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Investigation of the Low Enriched
Uranium Conversion of the Texas A&M
University Nuclear Science Center Reactor

INTRODUCTION

The ﬁse of highly enriched uranium as a fuel for research reactors is of
concern due tc the possibility of diversion for nuclear weapons applicétions. "The
Texas A&M TRiGA reédtor currently uses 70% enriched uranium in a FLIP (Fuel Life
Improvement Program) fuel element manufactured by General Atomics. Thus fuel also
contains 1.5 wgight percent of erbium as a burnable poison to prolong useful core
life. U.S. university reéctors that use highly enriched uranium will be‘reqhired
to covert to 20% or 1less enrichment to satisfy Nuclear ”Regulatory Commission
reduir‘ements1 for the next core loading if the fuel is avalable. This investi-
gation examined the feasibility of a material alternate to‘ uranium—zirconium
hydride for LEU conversion of a TRIGA reactor. This material is a beryllium oxide
uranium dioxide (BeO-UOZ) .based fuel. The theoretical aspects of core physics
analyses were examined to assess the potential advéntages of the alternative fuel.

A basic model was developed for the existing core configuration since it is
desired to use the present fuel element grid for the replacement core. The
computing approach was calibrated to the present core and then applied to a core of
BeO-UO2 fuel eléments. Further calculations were performed for the General Atomics
TRIGA low-enriched uranium zirconium hydride fuel.

The core physics calculations were performed using SCALE—22 and BOLD VENTURE
IV3 which are code systems written by Oak Ridge National Laboratory. SCALE-2 is a
reactor licensing code that includes modules for several aspects of reactor
analysis. The modules of interest for this work are NITAWL-S and XSDRNPM-S.
NITAWL-S reads microscopic cross sections for individual isotopes from a file

created by ORNL and performs resonance corrections, if necessary. XSDRNPM-S



approximates the solution to the neutron transport equation using a discrete-
orginates method. When given geometric specifications and the cross sections
produced by NITAWL-S in the same energy groups as the original cross section file,
XSDRNPM-S produces a library of macrospic isotopic cross 'sections collapsed in
énergy to‘tﬁe number of energy groupS‘requested‘with the enebgy groups réquested.
This can be done for‘each separate type Sf material region within a reactor if the
appropriate bouﬁdéry conditions and approximations ére made. The code BOLD VENTURE
IV contains several modules for reactor analysis; the main module of interest for
this work is VENTURE. A series‘of processors within BOLD VENTURE IV are used to
convert the cross sections produced by XSDRNPM-S to macroscopic material cross
sections and to convert the cross section files to a format that VENTURE can use.
Another processor reads a complete three-dimensional description of the system.
‘ VENTURE then approximates the solution to the three dimensional diffusion equation
and produces a multiplication factor for the system and a flux distribution
throughout the entire  core over the energy groups that XSDRNPM-S produced.

The necessary modules for both SCALE-2 and BOLD VENTURE IV were previously
loaded and compiléd on the Texas A&M Computing Service Center's AMDAHL 5860/470V8.
BOLD VENTURE IV was used to model the NSCR.M The primary difference between that
work and this research is that the macroscopic cross sections for the previous work
were supplied by General Atomics. Since there were no pre-existing macroscopic
cross sections for fuels other than FLIP fuel, the procedure from macroscpic
isotopic cross section generation to three-dimensional modeling was verified using
the current core. |

SCALE-2 and BOLD VENTURE IV were transferred to the IBM 3090-200E in 1987 when

that system replaced the AMDAHL. SCALE-2 became useable on this system after an
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emulator was igstalled for the IBM 3350 disks that were used by the AMDAHL.‘ Addi-
tional system changes required that some of the ‘basic‘ ASSEMBLY routines for each
‘ ood‘e’ system, such as clocks and header-writers, be replaced by FORTRAN routines
that were later réleaséd by ‘the Radiation Shielding Information Center (RSIC)' of
Oak Ridge National Lahoratory. Verification of the use of these codes, both at
ORNL and at Texas A&M‘Univer‘sity and indicate thét they are sufficient calcula-
tional tools for this study.

Heat transfer effects were simulated at a power of 2 Mw with the code, FIDEPS.
This code uses multi-dimensional, finite elements and the four-rod fuel element
bundle was approximated as a two-dimensional problem with the minimum water spacing
between fuel elements. The simplified geometry was used to obtain scopirig calcu-
lations to simulate a realistic heat transfer situation without excessive computer
time. The calculations included the actual pool depth to account for natural
conyection through the core.

Stress analysis of fuel material under transient conditions was evaluated

using the finite element code ANSYS.6 Steady State conditions were assumed to

generate much lower thermal stresses and were not evaluated.



THE CREATION OF THE MICROSCOPIC

CROSS SECTION LIBRARY

The neutron microscopic cross section library used for this fesearch is a 27
energy group library created at ORNL called 27SI"IELDLIB in the SCALE-2 docu- |
mentation.® This library includes all the data from another library called 27GROUP-
NDF4 and additional isotopes useful in shielding applications. 27GROUPNDF4
was -created byl collapsing the croés sections in 2‘18GROUPNDF4, a 218 enérgy
group libfary. 218GROUPNDF4 was created fro;n the Evaluated Nuclear Data File,
Type B, Version IV (ENDF/B-IV). The ‘additional isotopes in 27SHIELDLIB c;cmme
from‘ ENDF/B-V. This chapter describes the general procedure used to compile the
ENDVF/B libraries and collapse them to create 27SHIELDLIB.

The Evaluated Nuclear Data File is a cross section library appropriate for a wide
range of applications in the nuclear industry. It is an extensive collection of different
types of cross sections for different isotopcs over the energy range from 10~° eV to
2.0 x 107 V. > ft is intended as a source for the creation of both fine and broad
group cross section libraries. The data is compiled by the National Nuclear Data
Center (NNDC) of Brookhz;ven National Laboratory (BNL). The data contributions
come from members of the Cross Section Evaluation Working Group (CSEWG). Each
contribution goes through an approval process involving extensive review and tests.
The first libraries released by the NNDC were ENDF/A and ENDF/B. ENDF/B was

given recommended complete material evaluations and ENDF/A was given data from



‘ot}{er evaluations and some partial evaluations. Modifications over the years have led
to the release of five different versions of ENDF/B. The modifications have included
changes such as improvements in gxisting data to comply with more recent knowledge,
descriptions of additional types of reactioﬁs for some isotopes, and extensions in the
néutron energy range. The differences in ENDF/B-V from ENDF/B-IV are revisions
for some mz‘tlterial‘s and the &dditiqn of ph(;ton produc.ion data for some materials.
Both of these datasets and other datasets made from them are still in common use.

The neutron cross section library 218GROUPNDF4 was generated from
ENDF/B-IV by XLACS, which is a module of the AMPX modular code system
from ORNL written for su?h a purpose. 3, 4,7,8 ['he thermal energy fange for this’

library is from 10~% eV to 3.05 eV and is divided into 78 groups. The remaining 140
gfbups (from 3.05 eV to 2.0 x 107 eV) are considered epithermal. Selection of the
energy ranges for each group was based on the resonance structure of certain promi-
nent nuclei, the thresholds of important types of reactions, and the fission spectra.
Among the information included in this libréry is one-dimensional multigroup cross
section aata, transfer matrices for elastic and inelastic scattering reactions, transfer
matrices for neutron producing reactions (such as (n,2n)) with arbitrary orders of
scatter for fast and thermal data, resonance self-shielding parameters for generation
of problem-dependent resonance region group cross sections by NITAWL-S, fission
spectrum data, and weighting function data. A poteniial scattering cross section of
5 x 10* barns/atom was used to process unresolved resonance data. Doppler broad-

ening for the resonances was performed at 293 K. The point-to-fine group weighting
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 functions that were u;ed to generate the data vary with the type of material (reso-
nance, hon-reso‘ nce, and structural) and the energy range of application. Table 1
~ shows the lweighting funct;ons used for each material a;ld energy range. Tﬁis library
has been sufficiently validated t:hrough analyses of existing systems.

| All the data in 218GROUPNDF4 was collapsed to 27 groups to make the library
| 27GROUPNDF472 2TSHIELD‘LIB came fl;om this li srary and data on actinide and
fission product isotopes fr;)m ENDF/B-V. The collapsing of 218GROUPNDF4 wds
performed with MALOVCS, a collapsing module of the AMPX code system. MALOCS
used a flux file that contained the original weighting spectrum uséd to generate the
218-group library from the ENDF/B-IV dataset. The library has 14 fast groups
and 13 thermal groups separated at 3.05 eV. This libréry was designéd for shipping
‘cask and thermal neutron system analyses and has been validated against critical

experiments, which is further verification of the 218 group library.
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 Table 1. Point-to-Fine Point Group Weighting Functions

Non Resonance Materials (fission-1/Eoy-Maxwellian)

Energy Range Weighting Spectrum

20 — 14 MeV Fission
14 x 10° — 0.1264 eV 1/Eo,
0.1264 — 1.0 x 1075 eV Maxwellian (293 K)

Resonance Materials (fission-1/E-Maxwellian)

Energy Range Weighting Spectrum
20 — 0.1 MeV Fission

1.0 x 10° — 0.1264 eV 1/E
0.1264 — 1.0 x 1075 eV Maxwellian (293 K)

Selected Structural Materials (Fe, Ni, Cr)

Energy Range Weighting Spectrum

2.0 x 10" — 0.1264 eV (1/ES7) inconel or
(1/EXT) stainless steel 304
0.1264 — 1.0 x 1075 eV Maxwellian (293 K)



- GENERATION OF THE MACROSCOPIC ISOTOPIC
CROSS SECTIONS WITH NITAWL-S and XSDRNPM-S

The cross section 1library 27SHIELDLIB was supplied on a tape containing
SCALE-2 in a binary code decimal (BCD), or card image, format. AIM, a module of
AMPX-II written in IBM FORTRAN-H, was used to convert the entire 1library to a

binary format that NITWAL-S is capable of reading.9

AIM also produced as output a
‘listing of all the isotopes that ahé'represented in the cross éection file and all
of their corresponding identification numbers. AIM and all other codes used for
this project are on account E919GS on the Texas A&M Computing Services Center's IBM
3090~200E. The oﬁe exception to this 1is the subroutine library named "SCALE.-
SUBLIB" on account T706tp used by AIM. For this project it was necessary to modify
AIM slightly so that it would compile in FORTRAN-66 since there is no FORTRAN-H
compiler on the IBM.

NITAWL-S and XSDRNPM-S weére used to generate the macroscopic cross sections
for each isotope for converrsion to macroscopic material cross sections by rro-
cessors in BOLD VENTURE IV.NITAWL-S read the converted binary file, performed the
appropriate resonance corfections, and passed the resulting macroscopic cross
sections to, XSDRNPM-S. XSDRNPM~S used the microscopic cross sections and a geo-
metric description of the section or cell being modeled to create the macroscopic
cross sections.

