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PREFACE

In September, 1955, a group of men experienced in various scientific
and engineering fields embarked on the twelve months of study which cul=
minated in this report. For nine of those months, formal classroom and
student laboratory work occupied their time. At the end of that pexriod,
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 smmary report of their efforb. It st 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. resulits obtained in
terms of the preciseness of the techhical date and analytical methods
employed in the study. In the opinion of the students and faculty of
ORSORT, the problem has served the pedagogical pu.zpose for which it was
intended. .

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

Laboratory gave. In pwticlﬂ.ar, the guidance of the group consultaat,
J. A. Lane, is gratefully acknowledged.

Lewis Nelson
for

The Faculty of ORSORT

UNCIASSIFTED
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ABSTRACT
/
T

of a high flux, solid fuel research reactor. The following report describes by

his project was initiated for the purpose of determining the feasibility

means of a parameter study avreactor consisting of a éylindrical fuel annulus sub-
merged in heavy water, The thermal neutron flux peaks in the heavy water adjacent
to the annulus and is a maximum in the region surroundéd by the fuel annulus,
'while @he minimum thermal flux occurs in the annulus. The fast flux has the
(opposité shape. Calcuiétidns indicate fhat practical peeking factors, ratios

of méximum thermal flux in the héavy water to average thermal flux in the fuel
annulus, as high as eight can be obtained.

i I 2
ot

ér/he report also describes a typical reactor in which the maximum thermal
and fast fluxes are greater than 1019 n/cm?-sec. =2¢ 06%76 - ‘“’///

4
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INTRODUCTION

-The purpose of this siudy‘was to investigate the design ef an advanced
reactor for research and materials testing. The reactor analyzed consisted of
an annular array of fﬁei eiements'surnounded'bj 'heavy‘water° The thermal
neutron flux was expected to peak in the heavy water region surrounded by the
fuel annulus and in the heavijater reflector. These regions of high flux
surnounding the fuel annulusrnere'to be used for experimental purposes. The
‘following paragraphs summarize the prelimlnary analysis which led to the
selection of this type reactor°

A reactor to be«used'for research and fqr testing materials is optimized
by maximizing'ﬁhe nentnon7fiuxes. For purposes of analysis the neutron flux
. can be divided into a fast or fission spectrum flux, an intermediate or dE/E
flnx, and a thermal flux. ‘Several important experimental uses of neutron fluxes -
characterized by these snans:of energy-are as %ellows: a fast flux is desirable
for radiation dam‘age e‘xperiﬁients inirolving 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 therma;”neutron Capture on reactor materials, for studying
radiation effeCts'en:neaetéf‘fﬁel eienents;fanﬁ'fer‘stuinng characteristics of
circulating réacienffuels injreaeier enYironment,f‘Many‘eXperimenfs'such as the
stuéy‘ef'tnansunanic‘gﬁiiduﬁ'in'ferfile mateniaisfnequine a combination of thermal
. and intermediate fluxes. L A |
Fluxes of large magnitude are needed for several reasons. Some experi-

ments invoiﬁing the measurement of nuclear quantities cannot be performed




accurately without a high flux. A high flux provides a high nvt in a short time
which allows one to predict what will happen to certain reactor materlals after.}
1ong irradiatlon 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 irradietion_time. Thue, if a testing reactor designed ior a high

neutron flux is sowcomplicated 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 end the burn-
up rate increase repidlyo' Thus it seems reasonable that the ultimate reactor
for research and‘meteriale testing may be a circulating fuel type reactor since
fuel can be added continuously and heat transfer from the fuel atoms is not such
en important problem,_ However, the various fluid fuel reactors_which could,be
constructed ueing‘existing technology have some limitetions and require additional
development work§4 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 reaeone diecussed aboveiit was concluded that to design a hetero-
geneous reectortwith a flux_considerably greater than now availableﬂit would be
necessary for the high thermal flux region of the reactor to be located other
than in the fuel. Preliminary investigatlons suggested that a possible means of
achleving such a de31gn would be by arranging the fuel elements in an annular
ring submerged in a low neutron absorbing moderator such as D20 The'annular
_yring 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,
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If the metal to water ratio in fhe fuel zone is high so as to give adequater
leakage of neutrons from?thé-fﬁelvannulus 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 (hereaftef'refbrred t§ as the
moﬁerator) aﬂa in the refiéctor.‘ Since the multiplication constant decreases
rapidly with increasing metal to water ratio and since the moderation in the
annulus- depends largely on the space required for the coolant, the main objective
from a muelear point of view was to maximize the ratio of fast to thermal flux
in the fuel annulus,

The thermal flux is proportional to the power per unit mass of fuel, while
the fast flux is proporticnal to the power per unit volume. Therefore, the desired
condition in the annulus is obtained by maximizing*thé fuel concentration and

'power*density. From the heat}trénsfer point 6f‘viéw this meant maximizing the
surface area to volume fatioﬁih'the fuel elements.

»Aidesign'studynwas/iﬁitidted on a reactor incorporating the concepts
swnmarizéd in the above”_pa.r.a/gra‘ph'. This reactor was ‘designated the High Flux

Research Reactor (HFRR),
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SUMMARY OF RESULTS

In summaermng the results of this study it may be beneflclal to give a
general description of a typical reactor based on the analysis found in this
report. References should be made to Figure 1. I

A cylmdrical fuel annulus, . surrounded by D O is the basic concept by

© which a high thermal neutron flux is obtained in a. region obher than . the fuel .
The D0 region in the centervof.the regctor is‘called'tye moderator» In;t%?s
region a maximum thermal flux peaking exists. Another peak, not so great,
exists in the D,0 reflector on the cutside of the fuel aniulus . The fast flux
peaks in the fuel region, where the thermal fux is a minimm, Axial distor-
tion of the flux is reduced by D 0 endd reflectors 200 cm thieko '.'L‘he_fluxv distri-
butions eve show in Figure 2, |

| The highly enriched fuel, in the form of a uranium-eluminwm ‘alloy, is
incorporated in aluminum cled, plate-type fuel elements. Each elements is three
feet long and 1s 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 uniforn burnup of the fuel. Pairs of elements are located in aluminum
fuel element housings which are grouped to form the fuel annulus. They are

~ secured by plugging into & plenum chamber at the bottom of t,he reactor tank .

Coolmg of the reactor is acconxplished with heavy water that enters through

the bottom of the reactor tamk. Water is directed through the fuel element
housings as well as against the cuter surfaces of the housingso The latter
is accomplished by means of baffle plates which may also serve to d.-ireét coolant
flow for experiments suspended in the moderator and reflector reg;onso 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 erifice into the moderator
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and refleétor'regiOns which are at essentially atmospheric pressure and,is;then
circulated through heat exChangéfso A secondary system of light water removes
the heat from the heavy water to cooling towers or some other suitable sink,

Gomplete 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 étainless steel shim tubes, located between fuel element housings
which containVa_continﬁously circulating aqueous boric acid solution for shim
control and burnable poison, the concentration of which can be varied durihg :
reactor operation; and four or more steel or alumimum clad cadmiim 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, and each
regulating rod one half percent feactivity. |

Shielding directly above the reactor consists of 200 ecm of D0, 18 cm

2
of iron thermal shield and 295 em of concrete.  One dﬁ& after shutdown remote
handling of'experiments througﬁ‘hbles in the concrete is required and is
' accomplished inside a cylindrical tank, purged¢wifh<heliumr Dﬁring‘operation
of the reagtor at 500 Mw power, a person can‘stand on. the éthretevbver the
reactor, |

A small inert gas space is provided above the'DéO‘forféqntinuous»removal
of deuterium and oxygen produced by radiolytic décompbsitionmn-"

Baéed‘on the analysis in this repofﬁ; the follbwiﬁg depa;1ed information

approximately represents the maximun conditions for the reactor Just described:
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_ Average: thermal flux in fuel annulus
Maximum~therma1.flux in center region
Maximum thermal flux in reflector

Aﬁéragq fast flux in fuel anmilus

Average intermediate flux in fuel annulus

U=235 concentration in the fuel elements

Fuel loading
Reactor power. -
Fuel cycle time .

Average power density

Spécific power
Maximum power density
Average heat flux
- Maximum heat flux
Coolant velocity - - -
Maiimum-fuel élement:surface'temperature
Cooiaht~inlet temperature.
Average coolant exit temperature
.Pfessure.drop across orifice
Mﬁderator radius, R1 |
. Anmulus width, R_

2

‘Reflactor width, R,

Length of fuel zone, 2H

6.12 x 10%4
15

4:81 x 1077
2.45 x 10%5..
2,36 x 1015
1,46 x 1075 "
1;3 xr.lozoatoms/cm3
9.8.mg/bm2 |
14.5 ke
425 M
10 days |
11500 watts/om’
1.45 x 10%Btu/hr £t3
31,000 Ku/Kg
3.48 x 10%Btu/hr £t3
4.69 x 10°Btu/hr £t
1.13 x 10%Btu/hr £t2

30 ft/sec

- 350°F

100°F
200°F
260 psi
40 cm
21 cm
75 em
3 ft
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Diameter of fuel elements - 3.5 in,
Number of fuel elements : ' ‘ 56 B
Total volime ‘of fuel elements o » 2,85 xrloscm3
Thickness of fuel plate,'W - .030 in,
Thiekness of coolant channel,‘E . 045 in,_
Coolant circulation rate 62,06@ gpm
Pressure drop across fuel element | 62 psi

Wt.% of U in U-Al alloy »t 12.5%

M/ in fuel elements . ,667

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

Thorium o | 5.8 x 1014
Tron o | | 5.2 x 1074
MTR fnel element (é b'4 1019 atoms U—235/om3) _ 2.2 X 1015
Alumizum, sodium . 2.8x 100
Beryllium = _ | - 3.9 x 1017

It should:be;ennnésined-that‘the reector“desoribed'above has not
neceesarily been optimized because of the many variables*involved.

Research reaotors which have been designedufor naterials‘teeting 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'10¢ated withiﬁ:the

fuel zone., .In Table 1 some of the important features of these reactpr designs are

sﬁmmarized'for‘comparisdn with the typical design which was compléted on the HFRR,

TABIE 1

Comparison of Reactor Parameters

Max

425,000

Reactor .| Power Max, Max. . Specific | Power Mex,

Designation , Thermal Inter. Fast Power |Density Heat
Flux - Flux Flux Flux

! Kw n/bmz/éec 'n/émz/éec n/cm?/sec .Kw/Kg_25: Kw/1 |Btu/hr ft2

LITR 3,000 | 4x10%3 880 3
 BSR 100 | 210 | 3x10't | 1xao™t 30 1.1

MIR 40,000 |5,3x10™% | #,900 390 |
ETR 175,000 |6.05x10™% |8, sx10% | 1,710 10,000 590 | 1.15x10°
CP-5 1,000 | 171012 | 103 | 10 | g0 6 |
HFRR 4.81x10%5 |1,55x10%5 | 2,59x10%° | 31,000 1500 | 1.13x10°
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REACTOR PHYSICS

The purpose of the muclear amalysis of the HFRR was to determine the ‘more
‘important variables leading to a maximum thermal neutron flux in the center region
or "flux trap." A parameter study wasuundertakén 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 varioue components in each region on the critical mass and the flux distribu-
tion was studied. Approximate flux perturbations resulting from experiment
insertion were determined.

- Caleulations were made to determine a feasible control system for the HFRR,
Xenon instability, burnup, and thevnemperature coefficient of reactivity were
investigated as they appeared to be possibie>limitations to a high flux reactor
'design. ‘

A three-group, threeereg%on ORACLE® code (1)'b was used extensinely to
evaluate many of the nucleer cnaraoteristics ofvthe HFRR, Two-group calculations
were used for some of the systems investigated which employed light water., The
reglons ‘were assumed to be homogeneous, and corrections were not made for self-
shielding in the- fuel assemblies, Thirtyagroup'"Eyewash"(z) cross-sections were
flux averaged to determine the three-group constants,‘ Integrated fluxes versus
lethargy were obtained frcm previous UNIVAC calculations(B) for somewhat similar
‘systems and were assumed to ‘be. correct. Criticelrexperiments were calculated to
determine the- adequacy of the’method'of prepering group congstants. ‘Theee calcula-

tions indiceted“that;withinlthe?assumptions made the HFRR calculations were

a
Oak Ridge Automatic'Computer and Logical Engine°

b ' o
Refers to List of References,
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gqcurate_within abdut 15 percent, A detailed Summary of the nuclear analysisvis
pfepentqd in\Appe;dix I;°  |

An optimqm ﬁFRR was nop determined as a result of the calculations which
were cdmpléted, The nuclear analysis indicated that the criteria for makimum
thgrmal,flux pggking_ip-the experimental zones was a maximum ratio'pf~fast and
| igﬁérmgdiqte fluxvto”thermal flux in the fuel zone., The thermal flux in the fuel
region is proportaional to P/M (specifi¢IPOWer),\where ‘P is thé total poWer,
and M is thevmass_qf U235a_‘The fast and intermediate fluxes are proportional
to P/V (power density), where V is the fuel anmulus volume 4), Therefore, in
‘or_der to mé.xim;[ze ‘the ratio of fast and intermediate flux, to thermal flux in the
fuel region, M/ or the ratio of mass of 235 to the fuel element volume should
be‘mﬁximized; From the heat transfer standpoiﬂé this requires maximizing the
powef'density which is the same as requiring a meximm surface area to volume,ratid
in the fuel elements. Frém the nuclear standpoint this means minimizing the
specific power: or pqwer”outpﬁt bef“kilogram of .2350 This requires a maximum
fuel congen}ratién 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_inVolyed in fuel element design and because of the strong
dépgndaﬁcé of the_heat t;ansfer on_the thermal flux distributions_within>the
fuel region, 1t is very difficult and time consuming to determine the balance of
materials, reactor size, heat transfer, and physics which results in peak perfofﬁ-
ance., The flux shapes of'the HFRR will continuously change with time, which
furfher»compligates_thg problem, Considerable error canbbe introduced by assuming
homogeneous regions and uniform burnup, and neglecting effectg 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 caléulations which were completed should give an adequate
indication of the generai trend to be expected from the variation of the many
variables associated with the HFRR. The results of the calculations are summarized

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 materials
and concentrations necessary to give a maximum ratio of the maiimum 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'watervwould'be desirable from theystandpoint of
minimizing DéO holdup, and D2O-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 experimental zones, It appeared that the
¢entral and reflector. regions would serve as .a source of thermal neutrons for
the fuel regiona Since the thermal neutrons in the regions external to the fuel
originate 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 hae 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 the heavy water. system or the high thermal absorption of the light water system
. was more desirable from the standpoint of achieving maximm thermal flux peakingo

'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 ratiofof the maximum %o the aterage 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 problemso‘ Therefore, the loner thermal flux
gradient of the D20 cooled reaotor 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‘exﬁériméﬁtéi regions was a maximm ratio of fast and intermediate flux in
the fuel region tomthernal flux'in the fuel region,

‘EParameters_nhioh can be varied in the fuel region are metal to water ratio,
thickness and'rolnme~of the fuel region, and fuel concentration. An increase.in
| the metal tognater ratic in the fuel region decreases the moderating properties
of this region,u Therefore, based on the previdusvanalysis, the thermal flux
peaking'shOuld.increase;with metal to water ratio, This was‘verified'by ORACIE

calculations and is illustrated in Figures 7 and 8. Howeter, 1t must be
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renenbered'that the effective multiplication constant is rapidly reduced by an
incredse in the metal to water ratio as shown in Figure 9.

