-235/cm”) 2,2 x 10
Aluminum, sodium 2.8 x 1015
Beryllium 3.9 x 10%°

It should be emphasized that the reactor described above has not
necessarily been optimized because of the many variables involved.

Research reactors which have been designed for materials testing have
generally been of one type —- light water moderated and cooled, highly enriched
reactors, using plate-type fuel elements, The Materials Testing Reactor, the
Oak Ridge Research Reactor, the Low Intensity Test Reactor, the Bulk Shielding
or Swimming Pool Reactor, the Westinghouse Test Reactor, and the Engineering
Test Reactor are reactors of this type. An exception is the CP-5 type reactor

which is heavy water moderated and cooled. In contrast to the HFRR design these
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reactors have been designed to attain a combination of fast and thermal fluxes,
and the experimental volume of these reactors is generally located within the
fuel zone, In Table 1 some of the important features of these reactor designs are

summarized for comparison with the typical design which was completed on the HFRR.

TABIE 1

Comparison of Reactor Parameters

Reactor Power Max, Max, Max, Specific | Power Max,
Designation Thermal Inter., Fast Power |Density Heat
Flux Flux Flux Flux

2
Kw n/bm?/éec n/bmz/sec n/bmz/sec Kw/Kg 25 | Kw/1l |Btu/hr ft

LITR 3,000 | 4x10%3 880 31
BSR 100 | 2x10" | 3x10't | 1x10™t 30 1.1
MTR 40,000 |5.3x10™ 8,900 390
ETR 175,000 |6.05x10% |g.5x10% | 1.7x10™ | 10,000 590 | 1.15x10°
CP-5 1,000 | 1.710°3 | 11012 | 1x10™ 870 6
HFRR 425,000 |4.81x10%5 |1,55x1015 | 2.59x10% | 31,000 1500 | 1.13x10°
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REACTOR PHYSICS

The purpose of the nmuclear analysis of the HFRR was to determine the more
important variables leading to a maximum thermal neutron flux in the center regior
or "flux trap." A parameter study was undertaken in an effort to optimize the
design and gain a preliminary insight to the more important problems associated
with this reactor. The effect of the size of the regions and the concentrations
of various components in each region on the critical mass and the flux distribu-
tion was studied. Approximate flux perturbations resulting from experiment
insertion were determined.

Calculations were made to determine a feasible control system for the HFRR.
Xenon instability, burnup, and the temperature coefficient of reactivity were
investigated as they appeared to be possible limitations to a high flux reactor
design.

A three-group, three region ORACLE® code (l)b was used extensively to
evaluate many of the nuclear characteristics of the HFRR, Two-group calculations
were used for some of the systems investigated which employed light water. The
regions were assumed to be homogeneous, and corrections were not made for self-
shielding in the fuel assemblies. Thirty~group "Eyewash"(z) cross-sections were
flux averaged to determine the three-group constants. Integrated fluxes versus
lethargy were obtained from previous UNIVAC calculations(B) for somewhat similar
systems and were assumed to be correct. Critical experiments were calculated to
determine the adequacy of the method of preparing group constants. These calcula-

tions indicated that within the assumptions made the HFRR calculations were

a
Oak Ridge Automatic Computer and Logical Engine.

b
Refers to List of References,
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accurate within about 15 percent, A detailed summary of the nuclear analysis is
presented in Appemdix II,

An optimum HFRR was not determined as a result of the calculations which
were completed. The nuclear analysis indicated that the criteria for maximum
thermal flux peaking in the experimental zones was a maximum ratio of fast and
intermediate flux to thermal flux in the fuel zone., The thermal flux in the fuel
region is proportaional to P/M (specific power), where P is the total power,
anrd M is the mass of U235, The fast and intermediate fluxes are proportional
to P/V (power density), where V is the fuel annulus volume (4), Therefore, in
order to maximize the ratio of fast and intermediate flux to thermal flux in the
fuel region, M/V or the ratio of mass of 0235 to the fuel element volume should
be maximized. From the heat transfer standpoint this requires maximizing the
power density which is the same as requiring a maximum surface area to volume ratio
in the fuel elements, From the nuclear standpoint this means minimizing the
specific power or power output per kilogram of U235° This requires a maximum
fuel concentration which, if not fixed by power removal considerations, is
determined by the amount of excess reactivity which can be controlled. Because
of the many variables involved in fuel element design and because of the strong
dependance of the heat transfer on the thermal flux distributions within the
fuel region, it is very difficult and time consuming to determine the balance of
materials, reactor size, heat transfer, and physics which results in peak perform-
ance., The flux shapes of the HFRR will continuously change with time, which
further complicates the problem, Considerable error can be introduced by assuming
homogeneous regions and uniform burnup, and neglecting effects of regulating

rods. Therefore, in order to optimize this reactor one should make use of a two
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or three-dimensional reactor code. Such an analysis was beyond the scope of

this summer study. The calséulations which were completed should give an adequate
indication of the general trend to be expected from the variation of the many
variables associated with the HFRR, The results of the caleulations are summarize

in the following paragraphs,

Materials and Size Selection

The primary object of investigating variations in the materials to be used
in the moderator, fuel, and reflector regions was to determine the proper material
and concentrations necessary to give a maximum ratio of the maximum thermal flux
in the experimental regions to the average thermal flux in the fuel region,

Fuel Region: Initial analysis concerning selection of a coolant for the
fuel region indicated that light water would be desirable from the standpoint of
minimizing D20 holdup, and D20 would be desirable from the standpoint of not
requiring a leak tight system between the fuel region and the heavy water regions.
The decision as to which was to be used was based on the criteria of maximizing
the thermal neutron flux peaking in the experiméntal zones., It appeared that the
central and reflector regions would serve as a source of thermal neutrons for
the fuel region. Since the thermal neutrons in the regions external to the fuel
6figinat§ as fast and intermediate neutrons in the fuel, the fast and intermediate
neutron leakage out of the fuel region should be made as high as possible. Also,
the thermal neutron gradient within the fuel is Important from the standpoint of
making the average thermal neutron flux in the fuel small with respect to the
thermal flux in the experimental zone., Heavy water has a greater slowing down
length than light water; and hence, the fast leakage should be greater for a D_O

2
cooled system., However, light water has a higher absorption cross-section than
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heavy water and hence, the thermal neutron gradient in the fuel region should be
steeper for light water. Thus, the question was whether the high fast leakage

of thé heavy water system or the high thermal absorption of the light water system
was more desirable from the standpoint of achieving maximum thermal fluxvpeaking°

This was investigated using the 3G3R ORACLE code and it was found that in
terms of thermal flux peaking heavy water was a better coolant for the fuel
region. This is illustrated in Figure 3. Figures 5 and 6 show that in the fuel
region the ratio of the maximum to the average thermal flux is greater and the
ratio of the average fast to the average thermal flux is smaller for light water
coolant. Thus, although the gradient of the thermal flux in the fuel region was
greater for the H20 cooled system, the greater fast leakage of the D20 cooled
system produced higher peaking, It should also be mentioned that a large thermal
flux gradient in the fuel results in a greater degree of non-uniform fuel burnup
and in more difficult power removal problems. Therefore, the lower thermal flux
gradient of the D20 cooled reactor is an added advantage of this system,

As a result of this preliminary analysis pertaining to coolant selection
it was concluded that the important criteria for maximum thermal flux peaking
in the experimental regions was a maximum ratio of fast and intermediate flux in
the fuel region to thermal flux in the fuel region,

Parameters which can be varied in the fuel region are metal to water ratio,
thickness and volume of the fuel region, and fuel concentration. An increase in
the metal to water ratio in the fuel region decreases the moderating properties
of this region. Therefore, based on the previous analysis, the thermal flux
peaking should increase with metal to water ratio, This was verified by CRACLE

calculations and is illustrated in Figures 7 and 8. However, it must be
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remembered that the effective multiplication constant is rapidly reduced by an
increase in the metal to water ratio as shown in Figure 9,

The effect of varying the fuel zone thickness is shown in Figures 3, 4y 5,
and 6, For a constant fuel concentration, an increase in fuel zone thickness
increases the multiplication constant, the ratio of the maximum thermal flux in
the center region to the average thermal flux in the fuel, the ratio of the
maximum thermal flux in the fuel to the average thermal flux in the fuel, and the
ratio of the average fast flux in the fuel to the average thermal flux in the

fuel.\ It appears that for the D_O system the primary effect of an increase in

2
fuel anmilus thickness is to increase the fast and intermediate leakage out of
the fuel zone because of the increased total mass of U35,

If the fuel concentration in the fuel zone is increased, the thermal flux
peaking increases. This is illustrated in Figure 8, It is interesting to note
that the ratio of the maximum to average thermal flux in the fuel does not
change as rapidly with an increase in fuel concentration, indicating that increase
leakage of fast and intermediate neutron flux out of the fuel zone rather than *
the change in thermal flux gradient is the primary cause of the increased peaking.

The effect of decreasing fuel concentration with time on the thermal,
intermediate, and fast flux spacial distributions is illustrated in Figures 10,
11, and 12, Constant power operation and uniform radial fuel burnup were assumed.
Even though the thermal flux peaking decreases with a decrease in fuel concentra-
tion, the increase in the thermal flux in the fuel zone more than compensates,

If there were non-uniform fuel burnout, the fuel at the‘edges of the fuel zone

would be depleted more rapidly than the fuel in the center. This would effectivel;

decrease the thickness of the fuel zone with time, In Figure 3 it was shown that
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a decrease in fuel region thickness decreases the thermal flux peaking. This
indicates that uniform burnout is desirable in order to obtain the maximum nvt
in the experimental zones. The effect of the fuel zone thickness becomes less
important with decreasing fuel concentratioﬁ so that a multi-region code would
be desirable to evaluate all the ramifications of the change in thermal flux
peaking with time,

A possible method of obtaining uniform radial fuel burnup w;uld be to
continuously rotate fuel elements in the fuel zone, during operation of the
reactor, However, it would be necessafy to balance the engineering difficulties
of this type of fuel element with the gain in thermal flux peaking in order to
determine its feasibility,

The variation of the multiplication constant with fuel concentration is
shown in Figure 13, The cold clean critical mass for the particular core considered

is about 3,2 kilograms which correspords to a fuel concentration of 2 x 1019

atoms per cm3o For these calculations, the uranium in the fuel region was
assumed to be distributed homogeneously. In the practical reactor the 1235 yould
be lumped in fuel plates and then these plates would be arranged in separate
cylindrical assemblies, In order to maintain the same mass of uranium the fuel
concentr;tion in the assemblies would be higher than in the homogeneous annmulus,

This decreases the effectiveness of the U235

and results in a higher critical mass,
As previously shown the increased concentration in the cylindrical fuel

assemblies, as compared to the homogeneous anmulus with the lower concentration

but the same mass, results in an increased ratio of maximum thermal flux in the

experimental zones to the average thermal flux in the fuel. This peaking will

not be as high as for a homogeneous annulus of the same fuel concentration because
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the circular fuel assemblies expose more surface area to the neutron current
available at their boundaries. For the same reason the ratio of the maximum to
average thermal flux in the fuel zone will be lower for the heterogeneous assembly
as compared to a homogeneous anmulus of the same concentration.

In summarizing the preceding discussion, it is concluded that; in order to
attain meximum thermal flux peaking the fuel concentration, the metal to water
ratio and the width of the fuel zonme should be maximized. To attain a maximum
multiplication éonstant for a given fuel loading the metal to water ratio should
be decreased.

Central Region or "Mo@erator"s Heavy water appeared to be an obvious
choice for the central region because of its low neutron absorption cross-section.
For comparison purposes calculations were made using D,0, beryllium, and aluminum,
Figure 1/ shows the variation of the spatial thermal flux distribution with varying
percentages of heavy water and beryllium in the center region, These curves are
normalized to constant power in the fuel region, The effect of the beryllium
on the multiplication constant is shown in Figure 15, Figures 16, 17, ard 18
show a comparison of the spatiél distributions of fast, intermediate, and thermal
fluxes for beryllium, D20, and aluminum in the center region, If a high thermal
flux is desired, heavy water is the ideal material for the central region. If a
high intermediate or fast flux is desired, then heavy water could be partially
replaced with carbon, aluminum, or some other material with poorer moderating
properties. Figure 19 shows the variation of the ratios of the maximum thermal
fluxes to the average thermal flux in the fuel for varying concentrations of
D 0 and Al in the center region. Figure 20 illustrates the ratio of the fast

2
and intermediate fluxes in the center region to the fast and intermediate fluxes
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in the fuel for varying volume fractions of D20 and Al in the center region,
Addiﬁion of aluminum to the center region decreases the multiplication constant
as shown in Figure 15,

Tt is possible that the flux distribution in the central region could be
improved with a region of alumimum or beryllium between the fuel region and the
heavy water., A region of aluminum would provide a zone of high fast flux in
which experiments could be placed, This zone would probably not distort the
thermal flux peaking appreciably. These are topics for further study as they
were not thoroughly investigated in this analysis,

Calculations indicated that the thermal flux peaking increased with
decreasing size of the central hole for radii from about 30 to 50 cm. Figure 3
shows this effect, The peaking will decrease for smaller center region diameters,
if the region diameter is less than the slowing down length of fast neutrons in
heavy water, because less of the fast leakage out of the fuel region will be
converted to thermal neutrons before re-entering the fuel annulus. Figure 4
shows that for a fixed fuel concentration in the fuel region and a fixed fuel
region thickness the multiplication constant increases to some maximum value
with increasing size of the center region. This indicates that the increase
in fuel mass with increasing center region size more than compensates for the
increase in leakage out the ends of the center region until a critical size 1is
reached, Increasing the radius further causes k to decrease because the fuel
annulus is approaching a flat slab,

Reflector Region: Heavy water was chosen for the reflector region for the
same reasons that it was chosen for the central region. As expected and as shown
in Figure 2 the thermal flux does not peak up as high in the reflector region as

it does in the central region,
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In order to reduce the heavy water inventory it appeared desirable to
replace a portion of the heavy water reflector with a less expensive material
such as carbon, Calculations were made with the 3G3R Code in which the central
region was considered to be the fuel, the intermediate region D20 and the outer
region carbon, Figures 21 and 22 show the felationship between percent reactivity
and various combinations of D2O and carbon, Figures 23, 24, and 25 show the
relationship between various flux ratios and different reflector combinations.
It is concluded that an optimum combination of D20 and carbon thickness exists
that will result in considerable D20 savings and adequate thermal flux peaking.

As previously shown for the central region the addition of a heavy water
cooled aluminum reflector next to the fuel region would appear to be a desirable
feature to add to this reactor since experiments in which a high fast flux is
required could be placed in this region. Provided’the‘aluminum is ﬂot\too thick

the thermal flux in the reflector region will not be appreciably distorted.