Most of the input to NITAWL-S and XSDRNPM-S was based on the geometry of the
system to be modeled. A& top view of the core of the NSCR is shown schematically in
Figure 1. This figure also shows some of the different material regions to be
modeled and the intervals used by VENTURE. Figure 2 shows the vertical dimensions

and intervals with the lengths of the fuel rod sections as a reference. All
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Fig. 1. Schematic Top-View of the Reactor o
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vertical speciﬁc.atioﬁs‘used these intervals. S‘epa‘rate.execution‘s of NITAWL-S and
XSDRNPM-S v“v/ere used to generate the macroscopic cross sections. All executions
were performed for new materials, with no burnup or degradation. Each executinon
represented a single cell of thevsystem‘which was modeled as close as possible to its
actual shape. Each cell fepresented more than one inaterial region, although only
the cross sections for the regions of interest were pa-sed into the output files for each
execytion. The matérial names for each of the materiai regions and a brief description
of those regicns are given in Table 2. ‘These material names comprise the latter four |
chafacters of the file names mentioned previously. The first two letters identify which
fuel is used for the core and the perr level of operation “LT” was used for the
U-ZrH; ¢-Er core at low power or teinperature. “HT” was used for the U-Z:H; ¢-Er
core at high power. “LP” was ‘used for the BeO-UQO-Er core at low power. “FP”
was used for the BeO-UO2-Er core at high or full power. The file names were used
as the names for every JCL-data file that was unique to that name. The same names
were also used for all the alphanumeric material names required by all the BOLD
VENTURE IV processors.

The two basic .purposes of NITAWL-S for tkis project include reading the cross
section library to pass on to XSDRNPM-§ and performing resonance correction cal-
culations on specified créss sections from the library. The resonance corrections are
based on the Nordheim integral treatment, which solves for the energy dependence of
the neutron flux in a specified material region.2 The microscopic cross section values

used come from both the cross section library and from user-supplied moderator cross



Table 2. Material Names for Different Regions of the Reactor
“Name Description
FUEL | Fuel section of a single fuel rod or shim safety rod, its
© | cladding, and the immediately surrounding water
'GPIN | Graphite section of a single U-ZtH1 ¢-Er fuel rod
~HSAL | Homogenized mixture of water and structural steel and
aluminum immediately above the fu<} rods
HSBC | Homogenized mixture of water and strctural steel im-
mediately below the fuel rods
WALM | Homogenized mixture of water and structural aluminvm
below HSBC
WRAC | Water above HSAL
WRBC | Water below WALM
NOCH | Water in experimental notches (also used for water in
control rods positions when the rods are out)
ELEM | Water in water filled elements on the west side of the core
(eventually removed from the BeO-UQO;-Er core model)
RROD | Homogenized mixture of B4C powder of regulating rod,
its cladding, and the immediately surrounding Wwater
BORG | Borated graphite section of a single control rod or the
transient rod, its cladding, and the immediately sur-
rounding water |
AIRT | Air section of the transient rod, its cladding, and the
immediately surrounding water (also used for the tubes
above the transient and regulating rods when in t. : core)
GREF | Graphite reflectors on the north and south ends of the
core
WNSE | Water beyond the graphite reflectors on the north and
south ends of the core
NSID Water nearest the west and east sides of the core
FSID Water beyond the regions designated as NSID on the west

and east sides of the core

12
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section values. The effect of the presence of up to two‘moderators per absorber can be
accounted for when correcting the resonances of the absorbers. 'The material region
can be surrounded by 2 moderating medium with a spatially flat neutron flux that
varies slowly with energy. The presence of other absorber lumps external to the one

being modeled is accounted for by the user-supplied Dancoff correction factor (DCF).

The \.quation for the collision density is

— p* E/(1-a;) )
s(Eymee) = 30| BB [T yimnen )4 + mmE B W)
1=1 v

(1)

where
#(EF) = neutron flux,
L7(EF) = macroscopic total cross section in the absorber,
t = nuclide index where 1 = absorber, 2 = first admixed

moderator, and = second admixed moderator,

P§(F) = first-flight escape probability from the absorber region
as corrected by the DCr,
a; = maximum fractional energy loss for a neutron hat has
collided with a nuclide of mass A4;,
Yr; and ¥,; = macroscopic total and elastic scattering cross sections of
nuclide 1,

and W(E) = assumed energy variation of the neutron flux in the

external moderator region.,
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The functions used for W(E) depend on the energy range of application. The first
of four assumptions that are made for Eq. 1 is that each resonancé nuclide may be
considered separately from other resonance nuclides in the system. The second is
that the neutron flux does not vary spatially in the absorber and moderator regions.
The third assumption is that first-flight escape probabilities are sufficient to model
neutron transport inf.o and out of the absorber region. ‘Tx e final assumption is that

the DCF properly accounts for absorber lumps.

Eq. 1 is converted to the lethargy variable using?

F(E) = ¢(E)Zr(E) - (2)
and
u=ln(2) 3)
where
F(E) = collision density at energy E,
E, = maximum neutron energy,
and u = neutron lethargy.

After dividing by the atomic density of the absorber and changing the limits of inte-

gration, Eq. 1 becomes

_ 3 1- PG(U) u ) Usi(u’) ! * . “ ;
F(u) = ; [T /;_AuiF(u )O_T(J;du + Pg(uw)ori(u)W(u)|. (4) &

The resonance escape probabilities are calculated fiom various equations that have

their own range of application with respect to the neutron mean free path. The
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function F(u') comes from the integration of sources due to the asymptotic flux below

lethargy u = 0, or

. —oy

u—Au
F(u) = oF, ‘/0 | et du' (5)

where

oy = microscopic scattering cross section.

The integration of the equations is performed with S\impson’s rule for isolated res-
onances over ranges chosen so that only a small portion of each resonance is not
included in the integration region. The portions of the resonance outside tile region
are called “wings”, which get their own corrections. With everything on the right
side of Eq. 4 known, F(u) and consequently ¢( E), can Be solved for each resonance.
Fil\glly, the microscopic cross séctions for each energy group over each resonance can

be solved using
f ¢(E)o(E)dE
Jo: $(E)dE

res

(6)
where

E, and E; = lower and upper energy bounds of the energy range bracketing

the resonance.

Both the corrected and non-corrected microscopic cross sections were passed to

XSDRNPM-S.

XSDRNPM-S was used to convert the microscopic isotopic cross sections sup-

plied by NITAWL-S to macroscopic problem-dependent isotopic cross sections. It
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does this by calculating fluxes and using them to collapse the input cross sections.
The fluxes are calculated from a one-dimensional discrete ordinates solution to the

time independent Boltzmann transport equation:
Q-V¥(T,E,0) + (7, E)W(E, 7,0) = (7, E, 0) (7)

‘where the first term represents losses due to leakagg, ‘he second term represents losses
due to collisions‘, and the term on the right represents scattering, fission, and fixed

neutron sources, although there were no fixed sources used for any of the cells in this
work. The code uses a multigroup form of the equation that depends on the geometry :
of the cell (slab or cylindrical for this work). The discretization of the solid angle |
5 is performed using the user-supplied order of angular quadrature. The number
of intervals per zone of the cell is also specified by the user. The number of energy
groups is the number of groups in the cross section library. The boundary conditions
used depend on the cell model. XSDRNPM-S solves the set of equations genera?ed
from the multigrohp form of Eq. 7 by iterating on the flux values over energy groups,
angles, and intervals using two iteration loops, each with their own user-supplied
convergence criteria. Once the fluxes have been determined, the code .hen determines
new microscopic isotopic cross sections that are éollapsed to the number of energy |
groups requested. The equations used depend on the weighting scheme specified. Cell
weighting was used to obtain macroscopic cross sections homogenized over the entire
cell. Zone weighting was used when the the cross secﬁons desired were only for one

zone within the cell, as in the frequently used case with a zone that approximates the
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surrounding fissionable material around the zone of interest. The equation used for

~ the cell weighting model is

zZM .y
2 N Y oWy
- 3 9€G
9C=""T7m ) | (9)

where

0G = average cross section for collapsed energy group G,

I1ZM = number of zones in the cell, -

3
Il

atomic density of the isotope in zoneyj,
0g = cross section for fine energy group g and zone 7,
WJ = flux weighting function for fine energy group g and zone j,

And N = volume weighted average of the isotopic atomic density.

The equation used for the zone weighted cross sections is

Y oiw;
s Wi |
geG !

_j__
U'G-—

The group-to-group scatter cross sections come from similar weighting equations. The
macroscopic cross sections are determined for each weighting scheme by multiplying
the microscopic cross sections by the user-supplied 1sotopic atomic densities. The

values of 7, the average number of neutrons produced per fission, are determined by

(7F)a (o

where
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——

o7 = average fission cross section.

Thesé vaiues a1;e pass‘ed to BOLD VENTURE IV, which uses a processor to convert
the individual macroscopic isotopic cross sections for each zone of interest for each
cell to macroscopic material cross sections that repreéent the entire zone.

Some clariﬁcétion of the data requirements for NI TAWL-S and XSDRNPM-S
is warranted.‘ The FIDO input system, which requires that all data be input in sets
called' “arrays”, is used to read the valueé in the input de‘cks.2 The unformatted
version of this system was used for this work to avoid concern over columns. Temper-
atures are given in Kelvin. Dimensions are given in centixﬂeters. Microscopic cross
sections are given in barns. Atomic densities are given in atoms /(cm - barn of zone).
For each zone that is actually a homogeneous mixture or is just one compound, the
- isotopic vdensiti‘es are simply the densities as would ordinarily be calculated fbr that -
material. However, if the zone consists of physically separate materials that are
modeled as a homogeneous material, the isotopic densities are the actual densitie‘s‘
multiplied by the volume fraction of the material the isotope is in. For use with the
BeO-UQ;-Er fuel, two programs were written to calculate these densities and var-
ious cross sections that come from them, one for the fuel cell and another for the
homogeneous zones. These programs (FUEL.FOR and HOMOG.FOR), a dataset for
FUEL.FOR, and a dataset modeling the water, steel, and aluminum regions above
the core for use With HOMOG.FOR are presented in Appendix C. Atomic masses are

given in atomic mass units.
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The first line of the input to NITAWL-S requires “=NITAWL" to call the mod-
ule. In the 6$$ array of NITAWL-S, the logical assignmehts for files that are actually
used must match the unit numbers in the JOL. The default values
were used for most of these. (For the remainder of this discussion, inpu‘t variables
that are not discussed are not mentioned either because the values to be inpﬁt are
obvious, the default valyues are sufﬁcient, or they pertain to calculations that do not

need to be performed for this work.) The isotope identification numbers for array =39

can be found in the output from AIM. For array 3#, the resonance data array, a set

of fifteen values is given for each absorbing isotope for which resonance corrections

are desired. There is no character that separates. these sets. It should be stated that
there is not one exclusive set of correct vah.les for this array for any given cell model.
Several approximations must be made based on the judgment of the user. The first
quantity required for each absorbing isotope is its témpemture, which may be taken
as the temperature of its medium. This and all other temperatures come from oper-
ational data on the NSCR and the ACRR. For the fuel cell, which is cylindrical, the
absorber lump dimension is the radius of the fuel zone. For the remaining cells, for
which no cross sgctions are being passed from the absorbing medium, it is desired to
keep this value relatively small to avoid exaggeration of the effects of the absorbing
medium on the zone of interest. The value chosen to meet this criterion is 0.01 cm.
The DCF for the fuel cell model is determined from the pitch and radius of the fuel

rods and the transport mean free path. The pitch is an average of the north-to-south

Lo o JOIEN
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pitch and the east-to-west pitch. The radius is the - .dius of the fuel zone only. The

equation for the transport mean free path A4, is calculated from

I

Ay = [ U"tr,-Ni] - | ‘ (11)

et

where
I = number of isotopes in the non-fuel zones,
0tr; = microscopic thermal transport cross section for non-fuel isotope 1,

and  N; = atomic density of isotope i averaged over all non-fuel zones.

oir is determined for each isotope from

20
J"tr’-”t"‘ﬁ?‘ (12).

where
oy = total microscopic cross section

and = A = atomic mass number.

