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THE REACTOR PHYSICS OF THE MIT REACTOR REDESIGN
ABSTRACT:

An HZO cooled compact MITR~-II core, reflected by
D2O, has been designed for the MITR to increase the re-
flector thermal neutron flux at tips of beam ports by a
factor of 3 or better, without changing the operating power
level of the reactor.

The diffusion approximation to the neutron transport
equation has been used. A three neutron energy group
scheme, that retains essential spatial effects, used in
the studies has yielded satisfactory agreement with
measured data.

The factors which affect éhe intensity as well as the
quality of the reflector thermal neutron flux have been
studied. These studies show that the permanent features
of the MITR limit the maximum power densities in the MITR-IT
core to factors between 4.5 and 12 below the corresponding
values in reactors employing a similar core concept

Nevertheless, the predicted unperturbed reflector

thermal neutron flux of l.leO1

4 n/cm2—sec in MITR-II
yields a reflector flux per unit power that is competitive
with the corresponding values available in reactors of

its type and a factor of 5.0 higher than that in MITR-I.
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CHAPTER I 21
INTRODUCTION

On July 20, 1969, the Massachusetts Institute of Tech-
nology Reactor (MITR-I) had been in power operation for ten
years. During this period, it had served as a center of re-
search and education for many of the departments of MIT and
also supported medical and industrial research in the Gréater
Boston area.

Since MITR-I has been used primarily as a soufce of
neutrons, its usefulness as a research tool will be greatly
enhanced if the thermal neutron fluxes avallable in its ex-
perimental facilities can be improved. On this basis, it
has now been proposed that the MITR be shut down for modi-
fications that will permit the introduction of a new type
of core designed to produce more intense thermal neutron
fluxes with reduced fast neutron and'gamma radiation back-
ground 1in the MITR ekperimental facilities, without alter-
ing the operating power level of the reactor.

The purpose of this thesis is twofold: first, to
examine the principal reactor physics parameters that effect
the reflector thermal neutron flux 1n order to optimize both
the quality and the intensity of the maximum thermal neutron
flux in the reflector; and secondly, to determine the princi;.
pal reactor physics characteristics of the redesigned core
in sufficient detail to permit its construction. This opti-

mization and design study has been made within the constraints



22
imposed by the permanent features of the present reactor.

The remalilnder of this chapter 1s devoted to a brief
description of the parts of the present reactor to be af-
fected by the modifications as well as the principal features
of the redesigned reactor. In addition, a brief outline of

the method of solution employed is gilven.
1.1 PRESENT MITR (MITR-I)

The present MITR, desligned to operate at power levels
up to five megawatts, is moderated and cooled by heavy water
and utilllzes curved plate-typé fuel elements of highly en-
riched uranium-235.

The reactor core is contained in an aluminum tank that
is four feet in diameter and seven feet high, and is sur-
rounded by a graphite reflector which extends two feet in the
radial direction. The vertical section through the present
system of Fig. 1.1 shows the general arrangement of the
reactor; and the horizontal section of Fig. 1.2 shows the ar-
rangement of eleven horizontal experimental beam-ports whose
tips view the core radially at the wall of the core tank
and have their centerlines slightly below the core center-

line.

1.1.1 Diffuse Arrangement of Fuel Inslide the Core Tank.

The fuel elements are arranged in a widely spaced manner
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inside the core tank. The central fuel element position is
located at the radial center of the core tank; fuel element
positions two through seven are equally spaced on a circle
of 6.375 inches radius; fuel element positions eight through
nineteen are equally spaced on a circle of 13.25 inches
radius. TFuel element positions twenty through thirty are
irregularly spaced on 20.94 inches radius. Fuel element
positions one through nineteen constitute the normal loading
for the operation of the reactor.

In addition to the fuel elements, one regulating rod
and six shim safety rods are located inside the core tank.
The six safety rods are arranged symmetrically on a circle
of 9.25 inches radius; while the regulating rod is located
at 19.5 inches radius on the inward projection of the thermal

column centerline.

1.1.2 Thermal Flux Distribution.

The thermal flux distribution in the well moderated MITR
core, with a widely spaced fuel arrangement, shows two impor-
tant features. First, the local minimum thermal flux oc-
curs inside an element, while the local maximum thermal flux
occurs in the moderator surrounding that element. This fea-
ture is well i11lustrated on Fig. 1.3, which shows the ther-
mal flux distribution in the present MITR, measured using foil
activation techniques (28). The fuel, which absorbs thermal

neutrons to produce fast neutrons, acts as a sink for the
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thermal neutrons, whereas the surrounding moderator, which
slows down and thermalizes the fast neutrons that leak from
the fuel, act as a source of thermal neutrons.

The second important feature 1s that the maximum ther-
mal neutron flux in this core occurs at the center of the
core, where 1t 1is not avallable for out-of-core experimental
facilities, because of the practical difficulties of making
experimental beam-ports re-entrant into the core. A maximum

I

thermal neutron flux of l.2x10l n/cm2—sec is available at
the center of the core, whereas only 2.2x1013 n/cmz-sec is
available at the wall of the tank, where the tips of experi-

mental beam-ports view.
1.2 REDESIGNED MITR (MITR-II)

With reference to Fig. 1.1, the redesign of MITR has
been limited to the region occupied by the aluminum core
tank. In addition, the lower shield plug as well as the
rotating plug above the core tank are to be removed and that
region redesigned (2); the medical therapy room below it has

also been redesigned (3).
1.2.1 Compact Arrangement of Fuel.

The fuel has been re-arranged to form a compact core of

27

about 15 inches diameter surrounded by heavy water reflector.

The proposed heavy water reflector tank is of the same



28

diameter (4 feet) as the present core tank. The experi-
mental beam-ports have been made re-entrant into the heavy
water tank. A horilzontal section through the plane con-

taining centerlines of beam-ports 1s shown in Fig. 1.4,

1.2.2 Advantages of the Compact Core Arrangement.

Re-arranging the fuel to form a compact core results
in undermoderation of the core. A large fraction of the fis-
sion neutrons leak into the surrounding reflector, where
they are thermalized. The undermoderated core, therefore, acts
as a source of fast neutrons but as a sink for the thermal
neutrons; whereas the reflector acts as a sink for the fast
neutrons and as a source for the thermal neutrons. Conse-
quently, the maximum fast flux region occurs in the center
of the core, separated from the maximum thermal flux region
which occurs in the reflector. The separation of the re-
gions of maximum fast and thermal fluxes has two signifi-
cant advantages.

First, the thermal to fast flux ratio, which is an im-
portant dimension of the quality of the thermal neutron
fluxes available to the experimenter, is greatly improved
in the reflector where thermal neutron beam is normally re-
moved for experiments.

Secondly, the maximum thermal flux region, which occurs
in the reflector instead of at the center of the core as it

is in the present MITR, can be reached by re-entrant beam
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ports and extracted for experiments. In this way, the

level of thermal neutron flux avallable to the experimenter
can be significantly increased. Work to be discussed in later
chapters show that the advantage of the redesign is derived
from making the beam ports re-entrant into the heavy water
tank. And thls will result 1iIn an increase in the magnitude

of the thermal neutron flux at the tlps of beam ports by a
factor of three or better, without altering the operating

power level of the reactor.

1.2.3 Some Problems Inherent in the Redesign.

As the increase in the thermal neutron flux available
to the experimenter in the redesigned MITR 1s derived from
making the beam ports re-entrant into the heavy water tank,
an optimum re-entrant beam port design is important. This
problem was the subject of a doctoral thesls by Kennedy (4).

Regions of a compact core adjacent to the surrounding re-
flector present power peaking difficulties. Since a large
fraction of the fission neutrons are slowed down external
to the core, the fuel near the reflector-core interface sees
a large re-entrant flux of thermal neutrons while fuel 1n
the central reglon of the core sees a relatively weak flux
of thermal neutrons. This results in a power peak region
at the core-reflector interface. The larger the fraction of
the fission neutrons that are slowed down external to the

core, the higher the thermal neutron flux peak in the re-
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flector. On the other hand, the more severe are the power
peaking difficulties. High heat transfer rate in the power
peak region will, therefore, enhance the reflector maximum
thermal neutron flux level, The problem of augmenting the
fuel plate heat transfer rate was the subject of other
studies (5), (6); methods of reducing the powér peaking
difficulties wlthout severely reducing the thermal neutron

flux peak 1n the reflector are explored in thils work.
1.3 REACTORS EMPLOYING THE COMPACT CORE CONCEPT

The Brookhaven High Flux Beam Research Reactor (HFBR)
(7) is the first of the new generation of compact core re-
actors. Theoretical reactor physics studles on the HFBR
started in 1956, and the reactor received its first loading
of fuel in October, 1965 (8).

The HFBR, which operates at a nominal power of forty
megawatts, 1s heavy water cooled, moderated and reflected.
It uses curved-plate type fuel elements having fuel material
made of fully enriched uranium alloyed in aluminum.

More than one thousand critlcal experiments were con-
ducted to determine the detalled characteristics of HFBR.
The theoretical reactor physics studies performed in support
of these experiments employed the diffusion approximation
to the transport equation in one dimenslonal spherical and
cylindrical geometries. Experimental results were generally

in good agreement with the predicted characteristics.
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The Argonne Advanced Research Reactor (AARR) 1s the

second of the compact core reactors (9)-(13). Although
developmental work on the AARR reached an advanced stage,

the design was changed 1in the 1966-67 fiscal year to make use
of cores already being manufactured for the High Flux Isotope
Reactor (HFIR) for budgetary reasons. Work on the AARR came
to the attention of the author when the design of MITR was
nearly complete. The geometry of the core radial section is
hexagonal for both AARR and MITR-II; nevertheless, there are
important differences between the two cores.

The AARR which 1s designed for a nominal power of 100
megawatts, has a central hexagonal thermal column, an annular
fuel zone, and an external radial beryllium reflector. The
core 1is cooled and moderated by light water, which also 1is
the moderator in the central thermal column. Fuel assemblies
are rhomboidal in radial section and consist of stainless
steel-clad fuel-meat-matrix of stainless steel and UO2 that
is highly enriched 1n U-235. The fuel loading is graded,
plate by plate, at the 1inner and outer hexagonal boundaries
of the core to reduce power peaking difficulties.

Theoretical reactor physics studies for the AARR de-
sign employed the diffusion approximation to the transport
equation in one and two dimensional cylindrical geometry.
These calculations were generally in good agreement with the
several critical assembly experiments which were made as a

basls for the reactor physics design.
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1.4 REACTOR PHYSICS DESIGN OF MITR~II

The reactor physics design of MITR-II has been based
largely on theoretlcal studles, employing the diffusion
approximation to the neutron transport equation in two
space dimensional XY and RZ as well as three dimensional
hexagonal geometries. Critical experiments are not en-
visaged as these will be both expensive and time consuming.
For a thermal reactor, the diffusion approximation to the
neutron transport equation often yields quite satisfactory
agreement with experiment, provided the geometrical detalls
can be treated convenlently by computation. Work discussed
in Chapter 2 shows that the three energy group scheme used
should 1ndeed yield satisfactory results for redesigned MITR.

The detalls of the development of theory and computation-
al techniques are discussed in Chapter 2. Chapters 3 through
6 relate to the study of the parameters that generally affect
the quallty and the level of the refiector maximum thermal
neutron flux reglon; while Chapter 7 relates to the descrip-
tion of the arrangement of design base MITR-II core. Refine-
ment of cross-section data showed that slight changes in
core composition and dimensions were necessary. The char-
acteristics of the resulting modified MITR-II core are dis-
cussed in Chapters 8 through 9. A comparison of selected
characteristics of the present MITR-I core with redesigned

MITR-II core constitutes the material for Chapter 10.
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CHAPTER II
DEVELOPMENT OF THEORY AND

COMPUTATIONAL TECHNIQUES

The reactor physics design of MITR has been based
largely on theoretical studles employlng the diffusion
approximation to the transport equation. 1In this chapter,
the computational techniques as well as the theory used in
the different phases of the studies are discussed. Specifi-
cally, the problems discussed are:

2.1 The cross-section data employed

2.2 A comparison of the three group diffusion scheme

with multigroup transport calculations

2.3 Method of homogenization of the core

2.4 A comparison of calculations with measured results

2.5 Method of representation of control rods

2.6 Computer codes used

2.1 CROSS-SECTION DATA

The basic cross-section data used is that of Hansen
and Roach (14). The sixteen group set (14) as well as the
modified twenty-three group set (15) were used. The energy
structure of the sixteen and twenty-three energy group sets
are shown 1n Tables 2.1 and 2.2 respectively.

The first fourteen energy groups, coverling the energy range

above 0.4 eV are i1dentical on the two sets. As the energy range



TABLE 2.1

Sixteen Group Set

GROUP ENERGY RANGE (eV) VELOCITIES (CM/SHAKE)
1 10.0E+6 - 3.0E+6 28.5
2 3.0E+6 - 1.4E+6 19.9
3 1.4E+6 - 0.9E+6 14.7
4 0.9E+6 - 0.4E+6 11.0
5 0.4E+6 - 0.1E+6 6.7
6 0.1E+6 -17.0E+3 2.9
,WZ, 17.0E+3 - 3.0E+3 1.14
é 3.0E+3 - .55E+3 .48
9 .55E+3 - 100.0 . 206
10 100.0 - 30.0 .101
11. 30.0 - 10.0 .0566
12 10.0 - 3.0 .0319
13 3.0 - 1.0 L0179
14 1.0 - 0.k .0109
15 0.40 -  0.10 .00606

16 0.10 - 0.001 .0022



TABLE 2.2

Twenty Three Group Set

GROUP ENERGY RANGE (eV) VELOCITIES (CM/SHAKE)

1 10.0E+6 - 3.0E+6 28.5

2 3.0E+6 - 1.4E+6 19.9

3 1.4E+6 - 0.9E+6 14.7

b 0.9E+6 - 0.4E+6 11.0

5 0.4E+6 - 0.1E+6 6.7

6 0.1E+6 - 17.0E+3 2.9

7 17.0E+3 - 3.0E+3 1.14

8 3.0E+3 -  .55E+3 .48

9 550.0 ~100.0 .206
10 100.0 - 30.0 .101
11 30.0 - 10.0 .0566
12 10.0 - 3.0 .0319
13 3.0 - 1.0 .0179
14 1.0 - 0.4 .0109
15 0.4 - 0.2 .00725
16 0.2 - 0.14 .00557
17 0.14 - 0.10 .00469
18 0.10 - 0.07 .00363
19 0.07 - 0.04 .00319
20 0.0U4 - 0.02 .00235
21 0.02 - 0.01 .00167
22 0.01 - 0.004 .00113

23 0.004 - 0.001 .00067
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below 0.4 eV on the twenty-three set was divided into nine
energy groups compared with two on the other set, the former
was used primarlly to study the effects of the different
thermal cut-off energies discussed below in section 2.2.1.