Reactor Control

In an attempt to design a feasible control system for the HFRR, the
temperature coefficient of reactivity, xenon instability, and fuel burnup as a
function of time were investigated, They appeared to be factors which might
1imit the maximum neutron flux of the reactor By'imposing unreasonable demands
on the control system. Solutions td some of fhe problems were tenatively solved
by a rather unique shim and safety system,

Control Flements: The control system will include safety, shim, and
regulating elements, In order to leave the upper surface of the reactor free for
insertion of experiments it is advisablé that all control elements be driven from

beneath the core,
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Safety Elements: The safety elements will consist of concentric cylinders
qf stainless steel or aluminum clad cadmium located adjacent to the inside and
outside surfaces of the fuel annulus. To reduce the possibility of losing all
safety action in the event of jamming of the cylindrical shells or failure of the
drive mechanism each cylinder will be divided vertically into several segments,
each segment having an indeperndent drive mechanism. To determine the effect of
absorbing shells such as those suggested, ORACLE calculations were made for boron-
stainless steel cylindrical shells, They indicated that for a one quarter inch
thick outside shell or f;; an eighth inch thick inside shell and ten percent boron
by volume in boron-stainless steel, sufficient negative reactivity is introduced
by either the inside or the outside shell alone to achieve complete shutdown,
Specifically, driving thg inner group of safety elements into the reactor causes
the multiplication constant to change from 1.42 to 0,787. Inserting only the
outer group of segments causes the multiplication constant to change from 1.42
to 0.774. The effect of the shells on the flux distributions is shown in Figures
26 and 27, )

Several important factors were considered when designing the safety system
for the HFRR. In a reactor of this type the reactivity introduced by an experi-
ment may be quite appreciable, and many times a single experiment may be almost
critical by itself. Hence, it is very desirable for an experimental reactor to
have a control system which is capable of handling large variations in reactivity.
The control systems of the Materials Testing Reactor and the Engineering Test
Reactor, which are perhaps the best examples of experimental reactors, cannot
handle extremely large variations in k , and thus, reactivity measuring facilitie:

had to be constructed to evaluate the worth of an experiment., As previously
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shown, each of the absorbing shells between the fuel annulus and the heavy water
in the HFRR is capable of handling 60 per cent or more excess reactivity because
of the large control surface exposed to neutrons. Thus, the HFRR control is quite
versatile, The worth of an experiment can be determined by inserting an experi-
ment with the shells fully lowered, followed by slow withdrawal of the shells.

Another factor which was considered was the safety of the reactor in case
an experiment should fail. For the purposes of illustration, an experiment
containing a concentrated aqueous solution of emriched uranyl sulfate was assumed
to be located in the center of the HFRR, If the container for this experiment
should fail, the uranyl sulfate would be rapidly dispersed throughout the inner.
D20-filled region of the reactor. Because of the flux depression in the experi-
ment, the uranyl sulfate would be much more effective, when dispersed throughout
the D2O and would introduce a rapid increase in reactivity. Thus a safety system
which can handle large reactivity changes is very desirable, if not necessary,
for a reactor of this type.

Regulating Rods: Four regulating rod locations will be in the fuel annulus
and will be equally spaced around the reactor. The rods will be stainless steel
clad cylinders of cadmium and will be approximately one-and-one~quarter inches
in diameter and worth approximately one-half per cent reactivity each. One rod
in either of the four positions will be used to regulate the power level of the
reactor, when the safety shells are withdrawn,

Shim Elements: Most of the excess reactivity will be controlled by the
shim elements. Three types of elements were considered; solid rods, tubes
containing a fluidized bed of boron-steel pellets, and tubes containing a solution
of poison, Stainless steel tubes containing a circulating solution of aqueous

boric acid solution were chosen for the shim control of this reactor.
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Solid elements were eliminated because of distortion of the vertical flux
shape and the resultant uneven fuel burnup. Also, solid shim rods would possibly
require frequent replacement because of a high burnup rate,

A fluidized bed of boron-stainless steyl pellets in water would allow the
reactor to be controlled simply by varying the water flow rate through the bed,
The system would be designed so that if water flow ceased, all pellets would drop
into the core, decreasing the reactivity. However, to attain a threefold change
in the number of pellets in the reactor core, the containing tub;s would have to
be three times the height of the core. This constitutes a mechanical design
problem above the core where it is desired to introduce the experiments and fuel
elements, A possible advantage of the fluidized bed is that it might contribute
to a negative temperature coefficient of reactivity because of the decrease in
water density with temperature and the resulting compression of the boron pellet
bed, A possible disadvantage is that small, rapid fluctuations in the density
of the bed during steady state operation might introduce fluctuations in the
reactivity of the reactor,

The system chosen for shim control of the HFRR consisted of an aqueous
boric acid solution contained in vertical stainless steel tubes. In order to
remove heat from the solution and to provide means for varying the boron concen-
tration the solution is continuously circulated through an external system, A
boric acid solution was chosen because of its low cost, non-corrosive nature,
and solubility in water. The solubility of boric acid in light water as a functio
of temperature is shown in Figure 28, For the cases considered in this report the
solubility is more than sufficient to maintain in solution the necessary amount of
boron for shim control and burnable poison., The incorporation of burnable poison

in the shim tubes is discussed later,
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One advantage of this type 'system is that the concentration of the boric
acid is uniform along the length of its containing tubes in the core, preventing
axial distortion of the flux, Another advantage is the comparatively simple mean:
by which heat may be removed from the shim system. Since it is removed externall:
it may be bossible to obtain fine control of the reactor by varying the flow rate
and therefore the temperature and density of the solution,

A disadvantage in having the poison in 1liquid form lies in the possibility
of losing the poison in an accident, requiring that a safety system be devised
capable of shutting down the reactor upon the sudden loss of poison,

A typical assembly as shown in Figure 1 might consist of three-and-one-
half-inch diameter fuel elements, boric acid tubes one-and-one-quarter inches
in diameter being located in the center of the fuel annulus between adjacent
fuel elements where there is a slight peaking of the thermal flux due to the
absence of fuel. With this size tube, fuel element, and a typical central region
radius of 4O cm, there is space in the anmilus for twenty-five shim tubes. Four
of these locations will contain the regulating rods so that twenty-one will be
used for shim control with the boric acid solution.

The neutron capture cross section of the boron in the solution was taken
as 755 barns per atom at a neutron velocity of 2200 meters per second(s). This
high cross section is caused principally by the small amount of the boron-10
isotope in natural boron, Boron-10 has a neutron absorption cross section of
4010 barns per atom, the remainder of the natural boron, boron-11, having a
negligible absorption cross section. Therefore, most of the neutrons will be

captured by the boron-10, according to the following reaction(é):




=62

7% 2&94 + 3Li7+ 2.792 Mev of energy
n 93%
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=
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2He4 +‘3Li7*+ 2,314 Mev of energy

The excited state of lithium decays as follows:

7* 7
3L1-~———9 3Li + o478 Mev gamma ray ,

The 1ithium which is formed will combine with boric acid to produce lithium borate.
Lithium borate is insoluble in water so that some means, such as a settling tank,
will have to be provided for removing the precipitate.

In order to determine the worth of the tubes containing boric acid solution,
disadvantage factors were obtained from CRACLE calculations using the 3G3R Code.
The solution calculated contained 0,20 grams of boric acid per gram of water which
is about the maximum concentration that can be attained at room temperature. Later
calculafions indicated that this concentration was higher than that required for
control of the HFRR, The results of the calculations are shown in Figures 29 and
30 as a function of the size of the control rod and the thickmess of the fuel
section.

Burnup: The high thermal flux (approximately 1017 n/cm-sec) fourd in
the annular fuel region, and operation at constant power with the attendant
increase in flux with time result in rapid fuel depletion, Because of this high
burmup raté the use of a burnable poison is desirable to simplify the control
system and increase the fuel cycle, ORACLE calculations were made to determine

reactor operation, considering burnup.
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The burnable poison could be added to the fuel alloy or cladding, during
fuel element fabrication. However, use of a boric acid solution for the burnable
poison appears to be advantageous. Td incorporate this scheme into the reactor,
the concentration of the boric acid solution in the shim tubes is increased.

Once a fuel element incorporating boron in the fuel alloy or cladding has
been fabricated, there is no control over boron concentration. The liquid
system proposed has the advantage of allowing boron concentration to be changed
at will during reactor operation., As will be shown ORACLE calculations indicate
this may be necessary, if a high fuel burnup and long refueling cycle are to be
achieved,

Calculations were made using the ORACLE to determine changes in multipli-
cation factor, k , and in flux shape with time. The following parameters were
considered: Fuel concentration, Nf; Boron concentration, NB; Xenon concentration,

Nke; Samarium concentration, Nsm; and the concentration of other fission products,

NFP'
typical case. The burnup calculations were made at a power density, P , of
o

Figure 31 indicates the variation of these concentrations with time for a

1500 watts/cc, and at initial fuel concentrations, No s of 9,18 and 12 x 1019
‘ o

atoms/cc, From P and Nfo the variation of fuel concentration with time was
o

determined using the expression

F
6 P wt
—e Qe
N.(t = N -
f
where w = fissions/watt-second and
F F
da and df are the microscopic absorption and fission cross sections of

the fuel,
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These cross sections were calculated taking into consideration both thermal

and epithermal fissions in the following manner:

£ f3 ér‘ f2
3
¢ = ¢ + ¢é ¢
a i a
3 2
¢3

(2)

(3)

where the ratio a;/@; is determined by the ORACLE and was assumed to be independent

of boron concentration., Equation (1) can then be solved by iterative methods.

Once NF(t) is determined the instantaneous average thermal flux may be

determined from

W P
d(t) a _._O_F_.
NF(t) °f

F
where df is determined from Equation (2)..

(4)

Assuming startup with no fission products initially present, NX (t) and
e

N (t) may be found froms
Sm

A _ A
1 T Xe® K (e It
+ p_ = d =2 -
I F )\Xe,e }\Xe* - }\I

(5)
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and
Sm A Sm
el - t -9 g4
MO e e e R C
Sm Pm F e o ca 7 - -
Fission product pair concentration is found from
dF
=—L (N -N .
Nop™ o (N = Ng) (7)
a
The equation for boron concentration for constant power operation is
L}
dB F
N®= N - B~ -g % t)| . 8
[ B Boexp GF ln‘l ¢ a) ()
a

The above relations were used to determine the amount of fuel, boron, and
other polsons present at any given time after startup. Thege concentrations were
programmed for the Three Group-Three Region ORACLE Code and the final calculations
yielded the multiplication factor, k , and graphs of fast, epithermal, and
thermal flux vs radial distance from the center ;f the reactor. Plotted in
Figure 32 is the variation of k with time in days after startup for initial

19

fuel concentrations of 9,18 and 12 x 10°° and initial boron concentrations of

3,76, 2.16 and 1,62 x 1019 atoms/cc,
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The sharp drop in the curve of k wvs time in the first one to two days
after étartup i1s caused by buildup of xenon and samarium. The variation in k
at time zero illustrates the decrease in k as initial boron concentration is
increased. A high concentration of boron should be present initially to minimize
the amount of excess reactivity which must be compensated for by the control
.elements, However, once the reactor has been operating for some time, resulting
in fuel depletion and fission product buildup, the boron concentration must be
decreased to reduce the total poison present in the system and to enable the
reactor to approach maximum burnup, The limiting case is the addition of no
burnable poison, in which instance reactor operating lifetime is a maximum,

As an illustration assume an initial fuel concentration of 9.18 x 1019

atoms/cc and an initial boron concentration of 2,16 x 1019° Figure 32 indicates
that the boron reduces k at time zero from 1.43 to 1.17, which is within
controllable 1limits. Assuming the boron concentration is decreased by burnout
only, the reactor would go subcritical, for the conditions considered, after
operating for 7.9 days with a fuel burnup of 44.0%., If on the other hand a
portion of the boron were removed from the reactor at a sufficient rate, reactor
operation could approach the limiting case of 10,6 days with a fuel burnup of
59.2%.

The graph of k vs time 1]llustrates that satisfactory reactor control in
conjunction with high burnup and a long fuel cycle can be achleved by providing
a high initial concentration of boron and then decreasing the concentration during

reactor operation, This then indicates the definite advantage of having the

burnable poison in a form in which its concentration in the reactor can be varied.
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Temperature Coefficient of Reactivity: It appeared that possibly a change

in temperature in the reactor would decrease the density of the boric acid solution
in the shim tubes, resulting in a positive contribution to the temperature coef-
ficient of reactivity. This was investigated using the 3G3R CORACLE Code. Thé
concentration of the boric acid was assumed to be 0,070 grams of boric acid per
gram of water, The multiplication constant as a function of temperature is shown
in Figure 33. In these calculations it was assumed that the temperature of the
boric acid increased instantaneously with the temperature of the fuel. Also,
since details of the cooling system were not definite; various D20 temperatures
outside the fuel annulus were assumed to correspond to the instantaneous fuel
temperature., For the purpose of comparison, the variation of the multiplication
constant with temperature for the clean reactor with no boron is plotted in
Figure 34. For this calculation it was assumed that the temperature rise occurred
in the fuel region only. Reference to Figure 33 indicates that for zero tempera-
ture change in the central and reflector regions of the reactor the temperature
coefficient is positive. The slope of these curves are the temperature coef-
ficients and are plotted in Figure 35. The temperature coefficient does not
become negative until 60 per cent of the fuel temperature change occurs instan-
taneously in the central and reflector regions.

Careful analysis of the proposed reactor configuration shown in Figure 1
indicates that the curves showing positive temperature coefficients are quite
pessimistic, The boric acid solution is well insulated from the fuel region of
the reactor, Therefore, gamma and neutron heating are essentially the only factors
which will affect the temperature of the boric acid solution instantaneously, after

an increase in reactivity. The heavy water which cools the fuel elements circulates
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out the top of the elements and then down through the central and reflector
regions. Thus, after an increase in fuel coolant temperature, the end reflector
temperature will increase rapidly and the temperatures of the central and reflec-
tor regions will increase more slowly.

It appears that by maintaining a high flow rate of the boric acid in the
one and one-quarter inch tubes the temperature of the boric acid could be kept
essentially independent of the temperature in the fuel elements. For this
reason plus the fact that the temperature of the external regions will rise
fairly rapidly after a temperature rise in the fuel, the boric acid shim system
is not expected to produce a positive temperature coefficient.

In conclusion, it appears that the problems regarding the temperature
coefficient of reactivity of the present design of the HFRR can be overcome by
proper mechanical design,

Xenon Instability: Xenon-135 has a large capture cross sectlion and a
high concentration in thermal neutron reactors. . Hence, any perturbation which
disturbs the concentration or distribution of xenon-135 would cause a fluctua-
tion in the neutron flux. The effect is unstabilizing since, when the rate of
xenon burnout is increased by an increase in the neutron flux,‘thq poisoning
effect of xenon is decreased and hence the neutron flux further increases. This
effect is similar to that of a positive temperature or void coefficient.