The DCF is then linearly interpolated from a table of values depending on the ratio of
the pitch to the radius and on the ratio of the radius to /\t,.11 For the remaining cell
models, this value was kept at 0, which corresponds to a single absorber lump isolated
in an infinite moderating m.edium.2 This approximation was chosen because the
remaining cells model relatively isolated regions, although not necessarily absorbing.
The NITAWL-S input description gives the effective moderator cross section, (o'm)ef/,

as

(a'm)eff= Opo + Om + Oe ' (].3)
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where
0p, = absorber potential scattering cross section,

om = moderator cross section per absorber atom,

and o, = effective escape cross section.

op, 1s given by K
0p, = 4 R?
Po ™ ’
where

R = approximate radius of the absorbing isotope,

which is given in centimeters by the following empirical relation:!?
1
R =1.25x 107143,

om was determined from
I
Y. o0, N;
1=1
Oy = e
N,

where

o, = average microscopic scattering cross section of moderator i over
the resonance absorption energy range of the absorber,
N; = atomic density of moderator 7 averaged over the absorbing zone,

and N, = atomic density of the absorber averaged over the absorbing zone.

oe is given in the NITAWL-S input specifications by

(14)

(15)
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where

{ = mean chord length in the lump.

For the fuel cell models, this is given by
14
{= 5 | (18)

where
V = volume of the absorbing region

and S = surface of the absorbing zone.

Simplification of fhis equation for a cylinder shows that { is simply the diameter. As
with the aBsérber lump dimension, this quantity should be kept relatively small for the
remaining cells and is set at 0.01 cm. Setting this parameter so small eﬁ'«;ctively makes
the absorbing regions infinitely dilute and inhibits their resonance corrections, which
is desirable for a fission source. The treatment of all the absorbers’ and mode.ators’
‘contribution to the collision density is specified as the Nordheim integral method. The
moderators used in entries 9 through 14 of array 3x* are in the absorbing zone. Since
NITAWL-S limits these,mbderators to two per absorber atom, chemical combinations
or mixtures were taken to be single moderators. The calculation of U,]fcu‘.ld os2, the
first and second moderator scattering cross section per absorber atom, is therefore
performed as in Eq. 16 for oy,, except that only the isotupes making up the moderator
combination are used. The volume fraction of the absorber lump in the cell is specified

as 1.0 for every cell model even though the value is lower than 1.0. For the fuel
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cell modél for which cell weighting is performed, this is recommended by the input
specification because the cell weighting will be performed by XSDRNPM-S. For the
remaining cells, this value is not even used. The last array input to NITAWL-S is 4xx,
which requires temperatures for every isotope. These values are given at thg operating
temperature of the mediur: for every isotope. In the case of an isotope within two or
mére mediums at different temperatuies, a volume wrighted calculation is required.
The dz;ta for XSDRNPM-S is included in the same file as the NITAWL-S data.
The “=XSDRN" label is placed on the line immediately after the “END" for the
NITAWL-S data. The line after the label is a title for the case. In array 138, ‘the
‘number of zones (1ZM) is the number of separate, but not necessarily unique, material
regions. The boundary conditions used depend on the individual cell models. The
number of compositions (MXX) refers to the number of unique material regions. One
zone is composed of just one material, however more than one zone can be composed
of the same material. MS is the total of the number of isotopes that make up each
individual zone. An isotope that is present in more than one zone would be counted
more than once. The order of angular qu&d‘rature is used to discretize the solid angle
a. It must be an even nurhber. It should be also be kept fairly small since this
is generally adequate and large orders require éonsiderable computer time. For this
project, 8 was used due to the requirements of another project that used the cress
sections generated in this project.'® For ISCT, the order of scattering, a value of 3
was specified to meet the requirements of the sam‘e project. A value of 1 would have
been sufficient for the diffusion theory calculations of BOLD VENTURE IV. For

IEVT, 1 was specified for multiplication factor calculations for every cell model. S,
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theory and the forward Boltzmann equation were specified as the desired method of
solution, A speci‘ficmticw;~ of -1 for the number of flux rebalance bands (NBANDS) in

array 28$ means that within-group scaﬁtering in the thermal groups is treated as one

band to speed up convergence. In array 3$$, a value of 1 for IFG was used to specify -

cross section collapsing. For the BeO-UO,-Er fuel cell model, a value of 2 was given
for IPN. This spatially averages the transport cross section over all zones to avoid
generating a ve.y large diffusion coefficient for the low-density helium zone, which can

- lead to non-physical behavior. In array 43§, ICON was specified as -1 (cell weighting)

for the fuel cell model and 0 (zone weighting) for the remaining models. The number

of energy groups in the collapsed sets (IGMF) was set to 7 for every model. For ITP,
a value of 20 was used to produce the output in the GCCC ISOTXS format fo? the
BOLD VENTURE IV processors. This value also corresponds to the unit aumber
used for the output file in the JCL | For IPP, a 3 was specified to
have the P; cross sections printed. IHTF is the number of isotopes being pa.ssed.‘to
BOLD VENTURE IV. For the fuel cell model, this is all the isotopes in the model.
For the remaining cell models, this is only the number of isotoper in the zone of
interest. It should be mentioned that the current version of XSDRNPM-S operating
from “SCALES” prints the default value of 3 for this variable when réproducing the
input, regardless of the value that is given. However, this variable does work as it
should. In array 5xx, a calculation is required for the normalization factor XNF. For

the flux values that XSDRNPM-S produces to be in units of n /(cm?:s), XNF needs to
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be the number of fission neutrons produced by the system per second. The following

equation with the appropriate unit conversions is used to produce this value:

P
XNF = E_;
where

P = reactor power

and Epg = recoverable energy per fission.

For the buckling factor (BF), the value used is 0 because geometric buckling cal-
culations do not need to be performed when producing cross sections for a three-
dimensional diffusion program. There is a one-to-one correspondence between the
values given in arrays 1388, 1438, and 15%*. Array 14$% is a listing of every isotope
in every zone, starting with zéne number 1. Array 1398 is the material numbers (from
1 to MXX) for each of the isotopes listed, in array 143$. The “R” multiplier may be
used to avoid repéatedly typing numbers. Array 15%x is atomic densities of each of
the isotopes in array 14$8. Array 1688 is numeric labels for each of the isotopes whose
cross sections are to be passed to BOLD VENTURE IV. If cell weighting is used,
this array would match array 28$ of NITAWL-S exactly. If zone weighting is used,
the isotope identifiers from the zone of interest are listed in the same order as is in
array 1488 with one change: the zone number is added as an additional digit on the
left for each identifier. Array 18 is specified as 18## because the Hollerith field op-
tion was chosen. Alphanumeric labels for every isotope in array 16$$ are given in this

array. For this work, fields of six characters were specified for each entry by putting
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“6H" before each label as a multiplier. This multiplier value does not include the

space that is always left between entries on the same line of input’. For array. 33##,

the flux guess is specified with an “F" immediately preceding the values. The “F”

~ fills the array with the guess so that it is used for every energy group in every interval.

The value of the guess only effects the number of iterations necessary to converge on
the fluxes. Arrays 35+ and 36%x specify the zone dimensions along a cylinder radius
or slab thickness and the number of intervals in each of those zones. The first zone is
specified in array 35%* as

“(ng — 1)10.0 z;"

where
n; = number of intervals in zone 1

and =z, = radius or thickness of zone 1.

The parentheses in this expression are not actually included. Single numerical values
are printed for both the variable £, and the expression within the parentheses. The
“I" is actually printed and is telling XSDRNPM-S to create the individual interval
dimensions by means of‘interpolation. The second and all subsequent zones are

specified in array 35%x as

“(n, — g)I(ff_:_‘”_z:_l + o) ;z‘n

n
where

z, = radius or thickness to the outer edge of zone z starting from the

zero of the axis.

!
# ‘ ey

oo

e

oo
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. Array 3633 assigns zones numbers to each spatial interval specified in array 35#*.‘
Array 3988 requires a list of the material numbers for each zone. Array 51$8% requires
| the number of fine energy groups to be collapsed into each broad energy group.
The energy ranges of the broad groups were chosen to match as close as possible
ﬁhe energsr group ranges of General Atomic’s seven-group cross sections used for the
previous modeling of the TRIGA ! A berfect mawch was not possible due to the
“ene‘rgy ranges of tllle gr‘oups in the original 27-group library. The broad‘ gr011ps used
for this Work z\mdy those used for the previous modeling with the General Atomic
(G. A.) cross sections are presented in Table 3.

The rﬁain cell of interest for this project is the fuel cell, which includes just one
fuel rod and the surrounding water. The input to NITAWL-S and XSDRNPM-S for
the BeO-UOg3-Er fuel cell at 2 MWbis presented in Appendix D along with all the
~input files to these modules for the other cells. The cross sections generated were
used for every fuel cell in the system. The model used is a cylinder with a height
equal to the length of the fuel section of a rod. The fuel length in the current FLIP
fuel rods is 38.1 cm. If the graphite sections of the rods are not used, the fuel length
would be 55.88 crﬁ. For the FLIP fuel rods there were three zones: fuel, cladding,
and water. For the proposed BeO-UO3-Er fuel there were four zones: fuel, helium
gap, cladding, and water, The true cell model would have a rectangular water region
around a rod with boundaries that are centered between the adjacent rods. However,
this region cannot be modeled as a rectangular region when the rod is modeled as a

cylinder due to the limitations of a one-dimensional analysis. Therefore this water



Table 3. Broad-Group Energy Ranges (eV) for Both NSCR Models

Group No.

Groups for

this Work

Groups for G. A.

Cross Sections

'9.000 x 107 - 4.000 x 10°

1.500 x 107 - 6.080 x 10°

4.000 x 10° - 3.000 x 103

6.080 x 10% - 9.120 x 10°

3.000 x 10% - 1.130

9.120 x 10% - 1.125

1.130 — 4.000 x 10~}

1.12% - 4.200 x 10!

4.000 x 1071 - 2.250 x 107}

4.900 x 10~ - 1.400 x 107!

9950 x 10~} - 5.000 x 1072

1.400 x 10! - 5.000 x 1072

1
2
3
4
5
6
7

5.000 x 10~2 - 1.000 x 1075

5.000 x 10=2 - 2.000 x 1073

28
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region was m’odeled as a cylindrical region with the r#dius set so that its volume
equals that of the true rectangular region. The outer radius of this water region is
2.2291 cm. The outer radius of the cladding is 1.7958 cm. The inner radius of the
cladding is 1.7450 ¢m. For the FLIP fuel, the inner radius of the cladding corresponds
to the radius of the fugl. However, for the BeO-UOz-Er fuel, this boundary is the
éuter radius of the helium gap. The radius of the fuel zonke foi‘ tfxe BeO-UOg-Er fuel
is 1.6550 cm. Since the BeO-UQ,-Er fuei is in pieces with helium between them, this
zone was treated as a homogenized region of fuel and helium.

