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ABSTRACT

A parameter study comparing one-, two-, and three-dimensional
reactor design analyses was undertaken. Computer programs (codes) were
used extensively for the computations and running times on the |BM
360/50 were observed. The values of primary concern were neutron

flux shapes, effective multiplication factors, and fuel depletion.

Dresden | nuclear power plant with fuel type 1 represents the
model reactor. Cross section calculations were performed using the

nuclear codes HRG and TEMPEST I, FEVER, EXTERMINATOR-2, and FLARE

generated the nuclear parameters.
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I.  INTRODUCTION

The objective of this investigation is the analysis and comparison
of reactor design parameters calculated by one, two, and three-dimen-
sional methods. The basic procedure entails selection of a model
power reactor and a set of nuclear codes that are capable of calculat-
ing neutron cross sections and design parameters in one, two, and three
dimensions. Dresden | was chosen as the model reactor since it satis-
fied the required criteria and the reactor core description was
obtainable. Selection of the codes was based on their ability
to execute the desired calculations. However, in some cases, compro-
mises had to be made due to computer incompatibility and unavailability

of codes. The nuclear codesx adopted include the cross section codes HRG

and TEMPEST-1! and the diffusion codes FEVER, EXTERMINATOR-2, and FLARE.

Correlation of elapsed computer time and nuclear parameter accuracy
is an important area in fuel analysis and design. Industrial concerns
are particularly interested in using the fastest and most economical
design methods available and at the same time maintaining a suitable
level of reliability. Hopefully, this would help alleviate overdesign
in power plant and fuel analysis resulting in considerable financial

savings.

In addition to its direct application to the nuclear industry, the
selection of this investigation was complimented by the author's experi-
ence with computer operations. Much valuable experience was also gained

by working with and uncerstanding the workings of several nuclear codes.

B3

* Discussed in the Literature Survey



Il. LITERATURE SURVEY

APPLICATIONS AND DISTINCTIONS OF NUCLEAR CODES

One of the most important tools available for reactor design
studies today is the electronic digital computer. With it one is
capable of performing sophisticated calculations which aid in
optimum core design, isotope change and maximum fuel life determina-
tions, and improved safety techniques. The emphasis in this inves-

tigation will be placed on criticality and fuel burnup studies.

A large commercial power reactor must be economical as well as
safe. Economy is strongly influenced by the precision with which
nuclear and thermal hydraulic parameters can be predicted. The type
and accuracy of the fuel burnup analysis are also important. In
fuel burnup alone there may exist a 10-20% uncertainty in the
initial prediction of end of life keff’ which results in an added
half to a million dollars in the annual fuel cost of operating a
500-MWe plant. However, as the core life increases, the predic-
tions may be updated by the operational history of the reactor,
lessening the full impact of the initial uncertainty. A feedback

system between theoretical approximations and actual results would

continually improve the computational methods available.

Of primary concern to the reactor purchaser as well as the
designer and manufacturer is how temperature, pressure, and time
affect the criticality and core power distribution over lifetime.
Most studies which incorporate the above analysis can be categorized

according to the number of space dimensions which they account for



explicity. The space dimensions, e.g., cartesian-XYZ, cylindrical-
R8Z, or spherical RB@, are important when solving the neutron diffu-
sion or transport equations in reactor analysis. |If a code uses
only one dimension (X) in its solutions, it is termed a one-dimen-
sional code in contrast to a two-dimensional (XY) or three-dimen-
sional (XYZ) code. Most of these codes have been developed through
industrial, government, or university research since their size and
complexity can become quite involved. The size of each code is
dependent almost entirely on three quantities: (1) number of energy
groups, (2) number of regions or compositions, and (3) number of

mesh or space points.

ONE-DIMENS IONAL METHODS

0f the one-dimensional codes, some solve the neutron diffusion

(2’3,5’6’7)

equations while others use a more detailed approximation

. (4,8,9)
to the neutron transport equation. The number of energy
groups which they are capable of handling ranges from one to as
many as thirty and more. The maximum number of regions and

2
mesh points allowed varies from twenty 3 regions and ten( )

space points to fifty(7) regions and 150(6) mesh points. Some
codes place a limit on a combination of energy groups and mesh
points thus making their limits interdependent. Other programs
contain a variable dimensioning technique which allows the program

to use only the storage required for each particular problem. This

also permits easy adoption of codes for use on other computers.



The more groups, regions and space points a code uses, the
more accurate the results. However, the computer time used and

hence cost increases.

Other distinctions include the number of energy groups to which
downscatter or upscatter is allowed. FEVER(3), for example, allows
(5)

downscatter to only the next lower energy group whereas SIZZLE

allows scatter to a maximum of five successive lower groups.

The cross sections required by the codes generally consist of
the microscopic absorption, transport, fission, and scattering cross
sections for each nuclide and group. The macroscopic cross sections
in most cases are computed internally using the microscopic cross
sections and the number densities that are input. Slabs, cylinders,

and spheres can be handled by most one-dimensional codes.

Fuel burnup has been included in only a few one-dimensional
codes. SIZZLE(S) and DTF—BURN(8) are capable of such calculations
which determine the number densities, multiplication factors, and
other parameters as a function of time. FEVER(3) and LASER(9)
perform a control-poison search and adjust the number density of

the control poison (simulated control rod movement) to keep the

reactor critical as burnup progresses.

TWO-DIMENS IONAL METHODS

A large number of two-dimensional codes are in existence since



they are useful in providing more detailed information and give a
more realistic picture of the power distribution in a reactor core.
Even though two space dimensions, e.g., XY, RZ, or R8, are incorpo-
rated, the elapsed time per problem is generally not unreasonable.
The complexity of calculations and available options encompasses a

broad area.

Energy groups are more restrictive ranging from a maximum

(10) (13,16)

allowable of two to a maximum of fifty . One collection

(10,11,13,16) . (19)

of programs ses the Equipoise method which is

a simple iterative procedure for group-diffusion calculations. No
proof for convergence is available but the authors' experience with
the method has been quite good. Again, there are those two-dimen-

10,11,13,
sional codes which solve the neutron diffusion equations( 3

14,15,16,17,18)

and those that solve the neutron transport equa-
(12)

tion

In some cases, the running times for two-dimensional codes is
rather unpredictable due to difficulty in reaching convergence of
the eigenvalue (keff) and neutron flux. Convergence is consistently

defined as, e.g., flux convergence

ntl n n
["7 =01 /" <€
where @ is the neutron flux at some point, n is the index of the
iteration, and € is some small previously defined value (]0- ).
(14,16,18)

Two-dimensional burnup codes are also common and often

an extension of a previously written two-dimensional diffusion code.



THREE-DIMENS IONAL METHODS

Three-dimensional codes are not exceedingly popular mainly
because of the tremendous number of mesh points that must be
handled and the long computer times required. The three-dimen-
sional mesh point arrays occupy much computer memory leaving less
room for the number of allowable nuclides, energy groups, etc.
WHlRLAWAY(zl), which is a three-dimensional code using the
Equipoise(]9) method for solution of the diffusion equations, can
handle only two energy groups. Working in XYZ geometry, IBM 7090
running time is approximately two to three hours for a 20x20x25
mesh. Importance of detail must be considered to justify this
quantity of computer time.