The cross-sectlion data for either lead or cadmium was
not avallable from the above two sets. Those for lead were,
therefore, collapsed from the twenty-six set of reference
(16); while those of cadmium were collapsed from the six-
hundred-and-forty energy group set of reference (17).

In the energy range above 1.0 eV, the diffusion length
of neutrons were considered long enough so that the flux dis-
tribution would not be sensitive to the fine structure of
material distribution in the core. Group macroscopic cross-
sections for the unit cell in the core were computed, as-
suming the materials were homogeneously distributed. Thé
exceptions were the fission and capture group cross-section
for U-235 in the resonance region. Shlielded cross-sections
in the resonance region were computed, using figures 10 and
11 of reference (14).

In the energy range below 1.0 eV, the diffusion length
of neutrons were of the same order as the thickness of fuel
plates and hence self-shielding would be important. This
energy range was treated by the integral neutron transport
code, THERMOS (18), (19). The details of the procedure are

discussed below in section 2.3.



2.2 THREE ENERGY GROUP SCHEME

The theoretical reactor physics studies reported by
Brookhaven (7) and Argonne (12) employed energy groups of
neutrons between five and sixteen. The need to represent
the geometrical detalls in the present studles led to
computations in two and three dimensions. Three energy
groups of neutrons have been used in this work 1in order to
save some computing time. For large water moderated thermal
reactors, satisfactory results can often by obtained by
using two, three, or four energy groups of neutrons (20).

Redesigned MITR 1is cooled by light water and reflected
by heavy water. 1In addition, the light water coolant flows
down the side of the core. A comparison of three group
diffusion calculations with twenty-three group transport
calculation was carried out, using spherical approximation
of the core, to study the effects of thermal cut-off energy
as well as the presence of the light water annulus outside

the core.

2.2.1 Effect of Thermal Cut-O0ff Energy.

The spherical reactor model used had five regions and
is shown in Fig. 2,1. Region one, the core, had the same
material composition as MITR base core (defined in section
7.1). The radial dimensiops as well as the materials of

regions 3, 4, and 5 were the same as in the MITR base core.
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The dimensions and composition of this spherical model of

the core are given in Table 2.3.

The one dimensional discrete ordinate transport code,
ANISN, described in section 2.6.1, was used. ANISN can
also be used to make diffusion calculations with specified
energy groups. The order of angular quadrature used for
the transport solution was S8 with isotrbpic scattering.

The flux distribution in the core and part of the heavy
water reflector for energy groups 1, 11, 16, and 23 are
shown in Fig. 2.2 for 23 energy groups transport solution.
In the high energy groups, such as groups 1 through 8, the
flux level is nearly constant in the core but drops off
very steeply in the reflector where neutrons are rapidly
removed from these high energy groups due to slowling down.

In the epithermal reglon, such as groups 9 through 14,
the flux level drops gently from the center of the core
through the moderator. The net rate of removal of neutrons
from the epilthermal range 1s thus not markedly increased in
the moderator compared to that in the core.

In the thermal energy region, such as groups 15 through
23, the flux distribution 1s 1in direct contrast to that of
‘the fast energy region. The thermal flux level peaks in the
reflector, where the slowing down source into this energy
range 1s maximum; the flux level drops steeply at the edge
of the core and remains nearly constant in the core. This
contrast in the flux distribution in the fast and thermal

energies 1is to be expected since an undermoderated core acts



TABLE 2.3

5-Region Core Model Data

Material Number Densitles in Region One

U-235 2.498 x 1020

U-238 1.880 x 10%°

Light Water 1.535 X 10°°

Aluminum 3.195 X 1022

Quter Radil of Regions

Region Quter Radius

1 14.03 cm.

2 16.15 cm.

3 52.91 cm.

Y 57.82 cm.

5 123.82 cm.
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as a source of fast neutrons and a sink for the thermal
neutrons, whereas the reflector acts as a source of thermal
neutrons and a sink for the fast neutrons.

It may also be remarked that the flux level as well as
the effective multiplication in the system for the diffusion
solution were conslistently lower than the corresponding
transport solution result (see Table 2.4).

The general shape of the flux distribution in the fast,
eplthermal, and thermal energy ranges, polnt to the impor-
tance of the selection of the energy groups making up each
of the collapsed few groups. A few trials showed that the
lower cut-off of the collapsedvfast group at 3.0 keV (multi-
group 7) gave the best agreement between the few group dif-
fusion and multigroup transport calculations. The effect of
different schemes of thermal cut-off energy on the effective
multiplicatlion 1in the system as well as fission rate dis-
tribution in the core are summarized in Tables 2.4 and 2.5
and in Fig. 2.3

From Tables 2.4 and 2.5 as well as Fig. 2.3, a compari-
son of the first three cases shows that the four energy
group scheme with two overlapping thermal groups below 0.l
eV energy range, gives a better agreement with the multi-
group transport calculations than the twenty-three group
diffusion results. The four group scheme overestimates the
effective multiplication while the twenty-three group d4if-

fusion calculation underestimates the effective multiplication;
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'S-8 Transport--23 Groups
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Keer  1.0507-Fefr
1.0507 0.0
1.0358 ~0.01L49
1.0525 +0.0028
1.0557 +0.0050
1.0665 +0.0158
1.0605 +0.0098

i



TABLE 2.5

Point Fission Rate (1012 fissions/cc-sec)

CASES CORRESPONDING TO THOSE IN TABLE IV

Point Radius
(em) 1 2 3 4 5 6
1 1.4835 9.628 9.113 9.729 9.725 9.602 9.763
2 2.9670 9.592 9.071 9.675 9.664 9.547 9.691
3 4.4505 9.L48Y4 8.976 9.556 9.522 9.423 9.524
4 5.9340 9.351 8.844 9.376 9.284 9.225 9.238
5 7.5540 9.145 8.667 9.263 9.410 9.187 9.6U47
6 9.1740 8.989 8.509 9.007 9.112 8.910 9.318
7 10.794 8.856 8.437 8.853 8.976 8.757 9.204
8 12. 414 9.222 8.825 9.078 9.239 9.028 9.497
9 14.034 10.242 10.174 10.434 10.590 1.057 10.782
10 15.654 15.029 15.307 15.032 14.784 15.568 14,440

St
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but the excess reactivity predicted by the four groups

scheme equals only a fifth of the reactivity underestimated
by the twenty-three group dlffusion results.

A comparison of the flssion rate distribution in Fig. 2.3
also shows a better agreement between the four group diffusion
and multigroup transport calculations than the agreement be-
tween the twenty-three group diffusion and transport re-
sults. The better agreement of the four group scheme may
be due eq}irely to cancellatlion of errors but shows that
the four group scheme does save some computing time as well
as yield satisfactory results for this kind of core.

Cases four, five and six of Table 2.4 were included as
further schemes of improving upon the four energy group
scheme. In case four, the two overlapping thermal groups
have been combined, resulting in one thermal group rep-
resentation in the energy range below 0.4 eV. The reactivity
overestimated by this scheme is one-third of that reactivity
underestimated by the twenty-three energy group diffusion
results. From Table 2.4, the agreement in the fission rate
distribution is comparable to the four group scheme. For
three space dimensional calculations, therefore, thils three
group scheme appears to be the method of cholce, since the
saving in computing time outweighs the slight loss 1n com-
putational accuracy. A further disadvantage of the four
group scheme compared with the three group scheme of case
four is the difficulty of obtaining the up-scatter cross-

section between the overlapping thermal groups, a quantity
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that is slightly spatially dependent compared with the other
cross—-sectlon data. This effect is illustrated by the al-
luminum average cross-sections for regions one, two, and
four shown in Table 2.6.

Case five of Table 2.4 shows that, reducing the thermal
cut-off energy from 0.4 eV to 0.2 eV results in poorer results;
while case six shows that increasing the thermal cut-off
energy to 1.0 eV also results in poorer results. In case six,
Table 2.4 shows that the fission rate distribution is. fairly
flat and in poorer agreement with that distribution pre-
dicted by the multigroup transport calculations. The ef-
fect is primarily due to the inclusion of a large component
of the epithermal flux, which 1s less sensitive to spectrum

changes near the edge of the core, in the thermal spectrum.
2.2.2 Effect of Thin Light Water Regions.

Diffusion theory may not be expected to yield very
satisfactory results in the alternating five thin reglons
of aluminum and light water outside the core. The gross
effects of these regions on the power density distribution
inside the core as well as the effective multiplication in
the system were examined.

The spherical reactor model used is shown in Fig. 2.4,
Regions two through six had radial dimensions similar to
those of the design base MITR. The radial dimensions as

well as region material compositions are given in Table 2.7.
’



TABLE 2.6

5-Region Core Model--Aluminum Up-Scatter

Cross Sections for Regions 1, 2 and &

Aluminum Up-Scatter
Cross Section for

Region Group 4 to Group 3
-4
1 3.9247 X 10
2 2.8115 X 1073
I '2.296114 X 10 ~3

b9
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REGION
| CORE
2 ALUMINUM 3 H0 BELOW CONTROL RODS
4 ALUMINUM 5 Hy0 COOLANT
6 ALUMINUM 7 HoO REFLECTOR
8 ALUMINUM TANK 9 GRAPHITE

FIG. 2.4 NINE-REGION SPHERICAL REACTOR MODEL



Material Number Densities in Region One

TABLE 2.7

9~Region Core Model Data

U-235 2.6239 x 10°°
U-238 1.974 x 1017
Light Water 1.535 X 1022
Aluminum 3.195 X 1022
Quter Radii of Regions
Region Quter Radius
1 17.23 cm.
2 18.44 cm.
3 21.19 cm.
b 23.12 cm.
5 25.02 cm.
6 26.20 cm.
7 55.32 cm.
8 57.82 cm.
9 123.82 cm.

51
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The effects on the effective multiplication in the system

are summarized in Table 2.8. The twenty-three group dif-
fusion calculation underestimates whlle the three group
diffusion result overestimates the effective multipllcation
in the system as already observed in section 2.2.1. A com-
parison of Tables 2.4 and 2.8 shows that the presence of the
thin regions increases the reactivity underestimated by the
twenty-three group calculation by about fifty per cent,
while that reactivity overestimated by the three group
scheme increases by about the same fifty per cent. Never-
theless, the three group scheme gives a better agreement
with the transport calculation.

The curves of power density given on Fig. 2.5 as well
as the point fission rate given in Table 2.9 shows that
the three group scheme glves a better agreement with the

transport calculation.

2.2.3 Equivalent Homogeneous Diffusion Constant.

The flux-volume weighting procedure used in obtaining
the equivalent few group homogeneous constants preserves
the ratio of fission neutrons produced to those absorbed.
This ratlio is not sensitive to the average flux used;

however, the equivalent few group homogeneous diffusion

constant is sensitive to the cholce of welighting scheme

employed (21).



TABLE 2.8 53

Effective Multiplication

1.0026
CASE REMARKS Kerr “Kerr
1 S-8 Transport--23 Energy Groups 1.0026 0.0
2 Diffusion--23 Energy Groups 0.9757 ~-0.269
3 Diffusion--3 Groups (0.4 eV Thermal 1.0109 +0.0083
Cut=0ff)
TABLE 2.9

Fission Rate (lO12 Fissions/cc-sec)

CASE
POINT RADIUS

(cm) 1 2 3
1 2.237 6.21 5.78 6.14
2 b L7y 6.13 5.69 6.05
3 6.710 5.93 5.51 5.85
4 8.947 5.64 5.23 5.54
5 11.18 5.26 4.88 5.12
6 12.39 4.95 4,59 4.98
7 13.60 4.72 4.40 4.7l
8 14,81 4.55 L.25 4,56
9 16.02 4. U5 4,23 4.50
10 17.23 4,62 S 4.70
11 18. 44 5.17 5.24 5.41
12 19.65 7.11 7.37 7.16
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The three common procedures for obtaining the equiva-
lent homogeneous diffusion constant from a suitably weighted
equivalent transport cross-section were compared. The
Three methods used to obtain the equivalent transport cross-
sections are:

1. Flux-volume weighting the macroscopic transport

cross-section.

2. Flux-volume weighting the reciprocal of the macro-
scoplc transport cross—seétion.

3. Flux-volume welghting the reciprocal of the micro-
scopic transport cross-~section, and combining the
resulting equivalent microscopic transport cross-
section with theAappropriate number density to
obtain the equivalent homogeneous macroscopilc
transport cross-section.

The converged group fluxes of the twenty-three group

diffusion calculation described in section 2.2.2 (case 2

of Table 2.4) was the flux spectrum used. The equivalent

55

homogeneous macroscopic transport cross-section was calculated

for each of the nine regions shown in Fig. 2.4. The re-
sult for region one for the three groups is summarized in
Table 2.10. In group two the equivalent transport cross-
section 1is practically independent of the flux-volume
weighting procedure used. In both groups one and three,

the first procedure, namely flux-volume weighting the macro-

scoplc transport cross-sectlon, ylelds the largest numerical



TABLE 2.10

Effect of the Flux-Volume Weighting Scheme on the

Equivalent Homogeneous Transport Cross-Section

FLUX-VOLUME WEIGHTING SCHEME

EQUIVALENT HOMOGENEOUS TRANSPORT

" CROSS~-SECTION FOR REGION ONE (CORE)

GROUP 1

GROUP 2

GROUP 3

1.

Flux-volume weighting the macroscopic
transport cross-section.

Flux-volume weighting the reciprocal of
the macroscopic transport cross-
section.

Flux-volume welghting the reciprocal
of the microscopic transport cross-
sections.

1.91073

1.66261

‘1.470L46

3.2228

3.21975

3.17698

8.510904

8.04550

7.95262

94



value for the transport cross-sectlion, while the third 57
procedure results in the smallest numerical value, with the
second procedure ylelding an intermediate value.

The effect of the region neutron energy spectrum on
the equivalent transport cross-section is illustrated by
the values calculated for light water in regions one, three,
and five and summarized in Table 2.11.

As the first and third procedures produced the smallest
and the largest equivalent homogeneous diffusion constants
respectively, the resulting effect on the effective mul-
tiplication was investigated. The results show that the
third procedure yields the smaller effective multiplication
of 0.9749 which agrees with that for the twenty-three group
diffusion solution of 0.9757; while the first procedure
yields the larger effective multiplication of 1.0109 which
is slightly higher than that predicted by the twenty-three
group transport solution of 1.0026. The three group results
are, therefore, sensitive to the flux-volume weighting scheme
used in obtaining the equivalent transport cross-section.