The isotopic temperatures that were used in arrays 3%x and 4*x of NITAWL-
S for this and every other cell model depend on the medium of the isotopes. The
temperatures used for the different mediums at both high and low power and for both
U-ZrH; ¢-Er and BeO-UQO3-Er fueled cores are presented in Table 4. Some bf the
temperatﬁres in Table 4 came from approximations based on thé other temperatures.
The témpera.tures of isotopes that are in more than one medium were approximated
by volume weighting of these values. The microscopic transport cross sections used
to calculate the DCF were determined from Eq. 12. The thermal totai and scattering
cross section values for hydrogen, oxygen, chromium, manganese-55, iron, and nickel
and also helium for the BeO-UO,-Er model came from tables. 7’ ! ), was calculated
from Eq. 11. The average pitch between the rods is 3.9522 cm. The radius used is the
radius of the fuel zone, which is dependent on the fuel cell being modeled. With these
parameters, the DCF was linearly interpolated from a table! The DCF obtained for

the FLIP fuel element is 5.6579 x 1072 and for the BeO-UQ3-Er design, the value is



Table 4. Operating Te

mperatures of Different Mediums (K).
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Medium U-ZeH,oEr | BeO-UOyEr | U-ZiHygEr | BeO-UOrEr
Core (300 W) | Core (300 W) | Core (1 MW)| Core (2 MW)
fuel 305.37 . 305.37 \ 573.15 \ 167315
helium gap . 30537 | | 102815
cladding 305.37 305.37 l 305.37 \ 378.15
water 305.37 305.37 \ 305.37 \ 373.15
fuel rod graphite 305.37 \ 323.15 \ -
graphite blocks 305.37 305.37 \ 305.37 T 305.37
support materials 305.37 305.37 305.37 \ 305.37
control rods 305.37 305.37 ~305.37 \ 305.37
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5.4886I>< 1072, The various microscopic cross sections used in array 3;* of NITAWL-S
for this and all other cell models were obtained using Eqs. 13 - 17. The o, values
in these equafions came from approximations oi"‘ their averages over the resonance
absorption energy range of the absorbers and are presented in Table 5. Both the
resonance absorption energy ranges and the o, values over these ranges came directly
. from cross section curves or from extrapolations of these cux'Ves.l‘:9 An exception to
this is the resonance absorption”range of 1%Er, which has no resonances in the small
energy range shown (0.01 - 0.11 eV). Since this range is below that of the resonance
absorption range for 7Er (0.3 - 0.7 eV) and the scattering cross sections of most of
the moderators were fairly constant over several orders of magnitude, the resonance
absorption ranges of the erbium isotopes were assumed equal.

For XSDRNPMS-S, the left-hand boundary condition was spéciﬁed as a reflected
boundary (option 1) because the center of the rod was taken to be the “left” and
symmetric conditions apply. The outer edge of the cell was taken to be the “right”
and the white/albedo boundary (option 3) was applied here. A “white” boundary
condition sets the net flow across the boundary to zero, as is appropriate for cells
ttht occur in lattice geometries.? For both the FLIP and BeO-UQ,-Er fuel systems,
XNF (Eq. 19) was c;alculatecl' using 2.47 neutrons per fission and 200 MeV per fission
as given for 23U, 15 For the low power runs, 300 W, XNF is 2.3125 x 1013n/s. At
1 MW and 2 MW, XNF is 7.7082 x 10%n/s and 1.5416 x 10'"n/s, respectively. The
number of intervals / cm is higher for the fuel cell ﬁlodel than for the remaining

models because of the need for a fine mesh with so many boundaries in a small cell.



Table 5. Microscopic Scattering Cross Sections (barns) from Curves

Absorbers (with Resonance Ranges)

166, & 16TEp 2357y | 238y)
Moderators | (0.3 eV -0.7eV)| (1eV-10keV)| (5eV - 13 keV)
H 21 21 21
Be 6.1 6.0 6.0
0 3.8 3.8 3.7
Zr 6.2 8.0 8.0
238y 13.9 20
238y 9. 15

32
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The mesh'ranges from 11 intervals/cm for the fuel zone of the FLIP fuel rods to 111
intervals/om for the helium gép of the BeO-UO ,~Er fuel rods. Another reason for
. the very fine mesh in the helium gap 1s the difficulty experienced by XSDRNPM=S in
modeling a near void reglon, Although a void correction was applied, this mesh was
used to further ilmprove the accuracy.

The other oylindrical cells moduled for this'work include the experimental
water notches, the water filled elements on the wsst side of the core, the
regulating rod, the borated graphite section of the transient and shim safety rods,
and the ailr section of the transient rod. Each of these cells were modeled with
two regions. The center region (zone 1) is the reg?on for which coross sections
were produoed. The center zone for the experimental notches and the water filled
‘elements includes only water. The aluminum tube with holes thgt comprises each of
the water filled elements was neglected because of the small volume percentage of
the aluminum in those cells and the slight effect of aluminum on the neutron flux.
The center of the regulating rod model contains a homogeneous mixture of By C
powder, aluminum cladding, and water. The boron 1is represented by both 10 B and

M B. The model of the borated graphite section of the transient rod includes
water, the four main isotopes of stainless steel for the cladding (iron, chromium,
manganese-55, and nickel), and the boraced graphite itself, which is a mixture of
25 mass percent BuC and 75 mass percent carbon. Tﬁe alr section of the transient
rod was modeled as witer, stainless steel cladding, and air (approximated as

nitrogen, oxygen, and carbon with the actual percentages). The outer region is a

homogeneous mixture of fuel, cladding, and water that simulates the surrounding
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medium. The homogeneous zone for the

a¥perimental notch cnll also in-~

cludes graphite since the notches are adjacent to the graphite blooks

The purpose of these homogeneous zones is to simulate the fission sources

for the regions of interest.

The dimensions of each of these cells are

nresented in Table 6. The dimensions of the homogeneous zones were chosen

to provide an adequate fission source.

The microscopic scattering cross sections used in Egs. 13 - 17 for the cylindrical
cells are the same values presented in Table 5. The left-hand (center) boundary
condition is specified as reflective (option 1) because symmetry about the center
also applies for this case. The right-hand (outer) boundary condition is specified as
reflective because more of the surrounding homogeneous absorber region is assumed
to exist on the other side of the boundary. The number of compositions used for the
problem mock-up (MXX) is 2 because each of the two homogenized zones are assumed
to belonly one material. The mesh for these cells ranges from 5.6 to 8.6 intervals /
cm. This mesh is more coarse than that used for the fuel cell because there is not as
much of a need for a very fine mesh with a larger cell that has more space between
the boundaries and also because‘there was & need to conserve computer time.

Another set of similar models includes the one for the two water regions on
ihe east and west sides of the core and the one for the graphite blocks and water
regions on the north and south ends of the core. The NITAWL-S and XSDRNPM-S
input files for these geo netries of the BeO-UO;-Er fueled core are also presented in

Appendix D. Each of these two models are in slab geometry and were used to produce

0



Table 6.

Dimensions of Cylindrical Non-Fuel Cells

Radii (cm)
Models Inner Zone | Outer Zone
experimental notch 4.4583 cm | 13.151 cm
water filled element 2.2291 cm | 9.7609 cm
regulating rod,
transient rod, and
poiscn section of control rod | 2.2291 cm | 10.943 cm
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cross sections for two different zones. The only difference betweeﬁ the input files to
get two different cross section sets from the same model are the specifications for the
output cros;s section set in arrays 4%, 163$, and 1844 of XSDRNPM-S. The model
for the east and west side water regi‘ons haé three zones: the homogeneous absorbing
zone with a thickness of half the total width of the assembliés or 19.157 cm, the water
from the side of the core out a distance of 7.7089 cm (the width of one assembly and
its immediately surrounding water), and zmother water region going out an additional
12.611 cm. This makes the total water distance from the side of the core represented
by the mo{lel equal to 20.32 cm (8 in), which was used to put the vacuum boundary
(At which the flux is set to zero) far enough away from the core to get a natural
neutron flux shape. The Qater was separated into two different zones to give a rough
approximation to the cross ‘sections’ dependence on distance from the core due to the
neutron flux. The other two dimensions given for the model are the entire north-to-
south distance across the fuel assemblies (39.878 cm) and the length of the fuel section
of a fuel rod (38.10 cm for the U-ZrHj ¢-Er core and 55.88 cm for the BeO-UQO;-Er
core). The model of the north and south ends also has three zones: the homogeneous
absorbing zone with a thickness of 20.414 cm corresponding to half the total distance
across the assemblies in that direction, the graphite block zone (16.2 cm), and the
water zone with a thickness set equal to the homogeneous zone. The graphite block
zone was approximated as pure carbon. The other dimensions for this model are the
fuel section length and the west-to-east fuel assembly width (38.313 cm). The slight

discrepancies between the half and total widths given across the assemblies are due
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to the method of treating water dimensions on the outside edge of these regions. Any
differences were assumed negligible and ignored.

The temperatures, microscopic scatter cross sections, and densities used in the
NITAWL-.S input for the side-of-core water models and the north and south end
graphite block and water moaels were all obtained in the samc; manner as the pre-
viously described models. The boundgry conditims specified in the XSDRNPM-S
input for these models are 0 for a vacuum boundary at the outer water edge (left-
hand beundary) and 1 for a reﬁected boundary on the other side of the homogeneous
zone (right-hand boundary). The mesh for these models ranges from 1.9 to 6 inter-
vals / cm. This mesh spacing is generally more coarse than that used in the cylindrical
models because these zones are larger than the cylindrica;l model zones.

The last models to be described a‘re the two that produéed the cross sections for
the regions above and below the core. Thesevgeo.metries of the BeO-UQy-Er fueled
core also have NITAWL-S and XSDRNPM-S input files represented in Appendix‘ D.
Each model-is a slab that spans the dirﬁensions of the system in the north-to-south
and west-to-east directions (40.500 cm X 35.545 cm). The above-core model has four |
zones: the homogeneous fuel zone (19.05 cm thick); a homogeneous mixture of fuel
rod graphite, cladding, and water (8.89 cm); a homogeneous mixture of water, struc-
tural stainless steel, and structural aluminum (10.16 cm); and water tfmt is above all
these zones (20 cm). The below-core model has five zone;: the homogeneous fuel zone
(19.05 cm); the homogeneous fuel rod graphite zone (8.89 cm); a homogeneous mix-

ture of water and structural stainless steel (6.35 cm); a homogeneous mixture of water

and structural aluminum representing the grid plate (15.875 cm); and the water that
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is below all these zones (20 cm). ‘Since the BeO-UO2-Er core was modeléd without
the graphite sections of the fuel ;:ods, the homogeneous fuel section was lengthened
by 8.89 cm to 27.94 cm for this model. As with the other slab models, each individual
input ‘ﬂle was used to produce cross s=ctions for only one zone. The below-core model
was chosen to pass the cross sections generated for the fuel rod graphite zone. The
volume percentages within the three zones that repiesent structural material and wa-
ter are presented in Table 7. These percentages were approximated from geometric
descriptions of the actual regions. The only unique feature of the Ni'i‘AWI:-S and
XSDRNPM-S input file for these models that requires any discussion is the mesh
spacing used. In this case the mesh ranges from 1.36 to 2.02 intervals / cm. The

dominant reason for choosing such a coarse mesh is due to computer time.