This phenomenon is exhibited in two ways. The first and most common way
is known as the xenon power instability. This is manifested as an overall
. exponential rise or drop in the neutron flux and power level, The period on
which the neutron flux drifts has been calculated by K. O, Donelian and J. R,

Menke26’27, for various values of neutron flux and prompt neutron lifetime,
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Using their formulae and the values of the prompt neutron lifetime and neutron
flux for the HFRR, the period is calculated to be about 28 seconds. This period
would be increased by a negative temperature coefficient. However, the 28 second
period is long enough to be controlled by a conventional servomechanism,

The second way in which this instability can oceur is in a constant power
flux oscillation. This is exhibited in large thermal reactors with low neutron
leakage as a rise in neutron flux in one part of the reactor and a corresponding
drop in neutron flux in another part such that the reactor power remains constant,
If the control system maintains the total power generated in the reactor constant,
this oscillation could go unnoticed. As the name indicates, however, the increase
in neutron flux in one part of the reactor does not continue without 1limit but
reaches a maximum and begins to decrease. The neutron flux decreases until it
passes through a minimum as far below the equilibrium value as the maximum was
above it, Neutron flux in the other part of the reactor oscillates in opposite
phase so that constant power is maintained. The oscillation continués until
some compensating action is taken, The period of this oscillation is long, 12
to 14 hours, and the oscillation is therefore controllable.

A, G, Ward28 has investigated this phenomenon theoretically and has derived
an expression which can be used to determine whether or not a reactor will
oscillate. His criterion has been applied to the HFRR and has indicated that the

reactor will not oscillate. Detailed calculations on both types of instabilities

are presented in Appendix X,

Effect of Experiments

To determine the actual neutron flux which is available in each experiment

it is necessary to evaluate the flux depression caused by the experiment. Several
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studies were made to determine the maximum perturbation which could be expected.
The 3G3R CORACLE Code was used and the center region was made the experiment; the
intermediate region, heavy water; and the outer region; fuel. A reflector savings
was added to the fuel region to approximate the actual conditions which would exist
in the reactor,

Figure 36 is a plot of the thermal neutron flux in the core, using various
experiments for the central region. It should be pdinted out that the experi-
ments extend over the full length of the core and that with the exception of the
fuel element, they are solid, containing no voids for DZO coolant. Therefore, the
perturbations indicated are greater than would exist in a practical experiment.
The fuel element contains approximately MIR concentrations of enriched uranium.
Only one size experiment was investigated for this project.

One of the important uses of a high flux research reactor is for testing
miclear reactor fuels, For the testing of an enriched solid fuel element it is
difficult to make use of a higher thermal neutron flux than that for which the
fuel element was designed because of heat removal problems and rapid burnup.

The enrichment must be reduced or an experimental specimen must be prepared in
such a form that heat removal is not difficult, Thus, a very high thermal
neutron flux can be better utilized for studies of fertile materials and fuel
elements of low enrichment., In the design proposed for the HFRR such experi-
ments would probably be placed in the high flux central region and highly enriched
experiments would be placed in the outer reflector.

Most fluid fuel reactors have been proposed to operate at thermal neutron
fluxes far in excess of that presently available in solid fuel systems. Hence,

the high flux available in the center of the HFRR would be useful for studies
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of fluid fuel reactor systems. An investigation was not completed on the flux

perturbations caused by various fluld reactor fuels.

Topics for Future Study

Future study appears to be warranted on several topics pertaining to the
physics aspects of the design of the HFRR. It would be desirable to use a multi-
group reactor code which would calculate the neutron energy spectrum for the HFRR
configuration and possibly increase the accuracy of the flux distributions.

The possibility of providing a region to test e#periments in a high fast
flux by placing an alumimm or carbon reflector next to the outsidé of the fusl
annulus should be investigated further. The flux characteristics in a void in
the central region of the reactor should be investigated as a possible means for
obtaining a high fast flux. The analysis of a void placed in the reactor is
difficult because diffusion theory does not apply within the void.

The actual flux perturbations to be expected from practical experiments

ghould be determined. The effects of burnup on the flux distribution should
be evaluated more carefully, using a multi-dimensional reactor code. The effect
of the regulating rods and the shim tubes on the flux distributions should be
analyzed., |

The practical fuel annulus, consisting of an inhomogeneous array of fuel
elements, should be analyzed in detail. Possible methods of decreésing the ratio
of the maximm to average thermal flux in the fuel annulus without decreasing the
peaking should be studied further. The time lag of the temperature change should
be calculated for all regions of the reactor and an accurate temperature coef-

ficient determined,
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An optimum outside reflector should be selected on the basis of experimenta
facilities and cost. The optimum hydrogen content in the DZO should be determined
from the standpoint of effect on reactor parameters and costov

It is felt that further consideration of the above topics is necessary to

complete a thorough feasibility study on the HFRR,
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REACTOR ENGINEERING

Heat Transfer

Fuel Elements: To obtain the desired nuclear characteristics this reactor

must operate at extremely high power density. Therefore, one of the limiting factors
in the design of a high flux reactor is the rate at which heat can be removed.

Since the purpose of this study was not to arrive at a final design, but rather to
study the limiting characteristics, a parameter study was undertaken and the

results presented in the form of graphs which enable one to select certain perti-
nent information used for determination of the limiting power density of the

reactor. These curves, of course, do not take into consideration mechanical

design features which in themselves are limitations.

In deriving the equations it was assumed that the thermal and intermediate
neutron fluxes, and therefore the heat flux, have cosine axial distributions,
going to zero at the extrapolated boundary in the end reflectors independently
of the radial distribution. The assumption is based on a theoretical solution to
the flux distribution in a one-dimensional, side-reflected, cylindrical core,
using reflector savings on the ends.

The necessary equations in the order in which they were used to make the

parameter study are as follows:

T sin =

n o~

TO -Ti - AqO 2H (l)
2 £ ve_¢

2e V
b= o115 E (B For ) (2)
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o ¥
= 1 ALD (3)

S i~ 0 h 2H Tr/O Cp V€ q

T -T, . q'J2Cos M’I%aﬁ b —Al [Sinwz-(g%—fc)i-sin%} (4)

Assuming values of ,© and Cp for the coolant, equation (1) is used to
determine the average bulk mean temperature of the coolant, Thus, the average
properties of the coolant can be determined. Equation (2) is taken from McAdamsn(
Equation (3) determines at what point along the length of a given fuel plate the
maximum surface temperature éccurs. In some cases this temperature is calculated
to exist within the end reflector. In such a case the actual maximum‘surf;cé
temperature exists at the end of the fuel plate. Equation (4) gives the maximum
surface temperature in the axial direction on a surface having heat flux, q;.

The derivations of these equations are found in Appendix IIT,

It should be noted that Ti for all calculations was taken as 100°F., Smal
variations in the coolant inlet temperature will not affeet the results appreciabl
until the average bulk mean temperature reaches about 200°F, Use of the curves
beyond this temperature gives a conservative answer, however. In all calculations
the length of the core was fixed at 3.00 feet and the reflector savings at
0.66 feet.

Figures 37, 38, 39, and 40 represent the results of the parameter study.

One method of using the curves begins with the determination of a maximum power
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density from nuclear characteristics. If an upper limit has been set on the
operating pressure of the system, the dimensions of the fuel plate and coolant
channel can be determined as indicated on the graphs.

In order to determine the location and temperature of the hot spot in the
core it is necessary to know the ratio of maximum to average power density in
the core., By assuming a radial flux shape similar to ORACLE flux plots, the

following relationship was derived:

q;;ﬂ_r_g___ - 1_%‘_(}(—'{1)] {T%g sin ZE’I-TJ (5)
q:;(max)
where
%o (avg) 2 &l
ofevg) . [1 -2 (—X—):l (6)
o(max)
and
q' ~
(a.vgc)l'(axial) = [T?ZTHI sin T;-—g—} . (7)
)

Derivations of the equations appear in Appendix III, Using the aforementioned

values for H and H , equation (7) gives a value of 1/1.23., The value of X
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depends on several parameters and may be obtained from ORACLE data. However,

a more accurate method is to determine q;(max)/dé(an) directly from Figure 8
and then to calculate q! /q? as indicated above. This ratio is of
A o(max)’ “avg

considerable'importance in selecting the thickness of the fuel anmulus and the
concentration of the fuel. It is seen in Figure 5 that the ratio increases as
the thickness of the annulus increases for a given fuel concentration. There is
also an increase in the ratio, when the fuel concentration is increased., If all
other variables are held constant, it is desirable to minimize the ratio of
maxihum to average power density, in effect maximizing the average allowable
power density in the core. As was explained in the section on nuclear physics,
it is desirable to obtain as high an average power density as possible.

A hot channel factor to take into consideration variations in the coolant
flow area and prediction of special flux distribution was assumed to be unity
for the following reasons: Because of the axial flux shape and the cylindrical
geometry of the fuel element the hotspot is actually just a point on the outer
surface of the element. Even if boiling did occur at a localized spot, it
would not be too serious since it could not cause blockage of flow through a
channel since as explained elsewhere, there are no single isolated channels,
Rotation of the fuel element does not effect heat removal, Another important
reason is that when selecting the ratio qé(max)/dé(an) from Figure 8 it is
assumed that the fuel is homogeneously distributed in the fuel annulus ard that
the fuel concentration is the same as in a fuel cylinder. As explained in
greater detail in the nuclear physics section, this results in a value of
q;(max)/h;(avg) greater than in the actual case,

When using the curves in Figures 37, 38, 39, and 40 it must be remembered

that for any particular solution all values read from the curves pertain to a
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particular vertical line through the fuel element. If, for example, it is desired
to determine the maximum surface temperature in a fuel element for a given
specified average power density, it is necessary to use the maximum power density
in the fuel element as determined above. To find the average coolant discharge

temperature it is necessary to use Q as the power

(avg) x qéﬁq%avg)(axial)
density. See Appendix I for a sample calculation.

For a high power density reactor, it is necessary to develop as much heat
transfer surface area per gram of fuel as possible., This is accomplished by
increasing the surface area to volume ratio,

Several basic types of fuel elements were studied, giving consideratiop to
the practicability of fabrication and to mechanical design features as well as
to heat transfer. The type selectedvis basically a curved plate fuel element,
For this type element the relationship between heat flux and power density is

as follows:

q' = Q\iﬂ.%ﬁil
o

Therefore, for a given power density the sum of the thickness of the fuel plate
and coolant channel must be small enough to give a reasonable heat flux. Since
it has not yet been demonstrated that heat removal by film boiling is
unquestionably satisfactory, the maximum heat flux to be considered should be
approximately 106 Btu/hr/f‘t3° A further restriction on equation (8) is the metal
to water ratio needed to give desired nuclear characteristics. This ratio

generally is between 0.5 and 1,0, Thus, for a desired maximum power density
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of 3 x 10% Btu/hr/et3, W 4 ¢ = 0,08 inches. Therefore, W = 0.027 to 0.04 inches
and € = 0,053 to 0.04 inches. These comparatively small dimensions are typical
of those required for any type fuel element considered. It was felt that a satise
factory fuel element could be more readily developed using curved plates.,

A more detailed discussion of the design of the fuel element is found else-
where in the report.

Fuel Element Housing: The heat generated by neutrons and photons in the
aluminum fuel element housings can be removed from the inside by the fuel element

coolant and from the outside by the D,0 that acts as reflector and moderator.

2
Calculations indicate that within practical limits of power for this reactor that

there should be no real problem in removing enough heat from the housings to

prevent boiling.

Cooling System

The cooling system of this reactor utilizes heavy water as a cooling
medium and involves all of the heavy water used in the moderator, fuel, and
reflector regions. Coolant is pumped into the fuel element tubes from the bottom,
removes heat from the elements, and is orificed to atmospheric pressure at the
top of the tubes and allowed to flow into the moderator and reflector regions
at a mean temperature somewhat below the saturation temperature corresponding
to atmospheric pressure. Pressurization of individual fuel elements is obtained
by the pump head and the pressure drop across the orifice at the outlet end of
each fuel element housing. Additional cooling of the alumimm fuel element
housing may be provided by forced circulation between the fuel region and baffles
placed in the reflector and moderator regions as shown in the échematic diagram

of the reactor. Low pressure coolant in quantity approximately equal to the fuel
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coolant flow is supplied to the moderator and reflector regions to prevent the
temperature in these regions from approaching the fuel coolant outlet temperature
and to provide the removal of the heat generated in the moderator and reflector.

Coolant is withdrawn from the reactor only from the moderator and reflector
regions, is then cooled in heat exchangers, and is returned to the reactor through
high pressure and low pressure pumping systems,

Determination of the coolant supply pressure required for a given set of
reactor conditions is accomplished through the use of data presented on the heat
transfer and pressure drop graphs, Figures 37, 38, 39, 40, and 41. For a given
fuel plate thickness, coolant gap width, and maximum power density, the heat
transfer graphs give the maximum fuel surface temperature which will be reached.
The minimum coolant pressure required is then taken to be the saturation pressure
at a temperature above this maximum surface temperature by the amount of the
safety factor considered necessary to guarantee the prevention of local boiling
in the fuel region. To this must be added the pressure drop occurring in the
fuel region, which may be evaluated using the pressure drop graph, data for which

were obtained from the equations below.

AP - 0,092 HAV2 (9)

 oF )
API+APE g;—- Ky + - (10)
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where

= - _E € 0.71
}(1 0.4 (1.25 W+€) for —— < 5

K. = O, 1--—E£E) f <€ 715,
1 75 ( — =) for e > 0,715

The result of this calculation is the required coolant supply pressure. The bulk
mean coolant temperature at outlet from the fuel region must then be determined
from the heat transfer curves, and must be below the saturation temperature
corresponding to atmospheric pressure, to which the coolant is orificed upon
leaving t?e fuel region. The preceding calculation may be performed for various
coolant velocities in the fuel region by the use of the appropriate heat transfer
graphs,

The flow rate of high pressure coolant required may be easily calculated,
when the required velocity and fuel plate thickness and spacing have been determined.

As an example, for a fuel plate thickness of 0,030 inches, a coolant gap
of 0,045 inches, and a maximum power density of 3.5 x 108 Btu per hour-cubic
foot, a maximum fuel surface temperature of 350°F is. indicated, using the heat
transfer graph plotted for a velocity of thirty feet per second. Adding a safety
factor of fifty degrees to this value, a minimum coolant pressure of 262 pounds

per square inch absolute is obtained. From the pressure drop graph it is
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determined that 62 pounds per square inch must be added to this value to account
for pressure drop in the fuel element, giving a supply pressure of 32/ pounds
per square inch absolute, or an overall pressure drop of 309 pounds per square
inch. From Figure 39, using the average power density of 1.5 x 10% Btu/hr/ftB,
the bulk mean water temperature at the fuel region outlet is determined to be
ZOOOF, which is below the saturation temperature corresponding to atmospheric
pressure. Using the chosen values of fuel region velo;ity, coolant gap, and
fuel plate thickness for three-inch diameter fuel elements, the high pressure
coolant flow rate is calculated to be 27,470 gallons per minute. At the pressure
calculated, this corresponds to a high pressure pumping hérsepower of 4950 as

determined from Figure 42.

