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1.0 INTRODUCTION

The purpose of tiis report is to document the Exxon Nuclear Company
(ENC) methods for the neutronic analysis of boiling water reactors (BWR's).
The report is being issued at this time for NRC and utility customer review.
Included in this report are local neutronic analysis models applicable to
indiv'dual fuel assemblies and neutronics core analysis methodology applic-
able to the entire core. Uncertainty analysis methodology and verification
of the calculational results are also covered. The neutronics core analy-
sis methodology includes control rod drop, control rod withdrawal, fuel
misloading, reactor core and channel hydrodynamic stability, and neutronic
input to the total nuclear plant transient analysis. The neutronic methods
are verified by comparing the calculational results with measured reactor
data and with higher order calculations. The power distribution uncertainty
methodology considers the neutronic models and the measured reactor data.
The neutronic methods presented in this report will be used by ENC and
utility customers for the design of reload fuel, for reactor in-core physics
calculations and for safety and licensing calculations which include accident

and transient analyses.
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2.0 SUMMARY

Included in this section is a brief description of the computer codes
used in the neutronic calculations for boiling water reactors. A summary of
the core analysis methodology, verification of the neutronic and fuel manage-
ment methods, and the method of determining the power distribution uncer-
tainty is provided in the following.

The ENC neutronic methods include the five modules: 1) XFYRE for
calculation of fuel neutronic parameters and assembly burnup, (2) XTGBWR for

reactor core simulation, (3) COTRAN for transient calculations, (4) XDT for

diffusion theory calculations and (5) XMC for Monte Carlo benchmark calculations.

2.1 FUEL ASSEMBLY DEPLETION MODEL (XFYRE)

The nuclear parameters for the BWR assemblies are calculated with
the XFYRE computer code. The XFYRE code combines the HRG and THERMOS cross
section generating codes, diffusion theory, and an isotopics depletion model
to generate fuel neutronic parameters as a function of voids and exposure
for both controlled and unconirolled assemblies.

The calculations performed by the XFYRE code include generation of
cross sections for each fuel assembly region, neutron flux and power shapes
across the fuel assembly, isotopic depletion. flux and volume weighted
bundle parameters, and incore detector parameters.

The code uses two dimensional four energy group diffusion theory
methods for the microscopic depletion of BWR assembiies. The code alter-

nates between a spatial calculation of the average flux in each pin cell and
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a burnup calculation for each pin over an exposure interval, maintaining a
constant p.n power over the interval. The four energy greup cross sections
are collapsed from fine group thermal and epithermal spectrum calculations
for each pin type within an assembly. The spectrum calculations are repeated
at intervals to adjust the multigroup cross sections for the spectral change
with burnup.

2.2 CORE SIMULATOR MODEL (XTGBWR)

The ENC core simulator program for the analysis of BWR cores is
the XTGBWR code. The XTGEWR code requires two-group cross sections as input
ard utilizes simulated two-group diffusion theory models to solve for flux
and power, lhe XTGBWR program uses coarse mesh diffusion theory to solve
for the fast group flux in each node. The thermal flux is calculated from
the fast flux assuming the only source of thermal neutrons is slowing from
the fast group and that no thermal leakage occurs within each node. Correc-
tions to the above assumption are made to account for thermal flux gradients
at controlled nodes and on the core edge. Inner iterations are performed on
the fast group flux, but the thermal flux is updated only after each outer
iteration. After a specified number of outer iterations, the cross sections
are updated to reflect power dependence on xenon, Doppler and thermal

hydraulic feedback.
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For fuel management calculations, the XTGBWR code has the fol-
lowing primary capabilities:
1. Core calculations in 1/4, 1/2 and full core geometry.

Control rod dependent parameters.

w

Therma! hydraulic void feedback including subcooled boiling.

4. Equilibrium and time dependent xenon and samarium.

5. Power dependent Doppler broadening.

6. Void history correction to cross sections.

7. Calculation of core K-effective and nodal power distribution.

8. Calculation of critical power ratio (CPR), linear heat
generation rate (LHGR), and average planar linear heat
generation rate (APLHGR), at each node.

9. Prediction of the traveling inccre probe (TIP) measurements.

10. Haling calculations in two or three dimensions.

11. Fuel shuffling option.

12. Zero power critical option.

2.3 REACTOR KINEVICS MGDEL (COTRAN)

The ENC program for kinetics analysis of BWR cores is the COTRAN
code. COTRAN is a two dimensional (r-z) computer program which solves the
space and time dependent neutron diffusion equation with fuel temperature
and reactivity feedback. These reactivity feedbacks are determined from a
solution of equations of mass, energy and momentum for the coolant coupled

with a fuel conduction model.
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The COTRAN code requires input from the XFYRE and XTGBWR codes
including cross sections, rod worths, initial flux and power shapes, peaking
factors and other initial condition parameters. The COTRAN code has the
capability to accept forcing functions as a function of time for several
system parameters. These forcing functions allow COTRAN to model the

reactor while including as input the total system feedback.

The ENC computer program which is used for special single and
multi-bundle diffusion theory calculations is the XDT code. These special
diffusion theory calculations include four and sirteen bundle calculations,
fuel misloading calculations and incore detector calculations. The XDT code
calculates the eicenvalue, relative powers, multigroup neutron fluxes, and
region cross sections.