Table 7. Volume Percentages Within Structural Zones

Models
| H,0, Al, & Steel | H,O & Steel| Hy0 & Al
Matefia.ls Above Core Below Core | Below Core
H;0 575 67.5 315
Al 17.5 | 68.5
steel 25 32.5
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GENERATION OF THE MACROSCOPIC MATERIAL CROSS
SECTIONS WITH THE BOLD VENTURE IV PROCESSORS

Each of the cross section files produced by NITAWL-S and XSDRNPM-S include
macr0500pi§ cross sections for each isotope requested in a binary, nuclide-ordered,
or ISOTXS, format. For use by the VENTURE neutronics module, these cross sections
were converted to material cross sections and combinei into just one‘file that is
in a binary, group-ordered format. This involved both running various processing
modules of BOLD VENTURE IV and combining and modifying cross section files.

The first step in the cross section processing involves the execution of a JCL
file that calls the modules CONTROL1 and DCRSPR directly;3 CONTROL1 was used for
every execution of all BOLD VENTURE IV modules to perform initializations and
direct the driver. DCRSPR was used to process data for the cross section processor
code. The JCL-data files for two cases (the fuel section of the fuel rods and the
water, steel and aluminum region above the core, each for the BeO—UOZ-Er core at 2
MW) were written. Single executions of the CONTROL1-DCRSPR JCL file were used to

convert each of the macroscopic material cross sections for just one material. The

files produced for each execution are in a binary nuclide-ordered format. The
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input files for the executions of these modules for this work have a suffix of “OUT”
corresponding to the output file names from the XSDRNPM.-S executions. The output
files have suffixes of “ISX". The JCL for this and all ofher BOLD VENTURE IV
proéesso;s requires assignments of values to memory allocation yariables that are
used for individual unit numbers. These variables (NB1, NB2, Bl, B2, NX, NS, N1,
N2, ... N16) are assigned twice in the JCL. The first assigament of these variables
is in the same location as given by ORNL and assigns the recommended values. The
second assignment overrides the values given in the first assignment and is‘used to
increase the allocations when necessary. The user knows that increases are necessary
when thé system produces an error message for a particular unit number. The line
in the JCL that allocates the memory to that particular unit number uses one of the
variables in the “SPACE” parameter. Therefore it can be seen from thﬁt line which
variable needs to be increased. In case it is necessary to increase the allocations, there
are equations that cai be used, but seven of the variables must still come from guesses.
Therefore for this project, when it became necessary to increase the unit aliocations,
values assigned to individual variables were increased using a trial-and-error method
until the job executed.

A discussion of the some of the input variables to CONTROL1 and DCRSPR
foliows, but as with the NITAWL-S and XSDRNPM-S discussion, not all variables
will be mentioned. It should be noted that the input to both CONTROL1 and DCR-
SPR is column-dependent, unlike the NITAWL-S and XSDRNPM-S input’ This

means that any displacement of data could cause any sort of error in interpretation



of the data — including the order of magnitude of a nu‘mbér. Any variable with a
speciﬁca‘ti’on that is left blank will eitlier be assigned a default value or 0. The input
follows immediately after the line *//GO.SYSIN DD %" of the JCL. The ﬁrstyline
calls CONTROL1 v?ith “=CONTROL1" in colufnns 1 = 9. The second line is an al-
phanumeric problem identification label. In the third line, for the memory allocation
variable (IP1), a value of 190000 was used because the default of 40000 was insufficient
for the job for which the JCL was originally being created. It is pbssible that this
could have been decreased. The option 1 was specified for IP7 to specify that interface
data file information was included. Tla‘e option 1 was specified for IP12 to create an
initial interface data file table. In the fourth line, the first value of the calculational
path array (IM) was set to 2 to specify tha.t‘ a “special processor”, a category which

includes DCRSPR, was to be executed first. The second value was set to 6 to call
the cross section processing modt'lle. “ISOTXS” was placed in the fifth line to specify
that the input cross section section file is a binary, nuclide-ordered file. “END” was

placed in columns 1 - 3 of the last line to terminate the execution of CONTROL1.

b2

The initialization “DCRSPR” was placed in columns 1 - 6 in the line iminediately.

following the “END” of th‘e CONTROL1 data. In the second line (card 1) of the
DCRSPR data, a 1 was specified for ICD3 to have a new nuclide-ordered file gen-
erated. No specification was given for ICD5, however option 2 was attempted to
merge two nuclide-ordered files. This would have allowed a series of combinations of
cross section files that would have simplified the creation of one macroscopic material

cross section file including all the materials of the reactor. However, after several



attempts to use it, it was verified that this option is not working2! For ICDll, al
was specified to create isotope mixtures, or materials. In the third line (card 2), the
number of mixtures (NOP6) was 1 for every case. NCP7 is the number of isotopes
in each mixture and must equal the value specified for IHTF in the corresponding

XSDRNPM-S runs. In the fourth line (card 7), M1 and M2 were both specified as

1 to indicate that both the first and last mixture are mixture number 1. The next .

several lines (cards 8) have alphanumeric isotope labels and the corresponding atomic

concentrations. The concentrations are in units of atoms /(cm - barn of material),

where “material” refers to the physical region for which cross sections were processed

by NITAWL-S and XSDRNPM-S. For the fuel model, these concentrations are the
product of the concentrations used in array 15%* of XSDRNPM-S and the appropri-
ate zone volume fractions. For the remaining cell models, these concentrations are
the same as the XSDRNPM-S values. If the last concentration value fell in the last
(fourth) column of a line, then a 0 was specified for the concentration in the next line
without an alphanumeric label to provid= a terminator for the concentration data.
A 0 was placed in column 3 of the next line to indicate that there were no more
mixtures. The next line (card 9) requires three six-character alphanumeric mixture
labels in columns 1 — 18. For convenience, the same label was used for eaéh of these
in all cases. The values used for AMASS, EFISS, and ECAPT were set to 0 because
these values are no longer needed since the isotopic cross sections had already been
processed. For the isotope classiiﬁcation variable (KBR), 1 was specified for the fuel

cell to indicate that the material is fissile. For the other cells, a 0 was used to specify
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that no c¢lassification is needed. An "END" was placed in the last 1line to
terminate the execution of DCRSPR.
The next type of file executed calls CONTROL1 and FPRINT. It was used to

convert the files from binary to card-image.3

The input files for these runs have
the suffix "ISX" and the output files have the suffix "CARD". The input
specifications were the same for every material. For the CONTROL1 input all the
specifications were the same as when using it with DCRSPR except for IM, the calcu-
lational path array. The values specified were 1 for the input processor and 3 for
‘the file editor, FPRINT. As with DCRSPR, the data for FPRINT must begin in the
line immediately after the "END" statement of CONTROL1. "INPUT ;ROCESSOR" was
placed in the first column of the first linei "OV FPRINT" was placed in the second
column of the second line. The data for FPRINT is represented in "records" that do
not have many format restrictions. Each data record 1s labeled at its beginning
with its identifier, such as "iD", "2D", ..., etc. 1In record 1D, the third line,
the number of files to be processed (NSPECS) was set to‘1. NBCD, the unit number
of the output card-image file, was set to 13 to matéh the number used in the JCL
file. 0 was specified for NSTOP to put a "STOP" at tne end of every output fi;e.
1 was specified for NDUM to retain the file. In record 2D, the fourth line, the
label "ISOTXS" was used to specify a Hollerith file name. Once again, the data éet
was terminated with an "END" in the last line.

The final processing job executed calls CONTROL1, ISOTXS, and DCRSPR. It was

used to convert a cardFimage file that represents all the macroscopic material
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cross sections to a binary, group-ordered format for the final reactor modeling.

The single card-image file that represents all the material oross sections was
obtained by combiniﬁg the output card-image files from the FPRINT runs and
modifying -the resulting file to meet the specifications of the prooessor ISOTXS.

There is no external input file for these runs. The output file has the suffix
"XSECTS". The only input variables to‘CONTROL1 that were changed for this run are
IP1, IP7, and the array IM. IP1 was set to 90000 bascause it was found to be a
sufficient memory allocation. IP7 was set to O because no additional data was
supplied. The IM array values were set to 1, 2, and 6 to set the calculational
path to the input data processor, the special processors, and finally the cross
section processor. "INPUT PROCESSOR" was placed in column 1 of the line
immediately following the "END" rfor the CONTROL1 data‘to start the execution of the
proceséor ISOTXS. The remaining data for ISOTXS came from the card-image cross

section files. The data in these files was already in a format that meets the‘

“input specifications for ISOTXS, which used ‘data records as used by the module

FPRINT. Each individual data file was created with an identification 1line and
records 1D, 2D, 4D, 5D, and four 7D records, one for each scattering order. The
identification line and records 1D and 2D were only needed once for the entire
IS0TXS data set because the data included in these records is universal to the
system, therefore it was easiest to keep these lines from the file representing the
first material listed and delete them from the remaining materials. The data in
records 4D, 5D, and 7D from each file was retained. The sequence for the resulting
ISOTXS data is therefore the identification line first and then records 1D, 2D, up,
5D, 7D, 7D, 7D, 7D, UD, 5D, TD,... etc. up through the last material. Once the
identification line was taken from the first output card-image cross section file,
it was not changed. In record 1D, the number of isotopes in the file (NISO) was

changed from 1 to the number of materials in the combined file. The maximum number
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of upscatter groups (MAXUP) was set to the highést value seen for any of the
material cross section sets inoluded in the file. For this work, MAXUP was usually
3, but for the U-ZrH-Er core at 1 MW it was necessary to set it to 4. The first -
line of record 2D had "2D/" in a line by itself. This was retained. An alpha-
numeric problem label was placed in the next line with an "#" in both columns 2 and
72 with the character string in betweenj It was necessary to change this label
from the one supplied by the first data set since its label pertained only to that
material. Labels for each material were plaoéd in the rext lines. The line that
was kept for this label was aléo changed since it only included the label for the
first material. Each materiai label was created with six characters plus an "#v
placed on either’side. Up to eight labels wilth one space between each one were
included in each line with the fifst n#v appearing in oolumﬁ 2 and the last in
column 72. Any additioﬁal space at the end of the last line of these labels was
left blank. It was not necessary to change the fis§ion spectrum (X) values for
each energy group, however after the last fission épeotrum values are the mean
neutron velocities for each energy group, which were ndt required for this work.

Therefore, all of these values were deleted and "0.0 7R/"™ was put in a separate
line to repléce them. The "7R" was included to repeat the "0.0" seven times. The
next values are the energy group boundaries in electron volts. They weré moved so
that the upper limit began in column 2 and the lower limit was given a "/" after
it. The line after the energy group boundaries that contained only a "O" was
modified to have a series of numbers separated by one space that rcount in‘multipleé
equal to three greater than the order of scattering, or 6. The nﬁmber of integers
(including the "0") equals the number of materials. ‘A "/" was put after the last
integer. These integers are used to indicate the number of records between
materials. The individual material descriptions begin with record uD. ‘It is

started with "4D/" on a line by itself that did not indeed need to be modified.
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Since all material labels were being kept the same, the next line nheeded to have
the same material label three times, This was accomplished by modifying each
material label line from each file to read "(¥*name¥*) 3R", where name 1is the
material name. The rest of record 4D includes data about the material and the
energy groups. It was not neocessary to ohange any of these vaiues except for one
case: the material that represents the fuel cell. The two-dimensional JBAND array
is used to indicate the number ofJgroups that scatter into each group, including
self-scatter, for each scattering block. However, for the fuel cell, the number of
groups that scatter into group 5 was given as 8, which is an erroneous value since
only seven energy groups were used. Since this values was given as 7 for some of
the other materials; it was changed to 7 to allow the maximum number of groups.