The equivalent macroscopic transport cross-section for
the third group was obtalned by combining the appropriate
number densities with the effective microscopic transport
cross-sections obtained from THERMOS (19) calculation. The
effective microscopic transport cross-sections are calculated
with the THERMOS code by flux-volume weighting the group

transport cross-sections defined below. For all isotopes,



TABLE 2.11

The Effect of the Reglon Neutron Energy
Spectrum on the Reglon Microscoplec Transport Cross-~Section

for Light Water

EFFECTIVE MICROSCOPIC TRANSPORT
CROSS~-SECTION FOR LIGHT WATER

REGION GROUP 1 GROUP 2 GROUP 3
1 1.7256 5.6493 13.9912
3 1.82779 5.65272 14,9239

5 1.82621 5.65429 15.0563
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except hydrogen and deuterium, the group transport cross-

section, czr, is defilned as

ogr ='og + (l—ﬁo)oz R ...2.2.1.

where OZ and OZ are the group absorption and scattering
scoss-sections respectively.

For hydrogen and deuterium, the Nelkin kernel (22)
with transport correction defined by Honeck (23) was used

and the group transport cross-section 1s then defined as

E .
tr _ _a c 1
og = og + £ dE Loso(E,E')-osi(E)G(E—E')] cee2.2.2.

where Ec is the thermal cut-off energy, oso(E,E') is the
isotropic scattering kernel and csi(E) is the first order
coefficient in the expansion of cS(E,Ei;ﬁ §5) in Legendre's
polynomials of argument u = 50 .

As the first procedure, namely flux-volume weighting
the macroscopic transport cross-sections directly, yielded
results that agreed better with the transport calculations,
this procedure, therefore, was used in obtaining the equilva-

lent transport cross-sections for groups one and two.

2.3 HOMOGENIZATION OF THE CORE

In the energy range below 1.0 eV, the diffusion length

of neutrons was of the same order as the thickness of the

59

fuel plates and hence the flux distribution would be sensitive
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to the fine structure of material distribution in the core.
A homogenlzation scheme must, therefore, take the resulting
self-shielding of the fuel into account. In addition, as
the core 1s undermoderated, the thermal neutron spectrum at
a point in the core 1s dependent on the radial distance
from the external moderation in the neutron reflector sur-
rounding the core; the shorter this radial distance, the
softer the thermal neutron spectrum. These two effects
were treated, by using the integral neutron transport code,
THERMOS (18), (19).

The THERMOS code is described in section 2.6.4 below.
The basic thermal library used was prepared from the thermal
library tape of LAZER code (24). The thermal cut-off
energy on this library is 1.855 eV and 1s divided into 35
energy groups. The scattering kernel used 1s the free gas
kernel of Brown and St. John (25), except for light water
and heavy water. For the bound proton in light water, the
Nelkin kernel (22) with the transport correction defined by
Honeck (23) was used. For the bound deuterium in heavy
water, the kernel used was Honeck's extension of the Nelkin
kernel to heavy water (26) with the transpoft correction
defined by Honeck (23). The Nelkin kernel with the transport
correction has been shown to account for anisotropic scat-
tering effects 1if neutron flux gradlents are not as large as
to be expected near control rods (23), and has been found

to yield satisfactory agreement with measured data (23), (27).



2.3.1 Fuel Element Homogenization Scheme

A fuel element of re-designed MITR is rhomboidal in
section and has fifteen active fuel plates. Figure 2.6
shows the cross-sectional detalls of an element. The homo-

genization of an element was effected in two steps. First,
a unit slab cell as shown 1n Fig. 2.7 was 1solated and a

THERMOS calculation performed to obtain cell homogenilzed
constants. Secondly, the homogenized constants for this
unit cell was used in the next step to homogenize the unit
slab cell shown in Fig. 2.8 to obtain homogenized coqstants
for the element.

The homogenized constants for an element were used to
obtain spatially averaged effective constants for the core
as described in sectlon 2.3.2 below. It was found desirable
to express the effective homogenized constants of a region
in terms of the actual material microscopic constants avail-
able on the THERMOS library tape so that the homogenilized
constants of that region could be used in a subsequent step
in which that region is further homogenized such as in the
first and second steps described above.

The effective homogenized microscoplic constants for
each energy group were defined in terms of self-shielding
factors such that in an energy group K, the ratio, fk, of
absorptions in the fuel to the total absorptions in the
unit cell is preserved between the heterogeneous isolated

region and the equivalent homogenized region.
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_ Group K Absorptions in the Fuel o cee2.3.1.
k =~ Total Group K Absorptions in the Unit Cell

f

In‘the homogenlzed reglion, as all the isotopes are exposed

to the same average flux

yHOM _eff

HOM _ . Op s

k - HOM _eff , HOM eff , (HOM _eff -..2.3.2.
N~ op = * Ny og 7 * Ny oy

where the subscripts
F denotes fuel
S denotes unit cell structural material
M denotes moderator

K denotes neutron energy group

and NHOM, ceff are respectively the homogenized number

density and effective homogenized
absorption cross-section.

In the heterogeneous cell,

K
IVF O ¢F(r)dr
HET _

fK =

K K K
IVF NF I ¢F(r)dr + fVS NS oq ¢S(r) + fVM NM Iy ¢M(r)dr
«..2.3.3.
where v, o, ¢ are respectively volume, unshielded micro-

scopic absorption corss-section, and neutron flux.
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=K
_ NF O ¢F VF‘ : o 2.3.4
— K e o o Lo ) T o
Ng op Bp Vp g og Bp Vg + Ny oy By Vy
where $¥ = %— Iy ¢§(r)dr ...2.3.5.
i i
dividing the numerator and denomenator by EK and V ’
M CELL
the unit cell volume, ylelds
HOM, _K
FHET _ Mg~ (Fp op) 2305
K HOM K HOM HOM TreEr I
Np~ (Fp o) + Ng (F0)+NM O
HOM _
where N,/ =7 = N, Vi/VCELL
K _ 2K =K
Fi = ¢i/¢M | ...2.3.6

F? is the energy group K self-shielding factor for material
i. Comparing equations 2.3.2 and 2.3.5, FEET equals FﬁOM
provided the effective microscopic cross-sections are chosen

such that
°i = F oi ees2.3.7.

THERMOS has now been modified to accept input self-
shielding factors, F(J, K, M), for isotope J in mixture M

for each neutron energy group K avallable on the THERMOS



library tape for isotope J., The effective microscopic
cross-sections, SIG(J, K, M)eff of isotope J in mixture M
used in the THERMOS calculation 1s computed as

SIG(J, K, M)_pp = F(J, K, M) ¥ SIG(J, K) ...2.3.8.

where SIG(J, K) 1s the actual microscopic cross-section

66

for energy group K avallable on the THERMOS library tape for

isotope J.
THERMOS has also been modified to compute (F(J, K, M)

for the fissionable and structural materials in the cell:

NR2
$  CONT(J, N) * ¢(K, N) * DV(N)
r(J, K, M) = N=NRI .
CONT(J) * ¢(K) * VOL
.2.3.9.
M2
Iz ¢(X, N) ¥ DV(N)
where 3(X) = N=M§2 ...2.3.10.
z DV(N)
N=M1
NR2
I CONT(J, N) * DV(N)
CONT(J) = N=NRI .2.3.11.

VOL
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VOL = & (DV(N) : ...2.3.12.
N=NR1
NR1 to NR2 define the region over which homogenized

constants are to be calculated; M1 to M2 defline the cell
moderator region; N 1s point index; J is the cell isotope
index; K 1s the energy group index; CONT(J,‘N) is the atom
number density of isotope J at point N in the cell; ¢(K, N)
is the group K average flux at point Nj; and DV(N) is the
volume associated with pcint N in the cell. ‘

t

2.3.2 Spatially Averaged Homogeneous Constants.

The neutron flux changes locally within an eleﬁént as
well as 1n an overall sense 1n going from one region of the
core to another. The local flux variations within an element,
principally in the thermal energy range, arekaccountéd for
by the self-shielding factors described in section 2.3.1
above.

For a compact core, the effect of the reglons adjla-
cent to an isolated unlt cell, particularly the surrounding
reflector, cannot be accounted for satisfactorily in cell
calculations employlng reflecting boundary conditions.
Figure 2.9 shows a typical unit slab cell of the re-designed

MITR. The half-thickness of the cell light water moderator,
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a, is 0.0365 inches. The effects of external moderation in

such a cell were examihed by surrounding the unit slab cell
with light water external moderator of width b inches. A
series of THERMOS cell calculations were made in which the
ratio b/a was varied from zero to nineteen. The slowing down
source term 1n the THERMOS calculation was placed in the en-
tire light water moderator only. The results of these cal-
culations are summarized in Figs. 2.10 and 2.11.

Figure 2.10 shows graphs of the effective absorption
cross-section in the cell for uranium-235 versus the modera-
tion parameter (b/a) for twenty—éeven and thirty weight per
cent of uranium in the fuel meat. The curves for the two
uranium percentages are similar. The effective cross-sections
for the central part of the core would be about those for
(b/a) = 0 while those for the core-relector interface region
would be about those for (b/a) = 10. The curve for the
twenty-seven uranium weight percentage shows that the ef-
fective absorption cross-section varies from about 400 barns
in the center to about U470 at the edge of the core, nearly
a change of 17.5 per cent.

Figure 2.11 shows the curves of the first moment of
the spectrum in the cell moderator, GM’ versus the moderation
parameter (b/a). 7V, 1s measured in units of 2200 m/sec.,

and defined as

E

E
Ty = .roch(V)dv/focN(v)dv ...2.3.13
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where Ec equals 0.4 eV, the thermal energy cut~off and N(V)
is the integrated neutron number density in the cell modera-
tor. VM 1s also observed to vary from about 1.55 in the
center to about 1.28 at the edge of the core. It 1s, there-
fore, necessary to treat the entire core with the surrounding
reflector in order to obtain appropriate neutron flux spec-
trum to be used in flux-volume welghtling the group constants
to obtain the equivalent homogeneous constants over appro-
priate reglons of the core.

In the energy range below 1:O eV, THERMOS was used to
obtain spatlally averaged homogeneous constants over appro-

priate regions of the reactor. An entire element was homo-
genized and self-shielding factors as described in section

2.3.1. obtalned for all isotopes 1in the core except light
water. The calculated self-shielding factors were found to
be only slightly sensitive to the moderation parameter b/a;
the self-shielding factors for the slab cell with b/a = 0
are glven in Table 2.12.

These calculated self-shielding factors were used as
input tb a THERMOS calculation 1n which the entire radial
section of the active part of the core up to the wall tank
was repreéented. The cylindrical approximation to the core
described in section 7.1 was used and the radial material
distribution corresponded to that at the actlve core mid-
height.

The results for the twenty-seven and thirty uranium
weight percentage in the fuel meat are summarized in Fig.

2.12 in the form of the effective absorptlon cross-section



TABLE 2.12

Calculated Self-Shielding Factors for U-235

SELF-SHIELDING FACTORS

ENERGY GROUP PRESENT MITR REDESIGNED MITR
1 0.7938 0.6467
2 0.8788 0.7870
3 0.9117 0.8434
i 0.9308 0.8769
5 0.9430 0.8991
6 0.9525 0.9158
7 0.9598 0.9281
8 0.9663 ° 0.9404
9 0.9728 0.9503

10 0.9777 0.9574
11 0.9803 0.9611
12 0.9831 0.9635
13 0.9812 0.9586
14 0.9812 0.9560
15 0.9789 0.9551
16 0.9784 0.9547
17 0.9802 0.9570
18 0.9831 0.9651
19 0.9893 0.9708
20 0.9932 0.9767
21 0.9958 0.9820
22 0.9983 0.9825
23 0.9995 0.9871
24 0.9996 0.9872
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of uranium-235 versus core radius. The 2200 meter/second
neutron absorption cross-section for uranium-235 1s 679.2

barns; the effective value for the thermal neutrons at the cen-
ter of the core for the twenty-seven uranium weight percen-

tage in the fuel meat 1s about 400 barns and increases to
about U475 barns at the edge of the core. If self-shielding
factors are not included, the corresponding cross-sectlons
are 430 at the center and 515 at the edge of the core.
Spatially averaged equivalent homogeneous constants
over the core and other reglons of the reactor were obtalned
for the energy range below 1.0 eV. Thls energy range was
divided into two groups, namely 0.4 eV to 1.0 eV and thermal

with cut-off energy of 0.4 eV. EXTERMINATOR II calculations
showed that for the twenty-seven uranium welght percentage

in the fuel meat, the effective multiplication in the system
changed from 0.925 when self-shielding factors were not taken
into account to .891 when these factors were included in
obtalning the effective constants in the energy range below
1.0 eV,

To obtain the equivalent homogeneous constants for the
fast and eplthermal energy ranges, a fifteen-group diffusion
calculation was performed. The neutron energy structure of
the fifteen-group set used is shown in Table 2.13; the struc-
ture of the first fourteen groups is identical to the Hansen
and Roach sets (14), (15). The cross-section data for
groups one through thirteen were, therefore, taken from the

sixteen group set (14); while those for groups fourteen and



TABLE 2.13

Energy Group Structure of the

Modified Hansen and Roach Fifteen Group Set

NEUTRON FISSION
GROUP ENERGY RANGE SPECTRUM (X)
1 3 - w MeV 0.204
2 1.4 - 3 MeV 0.344
3 0.9 — 1.4 Mev 0.168
4 0.4 -~ 0.9 MeV 0.180
5 0.1 - 0.4 Mev 0.09G
6 17 =100  KeV 0.014
7 3 - 17 KeV 0.0
8 0.55- 3  KeV 0.0
9 100 =550 eV 0.0
10 30 -100 eV 0.0
11 100 - 10 eV 0.0
12 3 =10 eV 0.0
13 1 - 10 ev 0.0
14 0.4 - 1.0 eV 0.0

15 Thermal 0.0
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fifteen were obtalned from the THERMOS calculations described

above. The entire reactor was represented with the fewest
number of mesh points necessary to obtain an adequate de-~
scription of the flux spectrum in the reactor. A two dimen-
sional cylindrical (RZ) geometry calculation was performed,
using EXTERMINATOR-II code (41). The resulting flux spec-
trum was used to flux-volume weight the fifteen groups con-
stants to obtain three groups equivalent homogeneous con-
stants. The energy structure of the three group set 1s shown
below: ‘

FAST GROUP 3 KevV - «MeV

EPITHERMAL GROUP 0.l eV - 3 KeV

THERMAL GROUP 0.00025 eV - 0.4 eV
2.4 A COMPARISON OF CALCULATIONS WITH MEASURED DATA

A comparison of calculated results with experimental
data was carried out to determine whether the procedures
used in obtaining spacially averaged homogeneous constants
as well as the actual cross-section data employed and described
in section 2.1 would yield satisfactory results.

There is adequate data on the present MITR taken during
the initial low power tests carried out in 1959 (29), (30);
in addition there 1is experimental criticality data on homo-
geneous systems in simple geometries (31) (32). The work
on the present MITR 1s discussed in Chapter 10; in this

section, a comparison of calculated results with experimental
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criticality data on two cores of uranyl-fluoride (UO2F2)

solutlons are discussed.