Design of the Fuel Element
It is suggested elsewhere in this report that a plate type fuel element

be used. The mechanical stability of a plate can be improved by curving the
plate. The smaller the radius of curvature the more stable the plate will be,
This would indicate that concentric cylinders should be used, the maximum
radius being held to a minimum, If the entire fuel annulus were made of large
concentric cylinders, the radius of curvature would effectively be infinite and,
therefore, satisfactory stability could not be obtained. Furthermore, when
replacing burned fuel elements, such a design would require that the entire
annulus be changed as one unit. Because of the comparatively short fuel cycle
in a high flux reactor, fuel replacement aﬁa fuel element fabrication should be
as simple and quick as possible.‘ To satisfy these requirements it is suggested
that the fuel annulus be made up of a number of cylindrical fuel elements as

shown in Figure 1,
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V There are several reasons for suggesting a cylindrical fuel element in
preferance to the MTR type. As is indicated on the neutron flux plots, there is
a considerable thermal flux gradient near the edges of the anmulus., This means
that during the operation of the reactor the fuel annulus will effectively become
narrower because of non-uniform fuel burnup. The advantages and disadvantages
of such a situation are discussed in the "Nuclear Physics" section. To obtain
uniform burnup in the radial direction the possibility of rotating the fuel
elements was considered. Such a design would require a cylindrical fuel element
design for more effective space utilization.

A second reason for the selection of a cylindrical element is the need
for locating the control rods and shim tubes in the fuel region. Figure 1 indi-
cates the solution to this problem by the use of cylindrical fuel elements.

A third reason for using cylindrical geometry is the necessity of pres-
surizing the fuel element housing. To minimize the amount of material for
mechanical strength in the housing it is necessary that the housing have a
cylindrical geometry.

A fourth reason for selecting a cylindrical fuel element is that such an
element may have desirable fabrication and performance characteristics. The
method of fabrication suggested is that of rolling a plate three feet in width
by whatever length is necessary into a spiral, allowing sufficient space between
each successive turn for a coolant channel. An adequate number of aluminum
spacers would be inserted into the coolant channel to insure sufficient stability
of the unit. The spacers would be intermittent along the length of the element
so that through the entire length of the element there would be no isolated

coolant channels, This is a very desirable feature since it makes it almost
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impossible to plug any portion of the element without plugging the entire coolant
flow area at one end. Since the desired nuclear characteristics of the reactor
demand a very small coolant channel thickness, plugging of the element becomes a '
more serious problem and a possible limitation to the maximum power density obtain-
able in the fuel element.

This particular type of fuel element was discussed with Mr. J. E.
Cunningham(g) to determine the practicability of fabrication. It was concluded
that a 0,030 inch aluminum fuel plate three feet in width and about ten feet long
could very likely be rolled and fabricated into the spiral shape. The aluminmm
spacers quite possibly could be spot welded to the alumimm cladding., This would
be done while the plate was flat, Spring back would be eliminated by spot
welding the non-fuel-bearing ends of the plate to the opposite sides of the spacers
as the plate is rolled into a spiral,

Rotation of the fuel elements provides some mechanical problems., Perhaps
the most obvious is the design of a suitable bearing since the force on the
element due to pressure drop and fluid friction would be considerable. A tenta-
tive solution to this problem is to use a simple pivot or conical bearing ard
hydrostatic lubrication. ﬂThe bearing would be located outside the orifice in
the low pressure system as shown in Figure 1., High pressure lubricant (water)
would be supplied to the bearing through a calibrated tube coming from the high
pressure side of the orifice,

Rotation of the element could be accomplished by‘means of the tangential
velocity of the coolant escaping from the partially open end of the spiral or
by installing the spacers at an angle, taking advantage of the normal component

of the straight through coolant flow.
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Fuel Element Assembly

A compact unit consisting of two fuel elements and an alumimm fuel element
housing can be assembled and disassembled outside of the reactor. In the reactor
the complete units are plugged into the plenmum chamber in the bottom of the reacto

tank, forming the fuel annulus,

Heat Production
Heat production in the following locations was investigated,
I. Moderator and reflector.,
II. Boron tubes,
ITT. Aluminum fuel element housings.
The methods of investigating the various sources of heat generation are as
follows:
1. Gamma heating - This was calculated by means of the Hurwitz straight

ahead scattering approximation(lo)o

One assumes that although the photons suffer
energy degradation they are scattered either through such small angles that the
deviations from the line of flight are ignored or through such large angles that
the resulting low energy photons are absorbed near the point of scattering. An

integral energy equation derived in Appendix IV is expressed as

S E B - - -
= - ¥
G 5 “t [Ez( ukex) E, ( H'tb + ex)} (1)

2. Elastic Collisions - The elastic collision heating rate is
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Cre " [E Jne En 2ne (En) dn(En) By vee (2)

3, Neutron Capture - Heat generation due to capture of fast neutrons is

(= =]

¢ - J
E
(o}

" $ne Fn z E) g dE_ ... (3)

Another equation derived in Appendix V yields the following expression for

capture gamma heating.

G(b) = N Za dl ue EI(b, E) ... (4)

where

I =1/? [b+#P(cos%-l)} me-%b
L (1R
™ -(kRr) 4R
+ l/z[b-r-f-rP(cos-{h-l)}Jp - e ¢ -—(f'tﬁ)-
: t t
- ¥ (t-b)

. 1/2 ‘:(t-b) - % p(cos 3—;@ . 1)] me ©




KR =
' wR a(eR)
+ 1/2 [(t-b) - £ P(cos Ff + I)JJ o © ijt?y

kR u(t-b)ut

I, Moderator and Reflector.

Heat production is due mainly t§ three sources.

a, Prompt gammas,

b. Elastic collisions.

¢, Neutron capture.

(a) Prompt gammas, Power density per Mw for various distances into the
moderator appears in Figure 43. Such a plot will determine the local cooling
rates. The total heat in watts is Q= 5,72 x 102P(Mw). The calculation in

Appendix VI considers the cylindrical fuel annulus to be an infinite slab,

(b) Elastic collisions. Tot%} heat in watts is Q = 3.4 x lOAP(Mw).

-7
If one further assumes ¢£ = giZM e £ the power densit%%in the moderator is
described by Figure 44 for various ratios of ;;ZM and ;;g and computed in
12 32

Appendix VI,

(c) Neutron capture. The contribution of neutron capture is small
compared to the heat released by neutron elastic scattering and a simple calcula-
tion yields 37P(Mw) watts,

The total heat in watts developed in the moderator is largely due to
elastic collisions and is equal to about 3.4 x 10%P(Mi).

One may also consider the heating in the reflector to be the same as the

moderator because it was assumed that the cylinder was a slab, If this is the
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case then the heat produced for a 300 Mw reactor is 2(300) (3.4 x 104) = 20,4 Mw

or 6.8% of the total power,

II. Heat Production in Boron Tubes,

Heating is due to three sources:

(a) Boron capture @ particles. All of the kinetic energy associated
with the 2.314 Mev @ particles and Li7, arising from neutron capture in the boron,
is captured in the tube. Power density is 1,39 x 10-'3 Btu/hr-ftB/Mw.

(b) Boron capture gammas. In this case the 0.48 Mev gammas contribute

2.88 x 10™% Btu/nr-£t3 /M,
(¢) Elagtic collision. The calculation is based on an average flux of

5

3.3 x 1015 n/émz-sec in the tube and yields 5.38 x 10~ Btu/hr-ftB/Mw° Calcula-

tions appear in Appendix VII,

III. Aluminum Housing.

Heat production was calculated for prompt fission gammas using equation
(1) and yielded 8,46 x 103 Btu/hr-ft3/Mv. Likewise capture gamma heating is
1.31 x 103 Btu/hr-ftB/Mw for a flux of 1,58 x 1015° Elastic collision heat

2

generation is 2,36 x 10 Btu/hr-ft> /My resulting in a total of 1 x 104Btu/hr-ft3/Mw.

The method of calculation is illustrated in Appendix VIII,

Shielding

The purpose for investigating the shielding problem was to determine if a
high column of water above the reactor, such as is present in the MIR, is necessary.
If the column were required, the D20 inventory would be considerably increased.
Also, since it is necessary to maintain the D20 as clean as possible it does not

seem practical for personnel to work directly over a column of D20 exposed to
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the atmosphere. A solution to the problem then would be to use remote handling
of the experiments and fuel in an tnert atmosphere above the core. With the
concrete plugs in place while the reactor is running the dose directly above the
reactor would be permissible. With the plug removed during operation or one day
after shutdown the dose would be excessive, However, in an emergencyifhe void
left by femoval of the concrete plug could be filled with D20, and one day after
shutdown a person could work directly over the reactor.

Radiations considered in shielding calculations for the top of the reactor
were prompt fission gammas, secondary gammas, and neutrons., Two methods of
calculation were employed.

1. Linear buildup factor.

2. NDA buildup factors.

The shield design consists of three materials, D20, steel, and concrete.
One of the main considerations was to limit the amount of D20 employed, the
height of which was fixed at 200 cm., Since the fuel elements and connections are
somewhat over 100 cm long, the 200 cm allowed sufficient space to mechanically
remove the fuyel while immersed in the coolant. Using various thicknesses of
steel, which also acts as a thermal shield, the dose in rad/hr-Mw is plotted as
a function of concrete thickness in Figure 45. Calculations are in Appendix IX.
The horizontal lines represent the maximum permissible dose of .3 rad/wk at the
specified power level for both gammas and neutrons, A typical shield may be
composed of 200 cm DZO’ 10 cm steel plus 295 cm of concrete,

Figure 46, plotted from data in Appendix IX, was computed using NDA build-

up factors. For the same conditions as above the required thickness of concrete
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is 235 cm. An analysis of the calculations show that the first method agsumed

a gsource of fission product gammas plus capture and decay gammas of 20 Mev/fission,
while the second method assumed 7.5 prompt gammas per fission. If the first
method considered only a 7.5 Mev/fission source the dose curve (Figure 47) would
be shifted by a factor of 7.5/20 ~ .35.

The 1imiting factor in determining the thickness of concrete is the prompt
gamma radiations since more concrete is required for the prompt gammas than any
other source., The addition of more steel is probably impractical.

After Shutdown: It may be necessary to remove the top concrete shield for
maintenance after a shutdown of 1 day, Doses are plotted in Figure A7 as a
function of distance above D20 surface for various heights of DZO after reactor
operation of 100 and 1000 hrs. As an illustration, the tank may be fitted with
400 cm of D20 so that a person working 40 cm above this surface would receive

the usual maximum permissible gamma dose.
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APPENDIX T

TYPICAL HFRR

Values for the typical HFRR were calculated, assuming an average power

density in the fuel elements of 1500 watts/me.

Flux ratios needed in the calculations were taken from flux plots for a

homogeneous annmulus, having a fuel concentration equal to 1.3 x 10

and an annulus thickness equal to 15 cm, It is assumed that the decrease in

atoms/bm3

peaking due to the actual fuel element geometry will be offset by the increased

peaking due to the greater actual annulus thickness.
Flux ratios:
Maximum thermal in moderator/average thermal in fuel
Maximum thermal in fuel/average thermal in fuel
Maximum thermal in reflector/average thermal in fuel
Average fast in fuel/average thermal in fuel

Average intermediate in fuel/average thermal in fuel

Fluxes:
P . ¢52 ?éz Zf - Zf
Vo5 x00)d, 2003

1500 - ¢ |2e30X 00697 +lo,0655
32 3.35 x 10

or

¢52 = 6.12 x 10%n/cn” sec

7.85
1.95
4.01
3.86
2.39
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15

g = 7.85 x 6,12 x 1014 = 4,81 x 10 n/cm2 gec

31 (max)

15 2

d = 4.01 x 6.2 x 10% = 2.45 x 10°° n/em” sec

33 (max)

' 2
¢i2 = 3,86 x 6,12 x lO14 = 2,36 x 1015 n/cm sec

2
g = 2.39x6,12x 1014 = 1.46x lO15 n/em sec

22

Maximum power density:

1

ave a 1 = 1
3 1.23 x 1.95 2.40

o{max)

3
watts 4 Btu/hr £t
Q = 2.40 x 1500 L x 9.66 x 10 -——1-——7;-

(max) cm watts/bm

8
= 3,48 x 10 Btu/hr ft3 .
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Using this value of maximum power density with Figure 39, the maximum
surface temperature is found to be 345OF by the method indicated graphically on
the figure. To find the coolant discharge temperature from the elements the

following value of power density is used:

1
qO

Q X
(ave) q%avg)(axial)

4 3
= 1500 watts/me X 2266 x 10 BtEéhEZﬁﬁ_ x 1,23
watts/cm

= 1,78 x 1o8 Btu/hr ft3 .

As indicated in Figure 39 the increase in water temperature through the
elements is 100°F, making the discharge temperature 200°F° In Figure 1 it is
seen that the 200°F water mixes with the reflector regions. It is desired to
maintain the reflector regions at about 150°F by introducing additional coolant
to these regions. The flow rates are determined as follows:

Flow through elements, w, = velocity, v x area, A

2 2
= 30 ft/sec x ﬂ(1,75)2 ;g__z_gﬁ_ x if;-%ggﬁ < Zaéfzgél

144 in

x 8086 yx 50 elements = 27,000 gpm .
min '
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Additional flow, WR s

a heat balance, assuming thirteen percent of the total heat is transferred to

through the reflector regions is obtained by making

these regions.

Heat into coolant = heat carried out by coolant

c Dt 1 total heat = +w)C At
o LA o * 3% x total he (wh e) p O

3 o
1Bt y 27,000 gal/min x £ _ x 62 b/t x 100F + 0.13 x 425
# OF 7.48 gal

6
x 10 watts x 3.413 Btu/watt hr x hr/60 min,
o 3 3 0
= 1Btu/lb F (wR + 27,000 gal/min) x £t°/7.48 gal x 62 1b/ft” x 50 F

wo = 27,000 + 7,600 = 34,600 gpm

Total flow = LA we = 27,000 + 34,6000

= 61, 600 grm °
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APPENDIX TIT

GROUP CONSTANT PREPARATION AND METHODS OF CALCULATION

~ Heavy water, beryllium, and carbon moderated systems were calculated using
three-group theory. Light water moderated systems were calculated using two-
group theory,

The three-group constants were determined by averaging 30 group "Eyewash"
cross sections, The Eyewash cross sections are not the best presently a%ailable
data. However, they were readily available and therefore were used because of
time limitations on this summer study. Integrated fluxes versus lethargy were
obtained from previous UNIVAC calculations with the "Eyewash Code"(z)o These
calculations were for heavy water moderated spherical reactors. Since the system
gstudied had a cylindrical fuel annulus the flux weighting functions did not
correspond exactly to those which should have been used. The weighting functions
ware matched as closely as possible to the uranium concentration of the system
studied. The weighting functions which were used are listed in Table 1.