Record 5D requires all necessary maoroscopic oross sections other than the
scatteringlmatrix. No changes to this record were necessary. The group~to-group
cross sections for each scattering block are represented by oconsecutive entries of
record T7D. Once again, no changes were necessary to these blocks with the
exception of the fuel material. Since record 4D had one too many groups scattering
into group 5 there was also one too many macroscopic scattering cross sections
given for ‘scatter into group 5 for each scattering block. The extra value was
easily recognized since it was much smaller than the others by several orders of
magnitude and was often 0. After removing the extra value, the line was shifted so
that no column was entirely blank to keep a blank column from being interpreted as
a data terminator. Each consecutive set of material values must have its "UD/"
initializer immediately after the last line of scattering oruss sections for the
previous material. This made 1t necessary to delete the "STOP" at the end of each
material cross section file except for the last one. The "STOP" for the last set
must havé an "END" statement put after it in the next line. This M"END" is

immediately followed by the ocall the DCRSPR. ICD4, in the one line (card 1) of
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input to DCRSPR, was set to 1 so that a new group-ordered file would be geneﬁated.
ICD8 was also set to 1 so that a new group~ordered file would be generated. ICD8
was also set to 1 so that only the scattering oross sectiong for order 0 were
retained for the diffusion theory calculation to come. ICD10 was kept at O to keep
the total socattering matrix from being computed since total scattering data was

already present, An "END" was placed in the last line to conclude the DCRSPR data.
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THE APPROXIMATION OF THE SOLUTION TO

THE DIFFUSION EQUATION WITH VENTURE

Once the ISOTXS-DORSPR run ,producing the binary, group-ordered macro-
gcopic cross section file was completed for a particular cors model, the VENTURE

neutronics model was ready to be executed. The JCL-data file calls the modules

CONTROL1 and DVENTR directly for the ocase of the Ben-lI0, -Fr fueled

core at 2 MW. The neutronics module VENTURE is oalled by CONTROL1. For
each ocase, ths binary @ata file has a suffix of "XSECTS". The multipli-
cation factor (kef‘f ) and the seven-group energy fluxes at eaoﬁ interval
location are produced in the standard output file associated with the

IBM Jjob number. The fluxes are also produced in a binary file with an
"FLX" suffix.

As mentioned previously, VENTURE is based on diffusion theory, which is in
turn based on transport theory with approximations to the transport equation. The

form of the diffusion equation used by VENTURE is ?

“‘VDr.EV‘ibr,E + (Ea,r,E + EJ,T.E + Dr.EB'_zLE)d’r.E
(20)

1
= [ (Bupoe + g xeB D) 2
E' eff
where
D, g = diffusion coeflicient at position r and energy E,

T4 E = MACIOSCOPIC absorption cross section at position r and energy E,‘

¥, F = macroscopic scatter cross section at position r and energy E,



B?% ; = geometric buckling at energy E,

¥, g, p = macroscopic scatter cross section at position 7 from energy E' to E,

Xrp = fission spectrum at position r and energy E,

and %4 g = macroscopic fission cross section at position 7 and energy E'

Discretizing the energy range into groups and simplifying the transport term gives

"‘Dr.gvszbr,g (Ea "9 ‘1‘ Z Ea.r g—n + Dr gB_Lg,d’r,g

(21)
= Z Eaﬂ'nn”"g + x"'sg(uz)fﬂ'|n)¢7’1n’
ke s
The Laplacian operator used for this project is the Cartesian form

G L

2 _
Vet op T @

The set of equations generated by Eq. 21 are solved usipg an iteration procedure.
The initial kess used is 1.0 and the initial set of fluxes are provided by a solution
to a on‘e-dimensional problem. In.ier iterations are uséd to successi?ely recalculate
the flux values for each mesh element in an ordered sweep through the space mesh

at one energy. The calculations are performed with the neutron balance equations

represented in matrix form by

‘f’i,n = Tﬁbt—l,n + USn (23)

where
$t,n = point flux values for inner iteration ¢ and outer iteration n,
T & U = operators or coupling terms,

and Syn = point source terms.
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The inner iterations contintte until a fixed number of iterations have been executed.

The outer iterations are performed using a matrix simplification of the equations

generated from Eq. 21,

D=J—L-Ulp=[5+T+——xFl$ e (29)
kegs

where
¢ = neutron flux vector,

- D = main diagonal term representing loss due to absorption, buckling, and

outscatter,

= coupling terms for a block of points along individual rows at one energy
for which the flux values are simultaneously determined,

L = lower triangular matrix with coupling terms in space,

U = upper triangular matrix with coupling terms in space,

S = downscattering source matrix at a point,

T = upscattering source matrix at a point,

F' = fission source component, a row matrix operator,

and  x = the source distribution, a column matrix operator,

This equation can be rearranged as

Dé=[J+L+U+S+T+

F¢. 25
F J¢ (25)

Assuming that fluxes from two outer iterations are approximately equal, Eq. 25 can

be changed to

1 |
%“=D”U+L+U+S+T+Exﬂ%, (26)
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which is the equation that the outer iteration flux calculations are based on. Each
outer iteration recalculates each point (ﬂm‘c by sweeping through the energy groups

starting from the highest energy group. After each iteration, a new ke¢; value is
' 4

calculated from
P,
" where

P, = total neutron production rate

and L, = sum of neutron absorption rate and surface leakage rate.

This process continues until a convergence on k,ys is met:

l‘_’lz - kn-1
ko — kn

< 0.05 (28)

where

ko = initial guess for multiplication factor or 1.0.

The data for CONTROL1 and DVENTR were included after the JCL within
the same file, as with the BOLD VENTURE IV processor runs. In the CONTROL1
data, IP1 was increased to 240000 because a larger memory allocation was needed
with a 46 x 36 x 46 three-dimensional mesh geometry. ‘IP7 ﬁnd IP12 were both set
to l‘so that the data from both the separate file and the JCL file would be read.
The numbers 2 and 7 were specified for the IM array to have DVENTR and then
VENTURE executed. The character string “GRUPXS” was specified in the fourth

line because the input cross section file was in a group ordered format.
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As with other modules, the initialization “DVENTR” was placed in the line
immediately following the “END" for CONTROL1. DVENTR, li,ke DCRSPR, re-
quires that its input be in a co'lumn-dependent format. The input is also divided
into sections which have section numbers right justified in COlllDI!nS 1 - 3 of the first
line (card 1) of each section. In card 2 of section 1, the time between each writing
“of the restart I/O data file RSTRTR (RXX3) was set at 4 min. The value used
for the power level in watts (RXX4) was dependent on tne.case being modeled (see
Table 4). The ratio of thermal energy to the sum of the ﬁssiop and capture energies
(RXX5) was kept at the default value of 1.0. The fraction of the reactor considered
for the problem was set to 1.0 since the entire system was modeled for versatility in
control rod positioning. In card 3 of section i, the convergence criterion on integral
quantities on outer iterations (RXX11) was set to 1.0 x 10™* and the convergence
criterion on local, point quantities (RXX12) was set to 1.0 x 1073, Since the buckling
is determined by the code for a three-dimensional calculation, 0.0 was speciﬁed for
the buckling variable (RXX13). In card 5 of section 1, the value 1 was specified to
have VENTURE perform a standard diffusion theory solution. ICX2 was assigned
0 so that the multiplication factor would be determined. ICX6 was specified as 4
so that data for multiple planes would be stored. The maximum number of outer
iterations (ICX12) was ;et to 201. A large number was desired for ICX12 so that
the problems would converge. In card 6 of section 1, IXE15 was set to 1 so that a
total flux interface file (RTFLUX) would either be created or replace the previously

existing one. Section 2 contains various control options for which the default values

t
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were desirable for this project, therefore thé section was omitted from the data. In
card 2 of section 3, IGOM was assigned 14 to specify a three-dimensional rectilin-
ear coordinate system. The value 2 was assigned to IMBL, IMBR, JMBT, JMBB,
KMBF, and KMBR to specify extrapolated boundaries for‘e‘very face of the system.
The number of black absorbing zones (NZWBB) was set to 1, although it ultimately
was not used in the model. The third line (card 8) of section 3 requires an identifier
for the absorbing zone. Since there was no absorbing zone, the value given was greater
than the number of materials by 1.

The geometric mesh description was given in section 4. The dimensions of each
region and the corresponding number of intervals were specified in all three directions.
The format of these lines is such that each region is specified by & number of intervals
;igllt justified in a field of three and is followed by its dimension in a field of nine.
First, the dimensions from left to right are specified, then from top to bottom, and
then from front to back. The specifications for one direction can take as many lines
as‘ needed, but a new direction must start on a new line. When the specifications
for one direction completely fills its last line, the foll‘owing’line must be left blank.
The dimensions given for the left-to-right and front-to-back directions match the
dimensions of the water regions and the assemblies (see Fig. 1). The number of
intervals within the assemblies was set to 4 so that each fuel rod and its immediately
surrounding water would be divided into two intervals.. The dimensions given for
the top-to-bottom direction correspond to lengths of fuel rod sections and heights
of structural and water regions (see Fig. 2). The mesh spacing for all these regions

was set as high as possible while keeping the memory requirements and the execution '
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* time reasonable. The ranges used were from 0.25 to 0.52 intefvals / ¢cm, depending
on the region’s material. Section 5 assigns a material to each region specified in
section 4 using numbers‘ that are assigned‘ to the material names in section 20. The
material names used for this work correspond to the names given in Table 2 with the
appropriate beginnings of “LT", “HT", “LP", or “FP". The mat’erials are specified
in blocks of data with no blank 1inlas separatiné them The number of blocks is equal
to the number of regions from front to back and each specifies the materials for a
vertical plane. The number of lines in a block is equal to the number of vertical
regions and specifies materials from top to bottom. The number of entries in a line
is equal to the number of regions from left to right and specifies materials in that
direction. Each entry has three columns. For every model of this project, there are
nine regions from left to right, eight vertical regions, and eleven regions from front to
back. Therefore, section 5 has eleven blocks of data with eight lines and nine entries
per line. Section 6 specifies materials for individual mesh elements and overrides the
specifications of section 5. This was used to specify the location of the water ﬁl’led
elements and the various types of control rods since they occupy less space than one
assembly, which is the standard region size within the core. Using section 6 in t'his
manner allowed the water filled elements to be removed and the control rod positions
to be changed without altering section 5. Each material t‘hat is to specified in section 6
is labeled with its material number in columns 1 - 4 in a line by itself. The mesh
specifications for that material then follow on subsequent lines. Each specification

consists of six mesh numbers, each with fields of four. The six numbers represent
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beginning and ending mesh number pairs in each‘of the ‘three dire.ctions‘. The first
two represent the limits from left t§ right, the next two represent the limits from top
to bottom, and the last two are the limits from front to back. A maximum of three
of these sets can fit on one line. When the last line for one material only has one or
two sets of specifications, the last set is folloWed by a 0. However, if the last line has
three sets, the 0 follows in the next line. The specifications for the last rﬁaterial are
followed by another 0 in column 4 of a separate line. The lengths of the vertical zones
used to match the lengths of the f\;el rods and structural regic :s do not match the
section lengths of the control rods. Therefore the lengths of most of the control rod
sections are approximate and plugs that separate different sections of the rods were
neglected, although the approximations used are as close as the intervals dividing the
regions would allow.