(22)

The FLARE code uses a somewhat different approach and is

20

described in Sec. IlI1-B-4. It is used extensively in the ISOCHECK( )
method for determining analytically the amount of isotopes at any

time in a particular reactor. Several power reactors have been

analyzed using the ISOCHECK method. Among them was DRESDEN I,

A code which is capable of working diffusion problems in one,
two, and three dimensions is PDQ7(23). It can handle rectangular,
cylindrical, or spherical geometry in one dimension, the same in two
dimensions with hexagonal geometry replacing spherical, and in
three dimensions rectangular and hexagonal geometries are available.
Three point, five point, and seven point difference equations are

used in solving the one, two, and three dimensional cases. Fuel

depletion is also provided as an option.



CROSS SECTION CALCULATIONS

As part of the input for the above mentioned static design
codes, a detailed knowledge is needed of the neutron cross sections
for the nuclides that appear in the analysis. The cross sections
involved include absorption, transport, fission, and up and/or
downscatter depending on the code. These detailed cross sections
are condensed over an energy range to produce region flux averaged

values, such as

E

— 2
o= IE'¢(E)OX(E)dE/® where E, and E, represent limits

of condensed energy group and ¢ equals the total flux over E]-E2

range.

Nuclear constants for the diffusion equations are computed using

these averaged or broad group cross sections. Computer codes which
are capable of performing this condensing technique have been
developed for a given range of energies and in some cases for a
given region of interest in a reactor. Two logical classifications

for these codes are fast and thermal cross section computations.

1. Fast Cross Sections

The principle codes used for high energy (=0.7ev) neutron
cross sections are GAMI(ZA), HRG(ZG), and FORM(ZS). FORM
condenses Sh-group microscopic cross sections into a few broad
groups the number and energy limits being specified by the user.
It works with homogeneous media but contains a heterogeneous
correction. The GAMI code is similar to FORM assuming an infi-
nite lattice and a homogeneous medium. |t contains a 68-group

. o 232 238
library and accounts for resonance absorption in Th and U .



HRG is identical to GAM] except for two . improvements: (1) it
contains a more extensive library, and (2) resonance absorption

in more nuclides is considered.

’2. Thermal Cross Sections

2
(28) and TEMPEST ll( 7 are the principle thermal

THERMOS
energy cross section codes. THERMOS works with an infinite
lattice of heterogeneous fuel cells. It solves the integral
transport equation with isotropicscattering to obtain the
neutron flux spectrum and thus computes space-energy averaged
cfoss sections. On the other hand, TEMPEST assumes an infinite
homogeneous medium and bases its neutron flux spectrum upon the

Wilkins equation (heavy moderator), Wigner-Wilkins equation

(1ight moderator), or the Maxwellian distribution.

Both fast and thermal cross section calculations have been incor-
porated into some programs. -One of these codes LASER(9) combines the
slowing-down program MUFT and the thermalization transport theory
program THERMOS to obtain the neutron spectrum and condensed energy
group cross sections. However, its output includes only threé-group
cross sections and excludes transport or scattering. GAMTEC I|(29)
encompasses the energy range from 0 to 10 MEV by combining the
TEMPEST 1l and GAM1 codes with an improvément on the resonance
absorption contribution to the multigroup constants. It can
accommodate either homogeneous or heterogeneous fuel cells.

Difficulties have been encountered with its operation at both the

University of Missouri - Rolla and Purdue University.



I11. DISCUSSION

DESCRIPTION OF DRESDEN | REACTOR

The first step in the investigation is to describe the Dresden
| core and extract the needed information for the comparative study.
Normally in designing a reactor there exist only tentative draft-
board dimensions and values which may be adjusted to meet the
desired design specifications. In this investigation, however,
there appears a fixed set of parameters that are obtained from the
reactor and these are kept consistent throughout the input to all
three codes (FEVER, EXTERMINATOR, and FLARE) for a particular prob-
lem. The input methods for the three codes are not identical, but
all required input data does come directly or indirectly from the

model reactor core.

A model reactor was chosen for which parameters could easily
be obtained. The restriction of being a thermal light water reactor
is imposed by the selection of computer codes. For these reasons,
the boiling water reactor Dresden | was chosen. It is a large
commercial reactor capable of producing 700 MWth (200 MWe) and
has been operating since October, 1959. Dresden | has been refueled
with slightly different types of fuel elements since its startup.
For simplicity only type-1 fuel is considered since the other fuels
contain Er203, the properties (density and cross sections) of which

are not available in the existing computer codes.

Table 1 provides the general core characteristics which are

of concern.



Table 1
REACTOR CORE DESCRIPTION

DESCRIPTION

Number of assemblies

Number of control rods
Thermal power

Control Rods
shape
material

blade span
blade thickness
poison length

Moderatior

Coolant
inlet temperature
outlet temperature
pressure

Fuel (Type 1)
rod 0.D.
pellet 0.D.
material
active fuel length
enrichment
number rods/assembly
temperature (avg. operating)

Cladding
thickness
material
temperature (avg. operating)

Channel
material
inside dimension
thickness

Pressure Vessel (molybdenum-bearing

diameter, inside
wall thickness

Cell dimension (4 assemblies)

80
700 MW

Cruciform

Natural ByC granules

in SS tubes
2% boron in steel
6.50 inches
0.375 inches
103.0 inches
H,0
Hy0
505°F
5470F
1015 psia
0.567 inch
0.498 inch
uo
106.5 inches
1.5 w/o U-235
36
1200°F
0.033 inch
Zr=2
610°F
Zr-2
L4.,29 inches
0.060 inch
carbon steel)
12.2 ft.
5.5 inches
9.962 inches

REFERENCE

(30)
(30)
(30)

(30)
(30)

(31)
(30)
(30)
(30)

(31)

(31)
(31)
(31)
(1)

(30)
(30)
(30)
(30)
(30)
(30)
(30)

(30)
(30)
(30)

(30)
(30)
(30)

(31)
(31)
(31

(30)
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A cross-sectional view of the reactor is presented in Figure 1.
It is composed of L6L4 fuel elements or assemblies each of which con-
tain 36 fuel pins or rods. These fuel rods consist of UO2 fuel in
the form of pellets enriched to 1.5 weight percent U235. The

cladding material of the pins as well as the assembly walls (open

end boxes which house the fuel pins) is Zircaloy-2.

For control there are 80 cruciform control rods which are
inserted in the adjoining spaces between assemblies. These rods,
Figure 2 , are composed of natural th granules in stainless steel
tubes. They are inserted from the bottom of the core and only into
the innermost fuel assemblies. This inner region which is most

directly affected by the control rods is designated as region 1.

Surrounding this region, there are a number of fuel elements
whose adjacent gaps cannot be penetrated by control rods. Region 2,
as this is called, is identical in composition to region 1 except

for the control rods.

Beyond these regions in the radial direction there exists a
cylindrical region that contains only light water. This consti-
tutes region 3 and serves as both moderator and coolant (thermal

shield). It is not a power generating region.