The filrst core 1s a solution of uranyl-fluoride (U02F2)
in light water contained in an alumlnum cylinder with effecti-
vely infinite light water full reflector. The core had H/U235
atomic ratio of 127, a height of 14.4 cm, a diameter of 25.4
cm, and critical mass of 1.45 Kg of uranium-235. The uranium
enrichment was 93.2 weight per cent uranium-235. Although
redesigned MITR had about 56 per cent by volume of aluminum
in the core, the H/U-235 atomlc ratio of this core with
twenty-seven weight per cent 1n the fuel meat is 117 and
hence only slightly less than the 127 for the above homo-
geneous core. The neutron energy spectra in the two cores,
therefore, are not very different. The first moment of the
spectrum, V, in the center of redesigned MITR is 1.554 com-
pared with 1.547 for the homogeneous core. The first homo-
geneous core 1s gilven in Table 5.9 of reference (32) as
well as in reference (33). |

The second homogeneous core is a solution of uranyl-
fluorilde (UO2F2) in heavy water contalned in an unreflected
steel cylinder. The core had D/U-235 atomic ratio of 856,

a critical height of 60.83 cm, a diameter of 38.04 cm and
critical mass of 8.31 Kg of U-235. The first moment of the
spectrum, V, in the center of thils core is 1.601 compared with
1.554 for redesigned MITR. The neutron energy spectrum in

this core is, therefore, only slightly harder with about

eighty—four,per cent of the fissions in the core occurring
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below 0.4 eV compared with a corresponding figure of about

eighty-nine per cent for the flrst homogeneous core. These
three cores are, thus, quite thermal. This second homo-
geneous core 1s described by Olcott (34).

In the energy range below 1.0 eV, spatially averaged
cross-sections were obtalned from THERMOS calculation of
the entire section of the cores as described in section 2.3.2.
A fifteen group R-Z cylindrical calculations were performed,
using the EXTERMINATOR II code. Three group calculations were
performed, using the flrst and thlrd schemes for obtaining
the equlvalent transport crossfsection discussed 1in section
2.2.3.

The Hansen and Roach cross-sectlon set (14) given for
the bound proton in light water was found not to gilve very
good results. Three versions are given for this isotope.
The first version gave an effective multiplication of
0.9251, the second version gave 1.1646, while the third
0.7268 for the fully reflected light water system. A
comparison showed that the first and second versions are
practically identical, except the transport cross-section.
The transport cross-sections are given in Table 2.14 for the
first fourteen energy groups.

From the second column in Table 2.14, it is observed
that the transport cross-section 1s constant between energy
groups eight and thirteen, with the corresponding energy

range of 10 eV. to 0.55 KeV. The detailed transport



TABLE 2,14
Microscoplec Transport Cross-Sections for

the Bound Proton in H,O

2
o*" FOR THE BOUND PROTON IN H,0
HANSEN AND ROACH SET MO EED
VERSION ONE VERSION TWO FROM
ENERGY GROUP ‘ THERMOS
1 0.60 1.45 0.776
2 0.97 2.175 1.255
3 1.33 3.33 1.72
} 1.83 4.125 2.37
5 3.00 6.75 3.88
6 5.20 11.7 6.73
7 6.33 14, 25 8.19
8 6.669 15.0 8.634
9 6.669 15.0 8.634
10 6.672 15.0 8.634
11 6.676 15.0 8.634
12 6.817 15.0 8.634
13 6.830 15.0 8.634
14 6.847 18.0 10.75
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calculation performed by THERMOS, using the Nelkin kernel

(22) with the transport correction defined by Honeck (23)
should give the correct transport cross-section for the energy
range below 1.0 eV. In addition, since the thermal library
used for the THERMOS calculation has an upper cut-off

energy of 1.85 eV, it should also be possible to obtain

the correct transport cross-section in the energy range
between 1.0 eV and 0.55 KeV.

This procedure was used to obtain the correct transport
cross-section for the bound proton in hydrogen for the energy
range below 0.55 KeV. The transport cross-section above
0.55 KeV was renormalized to agree with the correct value
calculated for the energy range between 0.55 KeV and 1.0 eV.
The resulting set of transport cross-sections actually used
in the calculatlions are gilven in the third column of
Table 2.14,

According to the results of section 2.2.3, the three
group scheme using the third method to obtaln the equivalent
transport cross-section agrees better with the multigroup
diffusion results, while the first method yields effective
multiplication that is slightly higher than that obtained
from multigroup transport calculations. The results for the
two homogeneous systems are summarized in Table 2.15.

These results show that the three group scheme, using
the simple flux-volume welghting procedure to obtain the
equivalent transport cross-section, would over-predict the
effective multiplication by about 1.0 percent, and these re-

sults are consistent with the results of section 2.2.3.



TABLE 2.15

Calculated Effective Multiplication

CALCULATED EFFECTIVE MULTIPLICATION

15-GROUP 3-GROUP DIFFUSION CALCULATIONS
DIFFUSION FIRST THIRD
SYSTEM CALCULATIONS SCHEME SCHEME
1. Bare Homogeneous Heavy Water System 0.9910 1.0093 0.9898
2. Fully Reflected Homogeneous Light
Water System 0.9933 1.0104 0.9803

c8



2.5 CONTROL RODS REPRESENTATION 83

Control rods and fixed absorbers 1n MITR-II are in the
form of cadmium blades, 40 mils thick and clad with alumi-
num. In the two and three dimensibnal hexagonal calculations,
the actual regions occupied by the cadmium absorbers were
represented by fitlcious diffusion regions have the same
net absorption effect as the actual cadmium absorbers. The
prccedure used in obtaining the equivalent diffusion con-
stants 1s that discussed by Eenry (35) and Goldsmith (26).

In the thermal region, thetequivalent diffusion con-
stants of a slab of thickness 2t are defined in terms of
blackness consfants <x> <B>:

ateys | Jel =(B)¢] (E)aE

<e>th = = = ..2.5.1
<¢*+e7>  sE%7 (B)AE
to.—.  SECR(E)¢” (E)AE
<g> dw o th ...2.5.2.
<ot-¢7> s, (B)AE
o+ - F (E)
« =J Y _ 0
where (E) = E:i:— m—_—F-l—(TE—H ...2.5.3.
- 2-F (E)
_Jd =3 _ 0
B(E) - + — 2F1(E) .2.5.}'}.
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_ 1l n _z
z = 2t Za(E) ...2.5.6.
+ +

J', ¢ and J , ¢ are the current and scaler flux at
right and left-hand surfaces of the plate respectively; and
¢§h (E) 1s the scaler flux spectrum in the surroundling core
away from the slab.

The mesh-corrected equivalentkdiffusion constants are

then given by

(<=>_. +<B>_. )h '
_ th th )

D - 2 Sinh (khj tanh(2kt) 000205n7‘

5 = 2D[Ccosh(kh)-1] ...2.5.8.

e pe

<B>,, +<x>
where K =§%(Cosh_l(<6>th_<“>th) ...2.5.9.
th th

h equals the mesh spacing inside the slab, with at least one
internal point required.
The average blackness constants satisfy the relation-

ship,

1 1
Wa>—th'-<- <B>thf z—a;a 0002-5010.

In the 1limit when the absorber is black over most of

the thermal energy range,

<¢>th = <B>th = 1/2 ‘ 0002'5.110

In this case, 1f one internal mesh point is used such

that h = t, then h is chosen such that
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2kt = 10 ...2.5.12.

Goldsmith (36) shows that less than 10 per cent error in
the multiplication worth of 20 mils thick cadmium membrane
bisecting a highly enriched slab core 1s incurred by rep-
resenting the membrane in diffusion calculations with ef-
fective thermal diffusion constants in the energy range up
to 0.625 eV calculated by using equation 2.5.11.
In the energy range up to 0.4 eV, equations 2.5.7

through 2.5.12 were used to calculate equivalent diffusion
constants; above 0.4 eV, the spectrum welghted average cad-

mium cross-section data were used.
2.6 COMPUTER CODES USED

Computer codes employing finite difference analogé/g;/
the multigroup neutron transport equation or the diffusion
approximation to the neutron transport equation were used in

the computations. Prior to the summer of 1968, when the IBM

system 360 was not available at MIT, the Modified Twenty Grand

program was the main computational tool. A brief description

of the computer codes used follows.
2.6.1 ANISN

The ANISN computer code was used primarily for the work

described in sections 2.2 and 2.4. The IBM system 360



version of the code (37) was used. 86

The program solves the multigroup one-~space dimension
neutron transport equation in either slab, spherical or
cylindrical geometrics using the SN approximation (37),

(38). Isotropic or linear anisotropic scattering is per-
mitted between all energy groups and upscattering 1s also al-
lowed between any groups. In addition, a diffusion solution
may be obtalned for any or all neutron energy groups. The
varlable dimensioning technique is used so that parameters
such as number of groups and total mesh points may be traded
off one for the other, the only restriction on the size of

the problem being the availilable computer core storage.

2.6.2 MODIFIED TWENTY GRAND

The Modified TWENTY GRAND computer program (39), (L40),
was used for the work described in Chapter 3 as well as sec-
tion 4.1. The IBM computer 7090 version of the program was
used.

The program solves the finite difference diffusion ap-
proximation to the transport equation in two dimensional RZ
(ecylindrical) XY (slab) geometries. It can handle up to
six neutron energy groups; the maximum total mesh points
allowed i1s 700 with a maximum of 20 mesh points in the X or

R dimension.
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2.6.3 EXTERMINATOR-ITI

The EXTERMINATOR-II computer program (41), (42), (43)
was used for the work described in section 4.2 through
Chapter 8. The IBM system 360 version was used.

The program is related to Modified TWENTY GRAND with
many improvements. It solves the finite difference diffu-
sion approximation to the transport equation in two dimen-
sional X-Y, RZ or reo geometry. The code allows neutron up-
scatter from any group to any other group. The effect on
the multiplication factor and fluxes due to pbintwise
equilibrium xenon concentrations may be taken into account.
Flux-weighted few group microscoplc cross-sections may be
calculated. In addition, the code will calculate adjoint
fluxes and do perturbation calculations (U44). As variable
dimensioning i1s used, parameters such as number of neutron
energy groups and total mesh points may be traded off one
for the other, the only restriction on the size of the pro-
blem being the avallable core memory.

A few modifications were made to the program. The input
cards necessary to execute the code are basically those de-
scribed in reference (41); the additional cards required by

the modification are described in Appendix A.
2.6.4 THERMOS

THERMOS (18) was used to obtain spatially averaged few



group cross-sections in the energy range below 1.0 eV as
described in sections 2.2 and 2.3. The IBM system 360
version (19) was used.

It 1s a thermallization transport theory ccde for reac-
tor lattice calculations and computes the scaler thermal
neutron spectrum as a function of position in a lattice by
golving the integral transport equation with>isotrop1c
scattering. Anisotropilc scattering effects may be accounted
for by using a scattering kernel with transport correction
(23). The ccde permits 20 maximum space points and 50
neutrcn energy groups. One dimensicnal X (slab) or R
(cylindrical) gecmetry can be used.

A library tape containing scattering kernels and ab-
sorpticn cross-sections as primary input to THERMOS is pre-
pared by the LIBP and GAKER codes (18), (19), (24). The
LIBP code described by reference (24) was rewritten to pro-
duce a library tape format suitable for input to THERMOS
described by reference (19).

The additional input cards necessary in order to make
use of the modifications to THERMOS (19), discussed in

section 2.3 are described in Appendix B.
2.6.5 PDQ-T

PDG-7 computer code (45), (46), (47) was used for the

work describec in Chapters 9 and 10. The 1BM system 360
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version (47) as well as the CDC-6600 version (45) was

used.

The program solves the finite difference diffusion ap-
rroximation to the neutron transport equation in one, two,
and three space dimensions. Two oveflapping thermal groups
may be used in one and two space dlmensional problems, and
either pcintwise or regionwise depletion may be performed
using the Harmony depletion system (48). The geometry may
be rectangular, cylindrical or spherical in one dimension;
rectangular, cylindrical cr hexagonal in two dimensions;
and rectangular or hexagenal in three dimensions.

The total number of neutron energy greoups is limited to
five. The prcduct of grcups and polnts cannot exceed
200,000 and the plane size in three dimensional problems
is restricted to 8,000. In three‘dimensional problems, 2a
block Guass-Seidel prccedure 1s used, each block consisting
of a single plane (45). The resulting inner iteration prc-
cedure may fail to converge if the planes are closely
spaced and hence tightly coupled. In heavy water systems,
in particular, the axlal planes spacing must be greater than
at least two and a half times the neutron transport mean

free path.

2.7 CROSS-CHECKING OF COMPUTER CODES.

The principal computer codes used in the calculatiocns
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checked one agalnst the other tc determine the degree to

which they agree in predicting the effective multiplicaticn
and neutron flux distribution. The same prcblem calculated
by using both the Modified TWENTY GRAND and EXTERMINATOR-II

codes showed agreement in K up teo the fifth significant

eff
figure while the neutron flux agreement was up to the fourth
significant figure. PDQ-7 and EXTERMINATOR-II codes gave

a similar agreement for the design btase MITR-II core given

in Fig. 7.1.
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GEOMETRY OF THE CORE RADIAL SECTION

Regions of a compact core adjacent to the surrounding
reflector can present power peaking difficulties. The
larger the fraction of the fission neutrons that are slowed
down external to the core, the higher the thermal neutron
flux peak in the reflector, though the more severe are the
power peaking difficulties. Different geometries of the
core radial section were studied to determine the geometrical
shape that reduced power peaking difficulties without severely

reducing the thermal meutron flux peak 1n the reflector.

3.1 CORE RADIAL GEOMETRIES STUDIED

The first of the two core radial geometriles studlied is
shown in Fig. 3.1. Thils design, proposed by Goebel (56), is
approximately circular in section and utilizes nineteen fuel
elements that are similar to the present MITR fuel elements.

The problem with thls core configuration is that the
fuel near the core-reflector interface sees a large re-entrant
flux of thermal neutrons while fuel in the central region
of the core sees a relatively weak flux of thermal neutrons.
This results in a large ratio of maximum to core average
power density and consequently severe power peaklng 4iffi-
culties at the core—refléctor interface,.

/
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FIG. 3.1 APPROXIMATELY CIRCULAR
CORE RADIAL SECTION

o
FIG. 3.2 CRISS-CROSS CORE
RADIAL SECTION
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The second core configuration, shown in Fig. 3.2, 1s
criss-cross in section and utllizes twenty eleménts instead
of nineteen used in the first core configuration. It has
two interesting featﬁres. "irst, the core-reflector inter-
face area 1s about thirty per cent larger than that of the
core configuration of Fig. 3.1. This 1ncreased re-entrant
area for the thermal neutrons will tend to reduce the power
peaking difficulties at the core-reflector interface.