2.5 MONTE CARLO MODEL (XMC)

The Exxon Monte Carlo Code (XMC) is a general purpose Monte Carlo
code designed primarily to calculate benchmark problems for thermal reactors.
These benchmarks are then used as one of the methods to calibrate the other
ENC methods. With XMC, the geometrical configuration can be described
exactly. This geometrical capability and a coupled space-energy solution
of the transporti problem makes the Monte Carlo method as contained in XMC
superior to other calculational methods for evaluting key bundle nuclear
parameters and for calculating the effects of water gaps, control blades and

burnable poisor rods.
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The neutron flux, isotopic reaction rates, group-averaged cross

sections, and neutron leakage are calculated in three-dimensional space over
the energy range from 0 to 10 MeV. The reaction types considered are fis-
sion, capture, inelastic and n-2n scattering, elastic scattering with iso-
tropic or anisotropic angular distributions, and thermal elastic scattering
using the ideal gas scattering model. The energy distribution of the neu-
trons is continuous. However, the cross sections are averaged over up to
2000 microscopic energy groups. Resolved resonance cross sections are
caluclated by XMC for each neutron energy using the Doppler-broadened Breit-
Wigner singie-level formula.

2.6 CORE ANALYSIS METHODOLOGY

Special neutronic calculations are performed to evaluate the
control rod drop accident, fuel misloading incident, reactor core and
channel hydrodynamic stability, control rod withdrawal incident, and to
determine the neutronic input parameters for the plant transients and loss
of coolant accidents.

Control Rod Drop

The control rod drop accident assumes that a control rod becomes
uncoupled from the drive and remains stuck fully inserted in the reactor
core as the control rod drive is withdrawn. The uncoupled control rcd is
then assumed to drop out of core. The control rod drop calculations are

performed with COTRAN in two-dimensional (r-z) geometry with fuel temperature
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and moderator density reactivity feedbacks. The reactor neutronic parameters
which significantly affect the rod drop analysis include the Doppler reac-
tivity coefficient, the maximum control rod worth, the power peaking (peaking
with control rod removed from core) and the delayed neutron fraction.

Fuel Misloading

Two separate incidents are analyzed as part of the fuel misloading
analysis. The first incident, which is termed the fuel misorientation
error, assumes that a fuel assembly is misoriented, by rotation through 90°
or 180° from the correct orientation, when loaded into the reactor core.
The second incident, the fuel mislocation error, assumes a fuel assembly is
placed in the wrong core location during refueling. For both the fuel
misorientation error and the fuel mislocation error, the assumption is made
that tne error is not discovered during the core verification and the reac-
tor is operated during the cycle with a fuel assembly misloaded. The fuel
misorientation calculations are performed using the XFYRE, XDT, and XTGBWR
codes. The fuel mislocation calculation is performed with the XTGBWR code.
The limiting parameter of interest for the fuel misloading error is the MCPR
in the misloaded fuel assembly. The fuel misloading analysis determines the
difference between the MCPR for the correctly loadea core and the MCPR for
the core with a fuel assembly misloaded.

Stability

Stability analysis is concerned with two basic phenomenon, reactor
core (reactivity) stablity and channel hydrodynamic stability. Reactor core

instability is wien the reactivity feedback of the entire core drives the
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reactor into power oscillations. Channel hydrodynamic instability is fle

oscillations which may impede heat transfer to the moderator resulting in

localized power oscillations. Stability 1s analytically demonstrated if no

divergent oscillations develop as a result of perturbations of any critical
variable such as core pressure, control rod position, and recirculation
flow. The stability analysis is performed with the COTRAN computer code.
Neutronic Input to ilgn}_}rgpgjpp}_ﬁnglyﬁjf
The ENC plant transient and loss of coolant accident calculations
require the following neutronic parameters as input:
1, Void reactivity coefficient,
Doppler reactivity coefficient,
Scram reactivity,
Delayed neutron fraction, and
Prompt neutron lifetime.

The above parameters are calculated with the XFYRE, XTG, and COTRAN codes.

The control rod withdrawal error is the widthdrawal of a control
rod by the reactor operator from a fully inserted position until the control
rod motion is stopped by the rod block. While the control rod is being
withdrawn, the reactor power and the local power in the area of the rod which
1s being withdrawn will increasc The reactor thermal limit of concern as
the power increases is the transient minimum critical power ratio (MCPR)
limit which protects against critical heat flux. The control rod withdrawn

calculation is performed with the XTGBWR code.
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2.7 NEUTRONICS METHODS VERIFICATION

The ENC neutronics methods are principally verified by ~omparing calcu-
lated results to measured reactor data. The XFYRE calculated local power
distribution and isotopics are compared to gamma scan measurements and
destructive isotopic data. In addition the XFYRE code has been benchmarked
against the higher order Monte Carlo code. The XTGBWR reactor simulator
code is verified by calculating reactor Keff data, measured TIP traces, and
bundle gamma scan data. The kinetics calculations performed by the COTRAN
code are compared to the measured Peach Bottom-2 data.

2.8 MEASURED POWER DISTRIBUTION UNCERTAINTY

The determination of the uncertainty associated with a measured
power distribution is necessary from a reactor safety viewpoint. The safety
analyse< are performed to assure safe reactor operation with a certain
quantified degree of confidence. The uncertainty associated with the
reactor power distribution is defined in terms of the relative standard
deviations of the independent variabies involved in determining power
distribution.