I‘n card 2 of section 12, the number of subzones (NSZ)‘wns set to 0 since no
subzones were used for this project. In card 3, M1 was set to 1 since the material
numbers began at 1. M2 was set to the number of materials, which was dependent on
the model. The nuclide set reference number (NS) and the zone classification number
(NC) are éategorization variables used in cases involving more complex models such
as those requiring microscopic cross sections to create macroscopic cross sections for
each zone. For more simple models requiring only that the locations of pre-generated
macroscopic cross sections be specified, such as with this work, both NS and NC
are set to 1. The volume fraction associated with zone concentrations was set to
1.0 since the materials that the cross sections refer to occupy entire zones. A 0 was

placed in column 3 of the next line to terminate card 3. In card 2 of section 13, the



‘maximum number of nuclides in any set (NNS) was set to the number of materials for
the model. In card 3, the number of nuclides in the set (NDXS) was set to the same
value as NNS. A list of all the six-character material names was given in card 4 to
associate the material names with the identification numbers used in sections 5 and 6.
They were listed consecutively with twelve entries per line and no spaceé separating
them since each lnamé has the same number of charaters (six) as the field width. In
section 20 cards 2 and 3 were repeated for every material. The sequence in section 20
and card 4 of section 13 is the same. Card 2 was given the material number right
justified in colurﬁns 1 -3 and card 3 was given the material name in columns 1 - 6 and
concentrations of 1.0 in columns 7 — 18. The concentrations were set to 1.0 because
macroscopic material cross sections do not need concentration corrections. The last
entry was followed by a 0 in column 3 of the next line to terminate the data from

section 20. “END” was placed in columns 1 - 3 of the last line to terminate the data.
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RESULTS

The first significant results‘ obtained were from the NITAWL-S and XSDRNPM-
S executions of the U-ZrH; ¢-Er fuel ceil model at 300 W. XSDRNPM‘-S is capable
of producing an infinite multiplication factor (ko) for such a model, which can give
some indication of the capabilities of the fuel rod. For the reactor to be capable of
operating, the koo for the fuel rod cell needs to be greater than 1.0, and the value
obtained is 1.248. For comparison, a similar fuel cell model was created as input to
EX‘TERMINATOR-Q, a two-dimensional diffusion code, using the macroscopic ma-
terial cross sections produced by Generall Atomic?? The koo produced by this model
is 1.256, which is different from 1.248 by approximately 0.64 %, which is considered
acceptable agreement. Since some of the values used in the input to NITAWL-S
were determined from various assumptions and approximations, a sensitivity study
was perfom;ed for some of them using the fuel cell model at 1 MW, which has '
koo of 1.229. Those studied included the DCF and the material temperatures. The
extreme values of 1.0 and 0.0 were tested for the DCF. The resulting ko values deter-
mined are 1.241 and 1.228, respectively, with corresponding changes of‘approximately
0.98 % and 0.081 %. This indicates that the DCF does not have a significant effect
on the results. An approximation that was made regarding the temperature is that
the cladding and water temperatures are equal. This approximation was tested by
dropping the water teﬁperature to 280 K. Therefore the oxygen temperature was

set to 280 K and the hydrogen temperature, determined from the weighted average
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of the hydrogen temperatures in the fuel and in the water, was set to 450 K. These
temperature changes had no effect on Ke., thus indicating that small variances in
isotopic temperatures do not have a significant effect on the results.

When modeling the U-ZrH, ¢-Er core, the goal was to show that the method
used to model the core was sufficient to model the core with the BeO-UQ3-Er fuel.
The ke);f value; determined from the VENTURE exszcutions with the control rods
both in and out of the core and the contx;ol tod worths calculated from them were
used to verify this method. Also used were the three-dimensional fluxes produced
frorﬁ the VENTURE runs with the shixﬁ safety and regulating rods ha,]f-way in the‘
core. These runs were used to simulate critical operation since it would have taken
several runs of VENTURE to iterate towards a kess of 1.000.

The ks values determined for both the 300 W and 1 MW éore models with
the control rods in all three positions are presented‘ in Table 8. For the case with
the coﬁtrol rods at the “half-way” position, it should be noted that this does not
include the transient rod, which is out during operﬁtion. This column is only pre-
sented to show how close the k.ss values are to the true operation value of 1.000.
The value at 300 W with the control rods out can be compared with the results
from previous executions of EXTERMINATOR-2 and BOLD VENTURE IV. ! The
EXTERMINATOR-2 model is a horizontal plane through the core. The control rod
positions were filled With water, making it comparable to a control rods out case. The
macroscopic cross sections used for both the EXTERMINATOR-2 and BOLD VEN-

2
TURE IV models were provided by General Atomic at 296 K for 300 W operation. 3
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Table 8. Multiplication Factors for 300 W and 1 MW U-ZrH; ¢-Er Core Models with
Different Control Rod Positions

Control Rod Position
Power | Out | Half-Way | In
300 W [1.073]  1.041 | 0.977
1 MW |[1.064| 1.030 | 0.964
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" The kess obtained for this model is 1,066, which is approximately 0.65 % different
(from the kgss of 1.073 seen in Table 8. The BOLD VENTURE IV quel is a half-
core model with a horizontal plane of symmetry at the midpéint of the fuel rods,
The céntrol rod positions were filled with water because cross sections for the control
rods were not provided. The kg determined for this model is 1.080, wllidl is also
approximately 0.65 % different from the value in Table 8. These differences are con-
sidered acceptable. The fluxes from the previous EXTERMINATOR-2 and BOLD
| VENTURE IV runs are not comparable with the fluxes generated for this work since,
for the previous runs, the control rods were out of the system and also because a
power level of 1 MW was used with cross sections generated for 300 W operation.
However, 'phe power leyel given to these codes has no effect on the k¢s produced. It
can be seen in Table 8 that the k.s¢ values at 1 MW are consistently lower than the'
values at 300 W. This trend is due to the negative temperature éoefﬁcient of reactiv-
ity inherent in the U-ZrH, ¢-Er fuel. The reactivity worth in dollars of all the control
rods together was determiﬁed from the data in Table 8 at 300 W. The reactivity for
two of the cases at this power (th‘e’control rods in and the control rod out of the

system) was determined from

kofs — 1
p= —%f—. (29)
ef f

The result from each case was then used in

Prorth, = L2 Pen ‘”“ﬂ— Pin (30)

where
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Puworth = reactivity worth of all control rods together in dollars,

pout = reactivity of the reactor with the control rods out,

It

pin = reactivity of the reactor with the control rods in,

and - B = fraction of neutrons produced in fission that are delayed (0.00699).

The reactivity worth of all the control rods in the U-2'tH, g-Er coreA at 300 W obtained
from Eqs. 29 — 30 is $13.10. According to measurements, the mathematical sum of the
worths of the individual control rods in the current core is §15.75. One reason that
the calculated total worth s.hould not match the mathematical sum of the measured
individual worths is that the worth of a control rod decreases with the number of
control rods already in the core, as can be seen in the standard integral and differential
rod worth curves.'| Another reason not to expect a perfect match when comparing
these numbers is ﬂhzit the model is for a fresh core while the measurements are for
a core that has been in operation for a number of years. Whether the burnup effect
would increase or decreﬁse the worth of the control rods depends on the relative
burnup experienced by the control rods and the fuel. Considering these two reasons
for lack of an accurate comparison, $13.10 is an acceptable value for total rod worth.

The other results used for comparison of the results of the U-ZrHl,e-Er core
model are the three-dimension;ml thermal ﬂuxgs produced for the cases ;Nith the shim
safety and regulating rods half-way in ‘the core. As mentioned previously, each run of
VENTURE produces a binary file that includes the flux in each energy group at every
node in the model. For the cases simulating operation, these files were converted to a

card-image format with the module FPRINT.
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format of tl;e flux file for the BeO-UQy-Er core at 2 MW was obtalned .
Since the resulting card-image file can be rather large (over 106,000 lines for this
model), a program was written that reads all flux values over a specified energy
group range at every node along a specified direction and sums the fluxes at each
node over the specified energy groups. This program (RFLUX.FOR)
made it possible to obtain vimple thermal flux vs. distance

curves with two of the three dimensions fixed. The output from RII?‘LUX.FOR‘was
written in a format that PICSURE, a graphics package on the College of Engineering's
VAX 8650, can read. It was only necessary to transfer the output from the IBM to the
VAX. For this work, groups 4 — 7 were used in each curve because the upper bound of
group 4 (1.130‘ eV) is close to the upper bound of the thermal range (3.05 eV) in the
27 group library read by NITAWL-S when compared to thé upper bound of group 3
(3.000 x 10% V), The first flux curve is presen£ed in Fig, 3. The format used for this
curve is the same format used for all flux curves in this document. The horizontal ‘axis
is labeled with the appropriate direction through the core. The fixed positions are
given in the figure name. The mesh numbers associated with the notations “Column”,
“Plane”, and “Row” and the NSCR grid labels can be seen in Fig. 1. Also in these
figures are the dimensions represented along the horizontal axes of the curveé.

Fig. 3 shows the horizontal thermal flux profile at 1 MW along column 7 and
row 22 form the north to south end of the model along the west side of the core.
The otherwise natural cosine-shaped flux curve has two peaks near the top due to

the presence of the water filled elements at B4 and B6. This curve presents the best
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possibility of comparison with measured fluxes since most of the NSCR's flux mea-
surements are 'at 1 MW at locations alon‘g this direction. The measured flux adjacent
to the water filled elements at B6 is 1.0 x 10'® n /(cm? . s) and the corresponding
calculated value is about 1.4 x 10’3 n /(cm2 . s;). These values are quite close consid-
ering that the model is for fresh fuel and the current fuel has several years of burnup
accumulated. Another source of discrepancy is the approximate methods involved in
using SCALE-2 and BOLD VENTURE IV to determine the flux distribution.

Fig. 4 shows the flux profile along column 18 and row 22 through the water
notches and the transient rod’s channel. Row 22, as can be seen in Fig. 2, specifies
a vertical position at the midpoint of the fuel and is used ‘for all horizontal profiles.
The center peak of Fig. 4'corresponds to the transient rod’s channel and the two
surrounding peaks correspond .to the water notches. The depressions between the
peaks z'u'e due to the fuel. The curved sections from 0 to 20 cm and from 90 cm to
110 cm represent the flux through the water regions. The curved sections from 20 cm
to 35 cm and from 80 cm to 95 cm represent the flux through the graphite blocks.
Fig. b shows the horizontal flux profile along column 26 and row 22 from the north
to the south end including the regulating rod position. The first peak in this figure
is due to the northern graphite block. The second peak corresponds to fuel elements.
The spike represents the flux in water directly underneath the regulating rod, which
is extended downward to row 21, The last peak is due to the southern graphite block.

The flux curve in Fig. 6 represents the thermal flux along column 18 and

plane 21, or from the top of the model to the bottom through a fuel rod at NSCR grid
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location D6. The center peak represents the cosine flux shape through the fuel that is
due to leakage from the ends of the fuel regioh. The surrounding peaks represent the
fl‘lernml flux increase in the graphite sections of the fuel rod due to thermalization
of the high energy neutrons in the graphite. The upper graphite section has a lower
peak because of the presence of thé borated graphite sections of the shim safety rods
at that depth. The lowest po;tions of the curve represent the flux in the water and
homogeneous water and structural regions. The flux in these regions is low due to
the graphite separating them from the fuel.