The effect of varying the fuel zone thickness is shown in Figures 3, 4, 5,
and 6. For a constantlfuel concentration, an increase in fuel zone thickness
increases the multiplication constant, the ratio of the maximum thermal flux in
thevcenter 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
fuelox It_appears that for the D20 system the primary effect of an increase in
fuel anmilus thickness is to increase the fast and intermediate leakage out of
the fuel zone because of the increased total mass of U235.

If the fuel concentration in the fuel zone is increased, the thermal flux
peaking increases. This ig- 11lustrated in Figure 8. It is interesting to note
thatithe ratio of the maximum to average thermal flux in the fuel does not
change as rapidly with an increase in fuel concentration, indicating that :increased
leakage of fast and intermediateineutron flux out of the fuel zoneirather than *
the change in thermal flux gradient is the primary cause of the increased peakingo

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. Gonstant -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 compensateso
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° Thie would effectively

decreage the thickness of the fuel zone with time, In Figure 3 it was shown that
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a decrease in fuel‘regiqn thickness decreases the thermal flux peaking, This
4 igdiéaﬁes that'uniformvburnout is desirable in order fé{obtgin thé-max;mum‘nvt
in the experimehﬁal»zoﬁéso. The effect of the fuel zonme thickness becomes leas
important with decreasing fuel concentratioé so that a multi;fégion'cddeIWOuld'
be desirable to evaluate all the ramifications othpe_chahge in tﬁermal fiux
peaking with time,

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

‘The variation of the multiplication constant with fugi concentration is
éhown in Figure 13, The cold clean critical mass for the pa:ticular core considered
is about 3,2 kilograms‘which corresponds to a fuel concentration of 2.x.1019 |
atoms per cm3° For these calculations, the ufﬁnium in the:fuel region was
assumed to be distributed homogeneously. In the practical reactor the U23‘5 would
be‘lﬁmpeduin fuel plates and then these plates would be arfanged in separate
éylindfical assemblies. In order to maintain the same mass of uranium the fuel
concentr%?ion in the assemblies would be highéf than in the homogenedﬁs anmlus.
Thié decreases the effectiveness of thé U235 and results i# a higher critical mass,

As previously shown the increased conqentrafidn in the cyiindrical fuel
#ssemblies, as compared_tb the homogeneous anmlus with thé lower concéhtratidn
but fhe saﬁe mass, results in an increased ratio of maximum thermal flux in the
experimental zones to the average thermalfflux in the fuel. This peaking wili

not be as high as for a homogeneous annulus of the same fuel concentration because
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AL

the‘circular fuel assemblies eXpdSe more surface area to the neutron current'pt
available at their boundaries. For the same reason the ratio of'thé‘mgximum to
average thermal flux in the fuel zone‘will,be lower for the heterogeneOUS assembly
as compared to a homogensous annulus of the same concentration, N

| In summariziﬁg the preceding discussion, it is concludedxfh&t; in order to
~ attain maximum thermal flux peaking the fuel éoncentration, the metal to waéer
ratio and the width of the fuel zone should be'ﬁaximized. To attain a maximum
multiplicatidn éonstant for a given fuel loading the metal to water ratio should
be decreased., ) |

Central Region or "Moderator": Heavy water appeared to be an‘obviqus

choice fér‘the;central_regién because of its low neutron absorption cross-section,
For comparison purposes calculations were made uéing D50, beryllium, and aluminum,
Figure 14 shows the variation of the spatial thermal flux distriﬁution with varying
rercentages of heavy water and beryllium in the center region. These curves are
normalized to constant power ih the fuel region, The effect of the beryllium
- on the multiplication constant is shown in Fig‘uré 15, Figures 16, 17, and 18
show a comparison of the spatial distributions of fast, intermediate, and thermal
fluxes for beryllium, D20, and aluminum in the center region, If a high thermal _
flux 1s desired, heavy water is the ideal material for the central region. If a
high intérmediate or fast flux is desired, then heavy water could be partialiy
replaced with carbon, aluminum, or some other material'with pdorervmoderating
pfopéfties, Figure 19 sﬁows the variation of the ratios of the mdximum thermal
fluxes to the‘average thermal flux in the fuel for varying concenﬁrations 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 Alein fbe center regioné
,Addiuion'of aluminum to the center region decreases the multipiioation constant
as shown in Figure 15° |

It is possible that the flux distribution in the central region could be
improved w1th a region of aluminum 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 probeblyynot distort'the
thermal flux peeking appreciably. These are topics forffurtner'studyvasvthey,
were not thoroughly investigated'in this analysis,

Calculations indicated that the thermal flux peaking inereased with
decreasing size of the central hole for radii from about 30 to’' 50 em, Figure 3
shows this effect. The peaking will decrease for snaller cenper_region diameters,
if the region diameter is lessythan the slowing down-lengﬁh of fasf-neutrons in
heavy water, because less of the fast leakage out of the fuel region will be
oonverted ‘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 multiplioation constant increases to some meximum value
with‘inoreasing'size_of the center region. This indioates that the increase
in fuel mass with increasing center region size more tﬁen compensates for the
increase in leakage_out the ends of the center region untii,arcritioal size is
reached, Increasing the radius further causes X _toﬁdeoreese'because the fuel
annulus is approaching a flat slab, ,

Reflector Region: Heavy water was chosenkfor tnefrefiector region for the
same reasons thet it was chosen for the central region. As expected and as shown
in Figure 2Vthe thermal flux does not peak up as high.inffhe'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., GCalculations 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 relationship between percent reactivity
and various combinations of D20 and carbon, Figures 23, 24, and 25 show the |
relationship between various flux ratios and different reflegctor combinations.
It is concluded that an optimum combination of D20 and carbon thickness exists
:that will result in considerable DZO savings and adequate thermal flux peakingo

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 not 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 to some of the problems were tenatively solved
by a rather unique shim and safety systemo ‘ ’

ontrol Elemegt3° The control system will include safety, shim, and
regulating elementso' In order to leave the upper surface of the reactor free for

insertion of experiments it is advisable that all control elements be driven from

beneath the core,
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Safety Elements: The safety elements will consist of concentric cylinders
of stainless steel or aluminum clad cadmium located adjacent to the inside and
outside surfaces of the fuel anmulus. To reduce tﬁé possibility of losing gll»
.safafy 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,indepéndent.driVS mechanism., To determine the effect of
absorbing shells such as those suggested, ORACLE calculations were mdde for boron-
stainless steel cylindrical shells. They indicated that for a one quarter inch
-thick outside shell or fé; 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 th? 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 éffect of the shells on the flux distributibns is shown in Figures
2 ard 27, |

Several important factors were considered ‘when. 'desi‘gning the safety system
for the HFRR. In a reactor of this type th{a réactivityjfihtfqduced by an experi-
ment may be quite apprgciable; and manj't;mes a‘single,éxpefiment may be almost
critical by itself. ance, it is very desiraﬁle for én‘eéﬁérihental'reactor to
have a control systemxwhich is.capable‘of'hahdling large variations in reactivity.
The control systems of the Mhtérials TeSfing Reactor and fhé Engineering Test
Reactor, which are pefhaps the best examples of eiperimeﬁfal reactors, cannot ;
handle extremely large v&fiatiqns’ih ;k ,-and thus, reacfivity meaguring facilities

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 erl‘éénylua;éndfthe heavy water
in the HFRR is capable of hagdling.60 per cent or mbré(echSS.réacﬁiviﬁy because V
of the large.cbntrol sufféce exposed fo neutrons., ?hus; thegﬁFRR cbntrol‘is‘qﬁite
versatile, The wbrthféf an experiment can be détermipéd‘bj'ihSQrfing éh experi-
meﬁt with the shellsifully lowered, followed by slow withdfﬁwal‘of'the'shélls.

Aﬁoﬁher factor which was considered,waévthe safety of the:reactor in case
‘an experiment should fail, For the purposes of illustrétipn; én experiment
containing a concentrated aqueous solution of enriched;uiany1 su1fate was assumed
to be located in the center of the HFRR., If the container fcr_thiSfexperimént
sh&gld fail, the uranyl sulfate would be rapidly dispefséd thféughdui the inmner,
Dzo;fiiled region of the reactor. Because of the flux depression in the éxﬁeri-
ment, the uranyl sulfate‘would be much more effective,:when dispeféed throughout
theszo and would introduce a rapid iﬂcreaSe in reactivitygr'Thus'aPSafety system
which can handle large redctivity changés is very desifaﬁle; if not necessary,
for a reactor of this type. |

Régulating 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 cjlindefs of cadmium and will be apprpximately OneQand;oné-quarter inches
| in_diameter and worth approximately one-half per cent reaéti&ity eéch° One rod
in either of the four positions will be used to_reéulaﬂe the p§Wer’level of the
reactor, when the safety shells are withdrawn. “

Shim»Elementsﬁ Most of the éxcess reactivity'will be ¢ohtrolled by the
shim elements, Three types of elements were ccnsidered}'splid rods, t@bes
cbntainiﬁg a fluidized bed of boron-steel pellets,vanditubes'ééntaihing a soiﬁtion
of poison, Stainiess steel fubes containihg‘a circulating solufion of aqueous

boric'acid solution were chosen for the shim control of this reactor,




Solid elements were eliminated because of distortion of the vertica}vflux
shépe and the resultant uneven fuel burnup, Also, solid shim rods would,poséibly
require frequent replacement because of a high bufnup ratéo

A fluidized bed of Boron—stainless stegl pellets in water would allow the
reactor to be controlled simply by varying the water flow rate through the bed°>r
The system would be designed so that if water flow ceased, all pellets would d;op
into the core, decreasing the reactivity. However, to attain a threefold change
in the mmber of pellets in the reactor core, the containing tubés 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 cOmpreésion 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
reactivit& of the reactofo

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_p?ovide ﬁegns‘for varying the boron concen-
tration the solution is continuously ci;éulatéd'thfough_gn,externai system, A
boric acid solution was chosen because of its Tow cost, non-corrosive nature,
and salubility,iﬁ water. The solubility of boric acid in 1light water as a functién
of - temperature is.shbwn in Figuré 28, vfor the cases considered in this report the
solubility“is'more thaﬁ:spfficient to maintain in solution the'neceésary amount of
boron for shim control and burnable poison. ‘Tﬁe incorporation of burnable poison

in the shim tubes is discussed later.
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One advantage of this type :system 1s that the concentration of the boric
acid is'uniform along the length of its containing tubes in the cors, preventing
exial distortionvof the flux, Another advantage is'the comparatively simple means
by which heat may be removed from the shim systemo Since it is removed externelly
it may be oossible 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 liquid form lies in the possibility
of losing the poison in an“eccident, requiring that a safety system be devised
capable of shutting down the reactor upon the sudden loss of poison, )

A typicalysssembly as shown in Figure 1 mighticonsist of three-and-one-
half-inch diemeter fuel elements, boric acid tubes one-and;one-quarter inches
in diameter being located inithe center of the fuel annulus between ad jacent
fuel elements where there is a slight peaking of the thermal flui due to the
~ absence of fuel, With this size tube, fuel element, and a typical central region
radiuswof Ad‘cm; there'is‘spacenin the énnulus for twenty#fiﬁe shim tubes., Four
| of thesejlooations will oontain the regulating rodsﬂso.that twenty-one will be
used for shim‘ control nith the boric acid solution.

v 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 elneutron‘Ebsorptionicross section of
4010 barns per atom, the remainder of the natural boron, boron—ll having a
negligible absorption cross section° Therefore, most of the neutrons will be

captured by the boron-lo according to the following reaction(é):
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2354 + 3L174»2.792vMev of energy

ZHeAV*13L17*+-2.314'Mev of energy
The excited state of lithium decays as follows:

3
BLiZi—r—j> 3Li7 $i 478 Mev gamma~rap .

The.lithium which is formed will combine with boric acid to }pr.;dace 1ithium borate.
Lithium horate is insoluble iniwater so that some means, such‘as a settling_tank,f
will have to be provided for removing the precipitateo J

In order to determine tho worth of the tubes containing boric acid solution,
disadvantage factors were obtained from ORACLE calculations using the 3G3R Code°
The solution calculated contained O, 20 grams of boric acid per gram of water which
is about the maximum concentration that can be attained at room temperature.. Later
calculations 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. thickness of the fuel
section° 4
lgggggp: The high thermal flux (approximately 1015 n/cm sec) found 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
burmp rate 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 pniSOn could be added to thé fuel alloy or cladding, dnring ‘
fuel element fabrication. ﬁowever, use of a boric acid solution for the burnable
poison appearS"tQ be advantageous. To incorporate this scheme into’ﬁhe reactor,
the concentration of the boric acid solution in the\snim fubeé'is'increaéedg

'Once a fuel element incorporating borbn'in»the‘fuél alloy of éladding has
been fabricated, there is'no control 6ver boron cbncentfation‘ The liquid
v‘nysﬁemlproposed has the advantage of allowing boron concentration to be changéd
at,willlduring reactor opération.'lAs will be showniORACLE calculations indicate
this'ma}'be necessary, if a high fuel burmp and.long refueling cycle are to be
achievéd. »

Calculations wére made uéing the ORACLE to determine changes;in miltipli-
ication factor, k‘; and in flux shape with time. The following parameters were
cOnsidered:‘ Fuel concentration, Nf; Boron concentration, NB; Xenon concentration,
NXe;'Samarium concentration, Ném; and the concentration of ofhef fission pnoducts,

Nepe

- typical case. The burnup calculations were made at a power density, Po, of

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

1500 watts/cc, and .at initial fuel concentrations, Ny , of 9.18 and 12 x 1019

atoms/bc} From P and N
' o Fo

determined using the expression

the variation of fuel concentration with time was

: F _
S P wt
&= - __&__‘Q._.._. .
.NF(t) Nfo ~F (1)
e
where w = fissions/haﬁteseeond and
F F . : L S
6a and‘dfg>are the microscopic absorption and fission cross sections of

the fuel.