The reactor power distributions are combinations of measured
reactor data and computer calculated data. The measured reactor data
include the fixed local power range monitor (LPRM) in-core detector data and
the travel.ng in-core probe (TIP) detector data. The computer calculated

data include the relative core nodal power distribution, the in-core detector
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response distribution, and the local peakine .actors for the fuel rods

within each bundle. The predicted relative nodal power and detector response

distributions are calculated with the XTGBWR reactor simulator code.
Thre relative standard deviations of the detector measurements, the

calculated detector response distribution, the calculated noda) power dis-

tribution, and the local pin power distribution are determined by comparison

to measured data. The measured data consist of distributions of TIP and

fixed in-core detector responses plus gamma scans of bundles and pins.
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The ENC code package for performing reactor core neutronics calculations
includes a fuel assembly depletion model (XFYRE), a core simulator model
(XTGBWR ), a reactor kinetics model (COTRAN), a multigroup diffusion theory
model (XDT), and a Monte Carlo model (XMC). The XFYRE code calculates the
basic fue! assembly neutronic parameters including the local rod power
distribution, the local rod exposure distribution, the two and four aroup
cross section sets and the fuel assembly reactivity. The parameters are
calculated as a function of temperature, voids, exposure, power, and control.

The XTGBWR reactor simulator code models the reactor core in two

dimensional (X-Y) ~. three dimensional (X-Y-Z) geometry. The reactor

calculations can be performed in one-quarter, one-half, or full core geome-
try. The code calculates the reactor core reactivity, core flow distribu-
tion, nodal power distribution, reactor thermal limit values, and incore
detecto: response,

+

The reactor kinetics calculations are performed with the COTRAN code
The COTRAN code models the time dependent core neutronics and thermal
hydraulics in two dimensional (r-z) geometry with void and Doppler feedback.
The code calculates the axial and radial temperature distribution for the

fuel
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The special sinale fuel assembly and multi-fuel assembly diffusion
theory calculations are performed with the XDT code. The XDT code is a two
dimensional-multigroup model for reactor analysis. The code calculates the
eigenvalue, relative powers, neutron fluxes, and flux and volume weighted
neutronic parameters.

The XMC code is a general purpose Monte Carlo code used primarily to
benchmark the bundle depletion code XFYRE. XMC utilizes an exact geometri-
cal description and a coupled space-energy solution of the transport problem
which makes XMC higher order than the other methods for evaluating key
nuclear parameters.

These computer codes are described in Sections 3.1, 3.2, 3.3, 3.4, and
3.5, respectively.

3.1 FUEL ASSEMBLY DEPLETION MODEL (XFYRE)

The nuclear parameters for the BWR fuel assemblies are calculated
with the XFYRE computer code. The XFYRE code combines the basic cross
section generating codes, diffusion theory, and depletion models to generate
fuel neutronic parameters as a function of voids and exposure for both
controlled and uncontrolled assemblies.

The XFYRE code is automated to perform all calculations for the
BWR fuel designs with a minimum of required input. A typical 8x8 BWR fuel
design with two inert water rods and a control rod is shown in Figure 3.1-1.
The XFYRE code can be used to analyze fuel rod arrays up to 11x11, with non-
synmmetrical or symmetrical water gaps and with water or zirconium filled

inert rods.



The input to the XFYRE code consists of basic fuel rod and fuel
assembly dimensions, fuel rod enrichments and material densities.

The calculations pei'formed by the XFYRE code include generation of
cross sections for each fuel assembly region, calculation of neutron flux
and power shapes across the fuel assembly, depletion calculations, calcula-
tion of flux and volume weighted bundle parameters, and calculation of
incore detector parameters. The methods used by the code to calculate each
of the above are described in the following secticns.

Basic Cross Section Library
The cross sections in the XFYRE code with the exception of
the hydrogen scattering kernel are derived from the Battelle Northwest

(3-1)

Master Library.

(3-2) , (3-3)
The Ea“DF/B\3 ~ scattering kernel (Haywood ‘(-rnel,f'j 3

for hydrogen in water was incorporated into the cross section library for

15 ~(3-4) . " . -
the THERMOS program. The hydrogen kernel is generated using the FLANGE

{2 \
3-5)

11 code.' The scattering kernels for the other nuclides are calculated
by a Brown-St. »>hn model, using free atom scattering cross sections.

The isotopes normally used in the XFYRE calculations are
listed in Table 3.1-1.

Thermal Cross Sections
The thermal cross sections for the fuel rods are calculated
with the Exxon revised THERMOS program. The THERMOS code calculates the
scalar thermal neutron spectrum as a function of position in a lattice by
solving numerically, the integral transport equation. The calculations are

performed for 30 energy groups over the energy range O<f 683 ev.
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For a standard fuel rod with no burnable poison, the fuel
rod and surrounding water are transformed into a cylindrical pin cell for
calculation of tre thermal cruss section. The cylindrical cell has a fuel
region, a clad region, and an outer water region as shown in Figure 3.1-2.
The gap between the fuel pellet and the clad is homogenized with the fuel.
The outer diameter of the water region in the cylindrical geometry is
selected to give ‘he true volume of the unit cell.

For the standard feul rod, the cell is divided into 15
cylindrical rings, with eight equal thickness rings of fuel, two rings of
clad and five rings of water moderator. The THERMOS calculation uses the
white boundary condition at the edge of the cell with an albedo of 1.0.

For fuel rods containing gadolinia, the cylindrical geome-
try is expanded to include an extra region of homogenized cells. The extra
region is necessary to obtain the correct thermalization spectrum in the
fuel rods containing gadolinia. The cylindrical geometry for the gadolinia
pin cells is shown in Figure 3.1-3. [ ]

The cylindrical pin cell and extra region are divided into
[ ] rings for the THERMOS calculation. Since the thermal flux is strongly
depressed in the gadolinia-fuel region, the gadolinium cross sections have a
strong spatial dependence resulting in a non-uniform depletion of the
gadolinium, [ ]

The reflecting boundary condition is used in the THERMOS

calculations for the fuel cells with extra regions.