The curve presented in Fig. 7 shows the flux distribution dowﬁ the water notch
at D3, or column 18 t;nd plane 32. This curve shows the chafacte':istic cosine shape
of the flux in water. The curve in Fig. 8 shows the flux down column 18 and plane 25,
or the transient rod chan‘nel, which is all water when the rod is out. The curve is
similar to the one seen in Fig.‘ 7 for the water notch except that it has inflections
corresponding to the vertical positions of the graphite sections of the fuel ro‘ds. Its
peak is also slightly higher since it is surrounded on all sides by fuel. Fig. 9 shows
the flux profile down column 22 and plane 21, or the shim safety rod at E6. The
slight peak at 20 cm corresponds to the boundary between the air tube of the rod
and the borated graphite section. The flux through the borated graphite section is
represented by fhe region between that peak and the fuel peak at 58 cm. The flux in
this region increases towards the fuel because of the flux being produced by the fuel.
The depression in the curve shown before the peak at 58 cm is only a fault in the curve

fitting performed by PICSTURE. The location of the peak at 58 cm is due both to the
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end of the borated graphite sections and to the peak at the center of the fuel sections
of the surrounding fuel rods. The inflection seen at approximately 80 cm is due to
the ﬂu;c increase in the graphite sections of the surrounding fuel rods. The inflection
seen at about 95 cm corresp;mds to the boundary between the fuel and air sections
of the shim safety rod. Fig. 10 shows the vertical flux profile through column 18 anci
plane 10, or through the northern graphite block at Dt. The cosine shape of the curve
is due to the influénce okf the fuel. The lower flux regions around the peak represent
the flux in the water and homogeneous water and structural regions.

Fig. 11 shows the horizontal flux .proﬁle from the west to east sides of the cére
through the water notch at D7 along row 22 and plane 15. This curve is a ggod‘
example of a thermal flux curve that shows the thermal flux increase in water due
to thermalization of the high energy neutrons in tﬂe water. This effect is seen both
in the peaks at the sides of the core and in the peak at the water notch. The flux
in the fuel increases towards the water notch. Fig. 12 is the flux along row 22 and
plane 31 through the water notch at D3 and the regulating rod’s channel. This curve
is similar to the one in Fig. 11 except for the additional peak due to the water under .
the regulating rod. Fig. 13 shows the \ﬂux along row 22 and plane 21, or through the
shim safety rods rods at C6 and E6. The two peaks are at the boundaries of fuel and
water on the sides of the core. Since the division between the borated graphite and
fuel sections of the shim safety rods is between rows 21 and 22, this curve does not
tepresent flux in the borated graphite, but its effect on the flux in the fuel region can

be seen in the fact that there is some distortion in the cosine shapé of the curve.
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The ﬂﬁx shapes for the U-ZrH; ¢-Er core at 300 W, seen in Figs. 14 - 24, aré
the same as the shapes at 1 MW, The magnitude of the flux for t:he 1 MW operation
is uniformly greater than the magnitude of the flux for the 300 W operafion by a
factor of 1 x 108/300, or 3.333 x 103, The only discrepancies are slight and are due
only to various inaccuracies introduced by the sclution.

The results obtained for the U-ZrH, ¢-Er core were determined to be accurate
enough to use the same method to model the reactor with the proposed BeO-UQy-Er
fuel. The primary concern with this fuel was whether it would be possible to have
enough #%U in the fuel with the imposed enrichment limit of 20 atomic percent. Since
it was not anticipated that the fuel loading would be sufficient if the graphite sections
of the fuel rods were retained, the graphite sections v;/ere replaced with fuel from the
beginning of tixe analysis. During the process of making several t£ial loadings, the
water filled elements at B4 and B6 were replaced with fuel rods to further increase the
amount of 235U. The water filled elements were deemed expendable. An additional
increase in the total 235U loading was achieved by increasing the percentage of UO,
in the fuel. The ACRR core has 236 fuel rods with fuel that is 21.5 mass percent
UO, and an enrichment of 35 atomic percent.zu That mass percentage of UOy is not
high enough for the NSCR because the enrichment is limited to 20 atomic percent
and there are only 90 fuel rods when the water filled elements are replaced. Several
trial runs were performed to determine the appropriate percentage of UQOj, each with
increases in the value. The concern at the time was loss of structural integrity at

higher temperatures if the percentage of UO; was too high. Although it has been
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learned since these runs that as much as 80 mass percent (52.35 volume percent) of
UO; within the BeO-UQj is possible, 55,32 mass percent (25.38 volume percent) of
U0, within the BeO-UO;y was determined to be sufficient for operation.?® The ke g |
values at both 300 W and 2 MW for this model are presented in Table 9. These
kegs values are lower than those for the U-ZrH; ¢-Er core, meaning that the excess
reactivity would be lower and the fuel lifetime would be shorter. Increasing the
percentage of UGy in the fuel closer to the 80 mass percent figure would improve the
fuel lifetime.

To be sure that the BeO-UQy-Er fuel would give a desirable flux profile, a set
of flux curves for each power level was produced using the same directions through
the core as the U-ZrHj ¢-Er flux curves. The shapes of the curves through the same
locations are similar to those fér the U-ZrH, ¢-Er fuel. Fig. 25, the profile along the
west side of the 2 MW BeO-UOQ;,-Er core, shows the smooth cosine-shaped flux that
would be obtained after removing the water filled elements from B4 and B6. The
curve shown in Fig. 3 has separate peaks for each pair of water filled elements. The
mid fuel height horizontal flux profile across the water notches and the transient rod’s
channel presented in Fig. 26 matches the flux profile shown in Fig. 4 except for the
heights of the peaks. There is also a resemblance between Figs, 27 and 5, the north
to south profiles that pass through the regulating rod.

Fig. 28, which shows a vertical profile through a fuel rod cell in a 2 MW cofe,
is quite similar to Fig. 6 except for a few differences that are due mostly to the

replacement of the graphite sections by more fuel. The cosine shaped curve is wider in
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Table 9. Multiplication Factors for 300 W and 2 MW BeO-UOQOq-Er Core Models
with Different Control Rod Positions

Clontrol Rod Position
Power | Out | Half-Way | In
300 W | 1.045 1.002 0.911
2MW]1.040| 0.998 | 0.907
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Fig. 28 since there is more fuel. The immediately surrounding p?aks represenﬁ thermal
flux increases in homogeneoug water and struciural regions rather than graphite. The
flux increase in the water region at the fop of the core is more pronounced due to the
1a§k of the graphite as a reflector. The inflections below the core at the boundaries
of the various water and structural regions are also more pronounced. The shape

of the flux profile though the water notch at D3 shown in Fig. 29 matches that

shown in Fig. 7. The inflections shown in the transient rod’s channel in Fig. 30 are

at the upper boundary between the water and the structural region and the lower

boundary between the fuel and the structural region in nearby fuel rod cells. Fig. 31

shows the flux profile through the shim safety rod cell{ at E6. The first peak seen at

” étpp‘roximately 5 cm represents the boundary above the borated graphite section of

the shim safety rod. The dominant peak is similar to the one seen in Fig. 9. The
peak at approximately 86 cm is due to lower boundary of the fuel sections of the fuel
rods. The‘pea’k at 114 cm is due to the lower boundary of the fuel section of ‘the
shim safety rod. The shape of the flux curve shown in Fig. 32 is essentially the same
at that shown in Fig. 10, both of which represent vertical flux profiles through the
northern graphite block. The inflections in the curve represent boundaries between
water, structural, and fuel regions.

Fig. 33, which shows the flux pr‘oﬁle from east to west through the northern
water notch at mid fuel height, has the same basic shape shown in Fig. 11. Only the

flux magnitudes are different. In Fig. 34, which shows the flux profile through the

other water notch and under the reguiating rod, the same peaks exhibited in Fig. 12

R
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are shown. The west-to-east profile through the shim safety rods at C6 and E6 shown

in Fig. 35 resembles the profile shown in Fig. 13.

The ﬁl}x profiles shown in Figs. 36 - 46 match the shapes of the proﬁles shown
in Figs. 256 — 35. The only d/ifference is the magnitudes, which are higher for the 2 MW
core by a factor of 2 x 108/300 or 6.667 x 10°, A comparison of these curves with

Figs. 14 — 24 shows that thermal fluxes in water regions are usually h.gher for the

BeO-UO;-Er core at 300 W than for the U-ZrH, g-Er core at the same power level.
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CONCLUSIONS AND RECOMMENDATIONS

The ke s s results obtained for the U-Zrl ¢-Er core compare well with anticipated

trends and previous calculations for a fresh core. The flux profiles obtained for the

core compare fairly well to measured fluxes for tiie current core. The two factors that
must be tnken.iuto consideration when comparing these calculated flux results with
measured values are that the calculations were performed by codes that approximate
solutions to various equations and also that the calculations were performed for o
fresh core, when the measured values are for a core with several years of burnup.
With all these factors coﬁsidered. the method of modeling the NSCR reactor used in
this work, from AIM to VENTURE, appears to be valid and is therefore repeatable
for another fuel.

The results obtained from modeling the NSCR reactor with the proposed BeO-
UQgq-Er fuel show no unanticipated or undesirable trends. The trends match those
seen for‘ the U-ZrH; ¢-Er core where physical features are similar. Since it is possible
to make ke large enough with this fuel and since the flux profiles are high enough
with no unwanted spikes that would cause an early burnup, it is believed that the
U.ZrH, ¢-Er fuel rods can be replaced with BeO-UOy-Er [uel rods that are similar
in design to those modeled for this core. It is also believed that this fuel will allow
2 MW operation,

Before the fuel is to be constructed, more work should be performed to deter-

mine the optimum mass fraction of 'Oy in the fuel. This would include both changing

LAl
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the appropriate values used as input for this work and also implementing a code that
has the capability of performing burnup calculations. A code that models transients
would make an analysis of pulses possible. Also to be considered are the results of
the thermal-hydraulic and material studies being performed. A (t()x}ll)ariSOLL with the
results of the analysis being performed with the General Atomic 20 percent enriched
fuel must also be made.

Another concern is the continued operability of SCALE, BOLD VENTURE,
and any other code that may be used for this project. As updates on the IBM 3090-
200E are made, SCALE-2 and BOLD VENTURE 1V become outdated. They both
have ASSEMBLY routines that cease to execute after certain hardware and software
changes are made. For SCALE-2, this has involved the use of an emulator for the
IBM 3350 disks that runs on the IBM 3380 disks. It is not known how much longer
that emulator will be avnilable. The continued use of SCALE-2 has also depended on
the replacement of some of the ASSEMBLY routines by FORTRAN-77 routines from
a copy of SCALIAS-3.1, an incomplete revision of SCALE. Another difliculty is that
the FORTRAN in SCALE is FORTRAN-H, making it impossible to recompile any of
these modules, should i1t become necessary, without converting them to FORTRAN-
66, which is currently available on the IBM. The best solution for some time is
likely to be the compilation of SCALE-4, an all FORTRAN-77 version that is not
yet complete. For BOLD VENTURE IV, it h'as also been necessary to substitute
ASSEMBLY routines with FORTRAN-77 routines from SCALIAS-3.1. However,
this capability is not likely to continue since not many ASSEMBLY rottines between
SCALE-2 and BOLD VENTURE IV are in common. Eventually, BOLD VENTURE

V, an all FORTRAN-T77 version, should become available.
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