ORNL~LR=Dwg,=224;78

UNCLASSIFIED
10
) = 1500 wa:tts
9 N 0—9 l9x10%9
BO"l’ 62{10

S
)
/

Sm

(o)
[~
4
/
N,

l
I

=
N

I
|

W

XENON AND SAMARTUM CONCENTRATION (Nye, Ng), atoms/cc x 1071

FUEL, BORON, AND FISSION PRODUCT PAIR CONCENTRATION (Np, Np, Ngp),atoms/cc x 10719
n

l ‘ ' .. - . ]
\\
. \\\
10 12 1 16

TIME, days

Fig. 3] CONCENTRATION OF FUEL, BORON, XENON, SAMARTUM, AND OTHER FISSION PRODUCTS
VS. TIME AFTER STARTUP, FOR CONSTANT POWER OPERATION

~65-




~66-~

These cross sections were calculated_takihg into consideration'bbth thermal

and épithermal figsions in the following manner:

ag = O + <.
£ £ PR
3
- <] = a + - _¢2 d
a a o a
3 g z
3

(2)

(3)

where the ratio 32/53 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

WP
gt) = —2p—
N (t) 95

F o
where © . is determined from Equation (2).

Aséuming startup with no fission products initially present,

N (t) may be fourd from:
Sm .

Ny A, % -e
e e
B - Ay A g
; s d l-¢ Xe* ¢ T -e’ )-‘
ML e ALk - AL ¥ - A ]
. e

(4)
NXe (t) and
(5)
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and
Sm A Sm
-0 g4 o pmt =%, Pt .
: l-e - e - )
N (t) = B 2 ¢ = Sm - om N (6)
: - A
Sm Pm F a. o . g -
Fission product pair concentration is found from
aF :
s—b- (N =N .
N o ( o = Y@ (7)
‘a
The equation for boron concentration for constant,power-operation is
. B .
N®= N exp|~—2" 1n{l-¢ ¢ t)| . 8
(= N exp -5 l1-¢ 4 ) (&)
o a

The above relétions were used to detgrmine the:amount of fuel, boron, and
other poisons present at any givén time after«startﬁﬁai Thege concéntrations were
rrogrammed for the Three fGroup4ThreelRegiép;CRACtE:Cédegéﬁd the final calculations
yielded the multiplication‘factor,"k ,‘andvgrapgs of fast, qﬁithérmal, and
thermal flux vs radiai‘aistapce_from»the center ;f-thé,reactor, Plotted in
Figure 32 is the variation of k with time‘in-days;afﬁer‘st&rtuﬁ for initial
fuel concentrations of 9.18 and 12 x'lb}9 and initial béron concentrations of

3,76, 2.16 and 1.62‘x-?lb19 atoms/cc,
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The sharp drop in the curve of k vs time in the first one to two days

after startnp is caused by buildup of xenon and samarium, The variationrin 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 nrodnct buildup, the boron‘concentration must be
decreased to reduce the total poison present in‘thevsystem and to enable the
reactor to:approach maxinnm hurnup° -The limiting case is the addition of no
burnabie poison, in which‘instance reactor Operatingmlifetime is a maximum,

* As an illustration assume an initial fuel concentration of 9,18 x 1019

atons/cc and an initial boron concentration of 2,16 x ldlgo

Figure 32 indicates
that the boron reduces k' at time zero from 1.43 to 1,17, which is within
controllabie limits, 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 4490% If on the other hand a
portion of the boron were removed from the reactor at a sufficient rate, reactor
operation could approachvthe(limiting‘case of 10,6 days with a fuel burnup of
59.2% ,. | | | ; .4 P | . .

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

reactor operationo 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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Tt appeared that possibly & change

in temperaftre‘in the feactqr«would deéréase the density of the boric acid solution
ih the shimvttbes; fesﬁlting’in a positive contribution fo ﬁhé températﬁre édéf— A
ficient of reactivity, This was investigated using the 3G3R ORACLE Cddeg‘ The
Q#hcentfafion of the bdric acid was assumed to be 0.070 grams of boric aéid per‘
. érﬁm of water. The multiplidation constant as a function of temperatﬁre is Shgﬁna
in‘Figufe 33. ‘In these calcﬁlations it was assumed that the température of the‘ |
boric acid increased instantaneously with the temperature of the fuel, Also;
since details of the cooling system were qot definite, various D20 temperatufes
outside the fuel annulus were assumed to correspbnd:jto phe instantaneous fuel |
temperétufe, for'the purpose of comparison, the variation of the multiplication’
constaht with témperature for ﬁhe clean reactor with no boron is plotted in
Figure 34. For this calculation it was assuméd that the temperature rise océurfed
in the fuel region only. Reference to Figure 33 indicétes that for zero temp&ra-
ture chéhge in thé central and feflector regions of the regctor the témperature |
coefficient 'is‘positiw‘r.e° The slope of these curvées are the temperature coef-
ficients and‘are.piottedhin Figure 35° The témperature coefficient does not
becomé‘negati&e until 60 per cent of the fuei temperatufe change occurs instan-
taneously in the central and reflector regions, | |

Careful analysis of the prOsted'reactor cénfigﬁration shown in Figure 1
| indicates.that the cuf#es shdwiﬂg‘ﬁdsitive temperéture coéfficients are quite
ﬁéssiﬁistido :The boric acid solution is Qell ihSulated from the fuel regioh of
) '{;,h.e'reactoroj Theréfdré; gémma\and neutron heating ére essentially"the ohly factors
which will affect thé'température of the boric acid solgtioh'instantaheously, after

an increase in reactivity. The heavy water which cools the fuel elements circulates
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put the top of the elements and then down through the central and feflector
?egions;. Thus, aftér an increase in fuel coolant temperature, the end refiecﬁbri
temperature will increase rapidlyvand fhe températures of ‘the central and rgflec;
tor regions will increase more slowly. |

It appears that by maintaining a high flow rate of the boric aéid in the
-16ne ard one-quarter inch tﬁbes thg temperature of the boric acid could be kept
essentially independent of the femperature in-the fuel elements. For this
reason plus the fact that the temperature of the external regioms will rise.
fairly rapidly after a temperature rise in the fuel, the boric acid shim syétem
is not expected‘to produce & positive temperature coefficient.

V'In conclusion, it'apfears that the problems regarding the temperature
coefficient of feactivity of the present design of the.HFRR can be overcome by
proper mechanical design.

Xenon Instability: Xenon-135 has a large capture cross section and a
high concentration in thermal neutron réactorse. Hence, any perturb#tion 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, fhg péisoning
"effect of xenbn is decfeased'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 kndwn as.the xenon power instability. This is manifested as an overall
exponeptial rise,qr drop in thg neutroh flux and power 1eve19 The period on
which the neutron flux drifts has been calculated by K. O. Donelian and J, R,

Menk926’27, for various values of neutron flux and prompt neutron lifetime,
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sting their formulaevand the values of the prompt neutron 1ifetime and neutron
flux for the HFRR the period is calculated to be about 28 seconds. This,pericd
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 ocour 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 ard 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 maximm was
above it, Neutron flux in the other part of the reactor oscillates in opposite
phase 8o that constant power is maintained The_oscillation continues until
some compensating action is taken° The period of this oscillation is long, 12
to 14 hours, and the oscillation is therefore controllableo

A, G, Ward28

has investigated this phenomenon theoretically and has derived
an expression which can be used 1o determine whether ~or not a reactcr 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

i

are presented in Appendix X,

Effect of Experiments '
" To determine the‘actua11neutron flux which is available in each experiment

1t 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 ORACLE 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 reactoro |

Figure 36 is a plot of the thermal neutron £lux in the_core, using various
experiments for the central region; ‘Tt should be ‘pointed 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 DZQ coolant, Therefore, the'
porturbations indicated are grester than would exist in a practical experiment,

The fuel element containsiapproximately MTR concentrations of enriched uranium,

" Only one size experiment was investigated for this. project

One of the important uses of & high flux research reactor is for testing ;
nuclear reactor fuels,> For the testing of an enriched solid fuel element it is'v
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 systemsv. Hence,

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

perturbations caused by various fluid reactor fuels.

Topics for Future Stgdz
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 experiments in a high fast
£lux by placing an aluminum or carbon reflector next to the outside of the fuel
; annulus should be investigated further. The flux,characteristics in a void in
the central region of the reactor should be investigated as a possible mgans,fof
obtaining a high fast flux. The analysis of a void placed in the reactor is
difficult because diffusion ﬁheory does not apply within the void.

The actual flux‘perturbations to be expected- from ﬁracticgl experiments

should Se determined. The effecﬁg'of.burnup on the flux distribution should

be evaluafed more carefully, using'a @ulti-dimensional reactor code, The effect
of the regulating rods and the ship tubes on the flux distributions should be
énalyzedo |

The practical fuelAannulus; consisting of an inhomogeneous array of fuel
elements, should be analyzed in detail, Possible methods of decreésing the ratio
of the maximum 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 temperaturé coef-

ficient determined,
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An optimum outside reflector should be selected on the basis of egper;meptal
facilities and cost. The optimum hydrogen content in the D2O should be detefmined'
from the standpoint of effegﬁ on feacfor parameters and coSt,.

Tt is felt that further consideration of thé dbove topics is necessary to

complete & thorough feasibility study on the HFRR,
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REACTOR ENGINEERTNG
Heat Transfer

‘ '_ Fuel.Elements: To . obtain the desired nuclear characteristics thisbreectOr _
| must operate at extremely high power density. Therefore, one of thevlimiting»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 _
resolts preeented in the form of graphe which enable onme 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
neufron fluxes, and therefore the heat flux, have cosine arial distributidne,
'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,bside;reflected5 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:

a —2 : (1)

h = ,0115 2 (——9) (N )"4 (2)
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z = T Tan ‘ (3)
nax TAE ¢
T -T, . + W—'A'Ii"z Sinwz'@%,y ¢ sin B[4 (4)

Assuming values of /9 and C_ for the coolant, equation (1) is used to
P .

“determine the average bulk mean temperature of the coolant. Thus, the average

(8)

rproperties of the’ coolant can be;determined. Equatione(Z) is taken from McAdams.

Equation (3) determinesfat what point along the 1ength;of<a given fuel plate the

maximum surface temperature occurs.

to exist within the end"reflector.

In some cases this temperature,is calculated

In such a case the actual maximum surface

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 o
The derivatiens of these equatiens are found in Appepdix‘III.
for all calcuIAtionsiwas taken as 100°F.

It should be noted that T Small

i
variations in the coolant inlet temperature‘qiilineteaffeEt the?results appreciably
until the average‘bulk mean temperaturefreacnes apeut 2606F : Uee'of tne eurves
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. I 7

Figures 37, 38, 39, and 40 represent the results Qf'tne parameter study.,

One method of using the curves begins with the determination of & maximum power
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density from nuclear characteristics., If an upper limit has been set on the“m
operating pressure of the system, the dimensions of the fuel plate and coolant -
‘channel can be determined as indicated on the graphso N } | o
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.

ci?!&-—— = % - %} (X_xl)j\ [%ﬁi sin Eﬁ} | (5)
95 (max) - - . '

where
olavg) . [1 '1% (X’l)] , - (6)
o(max) | | | | "
and
. e | | .
(avgc)l!(axial) = [1;%% sin Trz—g- J o, ’ . (7)

¢

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

values for H and H , equation (7) g'ives‘ 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)/h directly from Figure 8

o(avg)
and then to calculate q' (max)/d' g as 1ndicated above° This ratio is of
considerable importance in selecting the thickness of the fuel annulus 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 constant9 it is desirable to minimize the ratio of
maximum 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 n‘ot 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 q! (max)/h from Figure 8 it is

o(avg)-
assumed that the fuel is homogeneously distributed in the fuel annulus and 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
eater than in the actual caseo
o(max)/ o(an) &r
When using thelcurves 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 1ihé'£hrbﬁgh the"‘fuelelement° If, for example, it is desired
to determine the maximm 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 1t is necessary to use Q. "~ as the power

(avg) /h(&vg)(axial)
density° See Appendix I for a sample calculation° '

For a high power dens1ty 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 consideration to
the practicability of fabrication and to mechanical design features as well as.
to heat transfer° The type selected is basically a curved plate fuel elemento
For this type element the relationship between heat flux and power density is

as follow3"
gt = qliel (8)
o : _ . _

Therefore, for a given power density‘the sum of the thickness of the fuel plate
and eoolant 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 lO Btu/hr/ft3 A further restrictlon on equation (8) is the metal
to water ratio needed to give desired nuclear characteristics° This ratio

generally is between O 5 and l O° Thus, for a desired maximum power density
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of 3 x 108rBtu/hr/Tt3; W.4. € = 0,08 inches, Therefore;-w = 0,027 to 0,04 inches
amd«éf: 05053\tOLOPOAWinches,Q These‘comparativelyASmallvdimensions‘aregtypicali
of thosezrequired<forwany‘tYpe fuel element'"’considered° It was felt thatla satis~
factory<fue1~element-could bermore readily developed: using curved plates, _

.. A more detailed:r discussion of the design of. the fuelaelement is fourd elSe- -
where in the report. ‘L | B | |

Fuel Element Housing: .The heat generated-by@neutrons;and photons in the”“

aluminum fuel element—housingsican be removed‘fromvthevinside,by.the fuellelement,'
coolant and from the@outside‘by‘the D20“that.acts as;reflector.and moderator. p!
Calculations;indicateﬁthat_within practical limitsgof:pouer for this reactor that .-
there should be no real.problem»in removing enough-heatbfrom the housings to )

prevent boiling. .