The outer casing of these three regions is the pressure vessel
composed of molybdenum-bearing carbon steel with an internal cladding

of stainless steel. This is the fourth region and is approximated



PRESSURE VESSEL

CONTROL ROD

FUEL ASSEMBLY

FIGURE 1

CROSS SECTION OF DRESDEN | REACTOR
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as pure iron.

The boundaries of regions 1 and 2 are not smooth surfaces. To
allow easier description of the boundaries, these regions are approxi-
mated as cylinders. Figure 3 gives the resulting picture of this

approximation. The radii of each region must then be determined.

Region 1 is a solid cylinder whose volume is equal to 320
(80xk4) units. [A unit is defined as one-fourth of a cell or an
assembly with surrounding water. The dashed line in Figure 2
encloses 1 unit. (Unit Area = 24.81 sq. in.)] Its radius is the
radius of the equivalent cross sectional area of the inmnermost 320

units. Therefore,

Rg = (320) (24.81) sq. in.
Ro = 50.271 inches = radius of region 1

The area of region 2 = n(R} - Ri) = (24.81) (464 - 320)
R] = outer radius of region 2 = 60.534 inches

Inside radius of pressure vessel = 6.1 ft.
Therefore, outer radius of region 3 = 73.2 inches

Pressure vessel wall thickness = 5.5 inches
Outer radius of region 4 = 73.2 + 5.5 = 78.7 inches

Table 2 gives a summary of the region boundaries.

Table 2
REGION BOUNDARIES
Region Outer Radius (in.) OQuter Radius (cm.)
1 50.271 127.688
2 60.534 153.757
3 73.200 185.928
L 78.700 199.898
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REGION #L

(Fe)
PRESSURE
VESSEL

REGION
#3 (Hzo)

REGION #2

(UOZ’ H20 and Zr)

REGION #1
(U02, H,0, Zr and B)
EQUIVALENT AREA OF 320 FUEL
ASSEMBLIES WITH SURROUNDING WATER

FIGURE 3

APPROXIMATED CYLINDRICAL REGIONS OF DRESDEN |



Besides breaking the reactor into the above four regions,
homogenized number densities of the nuclides in each region must be
determined. It is assumed that the reactor has not been operated
yet and that the core composition is uniform in the axial direction.
This simplifies the number density calculations to computing cross-
sectional areas of materials in regions one and two (here taken as
identical compositions since control poison number densities will
be computed separately and assumed to have no effect on other
nuclide number densities). The materials involved are the channel

walls, fuel, and cladding.

Since the lattice is uniform, one assembly with surrounding
H20 is representative of the fuel regions. This was defined earlier

as one unit.

The total area of one unit = (9.962/2)2 = 24 .81 sq. in.

Fuel pin cladding area (1 pin) = ﬂ(rlz-roz) = .05536 sq. in./pin
where o = radius to inside surface of clad
ry = radius to outside surface of clad

Total area of fuel cladding for one assembly

= 0.05536 sq. in. , 36 pins = 1.9930 sq. in./assem.

pin assem.
Area of channel (assembly wall) = circum. x thickness

= (16.52) (0.060)

]

0.9915 sq. in.

Total area of Zr-2 in one unit = 1.9930 + 0.9915 = 2.9845 sq. in.

Fraction of Zr-2 _ Area of Zr-2 _2.9845
in the core = Area of one unit _ 2,81 ~L0-12029




17

The volume fraction of fuel in the core is computed in a
simi lar manner.
Fuel pellet area = nri = 0.19478 sq. in.
where rp = pellet radius

Total area of fuel for one assembly (36 pins) = 7.0122 sq. in.

Fraction of fuel _ Area of fuel _7.0122 _
in the core ~ Area of one unit 2L .81 ~ 0.28263

The remainder of the cross-sectional area is HZO

The final volume fractions for regions 1 and 2 are found to be:
UO2 0.28263
Zr-2 0.12029
HZO 0.59708
Total 1.00000

For regions three and four the above calculations are unneces-
sary since region three is pure water (or steam) and region four is

taken as pure iron.

The homogenized number densities are computed using

N = mn"m a
where Am 3

Nmn = number of molecules or atoms/cm” in region n
for element or compound m.

an = volume fraction of element or compound m in
region n.

Pm = density of nuclide or compound m.

, 24
Na = Avagadro's number = 0.6023 x 107 .
A = atomic weight of element or compound m.
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As an example, the homogenized number density of Zr is illus-
trated below.

#Zr atoms N = 'zr,1 + Pzr - M3
3

cm” of region 1 AZr

= (o.12029)(6.b9)** (0.6023 x 102“) = 0.0051546 atoms
91.22%% barn-cm

The remaining number densities are determined in similar fash-
ion. U?3% and U238 are handled on a precentage basis (1.5% UZBS)

of uranium atoms. It must be observed that oxygen is contained not

only in the fuel molecules, but also in the water molecules.

A summary of the number densities of the nuclides in the
reactor at room temperature are given in Table 3. It is assumed

that initially the entire coolant volume is composed of water at

68°F.
Table 3
INITIAL NUMBER DENSITIES+ BEFORE STARTUP - 68°F
NUCL I DE REGIONS 182 REGION 3 REGION 4

4235 0.0000964630" 0.00 0.00
U238 0.00633438 0.00 0.00

H 0.0399579 0.0669222 0.00

0 0.0328406 0.0334611 0.00

Ir 0.00515462 0.00 0.00

Fe 0.00 0.00 0.0847642
* per barn-cm + Six-digit accuracy for

computational purposes only;

last three digits are usually

not meaningful.

** From Reference (32)
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As the reactor is operated, the coolant temperature is raised
to approximately 500°F. This causes a density change in the
moderator and hence in the reactivity. Only the water undergoes an
appreciable change in density thus affecting the number densities
of hydrogen and oxygen in regions 1, 2, and 3. Table 4 gives the
number densities for a water density at operating temperature and

pressure.

Table 4
NUMBER DENSITIES AT OPERATING TEMPERATURES - ENTIRE COOLANT
VOLUME COMPOSED OF WATER @ 500°F, 5; = 0.785g/cm>
NUCL I DE REGIONS 12 REGION 3
H 0.031366" 0.0525326
0 0.028545 0.0262663

Other nuclide number densities remain the same.

As the Dresden | reactor is operated, boiling increases,
reducing the water level. The remainder of the core is occupied
by saturated steam of = 5% quality. The following calculation

determined the density of this steam at 545°F and 1015 psia.

quality = g = 5% = 0.05
M +M .
g f :
M %% -[-_ 3
v=v.+ g (v. - vo)  =0.0216 + (.05)(.4456-.0216) =0.0428 ft
f g f —
Mg+Mf 1b.

1 = 0.37k065 gm/cm3

v

©
i

* From Reference (33)
** From Reference (34)
+ From Reference (35)
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where v = specific volume
vg = specific volume of saturated vapor
Ve = specific volume of saturated liquid
Mg = mass of gas
Mf = mass of fluid

Using the above calculated density of saturated steam in the
void space, the number densities can be found for any combination
of water and steam that may occur in the reactor. The mixture of

(36)

20% steam and 80% water is found to be a reasonable estimate
shortly after startup. It remains with this proportion throughout

the remainder of the operation.