Secondly, this core geometrical arrangement tends to
peak the reflector thermal neutron flux at four polints,
marked A, B, C, and D on Fig. 3.2. As the fast neutrons
emitted nearly isotropically by the core into the reflector
undergo scattering collisions that are not isotropic but
peaked highly in the forward direction during slowing down,

a suitable choice of the shape of the core boundary can exert
a focusing effect in the resulting thermal neutron flux dis-
tribution in the reflector. The advantage of this latter
core configuration depends on whether the core power dis-
tribution is flatter as well as the reflector thermal neutron
flux peak at the four points 1s much greater than achievable

with a cylindrical core.
3.2 COMPUTATIONAL MODEL

Because of the symmetry in the core radial sectilons

shown in Figs. 3.1 and 3.2, only a quadrant of each core was
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isolated for detailed comparison. The quadrants are marked

in Figs. 3.1 and 3.2 respectlively and the dimensions for

the quadrant of the cylindrical section 1s shown in Fig. 3.3.
The core was surrounded by heavy water and graphite re-
flector regions.

The fuel elements were taken to be 3.0 inches square
in section and were homogenized by the procedure described
in sectlion 2.3 to obtain the one region homogenized core,
cooled by heavy water.

A three energy group, two dimensional XY slab geometry
calculation was made for each of the cores shown in Figs.
3.1 and 3.2. Leakage in the axlal direction was accounted
for by a group independent buckling which was taken from
the work of Mathews (28). The calculated fluxes were

normalized to the same power level for the two cores.

3.3 THERMAL FLUX AND POWER DENSITY PROFILES

The results of the calculations are summarized 1in the
form of thermal flux and power density distribution pro-
files and given in Figs. 3.4 and 3.5 respectively. The
corresponding effective multiplications are also given on

the figures.

The 1.0x10%%

thermal flux contour line for the crilss-
cross core, shown in Flg. 3.4, shows that an 1solated high
flux region occurs for this core as expected. However, this
peak flux is only about ten per cent higher than the flux

of about 9‘5X1013 that 1is available around the entire core.

4
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The average radius of the flux contour lines and the
size of the maximum flux regions are important features to
be observed 1in comparing the thermal flux profiles for the
two cores. First, the 9.0X1013 flux contour line is ét an
average radlus of 25 centimeters for the cylindrical core;
whereas the corresponding flux contour line for the criss-

cross core occurs at a larger radius of 35 centlimeters.

The effectlve diameter of the criss-cross core is largef and:

this adversely affects the reflector thermal flux peak.

Secondly, an examlinatlon of the regions enclosed by the
1.0X101u flux contour line shows that the maximum thermal
flux for the two cores 1s about equal. However, the high
flux region for the criss-cross core is restricted to a
small region, whereas the corresponding region for the
cylindrical geometry surrounds the entire core.

As discussed below 1n section 5.1, the heat transfer
rate In the core sets an upper 1limit on the core maximum
power density. In comparing the two cores, therefore,
the power density distribution is important.

An examination of Figs. 3.4 and 3.5 shows that the
maximum power densities occur at the corners of the elements
and are about the same for the two cores. Furthermore, the

12 3

3.0X10 fissions/cm~-sec power density contour line shows

that reglons with power densities greater than 3.OX1012

fissions/cm3-sec are distributed falrly evenly over all

98
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the outer elements for the cylindrical core, whereas the
corresponding region for the crilss-cross core i1s limited to
only the tips of elements at the outermost edges of the
core.

Two 1important observations may be made about the maxi-
mum power density regions for the two cores. First, as the
magnlitude of the maximum power densities are about the same
for the two cores, the limiting heat transfer rates are also
equal. Secondly, the size of the high power density region
at the edge of the core affects the maximum thermal flux
region. This is so because the maximum thermal flux region
occurs at a distance from the edge of the core equal to
about the square root of the age of thermal neutrons 1n
the reflector. The fast neutrons which thermalize 1in this
region are principally those born at the edge of the core.
The larger the fraction of the fast neutrons born near the
edge of the core, the larger is the reflector thermal flux
peak region as illustrated by Fig. 3.5. Spreading the power
peak region over a large area near the edge of the core

would, therefore, enhance the reflector thermal flux peak.

3.4 ADVANTAGES OF A CYLINDRICAL CORE

The cylindrical core appears to possess two distinct
features which will be difficult to beat by other geometri-

cal arrangements such as the criss-cross core considered.
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First, the effective core radlus is smallest when the fuel

is arranged to form a cylinder 1n the radial section. Thus,
although the criss-cross core does indeed exert a "focusing"
effect on the thermal flux distribution in the reflector,

the resulting lncrease 1n the effective core radius com-
pletely outwelighs the gain in reflector flux peak. Secondly,
the cylindrical core spreads out the power peak region evenly
over a larger area. The importance of this feature is that

a larger core region feed source neutrons into the reflector
maximum thermal flux region. Thus, for the same upper

limit on the core power density, the cylindrical core will
not merely result in a reflector maximum thermal flux which
is as high as can be achleved by other core geometrical
arrangements, but also this maximum thermal flux region
spreads symmetrically around the entire core to feed all
experimental beam ports with the reflector max;mum thermal

flux.



CHAPTER IV

HEAVY WATER COCLED AND REFLECTED CORES

3

The purpose of redesigning MITR is to increase the
magnitude of the reflector thermal neutron flux at the tips
of experimental beam ports as well as cut down on the fast
neutron and gamma radiation background. On the basils of
the work discussed in Chapter 3 a cylindrical core radial
section has been chosen. In this chapter, the thermal
neutron flux distributlon around a cylindrical core, cooled,
moderated, and reflected by heavy water, is examined. The
optimum core arrangement 1s sought to provide neutrén beams
for experiments with the maximum thermal neutron flux and
simultaneously reduced in both the fast neutron and gamma

radiation background.
4,1 COMPLETELY REFLECTED CYLINDRICAL CORE

The thermal flux distribution as well as the power
density profiles for a completely reflected core without

control rods was examined first.
L.1.1 Computational Model

Figure 4.1 shows the schematic of the six reglon

reactor model used. The normal MITR fuel element (1)

101
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which has 160 + 5 grams of uranium~-235 was homogenized.
The resulting atom number densities are given in Table 4.1.
The core, region one.of Fig.“kl, had a helght of twenty-
four inches and volume equlvalent to that of nilneteen fuel
elements. The core was immersed 1n heavy water reflector
of radius of two feet, equlvalent to the radius of present
MITR heavy water tank. Thls heavy water reflector was sub-
divided into four regions, namely regions two to five, and
different volume fractions of aluminum included in reglons
three to five to represent the effect of structural material.
The aluminum volume fractions in regions three to five were
50 per cent, 30 per cent, and 6 per cent respectively. The
graphite reflector, region six, was of radial thickness of
two feet, which is also the same dimension as that of the
graphite in present MITR-I.

A three neutron energy group two dimensional RZ cylin-
drical calculation was performed, by using modified TWENTY
GRAND code (U40). The composition of the homogenized compact
core was that of the homogenized fuel element composition
given in Table 3.1 and the reactor power was normalized to

five megawatts.

4.1.2 Thermal Flux and Power Density Profiles

Two cases were made. First, a run was made in which

aluminum was excluded from regions three through five of the



TABLE 4.1

Calculated Atom Number Densities for an MITR-I

160-Gram Fuel Element with all 18 Plates Active

U-235

U-238

Heavy Water

Aluminum

1.4565 x 10°°

1.0983 x 1019
22

1.8951 X 10

2.5518 X 10°°

hOoT



105
heavy water reflector, Secondly, the run was repeated with
50 per cent, 30 per cent, and 6 per cent by volume of alumi-
num in reglons three ,through five of the heavy water re-
flector. The results of these two runs are summarlzed 1in
Figs. 4.2 and 4.3 respectively in the form of thermal neu-
tron flux and power density dilstribution.

Two 1mportant features about the thermal flux distri-
bution to be observed are the location of the reflector
maximum thermal flux reglon and the effect of structural
materials, simulated by the aluminum in the heavy water re-
flector, on the thermal neutron flux distribution. Both
figures 4.2 and 4.3 show that the reflector maximum thermal
flux region occurs about thirty centimeters from the core
and centered about the plane through the core mid-height.
This region can be reached by re-entrant beam ports to ex-
tract neutron beam for experiments. However, if the present
radial beam ports are merely made re-entrant to extract the
neutron beam at about thirty centimeters from the core, both
fast neutron and gamma radliation background will be worse
than the current levels.

There are two possible beam port arrangements that will
permit re-entrant beam ports to extract neutron beam at a
close distance from the core as well as cut down on the fast
neutron and gamma radiation background. The first arrange-
ment is to orilent beam ports tangentially to the core at the

mid-plane. Fast neutrons will then have to undergo large
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angle scattering before entering the beam ports. This ar-
rangement has been found to cut down significantly on the
fast neutron and gamma radiation background (7). The
second arrangement 1is to raise the core such that re-entrant
radial beam ports view the reflector below the bottom of
the core tangentially. TFast neutons willl again have to un-
dergo large angle scattering before entering the beam ports.
Both methods will result 1n considerable reduction of the
fast neutron and gamma radiation background.

A comparison of the J..OXlOlI4 thermal neutron flux con-
tour line in Figs. 4.2 and 4.3 shows the effect of the
presence of structural materials (simulated by the aluminum
in the heavy water) on the thermal flux avallable in the
two regions from which neutron beams may be extracted for
experiments with the minimum fast neutron and gamma radiation
background. For this completely reflected cylindrical core,
therefore, in addition to the fact that the maximum thermal
flux region occurs at the core mid-height rather than un-
derneath the core, structural materials which normally occur
at the ends of the core, cause a more significant decrease
in the thermal neutron flux underneath the core than at the
mid-height. For thilis type of core, beam ports oriented
tangentially to the core at the mld-plane will extract the
highest beam port current as well as cut down significantly

on the fast neutron and gamma radiation background. These

are the ideal types of beam ports for thils kind of core,
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4.2 CYLINDRICAL CORE WITH THE UPPER—HALF POISONED

For a completely reflécted undermoderated core, the
ideal beam ports are those oriented tangentially to the
core at the mid-height. The radial beam ports of MITR-I are
permanent features and cannot be re-oriented. 1In order to
extract reflector maximum thermal neutron fluxes for ex-=
periments, with reduced fast neutron and gamma radiation
background, the reflector maximum thermal neutron flux
region must be fofced to appear underneath the core. The
MITR radial beam pdrts would then be made re-entrant to ex-
tract neutron beam from underneath the core.

The ability of control rods to influence significantly
the thermal neutron flux distribution in a thermal reactor
has been suggested (49). The effects of poisoning the upper
half core with neutron absorbers in order to force the re-
flector thermal flux region to appear underneath the core are

examined below.

4.2.1 Calculational Model

The thirteen region reactor model used for the calcula-
tions 1s shown in Figure 4.4. The core, region one, was
chosen to be a homogeneous model of material composition
equivalent to the homogenized composition of present MITR
fuel elements given in Table 4.1. The core height of 24

inches was used, and a diameter of 17 inches. Two rings of
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natural boron absorbers were included in the top eight inches

of the core. The inner ring was of an 1lnternal dlameter of

4 1/2 inches while th outer ring was 17 inches in inter-
nal diameter. Each absorber ring was homogenized with alum-
inum over a total thickness of 0.25‘1nches, thlis much alumi-
num being conslidered adequate to account for the total alumi-
num necessary to provide cladding and structural supporf for
the 0.040 inch~thick absorbers. The regions directly under
the absorbers were filled with aluminum. For the outer

ring, the aluminum beneath the absorber indeed represented
the reactor core tank.

The core was surrounded by heavy water reflector, con-
tained 1n an aluminum tank. The thickness of the heavy
water tank, region 12, was 0.50 inches thick with an ID
of 4 feet. 1In order to obtain the net effect of the struc-
tural materlals on the thermal flux distribution, the
heavy water reflector was divided into eight regions,
regions two through nine of Fig. 4.4, and aluminum added in
these regions in volume functions corresponding to the
actual structural materlal that would be in those reglons.

For instance, as it was necessary to reduce structural
materials as much as feasible 1n the region underneath the
core to enhance the thermal flux there, fuel element design
that had a long lower adapter compared with that 1n the
present MITR, was considered. Region six represents the

homogenlzed lower adapters while regilon séven represents
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the plenum head together with associated structural support.

Region five represented a high aluminum concentration region
occupled by the Joinq between a fuel élement and the corres-
ponding lower adaptor.

Three neutron energy groups, two dimensional RZ cylin-
drical calculation was made, with the EXTERMINATOR-II code.

The calculated fluxes were normalized to five megawatts.
4,2.2 Thermal Neutron Flux Distribution

The results of the calculations are summarized in
Fig. 4.5 in the form of thermal flux distribution. A com-

narison of the lower Ke in this system with those obtained

ff
for the slightly smaller cores described in section 4.1
(Figs. 4.2 and 4.3) gives an indication of the large penalty
in reactivity incurred by using this core configuration. A
comparison of the l.OXlOlu thermal neutron flux contour
line also gives an indication of the éffect of the slight in-
crease 1in core dlameter as well as the presence of the large
amounts of structural materials 1n the core on the reflector
maximum thermal neutron flux.

The 1.0X10lu thermal neutron flux contour line also
shows the effect of the absorbers in the upper half of the
core on the location of the reflector maximum thermal flux

region. The reflector maximum thermal flux region 1s forced

to appear near the bottom of the core. Tips of beam ports
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made re-entrant to a cilrcle of»about 30 inches diameter
would be exposed to unperturbed thermal neutron fluxes of
about 1.0X101u n/cm21sec, relatively free of fast neutron

and gamma radlation background.
There are three important features of this core con-

figuration. First, the most serious safety consideration
is the large reactivity worth of the absorber rings. A
thorough examination of this problem has shown that a good
mechanical design of outer (control) ring as well as the
inner (fixed absorber) ring can assure the safe operation
of the core. A fall-safe control rod mechanism, designed by
E. Barnet (2), has weight distribution which assures that
under all conceivable conditions of operation, the control
rods would always fall into the fully inserted position.
The inner control ring, which willl be fixed in position, is
designed such that it would be accessible only after the
reactor as well as coolant pumps have been shut down.

Secondly, the double core arrangement is an advantage
from the point of view of fuel element utilization. As the
lower part of the elements are subjected to high power
densities énd hence high burn-up rates, when the lower end
of an element is burned up it can be removed and flipped
over, putting the fresher upper end into the high flux
region.