Cooling ngtem o

The cooling system of this reactor utilizes heavy water as a coollng

:“'“

v

medium and involves all of‘the heavy water used in the moderator, fuel and
reflector regionsa Coolantw 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 1ndividua1 fuel elements is obtained '
by the pump head and the pressure drop across the orifice at the outlet erd of
each fuel element housing,, Additional cooling of the aluminum 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 schematic diagram

of the reactor. Low pressure coolant in quantity approximately equal to the fuel
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coblant“flow is supplied to the moderator and reflector regions to pneven£ the -

’ ~~'tamp6ratqgépipfth353 regions‘from.approaching*the fuel coolapt-qutlet temperature .-

- anditoiprovide-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'codléd in heat exchangers, and is returned to the reactor thfough
high pressure and low pressure pumping systems. | |

\?‘Determingtionfof'theréoolant'suPply‘preSSQre'required for a given set of

reactor conditions is chomplished through the use of data presented on the heat

‘transfer and pressure drop graphs, Figures 37, 38, 39, 40, and 41. For a given

erIVplate.thiékhéss;'boolant gap width, and maximum power density, the heat:
trangfer‘graphs give~the»maximum fuel surface temperature which will .be reached. -
The minimum coolant pressure required is then takenvto be the saturation pressure:.
at a temperature above this maximum surface témperature by the amountnpf the
safety factor considered necessary to guarantee the p;evention of lodal boiiiﬁg

in the fﬁei fegiéﬁ; Té thi;‘musgﬂbe'édded the pressure drop océurrihg in:the

fuel region, which may be evaluated using the pressure drop graph, data for which‘.

were obtained from the equations b910Wo

Op - Q.02 EP | @
. = )

A 2l k. (1€ Qo)
: P -.i-v.APE: £ _[Kl'!- < 7 +6>A J | | ‘( )
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where

= € 0.715
K1 W+ € <

- : 4
2 0,75 ( = — > 0,715 .

_AThe 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 islorificed upom
leaving tpe fmei region. The preceding caiculation may be performed for verieus
coolant velocities'in the fuel region by the use of the appropriate heat transfer
.graphs. | |

'Themflow rate of high pressure coolant required may be easilyvcalculated,
mhen the required reioeity and fuel plate thickness and spacing have been determined.

As an example, for a'iuel plate thickmess of 0,030 inéhes, a coolant gap
of 0.045 inches, and a maximum power density of 3 5x 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, & minimum coolant pressure of 262 poﬁnds

per square inch absolute is obtained, From. the pressure drop graph it is




=93~

deternined 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 ie below the saturation temperaturevoorresponding 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 preesure
coolant flow rate is calculated to be 27,470 gallons per minute° At the pressure
calculated, this corresponds to a high pressure pumping horsepower of 4950 as

determined from Figure 42,

Design of the Fuel Element

It is suggested eisewhere in this report that a plete type fuel element
lbe'used. The mechanical stability of a plate can be improved by curving the
| plate. The smaller’the radins of curvature the more stable the plate will be.
This would indicate that concentric cylingerS'should be used, the maximm
radius being held to ajminimum, If the‘entire fuel'&nnulus were made of large
concentric cylinders, the radius of:curveture‘wouid'effeCtively be infinite and,
therefore, satisfactory'stebiiity'could‘nbt'bé obtdined. Furthermore, when
replacing burned fnel elements, such a Heeign wotld reduire that the entire
annulus be cnangedfaS‘one unit~ Becanseﬂof.tne‘comparatirely'short fuel cycle
in a high flux reactor, fuei replacement and fuel element fabrication should be
as simple~and“quick"as possible. To satisfy these requirements it is suggested
that the fuel anmulus be ‘made up of a number of cylindrical fuel elements as

shown in Figure 1.
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» There are several\reasons for suggesting a cylindrical fuel element 1n
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 annmulus. This means

that during the operation of the reactor the fuel annulus will effectively becomev

narrower because of non-uniform fuel burnup. The advantages and disadvantages
of such a situation are discussed in the "Nuclear Fhysics" section° To obtain
uniform burnup in the radial direction the possibility of rotating the fuel
elements wag considered. Such a design would require a cylindrical fuel element
design for more effective space utilizationo

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 oylindrical fuel elements.

A third reason for using cylindrical geometry is the necessity of pres-
surizing the fuel element housingo 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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,
vimpossible to plugiany 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 & )
more serious problem and a possible limitation to the maximum power density obtain-
able in the fuel elemento .

This particular type of fuel element was discussed with Mr, J, E
Cunningham(g) to determine ‘the. practicability of . fabricationo It was concluded

that a 0.030 inch aluminum fuel plate three feet in width and about ten feet long

“could very likely be rdlled and fabricated into the spiral shape, The alumimm

~ spacers quite possibly could be spot welded to the aluminum 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 problemso 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 oonical bearing and

: hydrostatic lubrication° The 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.




Q7=

Fuel Element Assembly

A compect unit consisting of two fuel elements and an aluminum fuel element
housing can be assembled and diséssembléd outside of.theAreactor; In the reactor
the complete units are plugged into the plenum chaniber in the bottom of the reactor

tank, forming the fuel annulus.

Heat frodﬁction
Heat production in the following locations was investigated.,
I. Moderator and reflector, |
IT. Boron tubes,
ITT, Aluminum fuel eleﬁent housings,
The methods of investigating the ‘various sources of heat generation are as
follows:
1. éamma heating.-'This wa.s 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 thé line of flight are ignored or through'such’large angles that
the resulting‘lowienergy ﬁhoténs are absorbed néar ﬁhe point of scattering., An

integral eﬁérgy’equétioﬁ'derivéd;in ;Appehdii IV is expressed as

. SEK - o - 7 . |
Gl‘ ﬂ 2 p't [Ez‘( ﬂ“eX) .-. EZ(”tb +. pex)jl coo (1)

2. Elastic Collisibﬁé,éﬁThe elastic collision heating rate is.




. o8

U R A MEREACRE A (2)

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

o0

G = E Z \. o000 :
- g oo By Z ()7 ' (3)
(o]

Another equation derived in Appendix V yields the following expression for

capture gamma heating.

S a(p) = N Za gz!l ue EI(b, E) ... (4)
whei‘é

I =1/ [b; L plcos P - 1)} L

B R=c0
| | T - -(kR) a(kR)
+ 12 {b*%P(coa -th...l)][p N e ¥ —ﬁﬁ-i
. : t t
-k (t-b)

+ ‘1/2 [(t-b) -‘T-tr- P(cos 1—} + 1)] me




3+ 1/2 [(t-b) -%"- f(cos 'T'_ig * 1)]j e t 7-}31]?-{-7

P-,GR.a(t;-b)u,t

1

I. Moderator and Reflector.

Heat production is due mainly to three sources,

a, Prompt gammas,

b. Elastic collisions.

¢, Neutron capture. 7

(a) Prompt gadmas. P;wer densit& per MQ 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 10°P(Mw). The caloulation in
Appendix VI considers the c&lindrical fuel annulus to be aﬁ infinite slab,

(b) Elastic collisions. Total heat in watts is Q = 3.4 x 104P(Mw).
' -t T

If one further assumés Q&ln ¢i2M e £ the power densit%fin the moderator is
described by Figure 44 for various ratios of _}2M and. =;g and computed in
| o - %, %5

Appendix VI, N
(¢) Neutron cggtg?e. The contribﬁtgoé of neutroﬁ capture is small
. compared to the heat feleﬁéed by neutron elastic scattering and a simple caicula;
tion yields 37P(Mw) Watté. | . | |
The total hea%iin wattszdeveloped in tﬁe“moderatof isllargelyvdue to
elastic coliisions dndiié equé1 to about 3,4,x,104£(Mw); ¢' .
Oné may’alsoiéohsider th;fheating.iﬁ,tﬁe;reflector to be the same as the

moderator because it was assumed that the cyiinder 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) Boro {tlcleso A11 of the kinetic energy associated

”caoture a“__,i
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 107 3 Bu/hr-£t> /M. )

(b). Boron eapture gammas, In this case the 0,48 Mev gammas contribute
2.88 x 107 Btu/hr-£t3 /M,

(¢) Elastic collision. The calculation is based on an average flux of |
3.3 x 1015 n/om -sec in the tube and yields 5, 38 x 10” ﬁtﬁ/br;ftB/Nw, Calcula-

tions appear in Appendix VII

III. - Aluninum Housing.
‘ Heat production was calculated for prompt fission gammas using equation
(1) and yielded 8.46 x 103 Btu/hr-£t>/Mv. Likewise capture gamma_heating is

15 Elastic collision heat

1.31 x 10> Btu/hr-£t>/My for a flux of 1.58 x 10
generation is 2.36 x 10° Btu/hr;ftB/Mw resulting in a total of 1 x iOABtn/hr-ftB/MWQ

The method of calculation is illustrated in‘Appendix VIIL,

Shielding

The purpdsevfor 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 DZO 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 etmosphereol A solution to the problem thenvuould'be to use remoteknandling
of the erperiments and.fuel in an”ihert 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 emergency the void

left by removal of the concrete plug could be filled with D_0, and one day after

277
shutdown a person could work directly over the reactor..

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

1. Iinear buildup factor,

2. - NDA buildup factors.

| The shield design consists of three materials, Déo, steel, and concrete.

One of the main considerations was to 1imit the amount of D20 employed, the
height of which was fixed at 200 cm. Since the fuel elements and connections are
someuhat over 100 ecm long, the 200 cm allowed sufficient space to mechanically:
remove the fuel 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/uk at the
specified power level for both gammas and neutrons. A typical~shield may be
composed of 200 cm D20 10 cm steel plus 295 cm of concrete,

Flgure 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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15_235 cm, An analyéis of the calculations show that the first method assumed o
é source of fission product gammas plus capture and decay gammas: of 20 Mev/fiésion;
while the second method assumed 7?5‘prbmpt gammas per fission. If the first
method considered only a 7.5 Mev/fission source thé dose curve (Figure 47) would
be shifted by & factor of 7.5/20 ~ .35, o | |

The limiting factor in dete:mining the thickness of concrete is thé prompt
gamma radiations since more concrete is required fdr the prompt gammas than any
other source. The addition of'more steel is probably impractical, |

After Shutdown: It may be'ndcessary to remové'the‘top csncrete shield for
meintenance after a shutdown of 1 day. Doses are plotted in Figure 47 as a |
function of distance above Dzo-surface for various heights of DZO after reactor
operatibn of 100 and 1000 hrs. As an illustration, the. tank may bé fitted with
400 cm of DZO so that a person working 40 ém‘above this surface would receive

the usual maximum permissible gamma dose.
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APPENDIX I

TYPICAL HFRR

Values for the typicél HFRR were caléulatedeASSuhing an avérage pgwer
density in the fuel elements of 1500 watts/bmzo‘ |

vFlui‘ratios needed in the caleulatioﬁs wefe taken from flux plots for a
homogeneous annulus, having a fuel épncentration equal to 1.3 x 1020 atoms/me
and an annulus thickness equal to 15 em, It is assumed that the decrease in
peaking due td the actual fuel element geometry will be offset by ﬁhé increased .
peakihg due to the greater éctual annulus thickness.

Flux ratios:

Maximum thermal infmoderator/hverage thermal in fuel a 7.85

Maximum thermal in fuel/average thermal in fuel : 1,95
Maximum thermal in reflector/average thermal in fuel 4,01
Average fast in fuel/average thermal in fuel ‘ 3.86
Average intermediate in fuel/éverage thermal in fuel 2.39
Fluxes:
- 2. ‘
Voosasx 100 d, 2003

1500 = 10

— 12439 x 00607 + 0655
32 3.35 x 10

or

¢32 = 6,12 x 1014n cm2 sec
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~

¢31(max) - 7.85 x 6.12 x 1011* = 4.81 x 1015 n/cm2 gsec
23 mam) = 4.0l x 6:12 x 10% = 2,45 x 10" n/en” sec
— , 2
¢12 = 3,86 x 6,12 x 104 = 2.36 x 1015 n/em sec
- o 2
¢22 = 2,39 x 6,12 x 1014 s 1,46 x 1015 n/cm sec .
Maximum power density:
]
q,ave - = 1 = 1
q! 1.23 x 1.95 2.40
“o(max) , .
Q = 2.40'%1500 ¥BLES .y 9,66 x 104>:—Z——3-B‘5“ he £
(max) om> : - watts/cm

=" 3.48 x 10 Btu/hr o7 L




» Using this value of maximum power densit& with Figure 39, the maximum
surface temperature is found to be 345°F'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:

at
qo

q%avg)(axial)

Q(wg) *

= 1500 watts/cmj' x L@.’M& x 1.23

watts/ cm3

= 1,78 x 108 Btu/hr ft3 .

| As indicated in Figure 39 the increase in water terhperature through the
elements is 100°F, making the discharge temperature 200°F, In Figure 1 it is
~ geen that the 200°F water mixes with the reflector regions. It is desired to
maintain“thfe reflector :egi'ons at é.bout 150°F by introducing additional coolant
to these regions. The flow rates are determined as follows:

Flow through eiements, ’ v, = velocity, v x area, A

2 2
= 30 ft/sec x '"'(1975)2 iB_E_gL xi—;_%sm x Z.%%;&_l-,

144 in

60 sec 50 elements = 27,000 gpm
min o ‘




Additional flow, through the reflector regions is obtained by making

- VR ?
a heat balance, assuming thitteen percent of the total heat is transferred to
these regioris°

Heat into coolant = - heat carried out by coolant

C Dt 1- total heat = + C. A%
A 3% x total he | (wR v,) p Ot

. " - - 3 . o‘
LBt x 27,000 gal/min x —Lb— x 62 1b/ft° x 100 F + 0.13 x 425

" # OF 7.48 gal

¢ | \
x 10 watts x 3,413 Btu/watt hr x hr/60 min,

| o . 3, 3_ .0

= 1 Btu/lb F (wR;* 27,000 gal/min) x ££°/7.48 gal x 62 1b/ft” x 50 F

W, = 27,000 +.7,600 = 34,600 gpm

t

Total flow = w + ﬁe @ 27,000 + 34,6000

= 61,600 gpm




' APPENDIX IT

GROUP CONSTANT PREPARATION AND METHODS OF CALCULATION

~, Heavy water, beryllium, and carbon moderated éystems‘were caléﬁlgted"gsing
thrqé-group theory. Light water moderated systems'wére calculated using two-
group theory;
| The three-group'constants werebdetermined byAaveraging BOIgfoup "Eyewash"
eross sections,' The Eyewash cross sections are not the best presently a&ailable
data, However, they were readily avaiiable and therefore were used because of
timeflimitations oh this summer Study,‘iIhtegrated‘fluxes versus lethafgy were
obtained from previous UNIVAC calculations with the "Eyewash Code"(z)° These
Qalculations were for heavy water moderated spherical reactors; Since the system
studied had a cylindrieal fuel annulus the flux weighting functions did not
'cbrrespond exactly to those which should have been used. The wbighting functions
were matched as éloéely as péssible to the uranium concentration of the system
_wbudied, The weighting furictions which were used are listed in Table 1.