—¥ 5% quality

% . 1 ! o
20 SAT\ﬁEIEﬁT 1015 psia, 547°F

PPN P

80% WATER

Presuming the density of the structural materials and the fuel
remain constant, the hot water and saturated steam number densities
are weighted by their respective volume fractions. Table 5
summarizes these values.

Table 5
NUMBER DENSITIES AT OPERATING TEMPERATURES AMD 1015 PSIA

-VOLUME FRACTIONS OF COOLANT-

NUCL I DE REGIONS 162 REGION 3 HOT WATER SAT. STEAM
H .0280820" .0470326 0.80 0.20
0 .0269027 .0235164 0.80 0.20

PN
W

per barn-cm

Other nuclide number densities remain the same.
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B. INPUT PREPARATION FOR CODES

1. Cross Section Calculations

In order to solve the neutron diffusion or transport

equations, a detailed knowledge of the neutron microscopic cross
sections for each material in the reactor must be known for various
processes. Accuracy in design studies is dependent upon the
reliability of these cross sections. However, there still remains
the error introduced by working with an energy spectrum of discrete
groups rather than one which is continuous. Many times the number
of groups is arbitrary within a specified limit for a particular
code. The complexity of the problem and the computer time consumed

increase in proportion to the number of groups specified.

The number of energy groups for this investigation was set at
four: one thermal, one epithermal, and two fast. This is the
maximum number allowed by the FEVER code and hence is kept constant
for EXTERMINATOR-2. The three-dimensional code FLARE uses only

one group of neutrons.

The nuclides which are of concern are those contained in the

structural materials, fuel, coolant and moderator, control rods,

235

fission chains, and fission products. Specifically they are U ,
U236, U238, Np239, Pu239, PUZQO’ Puzq], PUZAZ, fission product,
Xe]35, Smlhg, B, H, 0, Zr, and Fe. For each nuclide the group

dependent absorption, fission, transport, and scattering cross sec-
tions must be obtained. The average number of neutrons per fission

must also be known.
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The energy spectrum must be broken down into distinct energy
groups. The codes described use the following groups.

BROAD GROUP ENERGY RANGE (37)
1 10 MEV > 67.4 kev
2 67.4 kev > 1.23 kev
3 1.23 kev - 0.683 kev
L 0.683 ev - 0.0

For the fast group constants, the HRG code was used. It is
similar to GAM-1 and has a more extensive library of cross sec-
tions for a wider variety of nuclides. It also includes resonance

238 4 Th232,

absorption in more isotopes than U
The HRG code solves the time independent Boltzmann equation
with isotropic sources.

N(F,E,Q) =

.+
>
3.N(F,E,Q) + T S(;’E)

T
> > > >
+ IIZS(E'+E,Q'+Q)N(E',r,ﬂ')dE'dQ'
> >
where N(r,E,Q) is the number of neutrons with energy E crossing
->
a unit surface at r per unit time going in a unit solid angle

__>
centered in the direction Q.

The fluxes and current terms are calculated using the P-1
approximation at each of the 68 groups in its library. It also
uses the previously calculated number densities and the reactor
temperatures for moderator, cladding, and fuel. MNumber densities
of nuclides which do not occur initially in the core are input as a
small number (1% of U235). This causes negligible effect on the

neutron energy spectrum but allows printout of microscopic cross
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sections. The option to obtain microscopic cross sections was used
for each isotope averaged over each broad group. The program also
supplied the macroscopic broad group cross sections, diffusion

coefficients, age, and group transfer coefficients.

The third broad energy group (epithermal) is unlike the first
two in the respect that certain nuclides exhibit pronounced
resonance cross sections in this energy range. Normally, resonance
absorption is accounted for by the narrow resonance or narrow
resonance infinite mass calculations of the resonance integral.

The method used by GAM-1 and HRG is essentially that of Adler.(38)

The values that are needed as input are

moderator cross section per absorber atom(infinite mass
approximation)

g
m

total scattering cross section per absorber atom (narrow
P resonance)

(0]

eff) = effective cross section for unresolved resonance
calculations

cm(

(V34

= macroscopic non-resonance
scattering cross section for all
nuclides in the fuel lump other
than the resonance nuclide being
considered.

M
om—Ei
N
N = number density of the resonance

nuclide (in fuel).

235

The isotopes considered for resonance properties are U ,

U238 Pu239, PuzqO and Puzn]. The plutonium number densities are

b b

assumed to be 1% of NU235. Therefore
- - - - Pu-2541
2’54 = (NGS)U 235+(ch5)0 '6+(NoS)P“ 239+(NOS)PU 2L'°+(Ncss) u

The microscopic scattering cross sections were obtained from

BNL-325(39) at approximately 1 Kev.
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p
cross section including the resonance nuclide itself. This can be

z . . . .
o = 7$'where Zp is the total macroscopic potential scattering

simplified to a more workable equation for a particular nuclide.

NUC, TAUC 1 y i
Mue _ o )N (o )T wue |

P S +Om
NUC

om(eff) = op + om‘//(l+om/oz)

where o, = I//Nzo and 20

mean chord length in the absorber lump

R

diameter of the fuel

1.265 cm

All number densities are for pure fuel lump.

235

To better illustrate this procedure, the case for U is

worked through below.

(1.5%) NU235 = 0.00034]3x102h atoms
cm3 of fuel
22 = (all nealigible except U238 and oxygen)
= (NY238y (05U238) + (0% .9 = 0.3766kem”]
U235 zh
o} = "S = 0.37464 barns = 1097.6 barns
m yU235  0.0003%T3
0U235 ~ 15,0 barns

s
03235 - 03235 + Gi235 = 15.0 + 1097.6 = 1112.6 barns

02235 ] //(NU235 EO) = 2316.4 barns
GU%Zif) = oY235 0U235‘//(]+0U235 //OUZBS) = 1857.4 barns
m p m m L )

The mean chord length % must also be calculated for input. It

is determined from
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where

Table 6 gives the results of these input parameters.

=2 [ a+lbvy ssg)
hv]//So

A = mean free path in the moderator

vi= moderator volume

So= absorber surface

Table 6

HRG RESONAMCE ABSORPTION VALUES

NUCL I DE om(barns) op(barns)
y23> 1097.6 1112.6
y238 7.945 16.945
pu?39 1.113x10°  1.113x10°
py2Ht0 1.113x10°  1.113x10°
pu2t! 1.113x10°  1.113x10°

ol =l

(cold)
(hot operating)

the TEMPEST 1l code.

1.3644 cm.
1.5308 cm.

om(eff)(barns)
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Lumped

nuclide density

(per barn-cm)

1857.34
23.430
1.8648x10°
1.8648x10°
1.8648x10°

L
2

3.4130x10"
2.2412x10°
3.ux10'6
3.hx10_6
-6
3.4x10

The thermal neutron group cross sections are obtained using

An infinite lattice is assumed and its compo-

sition is identical to that of regions one and two of the reactor

core.

For this investigation the thermal neutron flux spectrum

was based upon the Wigner-Wilkins light moderator equation.

Microscopic cross section averages over that spectrum were then

obtained.

number densities are required.