The "Eyewash Code" assumed that in the intermediate range the flux is of

the form

glu) = —$l :

t

This is not exactly true for heavy water but was assumed to be an adequate
approximation.
The average fission cross sections, absorption cross sections, diffusion

coefficients, and transfer cross sections are the group constants which must be
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TABLE 1

determined by averaging cross sections over lethargy.

THIRTY GROUP INTEGRATED FLUXES (WEIGHTING FUNGTIONS)a

b
Designation Group |Lethargy WFB WF3 WF2 WF1 ‘Fi
Nu-235 Width | 6.9x107° |2.9x107 | 1.5x10 |.75x10~>
Radius, ft. 2.5 3 3.5 4Lo5

Weighting 1 5 7686 7837 +5051 0 01050
Functions 5 2 o5 L. 147 4.155 4.016 4.016 ,07215

Scaled by 10~ 3 o5 10,60 11,07 10.95 10,99 .2268

4 o5 17.27 17.90 18,03 | 18,52 4461

5 5 21,76 22,54 22,99 23.95 06537

6 1.5 77,06 80,06 82,60 85,07 .8552

| 7 3.0 157.6 168,2 176.5 184,0 .9825
', 8 3.0 142.9 156.9 168.6 179.5 | 1,000
| 9 1.4 60.94 68,64 75,06 81,11 1,000
10 1.2 49.07 56.47 62,52 68,30 1,000

R 1 o8 30.95 36,39 40,78 - 44,95 1,000
* 12 A 14.91 17.81 20.13 22,30 1,000
13 .8 28,63 34.77 39.63 44017 1.000

1 1.2 40,70 52,16 62,13 69.82 1.000

15 ol 13,03 16,58 19.48 22,03 1,000

16 ol 12.55 16,29 19.43 22,06 |1,000

17 o 11.99 15.68 18,73 21,36 1,000

18 A 11.33 14.90 17,74 20,34 1,000

19 o2 5,352 7.155 8.571 9.873 1.000

20 o2 5.095 6.905 8,331 9,627 |1,000

21 ) 4.837 6.646 8,064 9,345 1,000

22 2 4.649 6.469 7.892 9,177 |1,000

23 o2 4,558 6,294 7.727 9.009 1,000

2, ) 4.211 6,021 7.430 8,699 1,000

25 o2 3,945 5,722 7,096 8,338 | 1,000

26 o2 3,731 5.502 6,867 8,102 1,000

27 .2 3,508 5,262 6,610 7.830 1.000

28 o2 3.280 5,040 6.400 7.540 1,000

. 29 o2 3.040 4.800 6,140 7.240 11,000

30 .2 2,800 4,740 5,880 7,000

1 1,000
I

a

Obtained from UNIVAC Calculations on D20 moderated spherical reactors(B)o

b
Fraction of neutrons born above the group based on Watt's fission spectrum,
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The energy separating groups one and two was chosen to be 10 Kev because this
is approximately the bottom of the fission spectrum. This correspords to the
bottom of group 7 in the "Eyewash Code". The average absorption cross sections

were calculated from

10 Kev
T 7 —
Z ¢du )y z§¢Au
b3 = _10 Mev = _n=l (1)
ay 10 Kev 7T —
74 DI VAN
u n=1

10 Mev

and
Deh —
= bA AR
2 a
S o A2 (2)
8y Mh
I dOu
n=8
where

Subscripts 1 and 2 indicate the first and second groups in the three-group

approach and x , y , and 2 correspord to different elements. Similarly the
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average fission cross sections were determined from

]
7 —
z Ef g Nu
VS = A1 (3)
fl 7 -
z ", AR
=1
and
%h _
ZVZfdAu
V3 a _n=8 . (4)
f2 n},ﬁh _
Z Nu
n=8

In all cases the thermal absorption and fission cross sections were averaged

over a Maxwell-Boltzman distribution and thus

= . 8, ()
84h 1.128
and
_ Z = E + E + E + ooao
a3 ay ay a,
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The "neutron temperature" was assumed to correspond to the temperature of the
moderator,
The diffusion coefficients in the upper two groups were determined by

averaging in the following manner:

10 Kev %
D ¢ du > D g Au
- _10 Mev s D=L
Dy 10 Kev A (5)
g du R AN
10 Mev n=l
and
%h —
Z p gl
D = -8 (6)
2 0 _
gl " JAN!
n-8
where
- 1
D =
3 ztr
and
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In the thermal group the diffusion coefficient was defined in a manner consistent

with the P-1 approximation to the transport equation. Thus

D, = 3T l+za7 ° 7)

The thermal transport cross sections for light and heavy water are dependent on
the chemical binding of the hydrogen.and deuterium within the light and heavy
water molecules., Thus, the best values of the thermal transport cross sections
were assumed to be the'values corresponding to an experimentally measured diffusi

length, L . Using the relation
3

13 = 3+

a,
and the above relation for D3 s the thermal transport cross sections were
calculated for light and heavy water. The chemical binding varies with neutron
temperature and must be corrected for, when calculating thermal diffusion
coefficients at various temperatures. These effects have been calculated by
Noderer(ll) and Radkowsky(lz). Transport cross sections were calculated from
their results and are plotted in Figures 48 and 49, The variation of the trans-
port cross section of aluminum with temperature was obtained from Eyewash data
and is plotted in Figure 50,

Perhaps the more difficult or undefinable group parameters which must be

calculated are the transfer cross sections for the epithermal groups., For the
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purposes of this study the transfer cross sections were calculated from a Fermi

age and an average diffusion coefficient. Hence

, Dl’
b R (8)
Xy ’fi
and
z _D%_ . (9)
XZ /(\:2

The age is defined as

RS Rk s

There are a number of ways to calculate the age. One is to integrate to the
energy corresponding to the average energy of the U-235 fission spectrum (~ 2 Mev
and another is to average over the entire fission spectrum and weight each group
with a funetion, Fi » which accounts for the number of neutrons born above each
group. The age for heavy water was calculated by both these methods using the
Eyewash cross sections. The age determined by averaging to 2 Mev was 120,.9 cm2
and that determined by weighing for the fission spectrum was 117.8 cm2, The

available experimental data indicates that the best age for heavy water is about
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120 cm2 (0.16 percent H20). Weighting with the fission spectrum should be a
more consistent method of determining ages in mixtures, and this method was used.
The values of Fi are listed with the integrated fluxes in Table 1.

The next problem concerned division of the age into two parts so as to
obtain three-group constants. It seemed reasonable that the age for groups one
and two could be determined by summing over the corresponding Eyewash groups
just as was done to evaluate the average macroscopic cross sections and the
diffusion coefficients. The assumption of continuous slowing down is good for
a carbon moderated system and fair for a beryllium moderated system. Hence, thils
method was used for calculating systems employing these moderators. Thus, for

beryllium or carbon

7 F Au
”c’l = X iz
n=l 3 trf z{’,
and
O¢h F Au

N S
° =8 3 z‘hrf Zt

Because the continuous slowing down approximation does not exactly apply
to heavy water moderated systems the above method for calculating three-group
1
ages does not yield the best results. Spinrad and Katsumi Tomaka( 3) discuss

a method which works well in heavy water, and this was used, It was assumed
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that the ratio of the ages of the fast and intermediate groups for a dividing
energy of 10 Kev was 48/73. This ratio was assumed to hold for all mixtures
containing a large percentage of heavy water. Thus, the ages in heavy water

moderated systems were defined as follows:

n
th F, Ou
T = 8 s —%———-
1 121 ps 3 trfzt
and
Nen F A

T o= B 5 31 .
2T B g 3E,F 5 |

Then the transfer cross sections are obtained from Equations (1) and (2).
The transfer cross sections defined in this way are possibly more

accurately "removal" cross sections which indicate the total removél from a

group. Since the absorption and transfer are included explicitly in the

three group equations a better definition of the transfer cross section would be
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Initially this correction was not made, and thus, in order to keep the calcula-
tions consistent for comparison purposes the correction was neglected throughout
the study. The correction is small in the first group since the absorption is
small, However, the correction could become appreciable in the second group,
where resonance absorption may make Za appreciable.

Another way to calculate the transfer cross section is

z .5 5%
x n Au

Using this method, transfer cross sect;pns were calculated for several cases.
These checked reasonably well with transfer cross sections calculated from D/7 .

Possibly another modification which may have given better results would
have been to define the epithermal diffusion coefficients in the same manner as
the thermal diffusion coefficient was defined (equation 7). Here again, because
of time limitations, this modification was not used.

Initially many of the three-group constants were averaged by hand, but
later an ORACLE constant preparation routine prepared by W. E. Kinney(lA) was
used to obtain the epithermal constants. For heavy water moderated systems
the results of this routine were modified to correspond to the methods described
above,

The previous methods of calculating the age are poor approximations for

1ight water systems, Hence, to obtain the epithermal two-group ages the experi-

mental age in light water (33 cm2) was corrected for the diluents. Experimental
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ages for alumimm water mixtures were used where applicable, These are plotted
in Figure 51. Averaged cross sections were used to obtain the other epithermal
two-group constants,

Since the 3G3R or 2G3R ORACIE Code was one dimensional, one of the input
parameters to the code was an axial bucklinéo The code made allowance for three
bucklings, one for each of the three energy groups. The bucklings for each of
the regions had to be equal, and thus, for all cases it was aésumed that the end
reflectors would be heavy water.

A reflector savings had to be added to arrive at an axial buckling which
accounted for the end reflectors. An experimentally determined reflector savings
of 26 cm(l5), which corresponds to a thick end reflector, was added to the height
of the reactor for each of the end reflectors. It was not at all certain that
this was the best value. Figure 52 indicates the variation in the multiplication
constant with reflector savings,

(16)

Several critical experiments were calculated to estimate the accuracy
of the three-group calculations for heavy water systems. The calculated multi-
plication constants were 12 to 15 percent too high indicating the approximate
maximum range of error. Part of this difference can be explained by the differenc
between the actual critical experiment énd the one which was calculated. The
critical experiment consisted of a cylindrical assembly filled with DéO. An
enriched uranium solution was contained in one inch aluminum tubes. To calculate
this assembly the uranium was homogenized over the core and the aluminum was
neglected. Since enriched uranium is more effective when homogenized and since
the aluminum absorbs some neutrons, the calculated multiplication constant would

be expected to be too high. This indicated that the three-group constants were

reasonably adequate.
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The group constants which were used for some of the calculations are
tabulated in Tables 2 through 8. In calculating temperatare coefficients all
effects were corrected for except the Doppler broadening of the resonances. It
was fourd that sufficient accuracy could not be obtained by reading the thermal,
fission and absorption cross segtion for U-235 off the curves and hence, they
were assumed to vary as 1/v. In order to attain sufficient accuracy for tempera-
ture coefficient calculations the group constants had to be calculated to at
least five place accuracy.

The burnup calculations were made by recalculating the reactor at finite
intervals of time to determine the multiplication constant and the flux distri-
butions. The 3G3R code had provision for shells between the regions. The effects
of boron stainless steel absorbing shells were calculated using the code. The
w%s prepared by W. E. Kinney.

l In order to compare the flux distributions resulting from some of the
calculations, the cases were normalized to constant power. This was done by
setting the average fission rates equal within the core regions of the cases

to be compared. Thus for reactors & and b

¢2-hzf ¢3)a = <zfl¢l*zf2 ¢2+> Z ¢) .

Then ratios of ¢3a/¢3b , ¢2a/¢2b , and ¢la/¢lb for constant power were calculated.
The fluxes were then normalized to constant power by comparing these ratios of

average fluxes with the actual ratios from the flux plots.
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In all calculations the heavy water was assumed to contain 0.16 percent
H20. Indications are that the economical hydrogen content is about 2 percent.
The effect of a varying hydrogen content on the reactor parameters was not

completely investigated and hence, requires further study.
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APPENDIX ITI
HEAT TRANSFER EQUATIONS

Heat transfer calculations:

—— T ]

!
— W L-&-r /

The heat picked up by the coolant between (-H) and 2z 1is

q(z) = @V Af 'Cp [TB(Z) - Ti] .

The heat that flows across the coolant film at 2z 1is’

a(z) = h A [TS(Z) - TB(Z)} .

let q' = q/A , and assume that
s
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Making this substitution in equation (1),

(2) o " oo T )
T (z2) =T, = =—2— cos -2d A (z .
B 1% Vi f_H s
Solving equations (2) and (3),
q! q! z T
- s =2 Tz ) cos -2d A (z)
Ts(z) Ti h cos o +(0V Af G £H s
P
) (4)
[ 4
1 Ty , __4H [ Tz TH
= q! £ 08 == + = sin =2 4+ s8in - ’
. o h off f9V€.Gp 2H 2H
aince
d Ag . Adz_ 2z .
A £ 1 €
£ 2

To determine the maximum surface temperature along the length of a plate,
equation (4) is differentiated with respect to

z ard set equal to zero., The
location of the maximum temperature is found to be

(3)
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o 2+t 4nf '
z(max) -ﬁﬁtan ToVe G . (5)

Substitution of equation (5) into (4) gilves the maximum surface temperature.
The properties of the coolant were determlned for the average bulk mean
temperature, which was calculated using equation (3), integrated from the inlet

end to the middle.

Aﬁ/Q' T
7 s —_©O__ gip-d . 6)
TB(o) Ti '"'/oVéCp n 5 ‘ (

Calculation of maximum to average heat flux in the fuel annulus:
In the axial direction a cosine flux shape was assumed, the flux being

zero at H . Therefore,

H
( q! cos —2 dz
t . -
U (ave) (axial) H
S' dz
)
(7)
oH H
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In the radial direction

e g —~
R — Cb"o (max)
o ,
r — %o
/
Gl
o

X = ratio of maximum to minimum flux in the fuel annulus.

Assuming the radial flux to have a cosine distribution,

q' . T(r -R))
q' = q - | q' - _o(max) sin
0 o (max) o (max) X R -R

(8)
X - Tr(r -R )
= q;(ma.x) 1l - <T> sin ﬁR—-%{? .

Substitution of equation (7) and (8) into

£ qzave)(axial) v

R
ave [ av
R




leads to

From equation (7) the following is obvious:

q(ave)(axial)

1
qO
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(9)

(10)

(11)
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APPENDIX IV

DERIVATION OF INTEGRAL ENERGY EQUATION FOR FROMPT GAMMA HEATING

3 >\
da"N(o, Eng) = Jy (En) dAP~ (§) an
= JYdAPY(En, O)dEnPn (§)an

oo E= oo
g BN, B,§) = - | B, Bf) [‘pa(E)* SE) +
E=0 E=Q

4
dr

%m)+f%mﬂ
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which is the change in total energy along dr due to absorption and compton
scattering of the photons d3N where, éfE) = average fraction of Y energy
E that 1is deposited locally by a compton collision,

f = average fraction of the Y's with energy E which are scattered to
energies < Eo , the cutoff energy for compton scattering.