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

_tte form

gw) = -,

t

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

coefficients, and transfer cross sections are the group constants which must be
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determined by averaging cross sections over lethargy°

-+ TABLE 1

THIRTY GROUP INTEGRATED FLUXES (WEIGHTING FUNGTIONS)a

: - , N
Designation Group |Lethargy | - WFB WF3 - WF2 WF1 _Fi
. Nu-235 Width |6.9x107° |2,9x107 |'1,5x1077 |,75x10™>
Radius, ft. o 2.5 3 3.5 4o5 -
Weighting 1 o5 7686 7837 | ..5051 0 ,01050
Functions 5 2 o5 YA VA 40155 4.016 4.016 .07215
Sealed by 10~ 3 .5 10,60 11,07 10,95 10,99 .2268
4 o5 17,27 17.90 18,03 | 18,52 WL 461 -
5 o5 21.76 22,54 22,99 23.95 +6537
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 : 104 6009[& 68064- ' 75006 Sloll loOOO
10 1.2 49.07 56,47 62,52 68,30 1,000
11 .8 30,95 36.39 | 40.78 44.95 | 1.000
12 b 14.91 17.81 | 20,13 | 22,30 1,000
13 .8 28,63 34,77 39.63 44,17 | 1,000
1 1.2 40,70 52,16 62,13 69,82 1,000
15 A 13,03 16,58, 19.48 22,03 1,000
16 o 12,55 16,29 19.43 22,06 1,000
17 ol 11.99 15,68 18.73 21,36 1.000
18 0’4 ‘ 110 33 . 14—090 17074 200 34 loOOO
19 o2 5,352 | 7.155 8,571 9.873 |1.000
20 W2 5,095 | 6.905 | 8,331 .9,627 1,000
21 2 4.837 6.646 8,064 9.345 1,000
22 2 | 4.649 6,469 7.892 9,177 |1.000
23 o2 | 4e558 | 6,294 | 7.727 9.009 1,000
24, o2, 40211 6.021 - | 7.430 8,699 1,000
25 . 02” 30945 50722' - 70096 8«338 . loOOO
26 02 3.731 5.502 ° | 6,867 | 8,102 1,000
27 ) 3.508 5,262 | 6,610+ | 7.830. |1,000
28 - ) 3,280 5,040 | 6,400 7,540 1,000
29 02 3,040 - | 4.800 | 6,140 | 7.240 1,000
30 o2 2,800 LoTL0 | 5,880 7,000 1,000

a

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

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

were calculated from

10 Kev
T 4 ‘ 7 _
_2a¢du Z _zTQfAu »
$ u _loMey 2 - Q)
ay 10 Kev I - : :
' ’ Z dNu
10 Mev :
and |
g
. = Za AR
5 o -nb (2)
a, -n
N
n=8 -
where
T
Z' = Za + z'a + z‘a + s00
a X y z

Subscripts 1 and 2 indicate th‘_e"" first and second groups in the three-group

approach and x , y , and 2z correspond to different elements. Similarly the
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average fission cross sectibns were determined from

,ZIZ/AEf [ AN} .
y7 = n=l : S 7 (3)
£ 7 -
2 gdpha
=1
and
en _
7 Zf ¢Au
- VYZ =a _np=8 . o ‘- (4)
f n '
2 Ep —
' 7 Nu
n=8

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

over a Maxwell-Boltzman distribution and thus’

=L o, @)

and
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The "neutron temperature" was assumed to corréspond 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 §r£§u
= .10 Mev : ‘s n=l
Dy 10 Kev. 7 )
g du Z  gADu
10 Mev n=l -
‘and
S A
Z pdlu
D = n=8
, S | (6)
EP g\
n=8 '
where
- 1
D =
3 z:tr
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

- 1
LR (@ S @

The thermal transport cross sections for light-and heavy water are dependent on
the chemical binding of the hydroéenvand deuterium within the light and heavy
water molecules° Thus,'the best values of the thermal transport cross sections
were assumed to be the valnes corresponding to anJerperimentally measured diffusion

length, L3 » Using the relation

and the above relation‘for' D3,’ the thermal transport cross sections were
calculated for light and heavy watero The chemical binding varies with neutron
temperature and must e corrected for, when calculating thermal diffusion
coefficients at varioustemperatures° These effects‘have been calculated by
Noderer(ll) and Radkowsky(12? ; 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,-7 | l - )

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 ’
I s =i (8)
xl ; ’rl '
and
. D ‘
2 a2 —‘2“"’ ° (9)
X /?"2 :

The age is defined as

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 function, Fi 5. which accounts for the mmber of neutrons born above each

r

group. The age for heavy water was calculated by both these methods. using the
Eyewash eross 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 om® (0.16 percent H0). Weighting with the fission spectrum should be a
more .consistent method of defermihiné‘agés in mixtures, and this method was used.
The values of Fi are listed with the integrated fluxes in Table 1. o

The next problem concerned division of the age into two parts so as t9up
obtain three-group constants. It seemed reasonable that the age for groups one
and two could be determined bj summing over the corresponding Eyewash groups
just as was done to evaluate the average macroscopic cross sections and the
diffusion coefficients, The agsumption of continuous slowing down id good for -
a carbon moderated system and fair for a beryllium moderated system. Hence, thls

method was used for calculating systems employ‘lng these moderators. Thus, for

beryllium or carbon

7 F ODu
. n=l 3 Ztr§ z’h
and
Deh F Au
T = = i .
°  m8 3 % 2

Because the continuous slowing down approximation does not exactly apply
to heavy water moderated systems the above method for calculating three-group
ages does not yield the best results.. Spinrad and Katsumi Tomaka( 13) 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 ofrlo Kev was 48/73,;vThis ratio was assumed to hold for all mixtuygs
cqntainingva large percentage of heavy water., Thus, the ages in heavy water

moderated systems were defined as follows:

n .
o th F,AQu
T = 48 = —%r—————
1 21 pa 3%f %
and
n F ADu
T, o= 2 .

Then the transfer cross sections are obtained from Bquations (1) and (2).
The transfer cross sections define_d j.n this'way_a.rej possibly more

‘accurately "removal" cross sécfiopd thdh indicate the #oﬁal ;emojél from a

éroup. Since the absorption aﬁd'tranéfer.arq included explicitly in the

three group equations a better definition of the transfer cross section would be




124~

'Igiﬁiaily this cdrrection was hdt made, aﬁd fhﬁs, in order to keepvthedcalgglé:_
F;gns‘¢onsis£eht for compariéon purpbsés the correction wéé néglec£eq ﬁhroughout‘
the study; 4The cofréctioh is'éhall in the first group since the abséfppidn‘is
gm@}l; However, the correction could becdme'appreciAble in the éecond grbup,
where resonance‘absorption may make Zh appreciable,

Another way to caleculate the transfer cross-section is

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

Possibly another modification which may have éiven better results would
have been to define the epithermal diffusion coefficients in the same manner as
the thermal diffuéion coefficient was defined (equation 7). Here again, becausé
oi'time:limitatioﬁs,:this modification was not used.
| Initiglly manyidf'the thfeeAgroup constants were averagéd by hand, but
‘later an ORACLE 'cohst’arit jirepé.ration routine prepared by W. E, Kinney'(ll*) was
used to obtain the epithermal constants, For heavy water moderated systemé Lo
the results of this routine were modified to correspond to the methods described
ahove,

The previous methods of‘ealcﬁlating the age are poor approximations for
1ight water systems., Hence, to obtain the epithermal two-group ages the experi;

~méntal age in light water (33 cmz) was corrected for the diluents. Eiperimental
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ages for aluminnm water mixtures were used where applicable, These are plotted
in Figure 51._ Ajeraged-crose sections were used to ohtain the other epithermal
two-group censtants,' | |

Since the 3G3R or-2GBR ORACIE Code was one dinensional, one of the input
parameters to the code was'an axial buckliné° The code made allowance for three
bncklings, one for each of the three energy grouts. The bncklings for each of
the regions had to be equal, and thus, for all cases it was aesumed that the end
reflectors would be heavy water.

A reflector savings had to be’edded‘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 ofithe end reflectors. It was not at all certain that
this was the best value. Fignre 52 indicates the’variation in the multiplication
constant with reflector eatings.

(16)

Several critical experiments were calculated to estimate the accuracy
of the threefgroup calcnlatione 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 difference
between the actual critical experiment and the one which was calculated The
critical-experimentvconsisted of a cylindrical.aseemhly‘filled yith DZOf An
enriched uranium solutionfkee/conteined 1ﬁ'¢nerin¢h éluninum,tnbes° ‘To calculate
this assembli the uranium'nés'homoganined'oter the'core end the aluminum was
neglected., Since. enriched uranium is more effective when homogenized and since
the aluminmum 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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o ‘The group constants whiéh were used for some of the calculations are
tabulated in Tables 2 throﬁgh 8. Iﬁ calculating temperatare édefficients all
effects were corrected for except the Doppler broadening of thg resonances. It
‘was found that sufficient accuracy could not be obtained by reading the thermal,
fission and ébsorption ¢ross section for U-235 off the curves and hence, they
were assumed to vary as 1/v. In order to éttain sufficient accuracy for tempera~
ture coefficient calculations the group'consténts had to be calculated to at
least five place qgcuracy; |

The burnup calculations were made by recalculating the reactor at finite
igtervals ‘of time.'to determine the multiplication constant and the flux distri;
butionsL'vThe 3G3R code had -provision for shells betwéen the regions, Thg,effects
of" boron stainless steel absorbing shells were calculated using the code. The
shell cqnstants were calculated with a shell constant preparation routine which
w§s prepared by W. E, Kinney.

: 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 a and b

8_1* % 3‘24,21. 33) = (zfl¢1*zf2 Byv 2o B)y -

ihen ratios of ¢sa/a;b , a;a/a;b , and a;aﬁaib 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 ploﬁs°




=129

In all calculations the heavy water was assumed to contain 0.16 percent
H20. Indications are that the economical hydrogep‘content is about 2 percent.
Tbeveffect of a varying hydrogen content on the reactor parameters was not

completely iﬁvestigated and hence, requires further study.
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APPENDIX III

HEAT TRANSFER EQUATIONS '

. Heat transfer calculations:

R —

' |
-—-uWL-&-» /

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

a(z) = @V A, pr [TB(Z) - Ti] . (1)
The heat that flows across the coolant film at 2z 1is’
q(z) = h AS [T (z) =T (z)] . (2)
: . s B

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

(z) %o ’ Tz (z) ()
T z - T = ———————) cos _A_’d A Z ° 3
B 17 VA, cp {;I 5 s

Solving equations (2) amd (3),

T (2) =T, = do. cos =2 + q:’ fz cos TZ 4 A (z)
P

(4)

PR ; S [sin?; +'sin'w—g] ’
' ' '2H

since

YA o 18y | 2ds
A1 e -
A S

To determine the maximum surface fempe':a.tu:r‘e along the length of a plate,
equation (4) is differentiated with respect to - z and set equal to zero. The

location of the maximum temperature is found to be
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o 2 et 4nf | '
2 (max) ﬁﬁ tan Tove Cp . (5)

lSubstitution of equation (5) into (4) gives the maximum surface temperature,

» ;I‘he properties of the coolant were determined for the average bulk mean
temperature, which was calculated using equation (3), integrated le'o;h'fhe inlef
end to the middle.

Hq
Tglo) = T, = 2

—S  38in
i T oVeC
7

. | (6)

g{luzz‘

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

zei'c at . Therefore,

H
o ( qc,.': COS,Z‘Z' dz
. Y
‘ q(a:tr'e») (axial) H
. f dz
)

{7
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In the radial direction

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

Assuming the radial flux to have a cosine distribution,

q' . T(r -R)
' =& gt - ' - ofmax) sin
% %5 (max) c"o:(ma,x) X R-Ry

(8)
4.1\ T -R) |
= ! - — 1Fr Y °
"o (nax) 1;<.X > TTEe |

- Substitution of equation (7) and ‘:(‘82) into

R .
1 .
£ q(ave)(a.‘xial) v
| ] = l
qave' ' R
[ av
By
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leads to
ave = -2—H= —H= _2 Y

s [Fad] [2-3 (2] - ©)

o (max) ' ' . :

From equation (7) the following is obvious:
(10)

q'
(ave) (axial) .
T ‘
[s]

(11)




~135~

APPENDIX IV

DERIVATIQN OF INTEGRAL ENERGY EQUATION FOR FROMPT GAMMA HEATING

N0, E_§)= Jy (B ) AR, (£) an

= JydA Py (E,0)dE P (§)dN

. oo Eeco |
-g?{ g E aN(r, E,§)=. - g B NG, ES) .[i&'a‘(E) » (&) +

E=0 E=0

%@)*f%@ﬂA'
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which is the change in total energy along dr due to absorption and compton
| scattering of the photons d3N where, 6(E) __, average fraction of Y energy
E that is deposited locally by a compton 0011181on. '
£ = average fractlon of the Y's with energy E which are scattered to-
energles < Eol, the cutoff energy for compton‘scattering,; -
Now d&°N(r, E,f) = dZN(r,g) Py (E, r)dE and furthermore, when the

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

Py(E, T) = Py(E, 0)

. thus
. oo : C oo '
BNr,e) [ EREE = aNE) { Bv @r @0
’ E=0 E=0
where
: BB £ B J
a = [+] c
T T
e t[ut B ™
since
SE Py(E) &E oo
E = 22— = ( E Py(E) dE

E=0
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o0

g Pe(E) E Py (E) dE oo
PR A R
: ( EPy (E) dE E=0
E=0

2 2. -
dr_é_, dN(r,g) = -dN(r,g) B

on solving yiélds

d2N(r,f") = dZN(o,f) e o

q 42 | = 2 'r'"‘ﬁér
= d_N(r,f) = -P-edN‘(O,f)e.. .

The change in heat generation in length dr 'is equal to the ‘energy:of the photons

times the photons that give up their"energy in dr .