XN-NF-80-1 (}\ NP )

Vol. 1

For both the standard fuel rod and the gadolinia fuel rod,
the cross sections are flux and volume weighted over the 30 fine energy
groups and the fuel pin cell to obtain a one thermal erergy group macro-
sScopic cross section.

3.1.3 Epithermal Cross Sections

The epithermal cross s2ctions for each region in the fuel

assembly are calculated in XFYRE with the JRG program. The JRG program

) (2.7)
combines the HRG(' °) program and the DASUHE(j '

Dancoff calculation. The
epithermal slowing down spectrum calculation is performed with 68 equal
lethargy width five energy groups using the P1 approximation. The calcula-
tion is performed over the energy range 10 MeV to 0.414 ev. The 68 fine
group fluxes and currents are calculated by one sweep through the group
structure, starting from the U-235 or Pu-239 source distribution. The
multigroup model uses a full down-scattering matrix, with inelastic, n-2n,
and P, and 91 components of elastic scattering explicitly included.

For each fuel rod type in the BWR fuel assembly, the iso-
topic concentrations are homogenized over the unit cell consisting of the
fuel, clad and water associated with each fuel rod. The macroscopic fine
group parameters are constructed from the homogenized isotopic concentra-
tions and the microscopic parameters on the HRG data tape.

A special calculation is made in the resonance range for U-

U-238, Pu-239, Pu-240, and Pu-241 nuclides, using an adap*ation of the
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Alder, Hinman, and Nordheim(3'8)

method to an intermediate resonance approxi-
matation for both the absorber nuclide an' an admixed moderator. The Dancoff
correction factors that account for the effect of the adjacent fuel rods on
the resonance absorption are calculated with the DASQHE program for a square
lattice. The resonance contribution for each isotope is allocated to the
fine groups in a consistent manner providing self-shielding in both space

and energy.

3.1.4 Control Rod Cross Sections

Control rod cross sections are calculated for each fuel
type as a function of exposure and void. The control rod cross sections are
calculated after the THERMOS and JRG calculations are carried out for each
fuel rod type in the fuel assembly. The calculation model includes the
fuel assembly and the detailed control rod blade configuration inciuding
dimensions and number of poison pins pe. wing.

The blade is constituted of stainless steel for the support,
stiffener (if present) and sheath, 84C powder in stainless steel clad
absorber pins, and the space between the absorber ..ns and the sheath can be
either voided or unvoided water.

In the th:~mal energy range, a special one-dimensional slab
geometry integral transport theory calculation is performed. The control
rod blade and fuei assembly are converted into a one-dimensional slab pre-
serving the relative areas of each component. The actual control rod geome-
try and the geometry for the THERMOS calculation of the control rod blade is

shown in Figure 3.1-4,



r
|

The thermal macroscopic cross sections of the control rod
blade are obtained from the THERMOS calculations by editing over the blade
region of the fuel asscmbly., The stainless steel microscopic cross sections
for the coentrol rod support are obtained from the blade sheath region.

The concentrations of the fuel isctopes, the clad, and the
water in the pin cells are fiux and volume weighted to obtain the homogenized
concentrations for the fuel regions. The thermal flux for the flux weighting
is obtained from the THERMOS pin cell calculations. | ]

In the epithermal energy range, the control rod cross sec-
tions are obtainad from a special HRG calculation. The calculation is per-
formed by homogenizing all regions of the fuel assemlby including the control

rod to obtain bundie average number densities. The HRG calculation is then

performed for the fuel bundle to obtain the slowing down spectrum and the

multigroup microscopic cross sections for each nuclide in the fuel assembly.

The epithermal macroscopic cross sections of the control
blade are calculated from the boron, carbon, stainless steel, and water
isotopic concentrations in the blade and the respective microscopic cross
sections.

3.1.5 Neutron Flux and Power Calculation
Controlled and uncoin*rolled local pin powers, neutron flux,

and bundle reactivity are calculated within XFYRE utilizing a four group

diffusion theory calculation in two dimensional geometry. This portion of
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the program is a modified version of the XDT code described in Section 3.4.
These calculations ar. performed after the detailed energy and spatial
calculations have been carried out for each fuel pin type in the assembly.

For the diffusion theory calculations the fuel assembly is
transformed into an X-Y geometry as shown in Figure 3.1-5. [ ] The arrange-
ment of pin cells is symmetric about the assembly diagonal which bisects the
control blade slot. Additional regions representing the film water-channel
mixture, gap water, incore detectors, inerc rods, control blade, and control
support complete the geometrical description of the fuel assembly. [

]
The broad group cross section parameters for the diffusion

theory calculations are averaged over the following four broad energy groups:

Broad Energy Groups Energy Range
1 11.7 kev - 10 Mev
2 2.38 ev - 11.7 kev
3 0.683 ev - 2.38 ev
4 0 ev - .683 ev

The four energy group diffusion equations can be written

as:
2 r

) V"¢ -5L_ ¢+ =0,g=1, ... 3.1-

gV #g-Tytg®S,=0,9=1 d e
where

g D "’;1 o
% " Rogr L flg" 0g- * L E(9%9) ¢y (3.1-2)
q°=1 g°=1



the energy group

(, = ww raction of neutrons generated in energy group g

For mesh points which are situated in the center of the mesh interval as

shown in the mesh description below

inteqration over the volume associated with each mesh point yields the

difference equations in the following form:

where, for simplicity, the group indices have been omitted,
removal cross section associated with mesh point o,

source rate associated with mesh point o,
volume associated with mesh point o,

flux associated with mesh point k,
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" distance between mesh point k and mesh point o,
) area of boundary between mesh point ¥ and mesh point o,
), = effective diffusion constant between mesh point k and mesh
) v
point o.
'L‘ f 4 R. )