Now d3N(r, E,f) = dzN(r,E) Py (E, r)dE and furthermore, when the

penetration distance is small and only a few photons are scattered from the beam

P (E, r) = Py(E, 0)

thus
oo (=]
%r- dZN(r,f) f E PY(E)dE . -dzN(r,f) g E ue(E)PY(E)dE
E=0 E=0
where
i i f i
a (o] c
B o= + T o+
e t [u By By }
since
SE Py(E) dE o
E EX - E Py(E) dE
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oo

g ¥ (E) E Py (E) dE o0
-]
( EPy (E) dE
E=0

PN g) = -dZN(r,f) "

Rle

on solving yields

"
dzN(r,f') = d2N(o,_§) o o

d 2 = 2 -Per
= d-N(r,}’) = -k d N(o,§ Je o

The change in heat gemeration in length dr 1is equal to the energy of the photons

times the photons that give up their energy in dr .

=) d 2 }
- E {ir d N(r,,f) dr
dG = ds dr

Ee &80, § )e'“er}

= E d
E ds dr T
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But
d2N(o,}’) = & dA P~ (§) A2 = & dA%d.ﬂ.

JY(E, A) = LXI(E, A,g)dﬂ .

From modified transport theory, (17)

~FR
- gos § SgE) - t max
I(E, 4, f) e ™ (1-e )

—b_
max cos E

where b = thickness of source

JY (E, A) = X @.&i S(E) (a- e-ptb/cosf) an

ATy

dA = 2Tydy ar =

"lmlga
Hx

cosf =
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r = ¥y & X rdr = ydy
4 br
PN = —X_ 8. (1.6 'X ) 2my dy 42
4T r By r
.Mthr _
_ X 8 (1-e "X )e °© 27yay
aG-= Eb 4T Ky
e ds dr
o _ -k by -P"er’
SE = _ _(1-e %% )e
G = > E b x > dr
t  ° r
r=x
letting u = r/x this reduces to
SEp _ -
G = [E2(p'ex)-E2(p'b +P»ex)j|
where
®  du o

dr
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APPENDIX V

CAPTURE GAMMA HEATING IN ALUMINUM

Assume that the aluminum fuel element housing is an infinite flat plate

of solid aluminum

|

The equation for heat generation in a plane located distance b from one
-~y

surface is given by

NY 2 -i"’tR
G(p) = - a g g g Ba(E, p.tR) _;2.__ p.e(E) P(E) dEZ(x*)y dy dx'
E Y x!




After making the necessary geometric substitutions and by considering only one

energy increment AOE about E , equation (1) becomes

-tk R
Ba(kR) o b g(x) B Ax

G(b) = ._JL%__B__. § j
Rab x'=0
R=o° xt=t
- KR '
S g Ba(KR) o b g Eodx
R= (t-b) x'=b

where the first integration is over x' , holding R constant.

A linear buildup, Ba » was assumed, taking the form

B, = 1+m(E)P-t(E)R o

The thermal neutron flux shape was assumed to be

= 1-X=1gin Tx'
g ¢1[ =1otn T

(2)

(3)

(4)



where dl is the maximum flux at the edge of the fuel annulus.

After making the substitutions, the equation becomes q

R =co x'=b

-ER
G(p) = Ny Za F'-eEdl S S [1 +m ptR] 62; [1 - (%'-l)sin Trfo":l
R=b x'=0

(5)

R=co x'=t

-p'tR .

e _ (=1 x! |rar dax' .
g f [1+mutR] = {1 (E2L) sin = J r dx
R=(t-b) x'=b

Upon integration

- TN
I(b, E) = % [b-r%(x—gl) (cosfth-l)]me t
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1 Jp 4+t EL) (cos T2 - 1) - e-(piR) d(piR)

* 2 r7 (% s iP-tR5

kb

t

-~k (t-b)
* -2]-' [(t - b) -.ﬁ‘. (XXJL) (cos z_b +1)} me ©
> ~(kR) A(KR)

e 3w g a2 (ST ey - O

(t-b) ut

The energy spectrum for capture gammas in aluminum is as follows (18)

Energy interval (Mev) 0-1 1-3 3-5 527 7«77 (max)

Photon/100 capture ? 13 77 21 35

Values of m(lg)

E (Mev) 2 4 6 7.5
m .85 055 040 033
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APPENDIX VI

HEAT PRODUCTION IN INTERIOR MODERATOR

1. Prompt Gamma Heating

a, Gamma current

fission rate = 3,1 x 1010 fissions/watt-sec x P(Mw) loéwatts/Mw

= 3,1x 1016 P fissions/sec
core volume = (91,44 cm)(552 - 402)

= 4,085 x 105 cm3

figsions = Li_x_l.Q_lgE = 7,589 x 1010 P
cm3-sec , 4,085 x 105

energy from prompt gammas = 7.5 Mev/fission

10

Sv = volume source strength = 7.5 x 7.589 x 107 P

= 5,692 x 1011 P Mev/me-sec

b. Relaxation length

Volume U/element = 7,97 om’
Volume U + Al/element= 166/ cm3

Volume Al/element 1556,03 cm3

3

Volume core L.085 x 105 em

Volume cell = 6808 cm3

Volume Al/cell Volume of cell - Volume of element

s 6808 - 4160 = 2648 om’

Total Al volume = 4204,03 cm3
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Volume Hzo/élement = 2496 om>
Volume fractions:
Al 4204.03/6808 = ,6175
H20 2496/6808" © = 3666
U  7.97/6808 = ,00117

Assuming 3 - 5 Mev

u emL A Volume Fraction
cm I
H20 .034 29.41 01247
D20 «0374 26,74 .01371
Al .084 11.90 .05189
-%— = ,0656
¢
for b =15 cm
T = .0242
le
B = ,0656

11 -
= - -
G = 1,05 x 10~ P(Mw) [Ez@ex) Ez(i‘-tb ex)} .

Results are plotted on Figure 1 as a function of the distance into the

moderator,
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3 3 - =
G = 1,63 x 10° Btu/hr-ft~ Mw [Ez(ﬂex) - E2(P-tb - Pex)] .

Total heat in watts,

Q = ZTTHfGrdr

= 5,72 x 10° P(M¢) .

2. Heating Due to Elastic Collisions
a. Total Heat
(o =1

ng E Z ¢ QE
ne ne n né n n

E
o

P“S“)Z;JdBr
f'n

6
gd = 1lx 10lo fissions P(Mw) 10
0455 cm_ watt-sec f d3r

3
= d
Qne j' Gne T

16
= z P
‘Sne En ne «0455

e
ft
=
|
-
[}

W =
o
n

1
]
Q
]
W -

Mel
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6 (7 Mev) = 4.1 x 10~2%4 om?

N = 3.3 x 10°? atoms/cn>
_ 16 :
Q= 1/3(7) (3.3 x 10%%) (4.1 x 10”24y (.l 10 P (1,603 x 10713 watts/s
4
= 3,4 x 10 P(Mw) watts,
b. Power density distribution
..Zfr
A =
ssume ¢n ¢1 e
g, = ﬁg_m 512 )
P %1z 532
q 2m 532
dgmax . g 12 2 g K =XKK
7 1 5' 2 12
1 32
= o W Z
P ¢32 f v
R p 2T
= . S f
Gne gneEznve zf—e
24 2 lofiss == _Z g,
22 (4 x 10™% em )PK 3.1 x 107 2% Toes £
G = 1/3(7 Mev)(3.3x10°" atoms/cm"~) -T. 82 o
ne (4.085 x 105cm)(.0455 cm )
B fr ﬁ‘!&ﬂi 1 52xlO'16Btu/Mev x —-——-—5—-1 en’ X 3600 sec-hr
3.53x10° ft3

" 5,265 x 103 FX e

Mw
-
81,56 P(Mw) X o

r 3
f Btu/hr-ft
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3., Neutron Capture Heating

G = g E Z dE
ne gnc n ne ¢n n

= w2 3
P jcufgfndr

215100 fisstons Q) 10°

ne . 0455 cm-1 watt-sec f ar

f o= B = 1
Pvtm 3

2 . 85x100 ecmlE = gMev
ne n

. .
Qe = 1/2(8 Mev) (8.5 x 1072) ‘2-';%1:?5—'2-:-‘21 (1.603 x 10713 watts-sec/Mev)

an = 37 P(Mw) watts .
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APPENDIX VII

HEAT PRODUCTION IN SHIM TUBES

1., Boron capture Y -particles:
Volume of B « ,0151
Total Volume 1
N = (.0151) {2535)(6.01 x 10°7) = , ¢ x 10?1 p Duclel
5 cm3
Z. N6 a 755 x 1074 om® x 4.6 x 10°F & 3.475 em™!
G=33x10° —2 . 4 L2 YoV 5 3,475 en™ = 2,654 x 1016 _mev_
em” sec n capture em”’ sec
16 _ mev =16 Btu -5 ﬁz 3600 gec Btu
2.654 x 10 ;3—86-; x 1,52 x 10 Vev x 3,532 x 10 cm3 X - 0513 N
This flux corresponds to a power level of 368 Md and ylelds 1.39 x 10-3 Btu/
hr-£43 M,
2. Boron Capture Y -rgys:

Sourte 1s .48 Mevy's— Btu _
hr—£42 M
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16 Mev

= 15 ___n 248 Mev -l
G 3.3 x 10 > x n-capture X 3.475 on +5504 x 10 cm3 sec

cm =3ec

hr

, , 3 |
5504 x 1076 —De¥ . 4 1 50 10-16 b%ﬂ X 3.532 x 10~ 33 x 3600 sec 104 Btu
cm3 gec ev cm hr-ft

- 2,88 x 1074 —BtU___

hr £+ /MA
3. Elastic Collisions:
o0
a pN
Cre 5 gﬁe = ne ¢£ d En *
E

let @ =3.3 x 100 ——
n cm<-sec

E = 2Mev .,
Assuming mixture of boric acid:

molecular weight boric acid = 61.84

molecular weight B = 10.82 .

(o]
at C solubility = 20 boric acid
” v €% 100 gm H,0

20 10,82 . | gm B
mxa -’ @ 0




0 -
0B x 33m 3 0151 em’B

cm3 HO cm3 H20

.. consider tube to contain 100% D20

-
1
-
&
o

b =
+
=

N = 3.3 x 10°? &togs
cm

¢ g = 2.9 barns

¢ =
0 3.6 barns

22 | - -
2o = 3.3x107 (5.8+3.6)(107%4) = .31 en

-1 -1 15 _=n -16 Bty -5 £t3
Gne 2(2 Mev) (.31 em )(3.3 x 10 cmz_8%)(1.52 x 10 T =2 (3.532 x 10 =)
cm
(3600 sec)
hr
G = .0198 —BYW__ _ 5 38y 1070 -_Btu ]

ne hr-ftB hr-ft /MW
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Total heat developed in tube will be

from B capture - particles .513
B captureY's .106
elastic collisions _20108
Total heating .5388 Btu/hr-ft3

or

1.46 x 10> —Btu__
hr-£43 /Md
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APPENDIX VIII

HEATING IN FUEL ELEMENT HOUSING

1. Prompt Fission Gamma Heating

Assume that the housing can be represented by a ,5" thick plate

Y's 1
fission x core volume

Gamma volume source, S = fission rate x
v

Y's 1 mev
Assume 7.5 fission at Y

's
S = 3,1x100 feston. . popyfuatt L, _YS 1,05

v watt-sec MW fission 2,50

Volume = No. of elements x 11%2 xL = 60 xm(Zzé.%)B 91.5 = 2.50 x 105 cm3

11 Y's
3

sec-~Ccm

S = 9,30 x 10 P(MW)
v

for Ee = ,0567 and Ptb = ,98,

1
¢ = 220X10_ p(uy) 2257 679 = 2.779 x 1011 P —2T— u 4,23 x 10° BtU
2 .0056 cm’-sec hr-ft

X cm E2("Fex) -'Ez(“tb - F‘ex)
.2 .79
.A .75
.6 .73
.8 .69
1.0 .65
1.27 .63

Avg, 679

3
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The average over the double thickness times two i1s the heat density in the Al

since it is exposed on both sides

G =

8.46 x 100 —24a_
avg hr-ft

5 M

2. Capture Gamma

Using equation 4; (Heat Production)

EY Mev 1cm 3 cm 6 cm
2 2131 x 105 168 x 105 .18 x 105
4 1.575 2000 2190
7.5 1,348 1,660 1.794
Total 3.680 x lO5 4.613 x 105 5.019 x 105
yields
G = 4.8 %10 2

avg hr-ft

or

1.31 x 10° ——BEB——-
hr-£t” /Md

7.5 cm
.185 x 105

2,500

-850

1.778

5,013 x 105-3*-‘-‘3—3—
hr-ft
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3., Elastic Collisions

o0
G = S' E 2 (E
ne 5;0 n ne( n) QQ(ED) d En
E
(o]
(S.l-“..zg'lli a=“°1=26=9285
ne 2 2 TN ] 28 )
= ,0358
- *
g = 3.3x 100

Ene a 2 Mev

N = 6.2x 1022 neuta/cm3

6(2 Mev) = 3b

5 22 -2/

= $,2x10 x 10 x 3
ne

1 -
G = (:0358)(2)(6.2 x 207)(3)(3.3 x 107) —B— x 1,52 x 107¢

cm -=secC

I
!

3
x 3.532 x 10~5 £¥ 5 3600 sec

Cm3 hr
= 8 68 x lO4 Btu __ = 2,36 x 102 Btu .
hr-ft> hr-ft° My

*

One should note that the fluxes used in the above calculations are only typical
and depend on the fuel annulus, etc.
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APPENDIX IX

SHIELDING

1, Gamma Shielding - Linear buildup factors

010 fissions P (M) 106 watts

Fission rate = 3,1 x 1 sec M

16 _ fissions
3.1 x 10 P -—;;;‘—-

Volume of core = 4.95 x 105 cm3 so that,

fissions 1x 1016 P u 6.26 x 1010 P .
cmo-sec 4,95 x 10°

The total energy from both prompt gammas and radiation accompanying radio-
active decay of fission products is 12 Mev per fission. In addition there are
8 Mev per fission due to capture and decay gamma in the reactor, resulting in a

total of 20 Mev produced per fission., The volume source strength is,

12 Mev

P —T .