For the initial nuclides in the lattice, the homogenized

The temperature of the system

must also be known as well as the maximum and minimum energy
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limits for each group. A buckling is also required but may be

estimated if not precisely known.

The output from TEMPEST Il includes the total flux and average
diffusion coefficient in addition to microscopic absorption and

fission cross sections computed from

_ Emax
g =1 7 ¢ (E) o_ (E)dE
a 3 7 OE_. a
min
—_— Emax
o, =1 7 ¢ (E) o, (E)dE
f — f
[ E .
min
Emax
where ¢ = [ . ¢ (E)dE Emax = 0.683 ev
min E. =0.0
min
The quantity
—_ E -
(-mo_ =17 ™4 (E)A-1) o_ (E)dE
S EE S
min

is also computed aiding in the determination of the microscopic
transport cross sections. No downscatter cross sections are needed

since there is no lower energy group than .thermal.

Since not every nuclide is availablé on the TEMPEST library,
a few cross section values were obtained from either the library of

(9)

the FEVER(3) report sample problem or by running the LASER code.
Table 7 lists the results of the thermal cross section calculations
for the reactor at (1) room temperature, (2) operating temperature-

full core water, and (3) operating temperature-full core saturated



NUCLIDE

U235
U236
U238
Np239
Pu239
Pu2kL0
Pu2kl
Pu2k42
F.P.
Xe135
Sm149

B

H

0
lr
Fe

TABLE 7

o

O O O O O O O O O O O o o o o o

a

.5055E+03
.5369E+01
.2078E+01

.2272E+02%

.1032E+04
.2302E+03
.1018E+04

J1013E+02%
21 14E+017

.2765E+07
.86 10E+04

.3127E+03%

.2545E+00
.1542E-03
. 1418E+00
.2008E+01

O O O O O O O O O o o o o o o o

a

.5155E+03
. 1534E+02
.1015E+02
.3269E+02%
.1042E+04
.2416E+03
.1028E+04
.1970E+02*
101 1E+027
.2765E+07
.8618E+04
.3165E+03"
.3071E+02
.4025E+01
.6396E+01
.1288E+02

o+ cs(l-ﬂ)

THERMAL ENERGY GROUP CONSTANTS FOR COLD (68°F) CORE

Q

0.4302E+03

0.7063E+03
0.2127E-01
0.8510E+03

2.43

2.91
2.89+t
3.06

* from FEVER report test prob. library

“ from LASER calculation

L2
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steam. Only the cold core thermal cross sections are illustrated.

The other two cases are similar.

By having the three cases available, it is possible to formu-
late the following problems:

(1) Cold clean reactor
(2) Hot operating - no steam voiding

(3) Hot operating - any precentage of steam voiding
Appendix | gives a listing of a computer program developed to
volume weight the hot water and saturated steam cross section

blocks.

With the above cross sections at hand and the previously
defined core as reference, any input requirements that are needed

for FEVER, EXTERMINATOR-2, and FLARE can be satisfied.

2. One-Dimensional FEVER Code

The one-dimensional code FEVER(3) was developed primarily to
evaluate the effects of fuel depletion and control rod movement in
an HTGR. However, due to its generality, it can be used for most

types of reactors including light water BWR's.

The multigroup multiregion diffusion equations are solved
using a maximum of four groups and twenty regions. It limits
slowing down of neutrons to only the next lower energy group.

Therefore, scattering is limited to o where g represents a

g+l

particular group.
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The diffusion equations using cylindrical geometry result in

(fast group #1) =D, 1 o (P22l + (z_ 45 40 8%)¢ =1 Z VT
ror eff i=l i
and -D.1 3 a¢, _ for 2<i<h
'r = (r==L) + (= 2itiet D, B’ )¢ -ZS 9.y

i-1
where the radial distance (r) is the independent variable. A two-
dimensional synthesis can be made by specifying a buckling B%. This
will approximate the leakage in the axial direction. All neutrons
are born in the highest energy group, the source for the remaining
groups being the slowing down from the above group. The diffusion

calculation is completed when convergence on keff and the flux

is reached.

The burnup calculations utilize the two heavy-isotope chains.

The relationships
dNU238 - _NU238 OU238

¢
dt @ for U238
dNNp239 _ NU238(ca-of)U238 s _NNp239(ANp239 + 0:p239 5)
dt 239
etc. for Np

are used to determine the burnup and production of the nuclides as
a function of time. Forward differences are used to solve the

first order differential equations.

Input to FEVER includes:

(1) cross section blocks which remain constant throughout
the problem

(2) initial concentrations per region for each nuclide
(3) region radii and core height

(4) burnup time step, thermal power of reactor, and
fission rate
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Since the control-poison search is used, the boron number
density is adjusted at each time step to allow the reactor to
remain critical. |If the control poison is completely absent and

keff < 1.0, the problem will terminate.

The output contains:

(1) control poison number densities for the critical
case

(2) maximum kegff at operating temperature with all
control poison removed

(3) keff at cold shutdown with xenon removed and all

control poison fully inserted
(4) all nuclide concentrations by region
(5) conversion ratio
(6) weight of heavy isotopes

(7) flux and power distributions

Fever was modified at UMR in August, 1968 to allow it to run
on the IBM 360/50. The previous deck was obtained from Purdue

University in March, 1968.

3. Two-Dimensional EXTERMINATOR-2 Code
(13)

The multigroup multiregion EXTERMINATOR-2 code was
employed to perform the two-dimensional fomputations. It is cap-
able of solving the neutron diffusion equations similar in nature

to those found in FEVER for XY, RZ, or R6 geometry. RZ was chosen

since it yields the most useful information for the model core.

The multigroup neutron diffusion equations which are approxi-

mated by difference equations are solved by the Equipoise method.
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Normally, numerical iteration methods for solving the diffusion
equations result in the use of an inner iteration (flux) and an
outer iteration (source). When one type of iteration has met a
convergence criterion, the other type of iteration is used and vice
versa. Convergence in both at the same time determines completion.
The Equipoise scheme is founded on the idea that separate inner

and outer iterations are not needed and merging of the two processes
is beneficial. The basic feature of the method is the use of the

most recently computed flux values in the iteration process.

Since the Dresden | reactor is assumed to be symmetric in
both the axial and radial directions, only a quarter core was
analyzed. It was, therefore, necessary to assume symmetry bounda-
ries on the bottom and left edges and zero flux at the top and
right sides. Figure L gives a view of the cross section and mesh
spacing used. Twenty-five columns of mesh points are taken in
the radial direction and ten rows of mesh points in the axial
direction. MNote that the actual center line of the reactor is
located between columns 1 and 2 and that the bottom border is
situated midway between rows 9 and 10. The zero flux boundaries

coincide with row 1 and column 25.

The microscopic cross sections used in FEVER are also used in
the EXTERMINATOR code. The computer program described in
Appendix Il simplifies this conversion. EXTERMINATOR allows for
upscatter and downscatter to any other group whereas FEVER allows

only downscatter to the next lower group. Despite the added
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flexibility, only scattering to the next lower group is used in
EXTERMINATOR for two reasons: (1) to keep the input as consistent
as possible between programs, and (2) the upscatter and remaining

downscatter cross sections are not available from HRG and TEMPEST.