, k
, N, = (3.1-4
. ) K “k 0

An iterative process is used to solve the difference equation (3.1-3). In

XFYRE a successive

onverqgence 1n

the iteration that produces the group flu

our energy group neutron fluxes are calculated,

line over-relaxation algorithm is used to accelerate

xes. After the

the power in each

fuel pin is calculated from the fission rate and normalized to the average

pin power,

The XTGBWR core simulator code requires

as input the nodal

average two energy group macroscopic cross sections for each fuel type in

the reactor. These node average macroscopic cross section pavameters are

obtained by collapsing the four group cross sections in

groups

Depletion Calculation

The burnup calculation is performed ove

which are specified by input. A typical set of exposure

assembly containing gadolin:

The depletion is

performed separately for each pin cell

XFYRE to two energy

r exposure intervals

intervals for a BWR

as a burnable poison is given in Table 3.1-2.

in the fuel assembly,




ssuming diagonal symmetry of the cells in the assembly. The isotopes which

are burned are listed in Table 3.1-3. The four isotopes FPA, FPB, FPC, and

)y s

<

FPD are lumped pseudo-isotopes for U-235 in the \wnhewl)‘1> fission Jroduct
model. In all fuel pins the non-gadolinia 1sotopes are burned using an
average isotopic concentration for the fuel area. |

The isotopic transmutation calculations performed in the
XFYRE program follow the nrocess depicted in Figure 3.1-6. The set of

differential equations that govern the transmutation of the subchain, 1i.e.

U-238, Pu-239, Pu-240, Pu-241, Pu-242, can be written as follows usir

standard notation:

‘1‘\ ‘

at

9
dN ) f 9 ) : u9 1\
dt N < L> . <
TfIO < 9 > . /:
C \

&:
/ 4 :
)

The depletion calculations are performed with a one group flux which is

obtained by collapsing the four group fluxes from the diffusion theory
alculation. The XFYRE code takes advantage of the fact that for constant
fluxes and cross sections, the solution to the depletion equations can be

expressed analytically,
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The assumption ¢r oJUnstant fluxes and cross sections is a

reasonable assumption if the exposure steps are small. [ ]
When the cross sections are regenerated, the average con-
centration of each isotope for a fuel type is calculated, and then the

THERMOS-JRG fine group calculations are performed to obtain new microscopic

cross sections for each isotope. The number of fuel types in the fuel

assembly is specified as input. Usually all fuel rods with the same uranium
enrichment, gadolinia concentration, dimensions, and fuel density are con-
sidered as one rod type in the calculation.

L ] A typical plot of the gado’inium-157 thermal absorp-

tion cross section for each region as a function of exposure is shown in

tion of exposure is shown in Figure 3.1-8.
Since the gadolinium concentrations and cross sections are

changing more rapidly than the otner isotopes, over each burnup suhinterval

the gadolinium cross sections |[ ]

3.1.7 Xenon and Samarium

For depletion calculations the XFYRE code includes time and
power dependent xenon and samarium. The time is calculated by the code from
the power, exposure, and fuel weight. At zero exposure there is no xenon or
samarium in the calculations.

For restart calculations the code can calculate time depen-

dent xenon and samarium based on the isotopic concentrations from the restart

Figure 3.1-7. A typical plot of the gadolium-157 concentration a: a func- '



tape and an input shutdown time. The code has the options of calculating

»

(1" 7o xenon and no samarium, or (2) no xenon and the samrium from the
restart tape in addition to the time dependent option.
3.1.8 Restart Calculations

During an XFYRE depletion calculation, a restart tape can
oe wri-ten that saves sufficient information to perform additional calcula-
tions without repeating the burnup calculation. Such additional calculations
can include solutions at different temperatures, void conditions, or control
conditions.

Wwhen a restart and burn calculation is performed where a

parameter is changed or when the gadolinia is not deplet «, a small burn

step of 250 MWD/MT with cross section regeneration is desirable prior to

resuming calculations with larger burn steps. The small step is necessary

for the accurate extrapolation of cross secti.n ‘uring a larger bi'n interval.

3.1.9 Incore Detec.or Parameters

The XFYRE code uses a dilute macroscopic thermal fission

cross section at the location of the incore detector to calculate the T

factor. The T factor is defined as follows:

[f desired, the homogenized four energy group macroscopic

ross sections of the incore detector can be input. The code then uses the

input cross sections in the diffusion theory calculations and in calculating
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Table 3.1-1 Isotopes Normally Used in XFYRE

[sotopes
Cl2

016

HZ20 W/UPSCAT
ZIRCONIUM
204SS
BORON
U238
Pu240
Pu24?2
U235
Pu239

Puz4l

Isotopes
Am241
Am243
Cm242
Cm243
Cm244
PFP4-235
PFP1-235
PFP2-235
PFP3-235
Sml51
Gd154
Gd155
Gd156
Gd157
Gd158

Pu238
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3.1-2 Typical Exposures (MWD/MTU) for
XFYRE Depletion Calculations




Table 3.1-J
U-235 Pu-238
U-236 Pu-239
J-238 Pu-240
Np-237 Pu-241
Pu-242

* The gadolinia isotopes are burned only in Gd-poisoned pins.