S = (20 Mev)(6.26 x 1000 P) = 1.252 x 10
v cm” ~-8ec

(20)

The equivalent isotropic surface source strength may be expressed as
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S, = 8 A m1.252 x 1002 P x 15.24 cm = 1.908 x 1000 p —Mev |

cm” =gec
Required relaxation lengths,(sz
Material Neutrons Gammas
Ordinary concrete /0=2.3 g'rn/Cm3 20 cms 17.6
Heavy Water 11.3 41.3
Steel 6.6 el

Considering the radiation as coming from an infinite plane source and a
linear buildup factor

S o/n (1)

The attenuation of gamma radiation leaving the 200 cm reflector is,

200
1 - SS———
D, m 4908 x10°7 > Pe 43 o 9546 x 1012 P T_Mev
1 2 . cm =-sec
or in rad/hr
.9546 x 10V°P(,0205 cmz/gm)tissue 1.6 x 100 ezgs _xad 3600 se

Mev 100 ergs x hr
gn

s 1.42 x 1o6 Pr/hr .
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The dose at the surface of the steel is

-r3/4.4

D2 = 1,42 x 106 Pe

and that leaving the concrete is expressed as

-T /1300
D - D. e 3
3 2

2. Prompt Fission Gammas -~ NDA buildup factors

The data for gammas per fission in discrete energy ranges reported by

Gamble and Bell(22) is

Energy  Photons/fission in the 1/2 Mev

Mev range centered on this energy N(E) photons/fission at E Mev/photon

1/2 3.1
1 1.9
11/2 0.84
2 0.55
2 1/2 0.29
3 0.15
31/2 0.062
4 0.065
4L 1/2 0.024
5 0.019
5 1/2 0.017
6 0.007
6 1/2 0,004
Total 7.0 photons/fission

7.8 Mev/fission

Groups

3.2 at 1 Mev

0.8 at 1.5 Mev

0.85 at 2.3 Mev

0.15 at 3 Mev

0,2 at 5 Mevw

7.8 Mev/fission
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The above groups were used to reduce the number of sources considered. Consider

a shield consisting of the following

D20 steel . concrete

é—-rlf—> <%—-r2———+> 4——-r3—%>

The dose at the outside of the concrete shield at a distance r= r_ + r_ 4 r

1 2

SE by Hr B

z 13 22 "33

D(r) = pa; (o) 1goue By (7)) B, (Hr,) By(kr ) e o o x
-16
x 1,6 x 10 ergs rad x 3600 gec
eV 100 ezee i
gm
Now,

fissions . 3,1 x 1010 fissions 4 1o6 %wt.t PMW) = 3.1 x 1o16 P .,

sec watt-sec

Volume of Reactor = W(552 - 4,02)(91.44) = 4,085 x 105 cm3 .

i
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E (Mev) %%g&%%% Eh§§§2§ %2% i“]_cm-1 Bl(Plrl) Pécm-l Bz(Pzrz)
1 3.2 [9.92x10% P |9.92x10™® P | 15.6 | 53.5 |.212 | 2.9
1.5 | 0.8  |2.28210% P [3.72x10%° P | 12.8 | 20,5 |.185 | 2.6
2.3 | 0.85 |2.64x10% P 6,070 P | 10.1 | 1.5 [.165 | 2.15
3 0.5 |.465%x10% P |1.40x10%° P | .8 77 |65 | 192
5 0.2 |.62x10% P |3.10x10° P | 6.6 4.3 .18 | 1.80

E (Mev) A em™t (‘L :ods) tissue -‘;—;}—2-
1 146 .03
1.5 .120 ,0275
2.3 .095 .02/
3 084 ,0225
5 ,065 .019

Linear absorption coefficients and buildup factors for D20 and Fe were
taken from APEX-176(23), assuming ALCQO"I'IA‘HaD' Doses for various thicknesses

of concrete are plotted for r,= 200 cm, and T, = 2, 10, and 20 cm

respectively. Absorption coefficients as a function of energy for ordinary

(24)

concrete of density 2.3 gms/cm® are plotted in CRR=-578'<*/, p. 413. The

composition 1s as follows:
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Hydrogen .52%
Carbon .18
Silicon 28,1
Aluminum 7.51
Iron 2.8
Caleium 5.82
Sulphur o2
Magnesium .80
Sodium 2,10
Potassium 3.14
Oxygen 48,58

Dose buildup factors for concrete were computed from plotted parameters

appearing in TI0-7004(35), p. 423 and the relation

where Al ’ al and 02 are functions of E , The results are plotted in
o

Figure 53,

3. Neutron Shielding
Since each fission liberates 2.5 fast neutrons the fast-neutron volume

source strength may be taken as



B(ur)

DOSE BUILDUP FACTOR,

lOs

ORNL~LR=Dwg, =22499
UNCLASSTF IED

! !

R

E = 1 Mev

!

Concrete Density = 2.3 g/cc

Point Isotropic Source

B (Eg, ur) = Ale"alur + Ane=O2uT

| | | |

0 20 ITS) 60 80
RELAXATION IENGTH, wur, cm

Fig.$3 DOSE BUIIDUP FACTOR VS. RELAXATION IENGTH
IN CONCRETE, FOR VARIOUS ENERGIES
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100
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s, = 6.26 x 1010 p fissions , 2.51m . 3 568 x 10! p —2—

cm3-sec fission em>-gec

The equivalent surface source strength is obtained by

1

= 1,568 x 10 P x 11.3 cm = 1.77x1012P-J£'——- .

cm -~SecC

The fast neutrons leaving the 200 cm reflector is

D - EE G-Tl/k‘
1 2

-200/11,
1012 p ¢~20%/ 3-=2.05x10"1=-;‘—---

cm =8ec

= 1.77 X

The dose at the surface of the steel is,

Dz'i 2.05 x 104 Poe
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and that leaving the concrete

4. Secondary Gammas
The equivalent fast-neutron surface source strength leaving the reflector

and entering the steel shield is 2(2.05 x 10* P)-—Eg——— . Each neutron produces
em“-gec

one secondary gamma of 7 Mev energy in the steel, Assuming these leave the
surface of the steel the thickness of concrete necessary to decrease the dose to

.075 v/hr at 500 MWy-ds

4 -r_/13.0 2 %
.075 = 7 Mev 2(Ls0 X 10™) (500) e - ,0205 EB° 1,6 x 10~° eras x
gm . mev

r x 3600 sec
100 ergs hr
gm

r = llirem

Also each neutron may be assumed to produce a 4 Mev gamma originating 30 cm

within the shield., The thickness of concrete required is

r = 106,6em
3
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APPENDIX X

XENON INSTABILITY

1. The prompt neutron lifetime is

L = 1
2
Z V(1 + ¥B°)

where

L = prompt neutron lifetime, seconds

Z macroscopic absorption cross section
= 5.95 x 1072 cn~l

V = neutron speed, 2.2 x 10° em/sec.

M = migration area = 190 cm2

- -2
B™ = geometric buckling = 1.66 x 10 3 em .

Using these values the prompt neutron lifetime of the HFRR is 6.0 x 10'5 seconds.

2, When ¢ is near 1014 neutrons/cmz-sec, the period is given by the following

expression (26): '
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where

T = period, seconds

t = L + BkL., effective neutron lifetime
of f P d

& 9,45 x 10-2 sec,

t, = l/def , xenon lifetime = 465 sec.

(]
L

iodine-135 yleld "=.056

L_ = prompt neutron lifetime & 6 x 10~ sec
B = delayed neutron fraction & 7,55 x 10~3
k = effective multiplication constant = 1,00
L, = delayed neutron lifetime = 12.5 sec.

¢ = xenon-l135 absorption cross section

= 3.5x 10-'18 cm"2

14

@ = neutron flux = 6.12 x 10 neutrons/cmz-sec.

Using these values, the period comes out to be 28 seconds.

3. The criterion derived by Ward(zg) states that if -A/Kl < 1 and --A/K2 < 1
are true for a particular reactor, the reactor will not be subject to the constant

power flux oscillation. In the above expression:
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A @ .035
»
g o= -5
K, = M2(Bi - B‘; )
where
M2 = migration area = 190 cm2
Bi = B¢ (24992 1 1195 x 107 o2
| TR (2:£09)2 o 2,635 x 107 qm‘z
| Bi - (’§)2+ 2.53 (2—"15{95)2 - 2.289 x 1070 en™
'. H = extrapolated half height of the reactor
R = extrapolated radius of the reactor
- then
Kl = =275 and K2 = -,208
and

=A = ,127 and §A =,157 .
1 2

™=

Since both are less than 1.00 the reactor is stable by this criterion.




Regions: 1

Groups: 1

2

3
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APPENDIX XTI

TABLE OF NOMENCLATURE

Central Region

Second region (annulus)
Outer region.

Fast neutron energy
Intermediate neutron energy

Thermal neutron energy.

Note: In all two-digit subseripts, first number refers to group, second

nuber to region.

av (or ave)
B

2
Bi

= O

o) om @

Subseript denoting a value averaged over geometry concerned.
Energy absorption buildup factor
Unreflected group 1 buckling

Iodine concentration, atoms/me, subseript O refers to steady
state value

3
Xenon concentratioen, atoms/ecm”, subscript O refers to steady
gtate value

Specific heat at constant pressure, Btu/lb-degree F

Gagma dose, Mev/bmz—sec or rad/hr. Neutron dose, neutrons/
cm” ~gec

Diffusion coefficient, cm, subscripts denote group and region
Gamma energy, Mev

Specific rate of heat release, Btu/hr-ft.3
Actual half-length of reactor core, ft

Extrapolated half-length of reactor core, ft
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Film coefficient of heat transfer, Btu/hr-ftz-degree F

Thermal conductivity, Btu/hr-ft-degree F

Neutron lifetime, sec

Atomic mass of mucleus, amu

Atomic mass of neutron, amu

Boron concentration, atoms/cm3, subseript O refers to time zerc
Fuel concentration, atoms/cmB, subscript O refers to time zero.
Fission product pair concentration, atoms/cm3

Samarium concentration, a,toms/cm3

Xenon concentration, atoms/cm3

Group number

Group corresponding to thermal lethargy

Power, megawatts

Power density, watts/cm3

Heat generation or power density, Btu/hr—ft>
Slowing down density, neutrons/cmB-sec

Heat flux in reactor core, Btu/hr-ft>

Heat flux at z = 0, Btu/hr-ft2

Average heat flux in radial direction for z = 0O
Maximum heat flux in radial direction for z = O
Region 1 thickness, cm

Region 2 thickness, cm

Region 3 thickness, cm

Distance from source to detector, cm

Isotropic surface source strength, Mev/cmz-sec

Volume gamma source strength, Mév/cmz-sec



]

N o o«

AP
AP
AP

ne

ne
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Coolant temperature at inlet to fuel element, degrees F
Coolant temperature at outlef from fuel element, degrees F
Shell 1 thickness, cm, shell located between regions 1 and 2
Shell 2 thickness, cm, shell located between regions 2 and 3
Lethargy of neutrons
Velocity, ft/sec
Thickness of fuel plate, ft or in.
Ratio of maximum to minimum therﬁ;l flux in the fuel region
Distance upward from center of reactor core, ft
Distance from center of reactor core upward to point at which
Ts occurs

max
Pressure loss in exit from fuel element, psi
Pressure loss in entrance to fuel element, psi
Pressure loss in straight section of fuel element, psi

Average fraction of energy of incident particle that is
released locally upon neutron capture

Average fraction of energy of incident particle that is
released locally in an elastic collision

Coolant gap width, ft or in.

Promethium decay constant, sec™L

Xenon decay constant, sec™l = 'iXei Gze g
Viscosity, 1b/hr-ft

Photon energy absorption coefficient, cm"1

Average value of cosine of the scattering angle in the
laboratory system

Absorption cross section,‘cm'l
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Fission yield of Iodine, atoms/fission
Fission yield of Promethium, atoms/fission
Fission yleld of Xenon, atoms/fission
Neutrons produced per fission

Average logarithmic energy decrement
Density, 1b/ft> or gm/em’

-1
Macroscopic cross section, cm

Subscripts: a - absorption Superscripts:

f - fission
X = transfer

Total cross section for a mumber of elements, cm-1

F - fuel

M - modera
I - 1iodine
Sm- Samari
U - uraniu
X - xenon

Microscopic cross section, barns, subscripts and superscripts

as for macroscopic cross section above
Slowing down length squared, cm?
Neutron flux, neutrons /cm?~sec
Integrated flux or "weighting function"”

Conversion factor, fissions/watt-sec
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TABLE 2

THREE GROUP CONSTANTS FOR VARIOUS MATERIALS

DO

.0332
0
0
0000642
02752
01651
1.321
1,203

874

.1229
0002343
.0001389
.0009439
.01888
.01148
6955
.5107

4185

0
.0000500
.000228
.00924,
.00464

1.432
942
«945

Al

.0002259
.001867
.0123!
0002902
003017
1.533
3.713
44262



Diluents
Volume %

b3
Ll

2
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TABLE 3

THREE GROUP CONSTANTS FOR VARIOUS DILUENTS IN Ddo

B
8

70

.+0001640

00009719
0006605
.02269
01255
8074
6161
24966
0100

0
0860

e
50

.0001171
.00006938
.0004715
.02508
.01322
.9063
«7153
+5677
.0166

0

0614

Al
70

. 0001577
.001303
.008588
.00613/
.006390
1.450
2.273
1.933
.0232
.0181

0

Al Al
50 30

.0001129 .00006780
.0009334 0005604
.006150 .003692
.01115 »01690

+009545 .01238

1.401 1,361
1,806 1.501
1.467 1,18,
.0166 .00996
.03015 . 0421
0 0
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TABLE 4

THREE GROUP CONSTANTS FOR VARIOUS URANIUM CONCENTRATTIONS

¢ H H I H

5

H

7x10-'5

¥ 1x1070 2x107°  3x1070  4x1070 5x107°  6x10"
N. .0255 .0255 .0255 .0255 .0255 .0255 .0255

N .0192 ,0192 .0192 ,0192 .0192 .0192 .0192

MAL .73 .73 .73 .73 .73 .73 .73
za1 .000117 .000138 .0001606 .0001826 ,0002047 .0002255 .0002695
Zaz L00159  .002425 .002987 .003849 .00464  .004819  ,005431
za3 .00111 .0170 .0228 .0288, .0346 .04066 . 0464,
Z;l .01386 .01396 .01406 .001356 01414 .01363 «01422
Zx2 .01099  .0l112  .0110 01082  .0l1101  .01089  .01104
D, 1.380  1.385  1.391 1391  1.39 1.392  1.392

D2 1.66 1.66 1.652 1.671 1.642 1.674 1.639

D3 1.255 1.23 1.20 1,222 1.15 1.136 1,11

2} .0000480 .0000960 .000144  .0001928 000240 .000288  .000336
L ,00132 00264 .00395 .005975  ,00659 .00789 .00923

2, .0122 0244, .0366 0496 .0610 0744 .085,

a -
Concentration in atoms per cm3 x 10 24

b
Weighting functions used. See Table 1

c
Indicates constants were hand calculated and therefore differ slightly
from those prepared on group constant preparation routine.
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Table 4 (Cont,)