Thirdly, studies showed that the reflector maximum
thermal flux region which has been forced to appear near

the bottom of the core is not very stable. The accumulation
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of stable fission products or xenon and the burn-up of

the lower tips of the control rings as well as the lower end
of the core tend to cause the reflector maximum thermal flux
region to move away from the bottom of the core; résulting
in a decrease of the thermal neutron flux seen by tﬁe tips

of the re-entrant beam ports.
4,2.3 Effects of Making Bottom End of the Core Spherical

The ability to force the reflector maximum thermal
neutron flux reglon to appear underneath the core is highly
dependent on the insertion of the neutron absorber rings.
However, a reactivity loss accompanies the insertion of the
absorbers and some of the conditions which cause the need
to insert the absorbers, such as the burn-up of the lower
tips of the fuel elements or the accumulation of xenon, occur
when the reactivity 1in the system is already low. Thus, the
method of forcing the maximum reflector thermal neutron flux
region to appear underneath the core with the neutron ab-
sorbers is not always feasible. The effects of making the
bottom end of the core nearly spherical were examined.

A sphere has the smallest surface area to volume ratio.
By making the bottom end of the core spherilical, leakage of
fast neutrons in this region would be 1ncreased, resulting
in a reflector thermal neutron flux peak along the entire

core bottom.



116

The core model used to study this effect 1s identical

to that shown in Fig. 4,4, except for one change. The

lower adoptors, region six of Fig. 4.4, were made of dif-

ferent lengths for each of the three rings of elements in

the
the
the
the

The

core. The first ring of elements are those enclosed by
inner absorber ring; the second and third rings occupy
space between the 1lnner and outer absorber rings, with
second ring of elements next to the inner absorber ring.

lower adoptors for the first ring of elements were un-

changed relative to those shown in Fig. 4.4; those for

the

second and third rings of elements were progressively

made longer, so that the shape of the bottom end of the

core was a stepped sphere. The core as well as the ther-

mal neutron flux distrilbution around it obtained with the

EXTERMINATOR-II code, is shown in Fig. 4.6.

The thermal flux distribution underneath this core

spreads out more uniformly. However, calculations showed

that this high flux underneath the core tends to move

towards the core mld-height as the control rod tip is moved

up.
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CHAPTER V 118
CORES REFLECTED BY HEAVY WATER AND COCLED

BY LIGHT WATER AND HEAVY WATER MIXTURES

The work discussed 1in the previous chapter shows that
an undermoderated core, cooled and reflected by heavy water
with the upper half core poisoned, can be designed so that
radial beam ports could be made re-entrant to’extract ther-
mal neutron beams from underneath the core. These beams
would be relatively free of fast néutron and gamma radiation
background. The reflector thermal neutron flux level under-
neath the core 1s dependent on many factoré. Some of the
factors affecting the reflector maximum thermal neutron flux
underneath the core are explored 1n this chapter.

In particular, the advantages of’cores reflected by
heavy water and cooled by light water and heavy water mix-

tures are examined.
5.1 FACTORS AFFECTING REFLECTOR MAXIMUM THERMAL NEUTRON FLUX

An undermoderated core is a sink for the thermal neutrons
and a source of fast neutrons, while the reflector is a sink
for the fast neutrons and a source of thermal neutrons. The
reflector thermal neutron flux peak, therefore, depends on
the number of neutrons leakling from the core into the reflec-

tor. This number of fast neutrons leaking into the reflector
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depends not only on the total number of fast neutrons pro-
duced 1n the core per-unit time, 1nkother words the reactor
power level, but also on many'other factors. Eight of

these important factors are listed in Fig. 5.1.
5.2 FACTORS WHICH IMPOSED CONSTRAINTS ON THE PROBLEM

The first four of the factors which affect the reflector
maximum thermal neutron flux, listed in Fig. 5.1, imposed
constraints on the problem because of thelr values chosen
for the present reactor. The reactor power level was
limited to the five megawatts chosen for the present MITR.
The plate-type fuel element deslgn, using the aluminum-
uranium fuel meat technology was retained. Mechanical de-
sign considerations ruled out pressurizing the present pri-
mary coolant loop system in order to raiée the maximum
permissible surface temperature of the fuel plate. Thus,
the modifications needed 1in the other features of the present
reactor to fully benefit from a more advanced fuel plate de-
sign were far more extensive than envisaged. However, ad-
vantage was taken of the advances 1n the alumlinum-uranium
fuel meat technology; as the welght percentage of uranium
in the fuel meat up tc about thirty-nine is currently being
successfully manufactured (55},kthe uranium welght percen-
tage in the fuel meat was incregsed considerably above the

present value of 18 per cent.
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5.2.1 Heat Transfer Rate

Heaﬁ transfer rate from the core is the most important
factor that limits the reflector maximum thermal flux. In
a small undermoderated ccre, the reflector maximum thermal
neutron flux depends on the power densities in the power
peak region at the core-reflector interface; and the heat
transfer rate limits power densiﬁies in the core such that
no type of bolling can be allowed for the safe operation of
the reactor.

The influence of the power density on the reflector
peak thermal neutron flux has élready been pointed out in
section 3.3. The maximum reflector thermal neutron flux
ocecurs at a distance from the core equal to about the square
root of the age of thermal neutrons ih the reflector. The
fast neutrons born near the core-reflector interface con-
tribute most significantly to the rate of sléwing down into
the thermal energy group in‘this region of the refleétor.
The degree of undermoderation aléo plays a role. The higher
the degree of undermoderatiocn 1n the core, the greater 1s the
probabllity that neutrons born lnside the core leak 1nto
the reflector. Work discussed below shows that the greater
the undermoderation 1n the core, the greater the power den-
sitiés at the core-reflector interface, resulting in a
higher reflector thermal flux peak. Thé core, therefore,

must be designed to operate at the maximum pérmissible power
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densities in order to produce the maximum reflector thermal
neutron flux.

The maximum permlssible power density in the cofe is
determined by the limiting fuel plate surfacé temperature
as well as the heat transfer rate in the core. The safety
1imit on the fuel plate surface temperature which will
ensure the structural integrity of the fuel elements has
beeh set at U450°C in the Technical Specifications for the
present MITR (50); the onset of 1néipiént bolling of the
coolant under operating conditions 1s the conservative
operating limit set on the fuel plate surface temperature
to establish stable operating condition with fuel plate
temperatures well below the safety limit.

The fuel plate surface temperature at axial position Z
from the hottest coolant channel inlet, TW(Z), is made up
of three components as

TW(AZ) =T +TB(.Z) + TF(.Z) ...5.2.1.

where To equals the nominallbulk 1n1et coolant temperature,
TB(Z) equals the bulk coolant temperature rise up to the
axial position Z, and TF(Z) equals the film temperature
rise at the axlal position Z.

For the present MITR operating at five megawatts,
the maximum operating limit of TW(Z) is about 100°C, the
saturation temperature of the coolant; T 1S limited to

about U46°C while TB(Z) has a maximum value of about 9°C

(51). Thus, TF(Z) is the Gominant variable term of the fuel
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plate surface temperature and can be expressed directly in

terms of the maximum permissible power density as

TF(Z) = KchPD(Z)/Ah

U
n
n

where Kc = g conversion factor

Fd = fraction of fission energy deposited directly

at the site of fission

d
o
-~
[an]
st
[}

the maximum'permissible power density at the
hottest channel axial position Z

A = channel heat transfer area

h = heat transfer coefficlent

For a glven limiting fuel plate surface temperature,

rower densities in the core can be increased only'if the
product of the channel heat transfer area and the heat trans-
fer ccefficient, Ah, is increased.

The modified Colburn heat transfer correlation is (52)

hD, D_VP_0.8 Cok_0.3
= = 0.023[ 1 [=] ...5.2.3.
K. m A SR

where, h = heat transfer coefficient

D_ = coolant channel equivalent dlameter
Kf = thermal conductivity of coolant

V = coolant veloclty

P = coolant density
L = coolant viscosity
C_ = specific heat

The heat transfer coefflcient is observed to be prcporticnal

to the four-fifths power of the veloclty, 1f only the yeloclty
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term in equation 5.2.3 is changed. Although the plate-
type fuel element has been successfully operated at water
velocity in coolant channel at about 35 ft/sec. (7)), the
corresponding velocity 1n the present MITR is only 3.5 ft/
sec. Thus, nearly a factor of six increase in the heat
transfer coefficient, h, can be realized by 1lncreasing the
water velocity in the MITR coolant channels. Preliminary
calculations showed that to 1ncrease the total mass flow
rate through the core by fifty per ceht would require at
least one additional heat exchanger and the necessary equip-
ment modifications were too extenslve.

The alternative means coﬁsidered for augmenting the
heat transfer rate in the core are discussed by Spurgeon
(51). Fuel plate finning as a means of increasing the
product Ah was the technique adopted (51). On the basis
that a factor of 1.8 increase in Ah could be realized by
fuel plate finning and that 1f the core size is decreased
such that the decrease in the core sizé alone would lead
to a factor of 2.1 increase in the water velocity 1in the
coolant channels, the maximum permissible power densiftles
in the homogenized core were limited to about l.OXlO13

fission/cm3-sec.
5.3 FACTORS WHICH WERE CPTIMIZED

The last four of the factors which affect the reflector
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maximum thermal neutron flux, listed in Fig. 5.1, were sel-
ectéd in order to enhance’the reflector maximum thermal
neutron flux underneath the core.

The core diameter had two important effects. It was
found that the smaller the effective'diameter of a small
undermoderated core of fixed power level and helght, the
higher are both the reflector thermal neutron flux peak
and the maximum power density at the coreéreflector inter-
face. The smallest core diameter was chosen such that
power densities did not exceed the maximum permissible level.
For the heavy water cooled and moderated cores, a core dla-
meter of about 18 inches was found to be a good limiting
value.

Two prcperties of the reflector material were found to
be most important. The shorter the effective sloﬁing down
length of fission neutrons in the reflector, the more ra-
picly the thermal neutron fluxfpeaks close to the core. On
the other hand the longer the thermal neutrcon diffusion
length in the reflector, the less steeply the reflector
thermal neutron flux falls off with 1lncreasing distance away
from the core after reaching the peak value. The very short
effective slowing down length of fission neutrons in light
water makes 1t excellent from the point of view of the first
consideration; however, the very short diffuslon length of
thermal neutrons 1n thils reflector causes the reflector

thermal neutron flux to fall off too rapidly. A composite
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heavy water reflector deslgn has been used. This composite
reflector had a restricted amount of light watér under-
neath the core, between the core and ﬁhe réflectcr. The
thin layer of light water suffices to moderate most of the
fission neutrons leaking from the core to the polnt where
they are rapdlly thermalized 1n the heavy water reflector.
This reflector design 1s discussed in section 6.4.3.

Moderation in the core and power peakling affected both
the reflector thermal neutron flux peak and the power den-
gities in the core. The effects of using light water and
heavy water mixture as the core coclant to efféct changes 1in

moderation in the core are dilscussed bélow.
5.4 EFFECTS OF MODERATICN IN THE CORE

Since the degree of neutron moderation in the core af-
fects the reflector maximum thermal neutron flux peak as
well as the power peakling difficulties at the core-reflector
interface, 1t was necessary to study variations 1n the
neutron moderation in the core. In addition, there were
two equally important reasons for examining the effects of
moderation in the core. First, fuel plate finning was con-
sidered as a means of augmenting the heat transfer rate in
the core and as this involves replacing heavy water coolant
with aluminum, 1t was necessary to know the effects cof the

resulting decreased mcderation in the core. Secondly,
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reducing the spacing between the fvel plates was comtemplated
as a means of lncreasing the uranium lcading in the core as

well as the total core heat transfer area.
5.4.1 Calculational Model

The calculational mcdel used is the same as that de-
scribed in section 4.2.1 and shown in Fig. 4.4, The inner
absorter ring was withdrawn to the top of the core while
the outer absorber ring insertion was elght inches. The
core height was 2! inches and a diameter of 18 inches.

5.4.2 Effects of Replacing D.C Coolant with Aluminum

2
Thé effécts of replacing heavy water ccolant with alumi-
num were examined. A standard fuel element of MITR-I with
coolant channel width cf C.116 inches and fuel plate thick-
ness of 0.050 inches was homcgenized. The fuel plate con-
sisted of a 0.02C inch thick fuel meat clad on both sides
with 0.015 inch thick aluminum. The homogenlzed core com-
position was taken to be the same as the homogenized fuel
element composition. The equivalent uranium-235 loéding of
the "double" core was 9.1C Kg. A three-group twc dimensional
R-Z cylindrical geometry calculation was performed using the

EXTERMINATOR=IT code.
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The procedure was repegted using the same standard fuel
element with only one change belng made: thé pitch between
fuel meat remalnred unchanged but the cliadding thickness
weg increased 1n two steps from 0.015 inches tc 0.028
irches with the corresponding decrease in the coclant chan-
nel width frem 0.116 inchés to 0.090>1nchés. The uranium-zZ35
loading in the core, theréfore, remained constant at 9.10 Kg,
corresponding to core vclume fraction of 0.575 per cent.

The resuvlts of the calculations are summarized in the
form of effective multiplication as well as maximum power
density 1n the core, and the reflector maximum thermsl. neu-
tron flux 2.5 inches underneath the core versus percentage
volume fraction of aluminum in the core curves, given in
Figs. 5.2A and 5.2B. The thermali neutrcn flux at axial dis-
tance mid-way Petween the lower tip of the outer absorber
ring and the core bottom (active core mid-heighkt) 1s alsc
given in Filg. 5.2 for the two cases corresponding to the

0.116 inches and 0.090 inches coclart chernel widths.

From Figs. 5.2A and 5.2B it is clear that the under-
mederation in the core resultirg from the replacement of the
hezvy water coolant with aluminum causes the leakage flux
underneath the core tc increase, thcugh the naximum power
density in the core increases and the effective multiplica-

tion in the system decreases as well. The decrease 1n the

effeetive multiplication in the system is due to the higher

leakage rate cf the fisslon neutrons into the reflector as
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well as the hardened thermal neutron spectrum in the core as
can be seen from the distribution of the thermal neutron flux
at the active core mid-height shown in Fig. 5.3.

5.4.3 Effects of Adding H,0 to the D,0 Coolant

2

As fuel plate finning was considered as a means of aug-
menting the heat transfer rate in the core, 1t was necessary
to 1Increase the moderation in the core with high volume frac-
tion of alumlinum in order to obtain sufficient reactivity
to operate 1it.