Burnable Isotopes in XFYRE

Am-241
Am-243
Cm-242
Cm-243

Cm-244

Xe-135
Sm-149
Sm-151
PFP4-235
PFP1-235
PFP2-235

PFP3-235

XN-NF-80-19(NP)

Yol. 1

Gd-154*
Gd-155
Gd- 156
6d-157

Gd-158
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Homogenized Fuel Pellet
and Gap

F

Clad

Water

Cylindrical Geometry for THERMOS Calculation
of Non-Gadolinia Fuel Rod




Figure 3.1-3 Cylindrical Geometry for THERMOS Calculation
of Fuel Rod Cuntaining Gadelinia
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Figure 3.1-5 XFYRE Mesh Boundaries for an 8x8 BWR Fuel Assembly
with a Wide and Narrow Water Gap
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Figure 3.1-7 Relative Thermal Absorption Cross Section
of Gadolinium-157 as a Function of
Fuel Assembly Exposure
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Relative Gadolinium-157 Number Density by Subregion
as a Function of Fuel Assembly Exposure



the T factor. The incore detector region for the diffusion theory calcula-
tion is defined by the width of the water gaps on the side of the bundle of
the control rods. The incore detector location is shown in Figure 3.1-1.
The incore detector region in X-Y geometry for the diffusion calculation is
shown in the upper right hand corner of Figure 3.1-5.
3.2 7 (XTGBWR)

The Exxon Nuclear core simulator program for the analysis of BWR
reactor cores is the XTGBWR code. The XTGBWR code uses the same modified
two group diffusion theory as the Exxon Nuclear reactor simulator code for

(3-10)

pressurized water reactors (XTGPWR). The XTGBWR program uses coarse

mesh diffusion theory to solve for the fast flux assuming the only source of

thermal neutrons is slowing down from the fast group and no thermal leakage

occurs within each node. Corrections to this assumption are made to account
for thermal flux gradients at controlled nodes and on the core edge. Inner
iterations are performed on the fast group flux, but the thermal flux is
updated oniy after each outer iteration. After a specified number of outer
1terations, the cross sections are updated to reflect power dependence on
xenon, Doppler and thermal-hydraulic feedback. This method of solution
results in rapid covergence.

For fuel management calculations, the XTGBWR code has the fol-
lowing capabilities:

1. Core calculations in 1/4, 1/2 and full core geometry with

sever2’ boundary conditions.

Contrul rod dependent parameters.




10.

11.
12,
13.
14,
15.
3.2.
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Thermal hydraulic model including void feedback, subcooled
boiling, and pressure drop flow calculation.
Equilibrium and time dependent xenon and samarium.
Power dependent Doppler broadening.
Void history correction to cross sections.
Calculation of core K-effective and nodal power distribution.
Calculation of critical power ratio (CPR), linear heat
generation rate (LHGR), and average planar linear heat
generation rate (APLHGR) at each node.
Core exposure calculated from inputs of burnup (MWD/MT),
enerJy (GWD), or time (hours).
Full edit capability in either two or three dimensions for
all arrays.
Prediction of the traveling incore probe (TIP) measurements.
Tape or file outputs for restart capability.
Haling calculations in two or three dimensions.
Fuel shuffling option.
lero power critica' option.

Core Geometry

X-Y-Z geometry ic used in the three dimensional model of

XTGBWR. When two dimensional geometry is used the axial nodes are averaged

into one plane in the Z direction. A typical X-Y geometry full core con-

figuration is shown in Figure 3.2-1. The code requires the node in the



radial direction (X-Y) to be the same size for all fuel assemblies.
nodes in the axi_l direction must also be the same size but n
ferent size than in the radial direction. | |1 In addition to the full core

geometry, the code can be used for quarter core and half core geometry with

reflective, repetitive, or 90" rotational boundaries. The boundary condi-

tions for quarter core symmetry are shown in Fiqure

For the analysis of cores with axially distributed gado-
linia or enrichment, each fuel type may be made up of two or more material
types. BWR is capable of handling a different fuel type for each axial
plane of the reactor for each bundle loc ti

For core analysis in two dimensions, the core is modeled in
X-Y geometry and the neviron leakage in the axial direction is calculated
using either an input axial buckling or the internally calculated geometric
axial buckling., The reactivity effects of the axial buckling are treated
through adjustment of the absorption cross sections.

Hwnr‘y Model

Diffusion

The XTGBWR program uses a modified coarse mesh two energy
group diffusion theory model for steady state analvsis of the reactor core.
The model is designed to accept void and exposure dependent two group cross
sections. The cross sections can be sp~cified on a nodal basis allowing
axiai and radial effects to be modeled. The conditions under which the

cross sections were generated are input, and the XTGBWR code utilizes this

information to adjust the cross sections to fit the actual reactor conditions
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in each node, This includes adjustmenZ for control rods, instantaneous
void, void history, power dependent Doppler, and time and power dependent
xenon and samarium,

| ]

Using standard notation, the basic diffusion theory equa-

- Ve s : R 4 = 479. ¥ y§ 4 ) “» ¢
D" % * g % Kets 2.- ('"f)q"'q‘ ' Z 75119 g)")' (3.2-1)

Assuming all neutrons are born in the fast group, the two

grov,, diffusion equations are

1

=DV, + Ip by = (viZe &1 + VoI, #3) (3.2-2)
R, Rore ¥, f.