K 8x10”  9.18x1070 1210 13070 15x1075 17210”20410

’ N,  -0255 0255 .0255 .0255 .0255 0255 .0255
ND20 .0192 .0192 .0192 0192 .0192 .0192 .0192
MM .73 .73 .73 .73 .73 .73 73
}il 0002693 ,0002952 .0003570 .0003789 0004228 .0004666 .0005324
122 006214 ,007036 ,009003 ,009700 .01109  .01249  .0L458
za3 .052/8 «05945 07612 .08203 .09384 .1057 1234
le .01369  .01372  .,01380 ,01382  .01389  ,01394  .OL402
zxz .01094  .01097  ,01104  .01106  ,01110  ,01115  .01121
D; 1.391 1.390 1,388 1.388 1.387 1,385 1,384
D, 1.673 1.672 1.670 1,669 1.667 1.667 1.664

,‘ D, 1.092  1.067  1.012 9935 .9592 L9272 .883
> £, .00038,  .000430 .,000576 .,000624 .000720 .000817 .000960

. Zfz .01052  ,01208  ,0158 .01710  ,01972  ,0223 .02625

>3f3 0994 .1138 1488 .1611 .1860 211 248

WFb




D
1
D
2
D
p3
f

Z

WFb

1

2

3

25x10'5

.0255
.0192
073
-0006420
.01807
.1530
01415
.01131
1.381
1,660
.8178

.001201

.0329

310
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Table 4 (Cont.)
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TABIE 5

THREE GROUP CONSTANTS FOR VARIOUS METAL TO WATER RATIOS

AND VARTIOUS URANTUM CONCENTRATIONS

N, 9.18x10™ 9,18x10™> 12x10™°  5.5x10~5 7210~  9.18x10~> 10x10=3
Ny, 00547 0139 0139  .0341 0341 .03 0341

N o .0305 <0255 «0255 <0144 0144 <0144 L0144
MM .10 .30 .30 1.30 1.30 1.30 1.30

a .0002214 .0002524 .0003143 .0002462 ,0002790 .0003628 ,0003448>
a 006537  .006747 .00871, .004685 ,005731 ,007251 .007822

p2

8y .05536 .05708 «07375 «03946 .04832 .06120 .06605
Zz

xq <0245 .01957 .01964 .009615 ,009661 ,00972 .009733
Zz

x .01560 .01301 .01305 .008703  ,008733 ,008783 ,00803
D1 1.320 1.358 1,356 1.425 1.424 1.423 1,422
D2 1,264 1.421 1.420 1.939 1.937 1.935 1,935

D L8379 L9376 .8%8  L377  1.327 1262 1239
D 1} 0004415 ,0004415 .0005760 ,000264 .000337 .000442  .000481
1

D 2% .01207 .01207 .01580 .00724 .00921 .01208 .01315
2

D Z% .1138 .1138 .1488 .06825 .0868 .1109 01240
3
WF WFB WFB WFB WFB WFB WFB WFB




15x10"

0341
014/,
1.30
0004544,
01131
09560
00985/,
.008910
1.420
1.930
1.115

.000720

.0197

=178~

TABLE 5 (Cont.)
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TABIE 6

GROUP CONSTANTS FOR CONSTANT POWER BURNUP WITH

BURNABLE BORON POISONS

N 9.18x10™ 9.18x1075 9.18x10™° 9.18x10> 9.18x10~> 9.18x10™5 9.18x10~5

u
Nyy 0255
ND .0192
N 2°

B
MW .73
b3

a; ..0003048
222 .008313
b

a3 07029
z

X .01372
b

x2 .01098
D, 1.39
D2 1.671

D_ 1.031

3 3

2. .0004408

1

pN

T, .01207
Z 1138
WF WFB

.0255
.0192

.73 .73 73 .73 .73
.0003067 .0003080 ,0003112 ,0003143 .0003175
.008566  .008739 .009165 .009582 ,01000
07243 .07390 07751 .08106 08464
.01372 .01372 .01372 01374 .01374
.01098 .01098 .01098 .01099 .01099
1.390 1.389 1.389 1.389 1.389
1.671 1.671 1.671 1.671 1.671
1.024 1.019 1,008 <9977 .9871
.0004408 0004408 ,0004408 ,0004408 ,0004408
.01207 .01207 .01207 .01207 »01207
.1138 .1138 .1138 .1138 .1138
WFB WFB WFB WFB WFB

.0255
.0192

.0255
.0192

.0255
.0192

.0255
.0192

.0255
00192

1.62x107° 1,94x10~5 2.16x10™° 2,7x10™° 3.23x10~5 3.766x10~5 2.112x10~3

NES
.0003695
.01067
.09024
.01380
.01104

1.388
1.669

.9701
.0005762

.01578

.1488

WFB
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TABIE 6 (Cont.)

N 1ox10=5  12x10~5  12x10™0  12x10™°  12x107° 8.661x107> 8.142x10”°
Ny, 0255 .0255 ,0255 .0255 ,0255 .0255 .0255
Ny o 0192 .0192 0192 ,0192 0192 - .0192 .0192

2 .

N 2.55x10~5  2.82x1070 3.528x10™ 4,21x10™> 4.91x10771,522%10™ 1,422x107>

M/W o 73 073 073 73 073 .73 .73

2;1 ,0003721  ,0003737 .0003779 .0003820 ,0003862 .0002928 °OQ92809
2;2 .01101 .01122 .01178 001232 .01287 .007874 .007433
2;3 .09317 .09498 009972 01043 21090 .06990 .06659
Z;l ,01380 ,01381 .01381 .01381 .01381 .01371 .01369
2;2 .01104 201104 .01104 .01105 .01105 .01096 .01095
D1 1.388 1.388 1.388 1.387 1.387 1.390 1.390

D2 1,669 1.669 1,669 1.669 1,668 1,672 1.672

D3 .9617 29567 09440 09319 .9198 1,033 1.043

z ,0005762  ,0005762 ,0005762 .0005762 ,0005762 .0004159 .0003910
2} ,01578 .01578 .01578 .01578 .01578 .01139 .01071

Z, .88 .1488 . 1488 .1488 .1488 .1074 .1010

WF WFB WFB WFB WFB WFB WFB WFB
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TABIE 6 (Cont.)

N, 6.61x107°  4.04x1077 1.55x107° 8,661x107 8.142x1075 6,61x107 4,040x107>
Ny 0255 .0255 .0255 0255 .0255 .0255  ,0255
NDzb 0192 ~ .0192 - .0192 .0192 -~ .0192 .0192 0192
N 1.134x1075  ,6610x10™° .2203%10~52.03x10™> 1.901x10™> 1.512x10~> .8813x10~
MAL .73 .73 .73 .73 .73 .73 .73
Zal .0002455  .,000187, ,0001308 .0002959 .0002837 < ,0002478 .0001887
Zaz 006138  .004482  ,002255 ,008275  LOO7811  .006436  .004682
ZAB .05596 .03791  .02023  .07330  .06980  .05849  .03939
2;1 .01365 01358 L1349 .01371  .01369  .01365 01358
;*2 .01092 .01086  ,01079  .01096 01095 .01092  .01086
D, 1.391 1.391 1.38 1,390 1.390 1.391  1.391

D, 1.673 1.671 1,671 1,672 1,671 1.673  1.671

D, 1.080 1.147 1.224  1.022 1.033 1,071 1.142

2} .0003174 .0001947  .00007498 .0004159 ,0003910 ,0003174, ,0001947
2} .008695 .006031 .002454  .01139 .01071 .008695  .006031

2% .08195 .05009 .01922 .01074 . .1010 .08196 .05009

WF WFB WF3 WF2 WFB WFB WFB WF3




1.50x10~7
.0255
.0192
.2938x10™°
.73
.0001301
.002285
.02072
.01445
.01156H
1.386
1.671
1,221

.00007257
.002375
.01860

WF2
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TABIE 6 (Cont.,)

8.661x107° 8,142x10756.61x10"°  4.04x10™> 1,50x10™ 11,66x10"
.0255 .0255  .0255 ,0255 0255 .0255
.0192 0192  ,0192 .0192 0192 0192
3.533x107° 3.301x107°2,632x107° 1,534x10™ .5114x107°1,545x10™
.73 .73 .73 .73 .73 .73
.0003048  .0002920 .0002545 ,0001927 ,000131; .0003587
.009459  .008915 ,007319  .005276  .002497  .00998
,08337  .07918  .06599  .04376  .02218  ,08879
.01372 .01369 .01366 .01358 001445 .01384
01096  .01096  .01092  .01086  .01156  .01107
1.389 1.390 1.391 1,390 1,386 1,388
1.671 1,671 1.673 1,671 1,671 1,670
9912 1.004  1.046 1,125 1,215 9746
.0004159  .0003910 ,0003174 ,0001948 00007257 .0005599
.01139  .01071  .008695  ,006031  ,002375 ,O01534
.107/, 1010 .08195  .05009 01860 L1446
WFB WFB WFB WF3 WF2 WFB




cz

=
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TABIE 6 (Cont.)

10.96x10™°  9.42x10™5  6.84x10™> 4.26x1075 1.75x10™5 11.66x10~5 10.96x10
.0255 .0255 0255  ,0255 .0255 .0255  ,0255
.0192 .0192 0192  ,0192 .0192 0192  ,0192

14761070 1,247x10~5 .878x10™> ,5233x10™> .1912x10™° 2.061x10™° 1.960x10"
.73 .73 .73 .73 .73 .73 .73

.0003435 .0003078  .0002491 ,0001914 .0001350 .0003619 ,0003458

.009515 .008187 .006097  .004529 .002392 .01039 .009823

.08482 .07402 05679 .03921 .02220 .09225 .08810
.01382 .01377 .01367 .01357 .01343 .01387 .01382
.01105 .01101 .01094 .01084 .01076 .01108 .01107
1.389 1.389 1.391 1.390 1.386 1,388 1.388
1.670 1.671 1,673 1.671 1.671 1.669 1,670
.9865 1.019 1.077 1.143 1,215 <9648 .9769

.0005263 .0004523  .0003285 .0002053 .00008457 ,0005599 .0005263

01442 .01239 .008997  ,006359 002771 01534 . 01442
.1359 .1168 .08481 .05282 .02170 1446 .1359
WFB WFB WFB WF3 WF2 WFB WFB
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TABIE 6 (Cont,)

N, 9.42x105  6.84x10™5  4.266x10-51.755x107° 11.66x10~5 10.96x10°9,42x10™
Ny <0255 .0255 .0255 0255 .0255 .0255 .0255
ND20 .0192 0192 .0192 .0192 .0192 0192 .0192

N, 1.663x1075  1.171x1075 697761075, 2549100 3.587x10™ 3.412x107°2,895x10"
MAL .73 .73 .73 .73 .73 .73 .73
zal .0003103  ,0002508 .0001926 .0001355 ,0003708  ,0003545 ,0003176
i}z 008515 .006328  .004692 ,002458  .01159 .01097  .009486
a; 07681 .05875 04037  ,02263 .1025 .09783  ,08507
le 01378 01369 .01357  .01343 .01391 .01388  ,01382
zkz .01102 .01095 .01085  ,01077 .01112 .01110 01105
D, 1.389 1.391 1,390 1.386 1,388 1.388 1.389

D, 1.671 1,673 1.671 1.671 1,669 1,670 1.671

D, .01 1.070 1,138 1.213 9371 9499 .9859
Efl .0004523  ,0003285 .0002056 .00008491 .0005599  ,0005263 ,0004523
2}2 .01239 .008997 .006368  .002779 .01534 01442 .01239
2}3 1168 08481 .05289  ,02176 <1446 1359 .1168

WF WFB WFB WF3 WF2 WFB WFB WFB




6.84x10™
0255
0192
2.038x107°
.73
. 0002560
.007011
06456
01373
01097
1.391
1.673
1.051

.0003285
.008997

.08481

WFB
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TABIE 6 (Cont,)

412651077
.0255
.0192

1.214x10™
.73
.0001956
.005157
.04383
.01360
.01086

1.390

1,671

1,125

.0002053
»006359

.05282

WF3

1.75::10'5

.0255
.0192
o4437x1070
.73
.0001365
.002638
02389
01344
01077
1.386
1,671
1,207

.00008467
»002771

.02170

WF2
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TABLE 7

THREE GROUP CONSTANTS FOR TEMPERATURE COEFFICIENT CALCULATIONS

N, 9.18x107 9.18¢10°  9.18¢1075  9.18x107°  9.18x10™°  9.18x107
N,  .0255 .0255 .0255 .0255 .0255 .0255
ND20

MA .73 .73 .73 .73 .73 .73

7,9 30 50 100 150 200 250

le ,00029516  ,00029516  ,00029516  ,00029516  ,00029516  ,00029516
p)

a .0070300 .0068770 .0066456 .0064497 .0062807 ,0061331

p)

a3 059985 0057172 0053152 0049911 .047286 +045050

5 |

x .013770 ,013691 013280 .012719 0011955 »010977

p)

x2 +01102 .010965 »010709 .010353 .0098551 0092106

D 1.3899 1.3947 1.4215 1.4595 1.5115 1.5838

D2 1.6717 1.6801 1.7243 1,7869 1.8741 1.9989

D3 1.,0378 1,0572 1.,1114 1.1771 1,2878 1.3934

E.f .00044082  ,00044082  .00044082  ,00044082  .00044082  ,00044082
1

Z? -012064, »011792 0011321 0010942 .010595 .010284
2

Z, 11372 .10838 .10075 2094611 .089654  .085434
3

WF WFB WFB WFB WFB WFB WFB
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TABIE 8

THREE GROUP CONSTANTS FOR TEMPERATURE COEFFICIENT CALCULATIONS

_ASSUMING BORIC ACID HOMOGENIZED

T, °C 19.45 84,12 163,12 259,75
B, .02518 .03075 03756 - 04587
N 9,18x10™7 9,18x10~5 9,18x10™° 9,18x107°
N, .0255 .0255 0255 .0255

N 03134 .030522 028464, 024554,
No .01921 °(?18691 2017431 .015057
N 2,7x10™° 2.619x10™° 2.4400x10™ 2,1202x10™
N, .00708 .00686 ,006398 005560
2al .00031121 .00031072 00030967 00030775
Za2 0093337 .0088280 .0082596 0076263
Z, .080220 .07197, .064009 .056310
s 2

x .027403 .026682 .024996 021846
zxz .02052 .020080 .018905 .016589

D, 1.3446 1.3678 1.4270 1,5536

D, 1,4209 1.4671 1,5461 1.7415

D, 1,0287 1,1032 1,2165 1.4114
2;,1 . 00044082 00044082 00044082 00044082
p2 £, 012075 011452 .010849 ,010270

pX £ .11391 .102% ,093089 . 084569

WF WFB WFB WFB WFB
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