The effects of addlng light water to the heavy water
coolant to increase the moderation in the core were studied.
The reactor model used was the same as that described in
section 5.4.1 and the core composition corresponding to
that of the fuel element with 0.090 inches-wide coolant chan-
nels described in section 5.4.2. The results of the calcu-
lations are summarized in Figs. 5.4A and 5.4B in the form of
effective multiplication as well as maximum power density in
the core, and the reflector maximum thermal neutron flux at
2.5 inches below the core versus percentage of light water
in the heavy water coolant curves. The radial thermal neutron
flux distributlon at the active core mid-height is shown in
Fig. 5.5 for two cases--namely when there is no light water
and when there 1s twenty per cent light water in the heavy

water coolant.
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It is observed from Figs. 5.4A and 5.4B that as the vol-

ume percentage of light water in the core increases, the ef-
fective multiplication increases, though the reflector ther-
mal neutron flux decreases. As will be seen from Fig. 5.5,
the increased moderation in the core causes the power den-
sity distribution 1n the core to flatten. The reduced
leakage flux into the reflector 1s due to the fact that

the resulting larger fraction of the fisslon neutrons born
at the center of the core have a lower probability of leak-
ing out of the core. The fact that the 1lncreased modera-
tion in the core flattens the power density distribution in
the core is borne out by the maximum power density curve
shown in Fig. 5.4B; the average power density in the cores
is constant and so the maximum power density 1s directly
proportional to the power peaking factor.

5.4.4 Design Core Cooled oy H,0-D,0 Mixture.

On the basis of the work described above, it is clear
that the volume fraction of aluminum in the core can be in-
creased as required from heat transfer consliderations and
light water added to the heavy water coolant to increase
moderation in the core. The volume percentage of added
light water should be kept to the minimum to provide ade-
quate reactivity in the system.

A design core that was chosen had composition correspond-

ing to a homogenized MITR-I standard fuel element with all
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eighteen plates active. The fuel meat width was retalned
at 0.020 inches, the effective thickness of the finned
cladding was taken to be 0.022 inches, and coolant channel
width was 0.077 inches. The homogenized core had a diameter
of 17.5 inches and a height of 24.0 inches. The homogenized
material volume fractions in the core were: 0.667% uranium,
46.5% aluminum and 52.8% coolant. The coolant contained
ten per cent of light water, the rest belng heavy water.

Some EXTERMINATOR-ITI runs were made using these core
compositions and are summarized in Fig. 5.6. A few character-
istics of this design core are summarized under case one of
Fig. 5.6. Cases two through five summarize the effects of
making some changes to this design core.

Cases one, two and three show that an annular region of
2.5 inches radial width, placed elther at the edge of the
core or inside the heavy water tank results in a loss of
reactivity as well as reflector thermal neutron flux, though
the maximum power density decreases slightly. As MITR coolant
flows up through the core and then returns to the bottom of
the core, where the main coolant outlet pipes are situated,
the coolant return path from the top to the bottom of the
core must be as far away from the core as possible if the
coolant contains a large volume fraction of light water.

Cases one and four summarize the effects of moving the
inner absorber ring from the core top to a six-and-a-half

inch insertion position, while cases four and five summarize



FIG. 5.6 Cores Cooled by Mixtures of H

O and D,O Coolant
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the effects of equilibrium xenon.

5.4.5 Advantages of H2O—D20 Mixtures as Coolant

The principal advantage of the mixtures of H@ -D2O
as the reactor coolant is flexibility. Moderation in the
core, which 1nfluences significantly the reactivity in the
system, the fraction of the fission neutrons leaking into the
reflector and hence the reflector thermal neutron flux peak,
and power peaking difficulties, can be controlled by alter-
ing the percentage of light water in the heavy water coolant.

The principal disadvantages of this coolant are economic.
Two contalnment systems will be required, one for the heavy
water reflector and the other for the coolant, and this can
be a large capital cost. The degradation of the expensive
heavy water with light water can also be a serious economic

question.
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CORES REFLECTEL BY HEAVY WATER AND COOLED

BY LIGHT WATER

The principal disadvantage of the cores reflected by
heavy water and cooled by mixtures of light water and heavy
water 1s economic and results from the degradation of the
heavy water. In this chapter, the effects of replacing
the mixtures of light water and heavy water coolant with a

very much cheaper coolant, pure light water, are examlned.

6.1 ADVANTAGES OF CORES COOLED BY LIGHT WATER

The pure light water coolant was considered as a
limiting case of the coolant of light water and heavy water
mixtures. The reactor model used in the calculations is
the design core described in section 5.4.4., A series of
EXTERMINATOR-II runs were made in which one of three fac-
tors were changed at a time. These three factors are the
core diameter, the insertions of the inner and outer ab-
sorber rings, and the total uranium weight percentage 1n
the fuel meat alloy. Selected results of the calculatlons
are summarized in Fig. 6.1.

Cases one and two are included 1n the table shown in
Fig. 6.1 for comparison, and they illustrate a typical

pure heavy water cooled core and the effects of adding ten
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FIG 6.1 Cores Cooled by H,0 Reflector Reflector

Max. Thermal Thérmal

Reflector Flux Flux Max

% Uranium % By Inner Outer Thermal at 2.5 1in. COré

Hzo wt. Volume Absorber Absorber Neutron Effective Below Power
% in U-235 of Core Core Ring Ring Flux Core Core Density

in Meat K Loading Aluminum Diameter Height Insertion Insertion (1013) Mid-Height (1013) 12
Case _ Coolant  Alloy eff  (KG) in Core  (in) (in) (in) (in) (1013) (10" “flu-sec)

1 0.0 32.0 1.007 9.10 37.2 18.0 24.0 0.0 8.0 12.80 12.20 11.86 8.98
2 10.0 32.0 1.070 9.10 37.2 18.0 . 24,0 0.0 8.0 11.00 10.60 10.05 6.77
3 10.0 32.0 1.049 10.58 46.5 17.5 24,0 6.5 8.0 11.37 10.82 10.60 9.32
4 100.0 32.0 1.286 6.14 46.5 13.5 24.0 6.5 8.0 7.01 6.65 6.37 7.14
5 100.0 28.0 1.162 2.81 46.5 12.5 17.0 1.5 1.5 12.92 12.77 10.29 11.30
6 100.0 28.0 1.121 2.81 46.5 12.5 17.0 3.0 ' 3.0 13.50 13.50 11.87 14.04
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per cent of light water to the heavy water coolant re-
spectively. Case three is the design core described in
section 5.4.4.
Case four shows that changing the coolant of case three
to pure light water and reducing the core diameter from 17.5
to 13.5 inches, results in an increase in the system ef-
fective multiplication from 1.049 to 1.286. Case five shows
that reducing the core diameter of case four further from
13.5 to 12.5 inches as well as the uranium weight percentage
in the fuel meat alloy from 32 to 28 causes a reduction in
the effective multiplication from 1.286 to only 1.162. Case
six shows that reducing the effective core height from 15.5
to 14.0 inches results in the decrease of the effective
multiplication from 1.162 to 1.121 with the corresponding
increase 1n both the reflector maximum thermal flux and
the core maximum power density. An examination of the 1last
four columns of Fig. 6.1 for cases four through six shows
that, generally, as the system effective multiplication de-
creases, both the reflector leakage flux as well as the maxi-
mum core power density ilncreases.
By comparing cores reflected by heavy water and cooled

by

(a) pure heavy water, such as case one

(b) heavy water-light water mixture, such as case

three
(c) pure light water, such as case six

it is clear that a core cooled by light water would yield
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reflector maximum thermal neutron flux comparable to that
availlable from a core cooled by any of the other two cool-
ants. The light water cooled core, however, possessed a
number of significant advantages, of which four are discussed
below.

The first advantage of this coolant 1s the significant
reduction in the core diameter; a reduction of about 17.5 to
12.0 inches still gives a higher effective multiplication
in the light water cooled system. The first effect of this
decreased core size 1s that the core uranium loading is de-
creased by a factor approaching two. The second effect of
this decreased core size 1is heat transfer rate from the core.
As pointed out 1in section 4.4, the permanent features chosen
for the present MITR 1limit the total flow rate through the
core, but there is some flexiblillity left in the system pres-
sure drop. For the given total flow rate in the core, the
actual velocity in the coolant channels is increased by a
factor of nearly two as a result of the decreased core dia-
meter. A factor of 1.8 increase in the heat transfer rate
in the core can be realized from the increased velocity
through the coolant channels alone. The maximum permissible
power density in the light water cooled core, therefore, is
about 1.8 times the corresponding number in the cores cooled
by any of the other two types of coolant.

The second advantage of the light water coolant is the

fact that the uranium weight percentage in the fuel meat can
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also be reduced and still have a reasonable value of Keff‘witn
the smaller core diameter. Thils 1s an additional flexlbility
in the light water system; future core loadings can have a
higher uranium weight percentage in the fuel meat, between
twenty-seven and the present limit of thirty-nine, Lf neces-
sary.

The third advantage 1s that the aluminum volume percen-
tage in the core can be 1lncreased from 37.2 as in the heavy
water cooled cores to about 56.6 and still maintain a higher
effective multiplication in the light water system. This
increased aluminum volume percentage in the core would con-
veniently permit fuel plate finning, which has been considered
as the means of augmenting the heat transfer rate in the core.

The fourth advantage of the light water coolant is eco-
nomic. The system would be cheaper to construct as well as
operate and maintain. In addition, the problem of tritium
leakage from the primary to the secondary coolant system,
which is a minor health hazard, would also be reduced.

The high moderation effect of light water, which leads
to a small core size, made additional core configurations
worthy of consideration. The three light water cooled core
configurations examined are the off-set core, the split
core, and the core with poisoned upper half discussed pre-
viously. These three cores are discussed briefly below

and compared.
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6.2 THE OFF-SET CORE CONFIGURATION

The off-set core is shown in cross-section in Fig. 6.2.
The principal difference between this core arrangement and
that described in section 5.4.4 is that the vertical axis
of the off-set core does not coinclde with the corresponding
axis of the heavy water tank. Instead, the off-set core 1is
positioned such that its vertical axls 1s nine inches away
from the heavy water tank center on the thermal column cen-
terline. It was found that such an off-set core of about
twelve inches diameter would permit all the radial beam ports
to be made re—entrant»tangentially to the core to extract
neutron beam at the mid-height, clean of fast neutron and
gamma radiation background. The exception was the 12SH1 beam
port which 1s directly opposite the thermal column as shown
in Fig. 6.2. This beam port would view the core directly.

The thermal neutron flux distribution around such an
off-set core was examined, using two dimensional cylindrical
R-Z calculational model. The reactor model 1s shown in Fig.
6.3. In order to prevent rapid rise in the thermal neutron
flux at the top and bottom ends of the core, neutron ab-
sorbers were placed in these regions of the core.

The thermal neutron flux distribution around this core,
obtained with the EXTERMINATOR-II code, is shown in Fig.
6.4. The 1.2Xlolu thermal neutron flux contour line shows

that the maximum reflector flux region extends not more than

2.5 inches away from the core. Only the two beam ports



146

IPH2
IPH4
€6THZ

4DH S 3 e e A _9CH2

o P AT v
Sl ot T U\ 8RH2
6SH 3 ) = ¥

4DH4 4 ! f.t:.,; v A : SR

ams [/ ,L P RNt s | il .‘
Lo ey o N R P 74 f
) R N SO ! : |

4lH4
|schz

1l'|zcm

12SHI

= S | 1 R
_ | 2 e

41 R e A\ P s i\ il HEYTY

a2\ A e e ) s

4DH3 | iy s *

. A ;i'snnl
| g OFF-SET
* CORE

6SH2

apH~d, N SR

6THI 6SHI 4 THI
| PHI 4TH2

1 PH3

FIG. 6.2 HORIZONTAL SECTION OF THE OFF-SET
CORE ARRANGEMENT



147

- le——12.0" DIAM:
o

N

)

5 % | BORON
|

wi -
alt
(@]
OO
Ol C O|RE
Wit
el S
b |W I
wixr

1

5 % |BORON

X )

Q ¢

~ )

HoO COOLANT

FIG.6.3 THE OFF-SET CORE MODEL



148

o
5_
l
|
ok |
. | 2.0x10"
! pra \\\\\
| t/ //‘ \\ .
| Ve N
' / AN
20 : /
\
I s
25| / N \
I / \ |
l \
| / \ \
. . | | !
N o / | /
l\\ \ // / /
| \, / / /
35 I\ S / y
i AN /
! \ / /
RN / /
40+ | N // /
N S~
| : N ’
\ /
| ~ /
45} |
N -
I ~—~—
| |
50 : :
|
o5 | | |1 I | t |
5 10 15 20 25 30 35 40 (CM)
FIG. 6.4 THERMAL FLUX DISTRIBUTIONS

AROUND THE OFF—-SET CORE



149

adjacent to the thermal column could be made re-entrant to

this region. However, the 1.0)(10114 flux contour line shows

that a flux of l.OXlOlu extends about 8.0 inches from the
core and this region can be reached by re-entrant beam
ports.

The principal disadvantage of this core configuration
is asymmetry. The mechanical design of the light water
coolant containment system is complicated by the asymmetry.
The calculation of the detall thermal neutron flux distri-
bution in the region where the tips of beam ports would be
placed was not possible, except in a three dimensional
R-0-Z geometry. Finally, the detall theoretical study of
the effects of the re-entrant beam ports in the proposed
location of the beam ports as well as the beam port thermal
neutron current to be expected could not be carried out

without considerable difficulties.
6.3 THE SPLIT CORE CONFIGURATION

The split core is shown in vertical cross-section in
Fig. 6.5. The principal difference between this core and
the design core described in section 5.5.5 is that the fuel
elements have split fuel plates with no fuel in the middle
three-inch gap. The middle three-inch gap of the split core,
therefore, consists of only coolant and aluminum. Because
of the high moderation effect of light water, the neutron

flux in this middle gap is highly thermal and radial beam
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ports can be made re-entrant to extract thermal neutron beam
there, relatively low in fast neutron and gamma radlation
background.

The axial thermal flux distribution at the center of
the core obtained with EXTERMINATOR-II codé, is shown in Fig.
6.6; the radial thermal neutron flux distribution at the
center of the middle gap is also shown in Fig. 6.7. Figure
6.6 illusfrates the very sharp rise in the thermal flux at
the middle gap; Fig. 6.7 also shows that radial beam ports
made re-entrant to about 25 cm radius would be exposed to
thermal neutron fluxes greater than l.OXlOlu n/cm2-sec.

The axial power peaking difficulties at the core-
middle gap interface are quite severe and this is the princi-
pal disadvantage of this core configuration. The mechanical
design of suitable control rods for this core 1s an additional

complication.
6.4 THE CORE WITH POISONED UPPER HALF

The poisoned upper half core configuration is that de-
scribed in section 4.2 and shown in Fig. U4.4. The very high
absorption cross-section of light water for thermal neutrons
was found to adversely affect the reflector thermal neutron

flux underneath the core.