D272 + I, 62 = Igy (152) ¢ (3.2-3)

These equations are integrated over the volume of a three-
dimensional node. To evaluate the leakage term, the volume integral over

the Laplacian is changed to a surface integral using Green's theorem

rovigdy = ¥y « dR (3.2-4)
Using mesh points at the node centers, the volume integra-

tion of equation (3.2-2) yields

: DkAk
Z aL (:k » :) - :R'J“ - -S“V\":U (3.2.5)
k=1 ‘




where 0 refers to the node being calculated and k to the six nearest
bors shown in Fiqure 3.2-3. For convevience
the gast group has been omitted. The notation is as follows:

removal cross section 1+2)

v“*

|
.
eff
volume of node

listance between mesh point k and mesh point 0

area o yundary mesh point k and mesh point 0

effective fusion coefficient between mesh point k& and

mesh point 0

node size in direction of calculation

s the subscript 1 referring tc

[f h , is the mesh spacing n both the X and Y directions

e mesh spacing in the z direction, the

X,y direction

Z direction
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Equation (3.2-5) becomes
o ;)} )
rk[ ;pL (’ s ) - _(’ h? " > 8 h 2
- UL + Dy ‘"k | b Ro X
k
where
Pk =1 if k in x,y direction
2
hx
3 if k in z direction
h

with minimal error, ﬁk can be approximated by
2D, D, r—

k =<
b, + 0, -V D0k VDo

with the additioral definitions

b Y 1=0, k
j J

“j
b0 VD,
}L‘ Rk‘v Dk /\/—ET + YRH hx*/Dp

k

v

. =

and with some algebraic manipulation, Equation (3.2-11) can be written as

S p25, - R

Pavpy + E: f
k

>

{kuk = . XW” - DhuthZ(wU - wq)
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15 a weighted average flux for node 0 calculated from

the mid-point fluxes of node X surrounding k nodes. Specifi-

cally ¢, is calculated from

) ACA
) A-‘h

5 N - e A
i} * AFA + (1 - AFAY(R + 2)

)

- 1 -AFA
T3 AR+ (1 - AFRJTR + 2))

the flux on the interface between noce 0 and node k and is
derived using continuity of current

okr

L’,/Dil 2vD

AFA = the weighting factor for the mid-point fast flux.

] " f ) 100 f
Using equations (3.2-18) and (

where
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where
vy = average nodal ¢ from previous iteration (3.2-25)
Sy = 1 (v + Vi $>/9,) = | - £ 4(1+2)
Kot fi f, Y a sl (3.2-26)

Equation (3.2-24) is used to iterate »n the fast flux solution.
The thermal flux is calculated by assuming no thermal leak-

age among nodes. Equa*ion (3.2-3) reduces to
; \2
. 5}(1,‘)

- (3.2-27)
a2

..

where ¢, is calculated from Equation (3.2-18). ¢, may then be calculated
using the form of Equation (3.2-18) except that all parameters refer to the
thermal group. An empirical correction factor is applied to the model for
controlled nodes and is used to improve the prediction of the nodal powers.
( ]
A new eigenvalue (keff) is calculated after each outer
iteration. This eigenvalue and updated values of 4, and dé are used to
compute a source term and the inner iterations are repeated. After each ten
or fewer outer iterations, the cross sections are updated to account for the
power distribution effects of thermal hydraulic feedback, Doppler broadening
and xenon., These changes to the cross sections are described under the
respective headings in the following sections of this report. This procedure

of inner and outer iterations and cross section updating continues until



convergence or the specified maximum iterations are reached, whichever is

sooner The power distribution in each node is calculated by:

Boundary Conditions
3.2.3.1 Outer Boundary
The outer boundary conditions determine the leik-

age from the core XTGBWR utilizes an extrapolation distance at which the
fast flux goes to zero to determine the flux profile and the leakage of fast
neutrons from the nodes on the core-reflector interface The extrapolation
distance is calculated separately for each bounda»y node and is based on
input “reflector” cross section data which represents the neutron diffusion
(material) properties of reflector nodes found at the top, bottom, and

periphery of the core boundary. |

3.2.3.2 Reflected ﬁpynﬁgjy

The zero current boundary condition is achieved by
simply setting ~ in Equation (3.2-5) for a reflected node.
.3 Periodic and Other Boundary Conditions
Periodic and other boundary conditions are achieved
by setting the flux node value for node k in Eguation (3.2-5) to the correct
value when a node is a boundary node.
.4

The XTGBWR code requires two aroup cross section sets as a

unction of exposure and voicds to describe each material type. Cross sections
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near core average void, and near maximum void for
10t operating cross section set is input at voids
fol 1«\\.4‘:7“ exposures (GWD/MT): . The cross sections
1d and exposure couditions of a node by linearly
beyond the input values.
tions are calculated by burning the fuel
exposure to the maximum exposure that any
to achieve throughout the life of the
xposure increment the instantaneous void and

The void history is defined by the

ntrol

set up such that a fuel node is parti-
y controlled cross sections are homogenized with
tions using the fraction of node height controlled
Time Dependent Xenon
ulated within XTGBWR by equations which are
jifferential equations for iodine and xenon. 11s al lows

me and equilibrium power dependent xenon. The




exposure and voi« ‘ndent cross section data from the XFYRE code at expo-
sures greater than zero include constant power equilibrium xenon absorption
cross sections. The XTGBWR code calculates a base ma¢ roscopic xenon free
absorption cross section from the input data by subtracting the constant
power xenon absorption cross section. The xenon concentration used to cal-
culate the magnitude of the xenon absorption cross saction that is subtracted
obtained from the input constant power Cross section parameters and the
power that was assumed for the XFYRE calculations. The time and power
dependent xenon concentration for the actual reactor operating conditions is

calculated for each node. “he xenon adjustment to the base macroscopic

absorption cross section is calculated by multiplying the xenon concentra-
ying

tion by a xenon miscroscopic absorption cross section which has been adjusted

for actual void and void history effects via Equation 3.2-38. This delta
cross section is then added to the macroscopic base thermal absorption cross
section,

The differential equations which are used for the formation

and decay of iodine and xenon isotope are:
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The solution of the differential equations gives the fol-

lowing equations for the time dependent iodine 1(t) and xenon X(t)