Cafgdmple
G = ds:dr. .

g, 2 =i T
L {u d N(0,§ Je e}
= R e o - dr
, ds dr '
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" But

PNO,§) = K A PA (A0 = aFan

3@ ) = LI»(E, LENA

From modified transport theory, (17)

, _BR-
S(E t max
I(E, A’f) = SZQ.E_T.S_ -}é;—l (1-e )

=

—_—D
max cos g

where b =-thickness of source

.,

. (&) = f cos § S(E) (5 e"“tb/"‘_’sf) a0

ATy




r? = ,yz + % rdr = ydy
. B b
d2N= X ..§_,(_1.,e b x )Z,Wydyg%
‘I‘JTI“ ‘Pt r
‘ ..P";bgl" _;r
X S.(1-e b x Ye ° 2'"'ydy§%
4 -= B W AT By T _ar
e ' ds dr
o -b bpr gy
SE = _(1-e tx )e °©
G = = B oy - -— dr
2“’ e 2 :
t r
T ‘

letting u = r/x this redpcesfo

o
FTTER [f‘%(-”é.":’ R PR 0 |
vhére
- [ad -;; Xxu
Ez(‘P' X) = ( e © au o
)
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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

h

N
-

\/\,

-t—x——>

—

N

The equatigy’fof'heat generation’in a plane located distance b from one

surface' is given by

NY b3 ‘ -PfR
a(b) = __.é___L g g , g Ba(E, p.tR) —37— b (E) P(?) dEd(x')y dy ax' (1)

E Y xf
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After making the necessary geometric substitutions and by considering only one

energy increment AE about E , equation (1) becomes

" N,Z pg eee x™b -k R
6 = —Ig—— | (

Ba(PtR) o b g(x") d—R-R—dx—'-

2 .
R=b x'=0
(2)
R =oo x'=t
- KR _
S S Ba(l-"tR) e b Zd(x?) _d_l;ﬁd_x_'_
R= (t-b) x'=b '
where the first integration is over x' , holding R constant,
A linear buildup, Ba s was assumed, taking the form
Ba- = 1ls m(E), pt(E) R .? : o (3)
i
The thermal neutrbn flux shape was a,ssumed‘_,to be
= @ |1-EzlsinTx!
g =g [ = 4 %)




- where dl 35 the maximum flux at the edge of the fuel annulus,

After making the substitutions, the equation becomes

R moo x'=Db

1 S § [l*m“tR]

Z pE
o g
R=b x'=0

[1 - (_X—i-l)sin vf:l +

G(v) = N,

- P'tR
e
a 2R

(5)

R=eco I=t,
x -

g f - [remegr] e 25

Ré(t;b') x'=b :

: T
[1 - (&2L) sin _TGE'-] dr dax' .

Equation (5) may be rewritten as

G(b) = N Z pE ¢i I(b, E) . (6)

Upon inte gration

. X T -t b
I(b, E) = % [b + % (-%l) (cos -th‘- 1) ] me b
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| g e ~(R) a(R)
P FED o] e EGR)

B
tb

+
DY -

T o =, (t-D)
* 5 [(t - b):'—-',}f‘r (XX.._';.) (cos'? -0-1):'
- V. —(KR) d(BR)
* % [kt-b) - % (Z§;) (cos %? +1)] ( e t -zpzﬁj . (7)

(t-b.)‘P-t

The ’ener".gy.spéctrinn for capture gammas in aluminum is as follows (18)

Energy interval(Mev) 0-1 1-3 35 5a7 777 (max)
Photon/100 capture - Co _?",‘ L 1'3" 721 . 35
9):

Values of m
E(Mev) . 2 4 6 . 7.5
m T e 55 40 .33




APPENDIX VI

')’HEAT PRODUCTION IN INTERIOR MODERATOR

1, Prompt Gamma Heating

a,

Gamma, cui'rent

fission rate =

=

core volume

3.1 x 1070

3,1 x 10%°

fissiqns/wattfsec x P(Mw) loé'watts/Mw

P fis sions/sec

= (91,44 cm) (552 = 40°)
= 4,085 x 105 cm3

fissiong = le_l_?:_].-gﬁ = 7,589 x 1010 P
cin3'-sec 4.085 x 10° | '

energy from prompt gammas = 7‘,_5-.Mev/fission

Sv = volume source strength = 7.5 x 7.589 x 1010 P
a 5,692 x 10 P Mev/cm3 -sec

b, Relaxation length

- Volume U/element = 7,97 em’

Volume

U + Al/element=

1664, om’

Volume Al/element = 1556,03 om’

Volume core = 4,085 x 105 o’

Volume cell = 6808 c:m3 |

Volume Al/cell = Volume of cell - Volume of element
= 6808 - 4160 = 2648 om’

Total AL volune = 4204.03 om’
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- Volume Hzo/é'lepxent = 2496 en®.
Volume fractions:
Al 4204.03/6808 = ,6175
H20 2496/6808". Co= .3666
U  7.97/6808 = ,00117
Assuming 3 ~ 5 Mev |
| wem™t }\cm Volume F‘ractioﬁ
sz .034 29.41 01247
D0 .037, 26,74 .01371
Al 084 11,90 05189
o = L0656
i
for b =15 cm
ne = ,0242
n = ,0656

t

‘ 11 o o
G = 1,05 x 10" P(Mw) 'I:EQ(ﬁex)' - Ez(utb - P-ex)]v .

Results é.re' plotted on Figt;re}l-a,s a function of the distance into the

moderator.,
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3o s 03 =7
¢ = 1.63 x 10° Biu/hr-£t M [E, 0 x) - 5,y - Fx)] .

i

Total heat in wattis,

Q = 2§ §@Gr ar

= 5,72 x 10° P(M)

2, Heating Due to Elastic Collisions

a, Total Heat

.voo
G = g E £ ¢ dE
vne ne n ne n n

E
(e}

P = —SCMZ g &r
f'n

d . 21x1000 fissions B(My) 10°
n 0455 om_ watt-sec . 5~d3r

3

= 5 E I ;
ne n ne «0455
- Ml oo 1 S l-¢ 1
¢ M+l 3 éﬁe 2 3
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S (7 Mev) = 4.1 x 1074 e

. 2
N = 3,3x 1022 atoms/cm

24) (3.1 x 10 L (. 603 x 10"13 watts/sec)

) 22
Qo = /3(7 (3.3 x107)(.1x J0055
. L.
= 3.4 x 10 P(Mw) watts,
‘b, Power density distribution
Assume ¢; =: ¢i w'e ,
d " ¢1E'n,4x" d I 2
“12max ¢i2 12 giz d;z
| g(_;ém_a_x; = ' g-.]_-Z_ = X K = KX
¢ Kl 5' 2 12
12 32
&= A [#9) =
Pom g, @05V |
K. P “Z
= : — - £
Cre S;e»E zn.e 2, 2;_
¢ | 22 . p (4 x 10"24 on®)PK 3.1 x 1o:LO g—i%f?g;c- S Zr
G = 1/3(7 M «3x10" " at ‘ ‘
ne 3 ev)(3,3xh avoms/em (4 085 x 10 cm)( 0455 em ) ,

B 5,265 x 103 PKe f lg*§§$§§ 1.52x10’16Btu/Mev'x _.__1_2%___ x 3600 sec-hr,
3.53x10° £t
-2 ‘

= 81,56 P(Mw) Ke £ Btu_/hr-ft .
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3. ’Neutron-Cabture Heating

o0

G = E 2 dE
ne g ,gnc. n  ne ¢n n
E
0
pa (0l 3
P j , ¢n d’r
, 10 - 6
= 3.1 x 10 fissions P(Mw) 10

he .0455 cm"l watt-sec f aBr

’ 3
G dr
ne E f ne
nc n ne 20455
5110 = 0 = 1
Ptt_n 3

CE = 8.5x 10~ cm-l E = 8Mev
ne » n :

= 1/2(8 Mev) (8.5 x 10~9) (3.1 x 10%%p) (1,603 x 10712 watts~sec/Mov)

Sne .0455

Qe © 37‘P(Mw)vwatts .




' APPENDIX VII

HEAT PRODUCTION IN SHIM TUBES

1 Boron cathure"-Yv-pg rticles:

Volume of B s 0151
Total Volume 1

| .
N = (.0151) Qﬁi).éé.ﬂlx.lﬂ..). = 4.6 x 1071 B.Angclgi

cm

Z. NO . 755 x 10-24 cmz X 4ob X 1021‘ = 3.475 cm-l

G=3.3x 1007 —B . -—*-zL—x3475cm = 2.654 x 1010 —mev

cm  sec n ca.pture cm” sec

n

2654x1016ﬁ‘“i-x152x10"16—-2x3532x105i—xm—32. o513 20

et sec _ Mev em - hr hr-ft7

.juw

‘ This flux corresponds to a power level of 368 MW and yields 1, 39 x 1073 Btu/
hr-£42 /MW, |

2. Boron Camure I ;g‘xa’ :

Sourse is 48 MevY'S——-B—
hr—£t2/Mi
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G = 3.3x 1005 =B x s8Ny o 50 ol g0, x 1010 ST

em“~sec n-capture _ on’ sec
- 3
.5504::1016—%2!-_-,- x 1,52 x 1 16-—Bx3532x105ﬁ§x °S°°., 106—Btu_
cm’ sec om . bt

= 2,88 x 10-4 f~4§§g—-—-

hr £+ /M
3, Elastic Collisions:
Gne _S bne En ne~¢; aB, -
E
o
Let # =33x1015—-2—13—
em<~sec

E = 2Mev ,
Assuming mixture of boric acid:

mdlecular‘weigﬁt bqfic acid = 61;84

molecular weight B = 10.82 ',

at 99°C solubilit 20 boric acid

20 gm x 3082 = ,035 LBE.

61.84 gm H20
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ne

G = (2 Mev) (.31 cmfl)(B.B x 1015‘
ne 2 _ - ,

' 1 L '
.0 i .
Px 3% 3 L0151 cn’B
N —— = . 3 .
cm3 HO cm H20
2
.+ consider tube to contain 100% D20
Y =a ;L. a
gne 2 2
N 3.3x 1022 atoms
s cm
- =
H 2.9 barns
‘¢ =
o 3.6 barns
£ . 3,3x10%

..Eib_\l__, = 5,38 x 10‘5

=
]
f
]
Qo

|

b
4+
=

- Btu
lrm-ftj/MW

———) (1, 52 x 1073 Bt“)(B 532 x 107 L& L)

(5.8 3.6) (107%4) = .31 em™

cm
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Total heat developed in tube will be

from B capture - particles | . +513
B‘captureY'S . .106
elastic collisions " 20198
Total heating .5388 Btu/hr-rt’

or

1.46 x 1070 —Btu__
hr-ft2/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 8 ,5" thick plate

Y's 1
fission xv core volume

Gamma volume source, Sv ‘s fission rate x

Y's 1 mev
Assume 7,5 fission at Y

- 10 figsiog | 6 watt Y's 1 .5 3
_SV 3.1 x 10 watt-s x P(MW)10 X 7.5 Fission * 3.50 % 107 cm

Volue = No. of elements x 2%2 xL = 60 x'm'(ZZé&)Bi 91,5 & 2,50 x 105 om’

11 Y's
3

sec=Ccm

' ""-sv ‘= 9,30 x 10 P(MV)

for Ee a ,0567 and '}Ltb = ,98

3:-39-—"—10—- P(MW) 20567 679-= 2. 779 x 1011 p—Y _ L ,23x 1o3 —37
" .0056 | , cm3-sec , hr-ft

X om .EZCFex) i-'Ez(ptb - ‘Fex_) |
.2 | R " T -
04 ‘ L 5'75 ‘ r
cb6 C 073 :
o8 .69
1.0 . .65
1027 ! 063 -

Avg ° ° 679
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The average over the double thickness times two is the heat density in the Al

since it is exposed on both sides

G =

avg hr-ft

Capture Gamma

8.46 x 100 —28s M,

2,
Using equation %;° (Heat Prcductiqﬁ)
| EY Mev ‘lem 3 em -6 em
2 G131 x 105 .168 x 105 .18 x 1o5
4 1,575 2000 2190
6 0626 T 0785 0831
7.5 1.348 1,660 1.79
_ .5 ' 5 ' 5
Total 3,680 x 10 4,613 x 10 5,019 x 10
yields
G = 4.8 x 107 -BtU
avg hr-ft
or
1,31 x 10° —288_— |

7.5 cm
.;185 x 105
2,500
-850
1.778
5,013 x 10°—22—

hr-ft>




3. Elastic Collisions

= z '
crne g é;e En ne (En) dn(En) d En_
E
o
= 1l = a = JQLli a = P~ 1 = .2—6. =
5ne 2 ) B 1 28 +9285
= 0358
= 15
¢n 303 X 10
Ene = 2 Mev

N = 6.2 x’lo'?'2 neut.'s/cm3
6(2Mev) = 3b

22 =2/

Z = 6,2x ,'I.O2 x 10 - x,34
. ne - , o
G, =(,0358) (2)(6.2 x 107)(3)(3.3 x 10 5)-—2—-—— x 152 x 107°° =
. e . © em®-sec S
©x 3.532 x 1070 £t 5 3600 sec
P TR em, . E
= 8.68 x 104 B _ = 5 36 x 10° B,
hroft> hr£t° Mi

¥*

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




: | ~156-

APPENDIX IX

SHIELDING

1., Gamma Shielding - Linear buildup factors

6 watts

| L. . 1010 fissions by
Fission rate 3.1 x 10 s P(MW) 10 "

16-P fissions

= 30-1 X lO sec

Volume of core & 4,95 x 105 cm3 so that,

fissions _ 3.1 x 1016 P o 6.26x 10lO P .
cmzesec - 4e95 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 thé reactor, resulting in a

total of 20 Mb#“produced per fission., The volume source strength is;

12 P Mev

S = (20 Mev)(6.26 x 1019 P) = 1.252 x 10
v ‘ . cm”~-gec

(20)

The equivalent isotropic surface source strength may be expressed as
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S, = S Xal2s2x 102 P x 15.24 cm = 1.908 x 1000 p —Mev |

cm”=-gec
Required relaxation lengths,(zib
Maferial , : -Neutrbns Gammas
Ordinary comcrete F=2.3 gm/om’ 20 cms 17.6
Heavy Water ' 11.3 41.3

Steel ' e 6.6 T 4

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

The attenuvation Of.gamma'raQiatidp‘iéévingftheuéoo;gm reflectbf is, -

200

D. = -]H&Q-S-K_IO—B_ P.e 41.3 - °9546 x 10]2 P _lg_ex__
2 | B . cm -sec
or in rad/hr - | - R
.9546 x 1072P(,0205 cn®/gm) o 1.6 x 1076 erge _rad . 3600 sec

Mev 100 ergs
‘ gm

6

= 1,42x10° Pr/br .
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The dose at the surface of the steel is

-r /Z 4

D2 = ], 42 x 106 Pe.