6.4.1 Thermal Flux Distribution Around the HZO Core with

the Upper Half Poisoned

{
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A typical thermal flux distribution around a light
water cooled core with the upper half polsoned, obtained
with the EXTERMINATOR -II code, is shown in Fig. 6.8.
This core is similar to that described 1in case six of Fig.
6.1, except that the uranium-235 weight percentage in the
fuel meat has been reduced from twenty-eight to twenty-five.

Referring to Fig. 6.8, it i1s observed that the thermal
neutron flux distribution exhlbits two flux peak regilons.
There 1s a high flux region on the side of the core which
is similar to that found with the heavy water cooled core
discussed in section 4.2 and shown in Fig. 4.5. The second
flux peak regilon occurs underneath the core. Because of the
high moderation effect of light water, the thermal neutron
flux in this reglon rises very steeply at the bottom core-
reflector interface, resulting in a maximum flux in the light
water about twice that in the other high flux region which
occurs in the heavy water reflector. However, the very short
diffusion length of the thermal neutrons in the 1light water

causes the flux to fall off very rapidly.
6.4.2 Advantages of the Poisoned Upper Half Core Configuration

The maln disadvantage of this core configuration 1s that
the very short diffusion length of thermal neutrons in light
water causes the very high thermal neutron flux peak, which
occurs near the core-light water interface underneath the

core, to fall off too rapidly such that the thermal neutron
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flux level in the reflector where re-entrant beam port tips
would be located, is low compared with the peak value.

Nevertheless, the unperturbed thermal neutron flux level
at the proposed beam port tip location for this core con-
figuration 1s comparable to that available from the other
two core configurations. In addition, it has two important
advantages. First, this core configuration is quite symmetri-
cal and, therefore, free of the problems of asymmetry inhef-
ent in the off-set core configuration. Secondly, the maximum
power densities in thils core configuration occur at the bottom
end of the core compared with the core mid-height for the
other two core configurations, and this has economic as well
as heat transfer advantages.

The economlc advantage 1s derived from fuel element
utilization. When the lower tip of an element is burned
up, it can be rotated, putting the fresher upper tip in
the high power density region. This procedure will result
in a higher and more uniform final burn up of an element com-
pared with the corresponding situation in which the maximum
power densities occur at the center of the fuel element.

The heat transfer advantage has two aspects. First,
for a given maximum permissible fuel plate surface tempera-
ture, the corresponding maximum permissible power density
is slightly higher at the bottom than at the mid-helght of
the core. Referring to equation 5.2.1 of section 5.2 for

the fuel plate surface temperature, the film temperature rise,
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TF(Z), has its maximum yalue at the coolant channel inlet
where the bulk coolant temperature rise, TB(Z), is zero. As
the local power density 1s directly proportional to the film
temperature rise, shown by equation 5.2.2 of section 5.2,
the local power density also has its maximum value at the
bottom of the core. Secondly, the heat transfer coeffi-
cient cannot be augmented at the coolant channel mid-helight
by vortex flow because of the difficulty of generating vor-
tices in this reglon for channels of the dimensions expected
in the fuel element coolant channels (53) (54); however, vor-
tex flow can be maintained over a short distance at the cool-
ant channel inlet region by a suitable design of the inlet
plenum. Thus, the heat transfer coefficlent can be increased
slightly at the bottom rather than at the mid-height of the

core.
6.4.3 Composite H20—D20 Reflector Design Underneath the Core

As the poisoned upper half core configuration has some
advantages compared with the other two alternative core
configurations, 1t was necessary to 1mprove the reflector
design underneath the core to permit neutron beam to be /
removed from this reglon.

A series of EXTERMINATOR-II calculations were made in
which the effects of restricting the amount of light water

underneath the core were examined. The thermal neutron

f£lux distributions underneath the core for a selected number
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of these runs are gilven in Figs. 6.9 through 6.12. The
core had an effectlive helght of 12.0 inches and a diameter
of 12.0 inches. The uranium-235 weight percentage in the
fuel meat was 25 percent.

Figure 6.9 shows the thermal neutron flux distribution
around the core with light water bottom plenum of approxi-
mately a hemispherical shape. The maximum depth of the light
water plenum was about 9.0 cm. A plenum of this size had
the volume as well as the sultable spatial distribution of
light water underneath the core such that nearly all the fis-
sion neutrons leaking from the core into this region of the
reflector are moderated to the point where they are rapidly
thermalized in the heavy water reflector. The very long
diffusion length of the thermal neutrons in the heavy water
reflector permit this high flux region to spread to the
proposed location for the tips of re-entrant experimental
beam ports.

A comparison of Figs. 6.8 and 6.9 shows three features:
the maximum thermal neutron flux in the reflector light water

14

is about the same and equals about 2.3X10 n/cmz-sec; the

1.2X101u n/cm2-sec contour line shows that the reflector
thermal flux peak region spreads further into the heavy
water reflector when the light water underneath the core is
restricted; finally, only a singlé reflector thermal flux
peak region occurs with the bottom light water plenum de-

sign. Thus, the neutron absorbers in the upper half core

as well as the bottom 1light water plenum force the maximum
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reflector thermal neutron flux region to appear underneath
the éore.

The size as well as the shape of the light water
bottom plenum are important. Increasing the depth of the
plenum results in a more rapid fall-off of the thermal
neutron flux peak, due to the very short diffusion length
of the thermal neutrons in the light water. Decreasing the
depth of the plenum results in reduced moderation of the
fission neutrons leaking from the core; these neutrons,
therefore, are not rapidly thermalized by the heavy water
and result in the reduction of the heavy water reflector
peak flux. Reducing the size of the bottom plenum also
poses mechanical design problem of directing the high vel-
ocity coolant through it and distributing the flow uniformly
in the fuel elements.

Figure 6.10 shows the effect of altering the bottom
shape. From fluid flow point of view, this bottom plenum
shape is preferable to the hemisphere of Fig. 6.9; coolant
entering the bottom plenum either down the side or tangen-
tially to the bottom of the core will distribute more uni-
formly through the fuel elements with the latter bottom
plenum shape. However, a comparison of the 1.3X1014
n/cm2—sec flux contour line on Figs. 6.9 and 6.10 shows
that the hemispherilical plenum shape 1s better from the point
of view of the thermal neutron flux available at the region
where thermal neutron beam would be removed for experiments.

Ideally, the shape of the light water plenum should be
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such that most of the neutrons reaching the heavy water re-
gion where neutron beam would be éxtracted for experiments,
are elther Just thermalized or moderated to the point where
they are rapidly thermalized in the heavy water reflector.
Although the second plenum shape of Fig. 6.10 is better from
fluid flow polnt of view, the distribution of the light
water underneath the core is such that most of the neutrons
are thermalized and absorbed in the light water and so
never reach the heavy water reflector reglon where neutron
beam would be removed for experiments.

A number of alternative methods of difecting the cool-
ant into the core were considered. For example, the coolant
could flow down the central region of the core into the bot-
tom plenum and then flow up in the outer reglon of the core.
Thls central core region could either contain fuel or no
fuel. 1In either case the mechanical design of the top part
of the core would be a very difficult task because of the
lack of adequate space 1in this region. In addition, if this
central region contains no fuel, then the power peaking dif-
ficulties at the interface between this central region and
the surrounding core would be quite severe due to the high
moderation effect of the light water. If the central re-
gion contains fuel, then 1in the event of a transient, boil-
ing or flow instability which is 1likely to occur at the
bottom of the core, would completely cut off coolant flow to
the outer core regions. |

Figure 6.11 shows another example of a method of di-

recting the coolant into the core by a single 6-inch verti-
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cal pipe underneath the core. A comparison of the 1.3X1013
n/cmz-sec flux contour line in Figs. 6.9 and 6.11 shows the
large reduction in the thermal neutron flux underneath the
core that results. Calculations showed that a simllar de-
crease in the thermal neutron flux underneath the core re-
sults by directing the flow 1nto the core by radial pipe(s),
oriented tangentially to the core bottom.

Figure 6.12 shows a method of directing the coolant
into the core by rectangular pipes, inclined at an angle of
about forty-five degrees. A comparison of the 1.3X1013
n/cmz-sec contour line on Figs. 6.9 and 6.12 shows that this
method does not affect the thermal flux distribution under-
neath the core significantly, though the mechanical design
of the system of rectangular pipes 1s complex.

An equally good method 1s to let the coolant flow down
the side of the core into the bottom plenum and then
flow up through the core. Owing to the high moderating ef-
fect of the light water, power peaking on the side of the
core adjacent to the light water i1s quite severe. Calcula-
tions showed that this severe power peaking can be reduced
significantly by placing about one and a half inch-thick
aluminum between the core side and the light water, though
at the expense of loss of reactivity in the system. 1In
addition, the aluminum was found to be advantageous from
mechanical design point of view: 1t would provide structu-

ral support for the core as well as guides for the control
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rods. This method was thus used in the final design described

in the next chapter.



CHAPTER VII 167

DESIGN BASE MITR-II CCRE

On the basis of the calculations described in
Chapters 3 through 6, the poisoned upper half core con-
figuraticn with light water coolant and a heavy water re-
flector has been chosen as the design base of the MITR-IT
core. A description of the arrangemeht of thls core as
well as its principal characteristics 1s given in this
chapter. Detailed design of the latest MITR-II 1s given

in Chapter 8.

7.1 ARRANGEMENT OF THE DESIGN BASE MITR-II CORE INSICE THE
HEAVY WATER TANK

The errangement of the core inside the heavy water
tank 1s shown in Fig. 7.1l. The compact core is sbout 14.0
inches in diameter and 24.0 inches high. There is a fixed
inner absorber ring as well as an outer movable neutron ab-
sorber ring in the top half of the core. The inner fixed
abscorber ring is 0.04C-inch thick cadmium, clad on both sides
with aluminum, and has an inside diameter of 4.5 inches.
The outer mcvable absorber ring, which is also the con-
trol rod bank for the active part of the core is 0.640-

inch thick cadmium, clad on both sides with aluminum.
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There is a 1.0-inch-thick annular alumirum layer between
the core-edge and the outer movable control ring.

An annuler region of effective radial width of about
1.0 inches exists between the cuter movable abscrber ring
and the light water tank. The light water coolant flows
cdown the side of the core through this annular region into
the bottom light water plenum and then flows up through the
core. As discussed in secticn 6.4.3, the shape and size
of the lower light water plenum have been chosen in order
to enhance the thermal neutron flux underneath the core.
In addition, the flow of the coolant down the side cf
the core 1s a method of directing the light water into
the bottom plenum with a minimum perturbation on the ther-
mal neutron flux underneath the core. The 1.0-inch-thick
aluminum between the core-edge and the outer movable at-
sorber ring cuts down on the severe power peaking diffi-
culties that wculd result on the side cf the core due to
the high moderation effect of light water.

The radial heavy water reflector occupies the annular
region of about 17.0 inches 1n radial width between the
light water tank and the graphite reflector. There is
also a bottom heavy water reflector of about 24.0 inches
minimum depth below the light water plenum. Radial beam
ports have been made re-entrant into the heavy water tank
to extract thermal neutron beams from underneath the core.
There 1is also a cryostat of about 2.5 inches diameter po-

sitioned at the core center.
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7.2 THERMAL FLUX DISTRIBUTION INSIDE THE HEAVY WATER TANK

Figure 7.1 also shows the thermal neutron flux dis-
tribution in the redesigned reactor operating at 5 mega-
watts. The fixed inner neutron absorbers as well as the
control rod bank which will be inserted in the top half
of the core during normal operation of the reactor, are
shown at the 12.0 inch insertion position. In this calcula-
tion, lead has been used in place of the central cryostat.
The effects of the beam port on the thermal neutron flux
distribution have not been included in this calculation.

The 3.OXlO13 n/cmz—sec flux contour line shows that
fluxes near the wall of the heavy water tank are not pre-
dicted to be very different from the value 1n the present

13 n/cm2-sec. The advantage of the

reactor of about 2.2X10
new design is derived from making the beam ports re-entrant
into the heavy water tank. The tips of beam ports will
be able to see thermal neutron fluxes of about l.leOlu in-
stead of 2.2X1013 as it 1s in the MITR-I. Beam port op-
timization studies done by Kennedy (4) showed that the re-
entrant beam ports in thirs final design will introduce
a perturbation of about 2% in the calculated fluxes.

An important factor is the quality of the thermal
neutron fluxes avallable at the tips of the beam ports.
As pointed out in section 1.2.2, the compact core arrange-

ment results in the maximum fast flux region occuring at

the center of the core, separated from the maximum thermal
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flux.region that occurs in thé reflector. Consequently, in
the reflector where neutron beam is normally removed for
experiments, the ratio of the thermal to fast neutron flux
improves. A comparison of the thermal flux distribution in
MITR-I and MITR-II cores discussed in section 10.3, shows
that the ratio of thermal to fast neutron flux at the tips
of re-entrant beam ports of MITR-ITI is 10,0 compared with
a corresponding figure at the tips of MITR-I beam ports of
9.6 to 40.9.

The fast neutron as well as the gamma radiation back-
ground is further reduced by removing the thermal neutron
beam from underneath the core. The neutron absorbers in
the top half of the core and the bottom light water plenum
are two features in the redesign that assist in maintaining

the maximum thermal flux region underneath the core.
7.3 POWER DENSITY DISTRIBUTION

The power density distribution in MITR-II core cor-
responding to the thermal neutron flux distribution dis-
cussed in section 7.2 is shown in Fig. 7.2. The 9.0X10%2
fissions/cm3~sec power density contour line shows that only
the very lower tip of the fuel elements is subjected to
power densities of about 1.OX1013 fissions/cm3-sec.

The most important point on this figure 1s the effect
of the neutron absorbers in the upper half core on the axial

power density distribution. Generally, the maximum power

densities occur at the bottom of the core and decrease by
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a factor of about 3 at the top of the active part of the core.

The initial burn up rate at the lower tip of a fresh fuel
element, therefore, is about a factor of 3 greater than that
at the axial center. The economic advantage of this core
configuration mentioned in section 6.4.4 is derived from
making use of this axial power density distribution. After
the lower portion of a fuel element has been used up, it
can be removed and rotated putting the fresher top portion
in the high power density region and thus giving a good
fuel element utilization. The fuel elements will also be
made less than twice the active core height. 1In this way,
the middle portion, which normally sees the lowest power
densities, will be used twilice, resulting in a more uniform

final burn up of the fuel element.
7.4 DESIGN OF THE NEUTRON ABSORBERS IN THE UPPER HALF CORE

It is desirable to design the neutron absorbers so as
to reduce the power generated in the upper half core, as
this power does not contribute to the thermal neutron flux
underneath the core, where neutron beam is removed for ex-
periments.

Perturbation calculations done using EXTERMINATOR-II
(43) showed that the reflector neutrons have their maximum
importance at about 1.5 inches from the core face. The
movable control rod bank, therefore, has been placed in this

region of the reflector (see Fig. 7.1), where the rods
have their maximum reactivity wor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>