Burnup is not accounted for in EXTERMINATOR since it is merely
a diffusion code. However, by relying on current number densities
from FEVER at each time step, keff’ flux, etc. can be obtained for
the two-dimensional case. FEVER prints out region dependent

nuclide densities at each time step.

The basic input required by EXTERMINATOR includes:
(1) number of groups and compositions
(2) type of geometry and boundary conditions
(3) microscopic cross sections
(4) mesh spacings and core dimensions

(5) concentrations of nuclides

The output exclusive of options contains:
(1) diffusion constants by group and region
(2) scattering matrix
(3) convergence data and keff
(4) reaction rates for each nuclide
(5) relative fluxes for each group at each mesh point

(6) group neutron balance over all compositions

L, Three-Dimensional FLARE Code

The three-dimensional calculations were performed in a

manner unlike those in one and two dimensions. The FLARE(ZZ) code
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uses a modified one-group diffusion theory which involves only the
infinite multiplication factor and migration area MZ. In addition
to determining the core reactivity and power distribution, allow-
ance is made for independent movement of each control rod. By
working in three dimensions, a coarser mesh must be tolerated. The
maximum grid permitted on the UMR version is 17x17x10 in the X, Y,
and Z directions respectively. For a quarter core of Dresden |
(see Figure 5), Xnax = 12, Ymax = 12, and Z ax = 10. These values
were chosen specifically to allow each mesh point in the XY plane
to coincide with the center of each fuel element. To permit more
detail and still conserve computer time and storage, only fuel
regions are considered. Compensation is made for the reflector

by replacing it with appropriate albedos at the core-reflector
interface. Large reactors may be considered by using the quarter
core option with symmetry boundaries or by considering the quarter
core as a full core and adjusting the albedos interior to the core.

Figure 5 gives a clear description of the quarter core and albedos

used.

FLARE utilizes a three level scheme for its iteration process.
The three levels are (1) source or power iteration, (2) void
iteration, and (3) fuel burnup iteration. The basic source itera-
tion equation is

_k,I's W

S m m% where S_ is the rate of production of
L —_— 2
=k, Vi,
2
fission energy neutrons at node (cube of core volume) 2. W is

mL

the transport kernel (probability that a neutron born at node % is
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absorbed at node m, and the prime signifies summing over the six
adjacent nodes. This will be repeated until convergence or the

specified maximum number of iterations is reached.

The void iteration is based on a fitting of steam volume
”f;actions to steam quality. The quality at each node is a function
of the inlet and exit quality of steam, power, and coolant channel
flow. The latter quantity depends on the power of each channel;
the dependeﬁce is calculated outside of FLARE and input by means

of supplying coefficients for the fitting equation. Steam volume

fractions R for each node depend on quality Qijk by
ijk
: C--Q..
2 5 Tijk
R =C,+C,0.. + C_(Q.. )" - C, exp (;——————i>
95 jk 1727 jk 3 gk 4 Ce
where the coefficients C] - C6 are input after performing calcula-

tions exterior to the code.

Relative moderator density is determined by U.. =1-R (1-5_0 )
ijk gijk s’ w
where 0_ and p are densities of the steam and water respectively.

The fuel burnup iteration determines a new exposure Eijk for
each node by
ijk = Tijk 22 ijk
where B22 is an input coefficient and Sijk is the source strength
at mode ijk. With this new exposure, a new multiplication factor,

voiding, power distribution, etc., are then calculated.
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The basic input to FLARE includes:

(1)
(2)
(3)
(1)

(5)
(6)
(7)

(8)
(9)

thermal and rated reactor power
grid space increments and albedos
coolant flow and subcooling of inlet coolant

By-B3 coefficients used to determine migration area
as a function of moderator density

By,-Bjo constants relating k_ to moderator density
and control

1 B 6 coefficients which are used in
e%ermtnatuon of k and A k

4 and Bypg connect the dependence of power and
%ow rate for each fuel bundle

void coefficients C]—C9

control rod positions

The output of interest is:

(1)
(2)

microscopic and macroscopic keff

two and three dimensional normalized source values,

moderator densities, void fractions, and exposures
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1V. DATA AND RESULTS

CONVERGENCE AND ASSUMPTIONS

The operations employed to obtain the comparative parameters
are displayed in Figure 6. This gives an overall view of each
code's importance. In the flow chart, the dashed line connecting
the MASS BALANCE of FEVER to the BURNUP calculation of EXTERMINATOR
indicates that the isotope masses are input from FEVER into
EXTERMINATOR for each time step. This is necessary because
EXTERMINATOR is not a burnup code. After the lifetime and the
control studies had been completed, a brief power flattening study
using three rod patterns was made using FLARE. Only FLARE allows

independent movement of control rods.

The rate and amount of convergence required are important

since all the diffusion codes are iterative in nature. Criteria

must be specified for k ff and flux convergence whereas FLARE
e
requires an additional void convergence criterion. Table 8 gives

the values used in this work.

TABLE 8 CONVERGENCE CRITERIA

Eeff Flux Void
FEVER 1072 1072 .
_L* —l}
EXTERMINATOR 10 10 .
FLARE (all) 1073 1073 1073
-4 -4 -
FLARE * .5x10 .5x10 .2x10

* Commonwealth Edison FLARE values for burnup steps 0,1, and 2
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Convergence for keff is much faster than for the neutron flux.

The primary reason is that keff represents a total or macroscopic
effect whereas the flux convergence is dependent on microscopic

or local conditions. Since the flux at each mesh point is checked,
convergence at all points simultaneously may be difficult. This

was found to be true for control rod cases especially for EXTERMINA-
TOR and FLARE. For EXTERMINATOR the amount of time needed to reach
convergence on the flux was about ten (10) timeslonger than that
required for keff convergence. FLARE demonstrated less than a 0.01%

change in keff for cases differing by a factor of ten in computer

is

time. Therefore, when only a macroscopic value such as keff

desired, flux convergence need not be overrestrictive.

The elapsed computer times for each particular case or com-

bination of cases is tabulated for the UMR IBM 360/50.

The fortran source decks were compiled and put on disk and/or
made into machine language decks. The fact that FEVER and EXTER-
MINATOR were run from disk whereas FLARE was run as an object deck

must be noted when comparing their elapsed computer times.

When cases were stacked one behind another, overall CPU times
were observed to decrease. This acceleration in convergence was
gained only for cases which were similar in nature and the k ff

e

and neutron flux values were saved from the previous run.

Several assumptions and approximations were made in determining
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the cross sections and setting up the reactor model. These

assumptions are listed below in two groups of importance.

Assumptions of lesser importance include:
(1) Reactor regions approximated as cylinders
(2) Fuel regions were homogenized
(3) Cross sections were region independent
(4) Fourth region was taken as pure iron (Reactor Vessel)

(5) Cross sections were volume weighted to account for
voiding

(6) Some cross sections were estimated when they could
not be determined explicitly.

Assumptions of greater importance include:

(1) Cross sections were not time dependent. This is
important in lifetime studies where the energy spectrum changes

with time hence affecting the flux weighted cross sections.