and that léaving the concrete is expressed as

. -r /13,0
D - D. o 3 i o,
3 2

2. Prompthission Gammas - NDA buildup factors

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

-Gamble and Bell(22)
Energy Photons/fission in the 1/2 Mev ~ Groups -
_Mev_ range centered on this energx § ). photons[fission at B Mev(photon
1/2 3.1 . 3.2 at 1 Mev
1 1.9 |
11/2 | 0.84 : : :‘  "b;S'gt 1.5 Mev
2 | 0,55 - “ ©0.85 at 2.3 Mev
21/2 0.29
3 0.15 ' 0.15 at 3 Mev
31/2 0,062 - . | |
4" ' - 0,065 |
4 1/2 0.024 0.2 at 5 Mev
5 | ©0.019
512 . 0,017
6 ‘; o | 0.007
6 1/2 0.004 , _ :
' Total 7.0 photons/fission 7.8 Mev/fission

7.8 Mev/fission
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'-The above g:oups were usedvﬁbffeduce the mmber of sources considered, Consider :

a shield consisting of the following

D20 - gteel ; éoncreﬁe

éfrl—.—> —r,—> <fr39

r

The dose at the outside of the concrete shield at a distance r = rl +vr2'¢ rs is

SE by by -Brp

"o 171 252 73 3
D(r) = ) (u )tissue l(l*r)B(Pr)B(F-r)e e o x

Mev‘ 100{9r3§ ' hr
~em
‘Now, -
- fissio 10f1 iong 6watt ST
___5!.__22.31;:10 __s;ngzg.xlo MwP(MW)nlelO P,

sec ' - watt-sec

Volume of Reactor z.’W(552_a 4;02)(91041) = 4,085 x ldsicm3 o
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E(Mev) %ﬁfﬁ% | &;‘};‘;’Bﬁ Hox lJ‘l""“‘-“’l B (plrl) lL2‘-”"“-’1' By(Er,)
1| 32 |9 92x10%6 P 9.02x10™0 P | 15.6 | 53.5  |.212 | 2.9
L5 | 0.8 |2.4820% P [5.72010™ P | 12,8 | 205 |85 | 2.6
23 | 0.85 |2.64x10% P |6.oma0t® P | 100 | 15 |65 | 2.5

5| 015 |uesxo® p |1aoe0®r| e8| 77 |ass | L
5 0.2 62x1016 P|3.10m0 | 6.6 | 43 |am | 1.80

E (Mov) yé.cm;l | (&f;5°?) tigsue‘gﬁi
1 146 .03

1.5 .120 0275
2.3 095 024
3 <084 .0225
5 .065 .019

Linear. absorption coefficients and buildup factors for D20 and F were

" taken from APEX~176(23) assuming ‘LCQO“'I I}AH 0 Doses for various- thicknesse3~

of concrete are plotted for r. = 200 cm, and r, =

1 2 ,
Absorption coefficients as a function;oflenergy'for ordinary

2, 10, and 20 cm

respectively,
(24) :

are plotted in CRR-578 s Do 413.

concrete of density 2.3 gms/cm? The

composition is as follows:
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Hydrogen .52%
Carbon | .18
Silicon x 28,1
Alumi num : 7.51
Iron 2.8
Caleiwm 5,82
Sulphur | o2
Magnesium A .80
Sodium S 2;10
Potassiﬁm o 3.1
Oxygen ' 48,58

Dose buildup factors for concrete were computed from plotted parameters

appearing in TID=700435), p. 423 and the relation |

r AR
BBy My ) = Ao T 4 Ayl E:

where'-Al y dl and —aé are functions of E .- Thé»resﬁItS'ére plotted in
_ , , A 5 , o

Figure 53.

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

source sirength may be taken as




104

103

B(ur)

DOSE BUIIDUP FACTOR,

10°

10

ORNL~LR=Duwg, =22499
UNCLASSTF IED

FTTT

I

I |||III‘

bl IIIHI\

!

! |

E = 1 Mev
Conerete Density = 2.3 g/cc
Point Isotropic Source

B (Eq, ur) = Aje™UF + pje~02WF

| | | |

Fig.$3

20 ;) 60 80
RELAXATION IENGTH, ur, cm

DOSE BUIIDUP FACTOR VS, RELAXATION IENGTH
IN CONCRETE, FOR VARIOUS ENERGIES
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100.
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S, = 6.26 x 100 p flssloms 5 250 . 568 x 10 P

om3-sec fission

The equivalent surface source strength is obtained by

11

= .1.568 x 10° " P x1ll.3cem = 1,77 x 10;2 _P _..éIL__

1
3

cm’ -gea

‘om”~-gec

The fast neutrons leaving the 200 cm reflector is

Sy T
Dl - 3- e

e 177 x 1012 p ¢200/1L3 4

The dose at the s_ﬁr‘facre:of- the steel is, e

- TR
D, = 2.05x 10*Pe 2

2,05 x 10 p —2—
- cm” -gec

°
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and that leaving the éon’crete

4. Secondary Gammas
The equivalent fast-neutro‘n surface source strength leaving the rgflegto_r

and entering the steel shield is 2(2 05 x 10‘P P)—-—B—— Each neutron produces
cm>~sec ‘

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 r/hr at 500 Mily:igs

DI -r_/13.0 s % |
075 = 7 Mev 2(Ta03.X 107 (500) o 3 .0205 £Z_ 1.6 x 107 SI88 x
, ' ' gm eV

r x 3600 sec
| o hr
100 2LES8
gm

r = 1l4rem ,
3 _ 4

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

within the shield. The thickness of concrete required is

r = 106,6em
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'AEPENDIX X

XENON INSTABILITY

1, The prompt neutron lifetime is

L = | 1
S R S )
"_a'*'.V(l- * M2B ‘) ‘

where

L prompt neutron lifetime, seconds

2 "té’i""“inaér‘bséopivd ébsorpti'o'n cfoss section
L= 5.95 x 1072 om” -1
Va neutron speed 2.2 x 10° cm/sec.

2. L
M = "migration area = 190 cm?-
2 e i3 2
B = . geometric buckling = 1,66 x 107~ cm .
Using these v-alue"s,‘_the_ prpmp‘t’;" neﬁtron lifetime of the HFRR is 6.0 x *10‘-5 seco’nds,
2. When d is near 10 4 neutrons/cm -sec, the period is given by the following

| expression( )
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where

T = period, seconds

t = L + BkL_, effective neutron lifetime
off P d o .
= 9,45 x 107 sec.

t = 1/»‘_’}? , Xenon lifetime = 465 sec,

{0dine-135 yleld "=,056

]
L

L = prompt neutron lifetime & 6 x. 10~ sec

B = delayed neutron fraction = 7.55 x 103
o _k = effective multiplication constant = 1.00

Ly = | delayed neutron lifetime = 12.5 sec.

6 = xenon-135 absorption cross section

= 3.5 x 10".'18 cm"'2

g = ‘neutron flux = 6.12 x 1014 neutrons/cmz-sec.

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

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

power. flux o_scillaj.t'ion. In the above expression:
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A & .035

K = 'MZI(B’:-sz

1

‘ 2
K = M(8 -B%)
‘ 2
where

Mé = migration area-='190‘cm2“

B o= 3%e (24992« 1195 x 107 e

-2

B e 4@ e RADS2 o 2635 x 1073 on
2 - (%'_)2; 2,53 '_(-2-‘—?5)2 = 2,289 x 107 cm

H = extrapolated Half height of-the reactor

e

R & extrapolated radius of the reactor

then

I

and

:A o ] ﬁ = H - '»v )
&) 127 am ol =157 .-

4

Since both’ére'less.thaggl,oglﬁbé reactor 1swstabla'byvtﬁis criterion.




[

Regions:

Groups : 1.
2

3
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APPENDIX XTI

TABLE OF NOMENCLATURE

'antral Region

Second region (annulus)
Outer region. |

Fagt neutron energy -
Intermediate neutron energy

Thermal neutron energy.

Note: In all two-&igit subseripts, first number refers to group, secord

mmber to region.

~av (or ave)

= O

) o= @

Subscript denoting a value averaged over geomeiry concerned.
Energy absorptioh buildup factor
Unréflected group i ‘buckling

Iodine. concentration, atoms/me, subscript O refers to steady
state value | ‘

3
Xenon concentration, atoms/cm , subseript O refers to steady
state value

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

Gagma dose, Mev/bm -88¢ Or rad/hr. Neutron dose, neutrons/
cm” -sec

Diffusion coefficient, cm,.subséripts.denote group and regibn'
Gemma energy, Mev

Specific rate of heat release‘,.Btu/hr-ft3

Actual half-length of reactor core, ft

Extfapolated half-length of reactor core, ft




B -

:%z .zjz: wz =)

b=

Sm

 Samarium concentration, atoms/cm

~Region 3 thickness, cm

:ig.Distance from .source to detector, en.
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Film coefficient of heat transfer, Btu/hr;ftz-degree F

Thermal conductivity, Btu/hr-ft-degres F

- Neutron lifetime, sec’ -
“Atomic mass of nucleus, amu -

‘Atomic mass of neutron, amu -

Boron concentration, atoms/cms,‘SuBSCript 0 refers to time zero

Fuel concentration, atoms/cmB;'subscfipt 0 refers to time zero,

- Fission product pair 'concentration, atoms /om>

‘Xenon'concentration, atoms/cm>

‘Group mmber

Group corresponding to thermal lethargy

_Power, megawatts

Power density, watts/cm3

.Heat generation or power density, Btu/hr-ft3

_Slowing down density, neutrons/cm -sec

Heat flux in'reactor'core, Bi'm/'l:\r--f't"2

i Heat flux at Y o Btu/hr-ft

'Average heat flux in radial direction for z=0

;?

Maximum heat flux in radial direction for 7 = 0

,'Region 1 thickness, cm B

’. S

) Region 2 thickneSS,' cm - |

hey *

Isotropic surface source strength Mev/cm -sec

Volume gamma souroe’strength, Mev/cm -sec




‘Promethium decay constant, sec™
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Coolant temperature at inlet to fuel element, degregs F
Coolant temperature at outlet from fuel element, degrees F
Shgll 1 thickness, cm, shell located between regions 1 and ?'
Sﬁéll 2 thicknegs, cm, shell located between regions 2 and 3
Lethargy of neutrons |

Velocity, ft/sec . .

Thickness of fuel plate, ft or in.a

Ratio of maximum to minimum thermal flux in the fuel region
Distance upward“from center of reactor core, 't

Distance from center of reactor core upward to point at which

Tg occurs
max

Pressure loss in exit from fuel element, psi

Pressure loss in entrance to fuel element, psi

‘ Pressure loss in straight section of fuéltelement 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.
1
Xenon decay constant, 590-1‘.‘.‘ '}‘Xei" ;"_’ie g

Viscosity, 1b/hr-ft

'Photon energy absorption éoeffieient em™t

Average value of cosine of the scattering angle in the

~ laboratory system

Absorption crbssvsection, cm’l




M D um 8 F

EDSu

Slowing down length squared,-cm
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Figssion yield of Iodine, atoms/fission
Fission yleld of Promethimm, atoms/flssion
Fission yield of Xenon, atoms/fission
Neutrons produced per fission
Average logarithmic energy decrement
Density, 1b/f1;3 or gm/cms
Macroscopic cross section, emt
Subscripts: a - absorption Superscripts:

f - fission
x - transfer

Total cross Section for a number'of elements, em

F - fuei

"M - moderator

I - iodine .

Sm- Samarium
U -« uranium

X ~ xenon

Microscopic cross section, barns, subscripts and superscripts

as for macroscopic crogs section above
2
Neutron flux, neutrons/cm-sec
Integrated flux-or "weightihg ﬁunction".

Convsrsicn-factor,ifissioqs/hatt;gec.
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TABIE 2 -

e ik

THREE GROUP CONSTANTS FOR VARIOUS MATERIALS

-7

D,0 B 'i .  c u“Al
,0333 1229
0 0002343 f 0. 0002259
0 .0001389 ,0000500 .001867
;0000642 0009439 .000228 .0123"
o272 .ol8ge - .0092,  .0002902
01651 . LOLLE . .00464 . 1003017
1.321 .6955: L1432 1,533
1,203 5107 .92 3.713

87 L4185 945 4,262




Diluents
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'TABIE 3

THREE GROUP CONSTANTS FOR VARIOUS DILUENTS IN D0

‘B

v 8
Volume % 70
-z
*Ta;  ..0001640
z | :
8y 00009719
- - .
‘a 0006605
X 02269
1 ¢ :
' x2 ‘.i01255"“
D .80
1 o 74
D2 ;.6161
D3 :4966 g
N ,0100
D2 : TR
NAl 0 .
N

00860 l "“" |

B a1
50 70
L0001171  .0001577
',ddoosggs 001303
0004715 00858
.02508 006134
01322 .006390
19063 1.450
7153 . 2.273
5677 1,933
o6 Sz
L0614 ' ,03’

'5 6°

AL A1
50 30
.0001129 00006780
©.0009334 0005604
.006150 ‘1;0Q3692 |
.01115 01690
.099545 .01238
1.401 1,361
1,806 1,501
1,467 1.184
0166 L0099
03015 -0421
T 0
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TABIE 4

THREE GROUP CONSTANTS FOR VARIOUS URANIUM CONCENTRATIONS

e H H : SR H

1107 2x10 3107 ux0” 51070 6x107  7x107

Ny 0255 0255 .0255 .0255 L0255  .0255 .0255
ﬁbzo .0192 0192 .0192 - ,0192 0192 - .0192 .0192.

MM .73 .73 73 .73 ] .73 3
Zal .000117  .000138  .0001606 .0001826 0002047 0002255 .0002695
-zéz .00159."‘L602425 :.002987 .003849 00464 ,004819 005431
2a3 00111 L0170 L0228 ;62884 0346 04066 JO4BL

Z;l .01386 | ;01396 .01406 - .601356 01414 .01363 | .01422

222 {01099 N ;01112 | .diiol .0l082  .01101  .01089  .01104

D, 1.380 1.385 1391 1391 139 1392 1.392

D, 1.66 .1;66; 1.652 1.671 1.642  1.674  1.639

D, 1.255 15#3' 120 1.2 115 1,136 EEEN
2%1 .000048o i,booo96o\.{6QQ%44 -0001928 .000240 000288 .J000336

I, .00132  .0026, ~ .00395  .005975 00659 00789  .00923

Zp  .0122 0244, 0366 <0496 0610 0744 - L0854

3

a EEA
Concentration in atoms per cm

X 10_24
b | ~
" Weighting functions used. JSee Table 1

° Indicates constants were hand calculated and therefore differ slightly
from those prepared on group constant preparation routine.