(2) No thermal disadvantage factor was used since

TEMPEST does not account for the thermal flux depression in the

fuel.

The cold clean cases for FEVER, EXTERMINATOR, and FLARE
‘with all rods inserted gave keff values well below 1.000. This is

an important safety criterion that must be included in every

feasible power reactor design.
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EXCESS REACTIVITY OVER LIFETIME

Assuming one core of uniform enrichment with no burnup, the
excess keff was determined for the cold clean case (-3)*, the hot-
no fission product buildup nor voiding case (-2)*, and operating

te

condition with voiding cases (-1 to 10)*. In the cold case (-3)%*,

the keff is the highest. This is due not only to the fresh fuel
but also to the greater density of the moderator. The water den-
sity will decrease with temperature and hence loose some of its
ability to slow down neutrons. This is observed as the reactor is

started up and the reactor core is still all water (-2)%*.

When boiling begins, saturated steam forms and eventually com-
poses approximately 20% of the core. Since the steam is even less
dense than the hot water, its moderating ability is further
reduced. The corresponding decrease in keff is observed in
Table 9, time step (-1)*. A greater decrease in keff is caused
by Xe‘35 and Sm”“9 buildup (0)*. So, even before the reactor has
produced any substantial power, keff has been decreased by a
sizable amount due to the change in moderator density and buildup

of fission products.

The reactor is then allowed to run 10 time steps of 73 days
each which coincides with an average burnup of 1000 MWD/MT at full

power. A complete list of keff's and computer times for each

* Numbers in parenthesis refer to conditions of the reactor

in Table 9 and Figure 7.
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reactor condition are presented in Table 9 and keff over lifetime

is plotted in Figure 7.

There are two sets of input values for the FLARE code. The

Lo)

first set was obtained from Commonwealth Edison Company and

contains a burnable poison (Tables 10 and 11). This explains

the lower k at the beginning of the reactor life. After a

eff
short period of time, the poison's neutron absorbing ability is
decreased to an insignificant amount. In the remainder of the fuel

cycle, keff is primarily a function of fissile isotope mass and

fission product buildup.

The second set of input values (Table 12) was obtained from

(20). This set does not

work performed by Combustion Engineering
include burnable poison since their studies involved only heavy
isotope content over core life. The largest disagreement between
FEVER and EXTERMINATOR results and FLARE results is in the
criticality after time step (6)*%. This seems to be due to their
individual treatment of fissile plutonium.buildup.

Comparison of these theoretical ke%f values with actual
operating values would be the ideal correlation. The latter
values, however, were not available. Therefore, a relative
comparison among the codes was made using FEVER values as the
basis. FLARE would have been used if the input had been calcu-

lated directly. The percentage differences for EXTERMINATOR and

FLARE for keff VS burnup are recorded in Table 13.



TABLE 9 k OVER REACTOR LIFE
eff

Computer TIME given in seconds

REACTOR
COND I TION FEVER  TIME EXTERMINATOR TIME FLARE(1)* TIME FLARE(2)*  TIME
-3 Cold ' 1.1884 73 1.187k4 933 1.0642 480
-2 Hot (all water) 1.1469 68 1.1452 472
-1 No F.P. 1.1349 A 1.1329 312 1.0468 T 4  1.1307 4
STEPS 0 1.0963 1.0943 306 o
] 1.0937 1.0919 347 1.0987 55 1.1234
2 1.0856 1.0838 323 1.0842 1.1132
3 1.0744 jg 1.0727 339 1.0695 1 1.1013 !
4 1.0631 % 1.0613 291 1.0547 2 1.0883 =
5 1.0529 g 1.0511 259 1.0397 1.0746
6 l.ou7 3 1.0429 319 1.0244 1.0606
7 1.0385 | 1.0365 263 1.0089 1.0463
8 1.0340 1.0320 194 0.9933 1.0318
9 1.0312 1.0290 333 0.9775 1.0171
10 1.0295 % 1.0272 340 0.9617 Y 1.0025 v

* FLARE (1) signifies constants from Commonwealth Edison were input

FLARE (2) signifies constants from Combustion Engineering were input

4
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TABLE 10 FLARE CONSTANTS - COLD CASE

Source: COMMONWEALTH EDISON (*O)
FLARE INPUT
CONSTANTS
B, = 39.80 Big = O
B, = 0 B,y = 0.010669
B, = 0 B,, = 0.275581
B, = 1.132 B,, = 1.0
By = 0.946 Byy = 1.0
B, = 80.273 B, =-0.093
B, = 0 B,s =-0.332
Bg = O Byg = O
By = -0.6913
Blo = © G =0
By = 0 ©2 = °
B, = 0.01801 C3 =0
By; = 0.0598 €y =0
By = 0.0410 (g =0
Big = 0.33 Cg = 1.0
Big = 0 C7 = l.OxlO6
By, = O Cg = 1.0
Big = O Cg = 1.0



TABLE 11 FLARE CONSTANTS - OPERATING CASE

Source: COMMONWEALTH EDISON(AO)

FLARE [INPUT

CONSTANTS

B] = 154,156 a]9 = 0

B, = -139.582 B,y = 0.010669
B, = 46.94 B,, = 0.275
B, = 1.1121 B,, = 1.0

B, = 0.7263 B,y = 1.0

By = 0.273 B,, = -0.093
B7 = 0.0886 B25 = -0.332
B8 = 0.2350 826 = 0

89 = -0.6913

Bio = -0.0382 c, = 0.5
By = 0 c, = 0.8
B, = 0.01801 c3 = 0

B3 = 0.0598 C, = 0.525
By = 0.410 Cg = 0

BIS = 0.33 C6 =  0.0366
Big = 0.0263 c7 = 649.4
317 . 0.0068 Cg = 46.3
Bl8 = 1.501 c9 = 2.24
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TABLE 12 FLARE CONSTANTS - OPERATING CASE

Source: COMBUSTION ENGINEERING(ZO)

FLARE INPUT

CONSTANTS

B, = 159.338 Big = 0

B, =-164.059 B,y = 0.010669
By = 61.120 B,, = 0.275581
B, = 1.037334 B,, = 1.0

By = 0.79295 B,y = 1.0

Bg = 0.548565 B,, = ~0.093

B, = 0.21651 B,s = -0.332

Bg = 0.436396 Byg = O

By = 0.852199

Biog = -0.089772 C, = 0.461
By = -0.156157 c, = 1.21

B, = -0.281691 ¢, = 0

B3 = 0.023488 C, = 0.46]
By = 2.697116 C; = O

Bijg= O Cq = 0.03247
Big = 0 c7 =646.6
B;= O Cg = 0.74049
Big = 0 c9 = 0.03666



TABLE 13 ke CODE DIFFERENCES OVER REACTOR LIFE

ff
FEVER used as basis

PERCENT DIFFERENCES

REACTOR '
CONDITION FEVER k .. EXTERMINATOR FLARE (1)* FLARE (2)*
-3 1.1884 -.08 -10.45
-2 1.1469 -.15
-1 1.1349 -.18 - 7.76 -0.37
0 1.0963 -.18
] 1.0937 -.16 + 0.45 +2.72
2 1.0856 -.17 | - 0.13 +2.54
3 1.0744 -.33 - 0.46 +2.50
I 1.0631 =17 - 0.79 +2.37
5 1.0529 -.17 -1.25 +2.06
6 1.0k -7 - 1.94 +1.52
7 1.0385 -.19 - 2.85 + .75
8 1.0340 -.19 - 3.94 - .21
9 1.0312 -.21 - 5.21 -1.37
10 1.0295 -.17 - 6.59 -2.62