D, -

8x10-5
.0255
.0192
73
.0002693
.996214'
05248
01369
.01094
1.391
1.673
1.092
.000384,

.01052

.0994

=175

Tablp 4 (Cont,)

9.18x10~7 ~ 12x10~%  13x10™>

.0255_

- ,0192

.73

+0002952

.007036
.05945
.01372
.01097
1.390
1.672
1.067
.000430

.01208

.1138

- .0255 0255

0192 .0192
.73 .73
.0003570 0003789
.009003 009700
07612 08203

,01380  ,01382

L0110,  .01106
1.388  1.388

1670 1,669
1.012 .93

.000576 - ,000624
.0158 .01710

488 L1611

155102

»0255

' .,0192

.73
.0004228
.01109
.09384
.01389
,01110

1.387

1,667
.9592
.000720

.1860

l7x10-5

20255

.0192

- o73

.0004666
.01249
.1057
.01394
.Qill5

1.385
1,667
9272

.000817
.0223

o211

20xlb;5
.0255
0192
.73
-0005324,
.01458
+1234
.01402
.01121

1,384

1,664
.883
;ooo9éo’

.02625

0248
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Table 4 (Cont.)

a ' *;-5
N 25%10
u L
NAl’ .0255
ND20 ,0192 .
M/w °73_, -
- ,

“a +0006420
s 1 -
dz ,01807
s _
a «1530.
s 3

-‘xl J01415 -
z 01131 -
x2 °

D 1,381

D 1.660 . -

2 660
D_. ,.8178

3 o
Ef .001201
B

= .0329
15

5.  .310
.f3




D
3
p &
f1
D
%2
D Z
WF
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TABIE 5

THREE GROUP CONSTANTS FOR VARIOUS METAL TO WATER RATIOS

- AND VARTOUS URANTUM CONCENTRATIONS

WFB,

9.18x10™ 9.18x10™0 12x10™>  5.5%10~° 7x10~°  9.18x10™° 10x10~
00547 L0139 L0139 L0341 L0341 L0341 L0ul
0305 L0255 0255 LOL4 0L 0L 0L
.10 .30 .30 1.30 1.30 1.30 1.30
.000221), ,000252 .0003143 0002462 .0002790 .0003628 ,0003448
.006537 006747 .00B7Y,  .004685 L005731 .007251 ,007822
(05536 05708 07375 L0396  .O4832 06120 ;oééosv
0245 .01957  .01964  .00915 .009661 .00972  .009733
.01560  .01301  .01305  ,008703 ,008733 ,008783 ,00803
1,320 1.358  1.356 1425 l.i2h 1423 1.422
1,264 1421 - 1420 1939  1.937  1.935  1.935
89 L9376 EUS LT L7 Lag 1,239
-0004415 ;6664415";0065769‘ ;60b264 2000337 000442 L000481
01207, .01207 01580 . .0072% 00921 .01208 01315
138 (1138 ,;1488*W_C .06825 0868 1109 1240
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TABIE 5_(Cont.) B

5.

N 15%10"
u j
NAl‘ 0341
NDZO oo.w
MM 1,30
s T
al ,0004544
5 o
"a_ - ,01131
zaz —
a, 09560
le .009854,°
Z'x .008910
2 _
D, 1,1»29'
D, 1.930 |
D 1,11
3 5

Z  ,000720
1 .

5. 0197 .

t, _
= .18
K

WP WFB




3
zfl
z

‘f2

Z
f5

"WF
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 TABIE 6

GROUP GONSTANTS FOR CONSTANT POWER BURNUP WITH
" BURNABIE BORON POISONS"

9.18x107° 9.18x10~5 9,18x10™> 9.,18x10™5 9.18x16~> 9.18x10™5 9.18x10=5
.0255 0255 T .0255 - .0255 L0255 0255  .0255
0192 0192 .0192 0192 0192 ,0192 - .0192

1.62x107 1,94x1075 2,16x10™° 2.7x10™ 3.23x10~5 3.766x105 2,112x107%

073 .73 T30 73 73 .73
..0003048 ,0003067 .obo;oso .0003112 ,0003143 .0003175 .0003695

.008313  .008566 .008739 .009165 .009582 .01000  .01067
07029 .07243  ,07390  .O7751 - 08106  .08464  .09024
01372 ,01372  .01372° .01372  .01374  .01374  .01380

'.01098  .01098 © ©,01098  .01098  .01099  .01099  .01104

1.390 1,390 1389 1,389 - 1,380  1.389 1,388
1671 1.671  1.670 L67L  L.671  1.671  1.669

‘L.031 1.024 ° 1.019 . 1.008° 9977 98T L9701

-0004408 .0004408 10004408 0004408 0004408 0004408 0005762
.01207 = (01207  ,00207  .01207  .01207  .01207  .01578
Q138 1138 2138 0 L1138 1038 138 e

WFB WFB - WFB WFB WFB WFB WFB




12510~
.0255

»0192

2.55x1075  2,82x10™° 3,528x10™

73
.0003721
01101
- 009317
-01380°
01104
1,388

1,669

.9617
.0005762

01578
~1488

WFB .

12%10™°
.0255

©,0192

.0003737
01122

T 009498

.01381
01104
L
1,669

9567

.0005762

01578
1488

180"

TABLE 6 (Cont.,)

5

12#10f5. 12x10"
.0255 0255
40192 0192
% 4.21x10”
W73
.0003779 .0003820
.01178 ,01232
209972 .1043
.01381 01381
01104 . .01105
1.388  1.387
1,669 1.669
29440 29319
.0005762 . ,0005762
.01578 01578
21488 1488
S WFB' WFB.

5

12x10" ~Sgééiiio;5{:8,i42xio;5
.0255 .Q255 »*;0255‘ |
.0192 - ,0192 .0192.
4.91x10771,522%10™0 1.422%50*5
73 W3 |
°ood3862 .0002928 ,099g§¢é%ﬁ
L1267 00787 L0013
1090 .06990  .06659
01381 01371 ,01369
01205 . .01096 ,01095
1,387 1.390 | 1.390 |
1,668 1.672 1672
9198 1.033 1,043
.0005762 ,00041§§ .0003910
01578 ,01139 0107
U488 51074 .1010
" WFB WFB ' WFB

5
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TABIE 6 (Cont.)

6.61x107°0  4.04x10™° 1,55x10™° 8,661x107 8.142x10™5 6.61x10=> 4.040x10~>

.0255 .0255

.0192 0192 -

1.134x107° ,6610x10

T3 .73
0002455  .000187
;006138 .004482‘

. .05596 .03791

01365 .01358
01092 .01086

1.391 1,391

1.673 1.671

1.080 . 1.147

«0003174 . - /0001947

.008695: - 006031

.08195 *  -,05009 -

WFB. . WF3 .

1.224

.0255

.0255
.0192 0192 -
.2203x10752,03x10™
.73 .73
0001308 0002959 .
.002255 008275
,02023  .07330
1349 L0137
01079 .01096
1.386 1,390
S 16m 1672
| 1.022

.00007498 ,0004159 -

©.002454 - .01139 ;.

.01922 L0107 .

WF2 -~ ° WFB

.0255 .0255 .0255
0192 .0192 .0192
1,901x10™° 1,512%10™° ,2813%10~0
73 .73 .73
.0002837 7 ,0002478 ,0001887
007811 .ooé43é 004682
06980 L0589 - .03939
01369 ©  .01365  ,01358
.01095 01092 .01086
1,390  1.391 1,391
1,671 -1.673 1,671
1.033 1.071 1.142
* ,0003910 .6003174 .0001947
.01071 . . .008695 ,006031
L1010 .08196 05009
- WFB . FB WF3
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TABLE 6‘(Cont.)u .

\‘1.5oi10-5_5 8.661x10*5 8,14;;10’56,61x10“5
+0255 .0255 - .0255 0255 0255
0192 L0192 - .6192-v* ,0192 0192
.2938x10’5"3;533x10'5 3,301x10722,632x10™° 1,534x10™>"
73 <73 .73 .73 .73 |
,0001301 = ,0003048 ,0002920 0002545  ,0001927
1,002285 - .009459  .008915 = .007319  .005276
- .02072 . ,08337 .07918 06599 ;04376
.01445; .01372 .01369  ,01366 01358
.01156w 01096 .01096 ~ ,01092 .01086
1.386 1.389 1.390 1.391 1.390 -
1.671 1,671 S 1,671 1,673 1,671
-1.221 © .9912 .. 1,004 1,046 - 1.125
.00007257 - ,0004159 - .0003910 ,000317, .0001948
!
.002375 01139 -t01o7i ©.008695  ,006031
+01860 107, 41010 .08195  .05009
WF2 WFB WFB WFB W3

.5114x10"°1. 545x10

' 4.0/x1075. 1.50x10™> 11.66x10™°

0255 - ,0255

0192 C.0192
-5
.73 ~73

.0001314 ' ,0003587

.002497 009984
02218 .08879
01445 ,01384
.01156 01107
1,386 1,388
1,671 1.670
1,215 9746

00007257 -,0005599

002375 - 01534
01860 1446
WF2 WFB
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. TABIE 6 (Cont.)

10.96x10™  9.42x10™5 6,84x1075 4.26x1075 1,75%1075 11.66x1075 10,96x10~

0255 L0255 L0255  .0255 0255 0255 ,0255

0192 L0192 - L0192 L0192 - L0192 L0192 L0192
1.47x1075 1.247x107 87852075 ,5233x10™5 191261075 2,061x107° 1.960x1075

73 m 73 T3 13

.0003435  .0003078 0002491 .00019L4 = .0001350  .0003619 .0003458

.009515  .008187  .006097 .004529  .002392  .0l039  .009823

08482 07402 05679 - .03921  .02220  .09225  .08810

01382 L0137 f.01367  01357 01343  .01387 01382
01105 "’.01101" L0100, L0108, .01076 | .bllOSA .01107
1389 138 L9l 139 1.8 L1388 1,388
1.670 1,671 1.673  1.67 1.671 1.669  1.670

29865 . 1.019. . 1.077 1.143 1,215 | 9648 L9769

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

01442 .01239  ,008997  .006359 002771  .01534  .OL442
(1359 G168 08481 .05282 . L02170 < L6 L1359

WFB WFB WFB . WF3 WF2  WFB  WFB
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TABIE 6 (Cont,)

9.426107  6.84x107  4.266x10751, 755107 11.66x10™% 10,96x107

.0255 .0255 0255 L0255  ,0255
0192 - L0192 .0192 -0192 0192
‘ i.éé3xlo‘5 1,171x1075 .6977x10™5.,2549x10™> 3.587x10”
w3 33
,0003103  ,0002508 .0001926 ,0001355 0003708
008515 006328 004692 ;062458Av 01159
07681 | .05875  .04037 02263 L1025
01378 01369 .01357 01343 .01391
.01102 ,01095.v .01085  ,01077 01112
1.389 1301 1,390 1.38 1.388
1,671 1,673:'_ 1.671  Len 1.669
1,011 1.070 1,138 1.213 93
0004523 .0003285 .0002056 00008491 0005599
.01239 - .008997 . .006368  ,002779  ,01534
.1168 08481 205289 L02176 1446
 WFB WFB WF3 WF2 WFB

5

5. 42x10™
.0255 .0255
.0192 .0192
3.412x10"52,895x10™>
73 B
'.0003545‘ »0003176
01097 .009486
09783 08507
01388 .01382
~ .0l110  .01105
1,388 1,389
1,670 C1em
L9499 49859

.0005263 0004523
01442  .01239

+1359 .1168

WFB WFB"




Nu 6584210-5
Nﬁl .Q255
ND2° -0192
N 2,038x10™2
MM .73
5 ,
‘a 0002560
51 ’
a - .007011
z 2 '
¢63 006456
) ,
= )
-x2 01097
D © 1,391
1 39
D T 1,67
5 3
D, 1.051
z. 0003285
1 .
5 oy
£, 5998997 !
. _
: f3 ,'08481

- WF WFB.
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TABIE 6 (Cont.)

4.26x1070  1.75x10"

.0255
.0192

1,214x102

o713

.0001956
005157

204383
01360

+01086
1.390
1.671
1.125

' 0002053
006359

. .05282

WF3

5

.0255

E €0192

J4i4,37%1072
.73
.0001365
.002638
02389
«01344
.01077

| 1.386
1,671
1,207

. 00008467

002771

L02170°

CWF2 -
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TABLE 7

THREE GROUP CONSTANTS FOR TEMPERATURE COEFFICIENT CALCULATIONS

5.

9018x10f5 9018x10-5 9,18x10‘5 ‘9o18x10-5 ‘9018x10-5 ©9,18x10°
.0255 .0255 L0255 L0255 L0255 . .0255
73 73 .73 N .73 LT3
30 50 100 . .-150 - 200 250

00029516  ,00029516  ,00029516 00029516 ..00029516 .00629516
,.6070360 L0068770 0066456 - 0064497 © . 0062807 .0061331
2059985 2057172 L053152 . 049911 047286 2045050
013770 013691 013280 »012719 011955 010977

,01102 010965 010709 010353 ©,0098551  ,0092106
- 1.3899 1.3947 - 1.4215 1.4595 1.5115 1.5838
1.6717 1.6801 17243 1.7869 1.8741 1,9989
1.0378 1,0572 1,111 1,1771 1.2878 1.3934

000044082  ,00044082 000044082‘ o06Q¢4082 000044082 000044082

012064 - 2011792 0011321 | 010942 °010595 0010284
C.11372 .10838 010075 0094611 - 089654 .085434

WFB WFB WFB WFB WFB WFB
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TABIE 8 ..

TMEMWMCWWEEMCMWMHW

19.45

.02518 -
9.18x10™°
L0255
.03134
.01921
2,7x10™

.00708

.00031121

0093337

: ,080220A'
| .027403
.02052¢~j -
\‘1;3446:u .

1.4209

: 100287

.00044082

012075 .

«11391

WFB

84,12
503075 -
. 9,18x10~5

,0255
,030522
.018691

2.61§x10‘5'

$+00686.
00031072
0088280
1,071974

026682

-,020080

1.3678“ e
16
©71.1032

-, 00044082

.011452‘v

.102%

WFB

163,12

003756 v

,0255
028464,
017431

2.4400x10™0

006398

;00030967

+,0082596

;064009
.024996

©..,018905

1.4270

15461 -
01,2165
© ,00044082 . -

,oiosagf_ |

.093089

WFB

259,75
0045871
9.18x10™
0255
024554,

015057 -

2.1202¢10™°
005560
00030775
0076263 .
,056310
.021846
016589

' 135536
S 1.7415
- 1,414

,00044082 -

,010270

.084569

WFB
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