% FLARE (1) signifies input constants from Commonwealth Edison were input

FLARE (2) signifies constants from Combustion Engineering were input

oY



THERMAL NEUTRON FLUX CORRELATION

FEVER and EXTERMINATOR codes calculate the four group
relative neutron fluxes at each mesh point. FLARE, on the other
hand, gives the rate of production of fission energy neutrons at
each node. Therefore, the thermal fluxes of FEVER and EXTERMINA-
TOR were compared along with the source strengths of FLARE. FEVER
being a 1-dimensional code gives the relative fluxes on a radial
line from the center of the core to the outer surface of the
pressure vessel. Since EXTERMINATOR is a 2-dimensional code and
R-Z geometry was employed, its flux pictures were a function of
height and radius. |In order to compare EXTERMINATOR'S thermal
fluxes to those of FEVER, the EXTERMINATOR values were collapsed
in the axial direction by averaging at each radial point. This

produced 1-dimensional fluxes as in FEVER.

FLARE was included in the correlation by collapsing the
sources in the Z-direction to give the average source for each fuel

element. By source is meant the rate of production of fission

energy neutrons.

S.. =k .. A.. where A.. is the absorption rate for
1] *®r) 1] )

the fuel assembly in row i, column j
It is difficult to obtain the source as a function of radius for
this case due to the rectangular geometry (Figure 5) of FLARE.
However, since the fuel element arrangement is nearly cylindrical,
the sources for each fuel assembly along the first row of the

quarter core were used for the comparison. Both Combustion
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Engineering and Commonwealth Edison values were used for FLARE.

The beginning of life case with no fission products was used
for all codes. Relative neutron fluxes and sources are normalized
to the first mesh point (5.107 cm) of EXTERMINATOR. FLARE sources

are normalized to the centermost fuel element.

Table 14 gives the normalized l-dimensional thermal fluxes
and source values at their respective distances from the center
of the core. These values are also plotted in Figure 8. The
large differences between FLARE values and FEVER and EXTERMINATOR
values stems from the possible difference in fission energy limits and
the manner in which leakage is accounted for. FLARE compensates
for leakage through the use of albedos while FEVER and EXTERMINATOR

work with the reflecting water region explicitly.

CONTROL ROD INSERTION COMPARISON

Criticality as a function of control rod insertion for the
three codes was also compared. The beginning of life case without
fission product buildup was used throughout this particular study
and only the amount of control rod insertion was varied. To
simulate control rod insertion, FEVER and EXTERMINATOR allow the
homogeneous number density of the poison material to change.
This is comparable to adding a control poison solution to a

particular region. The central region (#1) is the only one which

allows a natural Boron (control rod material) number density to
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TABLE 14 THERMAL FLUXES, COLLAPSED THERMAL
FLUXES, AND SOURCE STRENGTHS (NORMALIZED) VS
RADIAL DISTANCE FROM CENTER OF REACTOR CORE

FEVER EXTERMINATOR FLARE (1)*
Pt. Dis. Flux Pt. Dis. Flux Pt. Dis. Flux
1 7.981+0 .9976 1 -5.107 1.000 1 12.65 1.0000
2 1.5961+1 .9889 2 5.107 1.0000 2 25.30 0.9928
3 2.3942+1 .9734 3 15.322 0.9889 3 37.95 0.9847
L 3.1922+1 .9515 A 25.537 0.9669 4 50.60 0.9718
5 3.9903+1 .9233 5 35.752 0.9345 5 63.25 0.9485
6 L4.7883+] .8892 6 45.967 0.8922 6 75.90 0.9175
7 5.5864+1 . 8494 7 56.182 0.84o4 7 88.55 0.8773
8 6.3844+1 . 8044 8 66.397 0.7806 8 101.20 0.8255
9 7.1825+] L7544 9 76.612 0.7132 9 113.85 0.7549
10 7.9805+1 .7000 10 86.827 0.6394 10 126.50 0.604k
11 8.7786+1 .6416 11 97.042 0.5605 11 139.15 0.4963
12 9.5766+]1 .5798 12 107.257 0.4779 12 151.80 0.3526
13 1.03746+2 .5153 13 117.472 0.3926
14 1.11727+2 L4485 14 127.687 0.3063
15 1.19707+2 .3802 15 134,205 0.2514
16 1.27688+2  .3111 16 120.722 0.192L FLARE (2)
17 1.32033+2  .2734 17 147.239 0.15 .
18 1.36378+2  .2359 18 153.757 o0.1976 't- Dis. Flux
19 1.40722+2 .1992 19 160.191 0.2483 ] 12.65 1.0000
20 1.45067+2  .1662 20 166.625 0.1514 2 25.30  0.9937
21 1.49412+2  .1489 21 173.059 0.0927 3 37.95 0.9882
22 1.53757+2  .1962 22 179.493 0.0297 &4 50.60 0.9831
23 1.57778+2  .268] 23 185.928 0.0029 5 63.25 0.9766
24 1.61800+2  .2279 24 192.913 0.0001 6 75.90 0.9648
25 1.65821+2  .1628 25 199.898 0.0000 7 88.55 0.9420
26 1.698L42+2 .1058 8 101.20 0.8988
27 1.73864+2 .06454 9 113.85 0.8304
28 1.77885+2 .03684 10 126.50 0.6676
29 1.81907+2 .01817 11 139.15 0.5589
30 1.85928+2  .003777 12 151.80 0.4041
31 1.89440+2  .0005853
32 1.92913+2 .00009263
33 1.96405+2  .00001535
34 1.99898+2 .00000237

% FLARE (1) and FLARE (2) signify constants from Commonwealth Edison
and Combustion Engineering respectively.
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change. This is the primary reason for separating the core into

two separate regions in Section |I1-A.

FLARE, on the other hand, employs individual movement of
control rods thus requiring a control rod pattern for each run.
Patterns with all rods inserted the same amount (flat pattern)
were used in this comparison. Other FLARE control rod schemes are

briefly investigated in the next section.

An accurate number density for natural boron in the control
rods could not be obtained due to lack of detailed specifications.
Therefore, a pseudo number density was used in FEVER and EXTERMINA-

TOR and normalized to 30% rod insertion of FLARE.

Table 15 and Figure 9 gives the keff's VS control rod inser-
tion given by the three codes. Their respective computer times
are also presented. The values for all three codes are in close
agreement up to  50% insertion. The FLARE model affects
reactivity more than the FEVER and EXTERMINATOR models for the
following reasons: (1) The individual rods in FLARE are being
inserted in a high flux region, therefo}e, higher rod worth and
(2) the probability of neutron capture does not increase

linearly with homogenized poison number density.

POWER DISTRIBUTION STUDY
As previously me