[ 3

T
I(t) = Io exp(-2; AT) + + (1 - exp(-aT) | ¢ I¢
1 L J
{ ¢ ) ¢ (ye *+ ¥ )'r
X(t) = I X f . X, : 'K f
" + A ‘ x#A
-
o = vy ¢ Zg |
.40 1 | * exp(-(ay + A) AT)
AR X
X 1
tlo = 1 ¢ %
§ ey w exp(-~1 AT)
X -7
where
» iy he, T 92 1g
¢ = fast macroscopic fission cross section
g = thermal macroscopic fission cross section
X
;’\ v * \y
d)
:; = fast microc.opic cross section for xenon
l
X . : :
I = thermal microscopic cross section for xenon
2 fast flux
dn = thermal flux

(3.2-41)

(3.2-42)



decay constant for iodine

decay constant for xenon

fission yield of iodine

fission yield of xenon

time since last time stej

iodine number density at the last time step

xenon number density at the last time step

For equilibrium power conditions, the exponential terms in the above equa-

tion are zero and the xenon concentration (X) is given by the following
} :

formula:

where the terms in the equation are given above.
The thermal absorption cross section for each node of fuel

is then adjusted to account for xenon thermal absorption by

where

(base) = nodal cross section with constant power xenon subtracted.

an
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3.2.7 Samariur Buildup

At exposures greater than zero, the base cross sections
generated by the XFYRE code contain equilibrium samarium. For hot operating
conditions where the reactor has operated for greater than 10 days, the
samarium is at equilibrium and no correction to the absorption cross section
for non-equilibrium samarium is necessary.

For startup conditions after shutdown the samarium buildup
option in the XTGBWR program can be used to calculate time dependent samarium
concentration, After the reactor hes been shutdown for about 15 days, the
promethium has decayed to samarium and the samarium concentration wiil be

Sm (shutdown) = SmO . Pm0 (3.2-45)

where SmO and Pm0 are the equilibrium concentration of samarium and pro-

methium. The equilibrium concentration of an ic<otope is

'i(‘*l'f] " °2’f2)
Ni I et e gt (3.2-46)
i
where
N‘ = concentration of isotope i
- yield of isotope i
Ng decay constant of isotope i
p, = fast flux

¢ = thermal flux



fast fission cross section
thermel fission cross section

After startup the excess Sm is burned out exponentially

until equilibrium Sm is once again established. The equation for the time

dependent added absorption cross section due to samarium depletion is

where

thermal samarium absorption equation

thermal flux

time since startup.
3.2.8 Doppler Broadened Cross Sections
The base cross sections are calculated with the XFYRE code
at mstant power and fuel temperature. For a given node of fuel in the
ccre .he fuel tempercture depends on the power . exposure, void fraction, and

fuel rod design, Since the Doppler broadening of the uranium and plutonium

resanance absorption peaks is dependent on the fuel temperature, the XTGBWR

code accounts for the Duppler effects by adjustment of the fast absorption
cross section of each node when the c.»>ss sections are calculated. The

adjustment is made by the following equation:
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3.2.9 Coolant Flow Distribution

The coolant flow distribution is calcula.ed from a hydraulic
model of the reactor core described in Reference 3-11. [n this model, the
core consists of a number of parallel flow paths be.we2en ur~er and lowe:
plenums, with an equal pressure drops across all paths. Each assembly con-
stitutes a separate path and the bypass flow region shared by all the assem-
blies is a flow path. For each flow path, the pressure drop is calculated
by a channel flow model which includes frictional acceleration, and gravi-
tational terms. The effects of orificing, lower and upper tie plates, grip
spacers, and other frictional losses are modeled by flow dependent loss
coefficients. The effects of power on the flow distribution are included by
a void fraction moael, described below, and by a two-phase friction multi-
plier. The coolant flow through each parallel path is adjusted iteratively
until the pressure drops for all parallel flow paths are equal within a
specified Timit,

All assemblies with the same number of rods and the same
set of loss coefficients comprise a hydraulic type. The results of the
hydraulic model calculations can be used to obtain an empirical relationship
between assembly flow and assembly power for each type which describes the
flow versus power for the assembly to good accuracy. [ ]
The flow distribution is redetermined and renormalized at each cross section

update,
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3.2.10 Steam Quality and Void Fraction
The coolant enthalpy (h1iy” at each axial node k of a fuel
assembly is calculated from the flow and power by integrating the heat

deposited in the water up to the node midpoint using the following formula:

I

|

The void fraction at each node is calculated from the
coolant enthalpy. The void fraction correlation used in the XTGBWR preqram
15 based upon a mechanistic description of two-phase separated flow and
incorporates the effects of integral and relative phase slip and is a
function of the pressure, mass velocity. flow quality and rod surface heat
flux within an assembly. A subcooled void model is included in the void
fraction correlation to include the effects of thermal nonequilibrium. The
void fraction model is described fully in Reiereice 3-11.

3.2.11 Thermal Limits Calculation

As an edit option, the XTGBWR code calculates the average
planar linear heat generation rate (APLHGR), the linear heat generation rate
(LHGR), and the critical power ratio (CPR) for each node of fuel in the

core. The APLHGR is calculated from the relative nodal power P and the

1k
total reactor thermal power PTH converted to kw/ft as follows:

PTH * i‘i " * FPGIF * 12,000

~ND2D "NRﬁbﬁ?i}"'HET?mT'”

APLHGR.
ik
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where
PTH = core thermal power in MWth
Pijk = relative nodal power
FPGIF = fraction of power deposited within fuel rods
ND2D = fuel assemblies in core
NRODASij = fuel rods per assembly at core locations
HEIGHT = core height in inches

The LHGR is the ma. irvn rod power in a node of fuel and is

calculated from the APLHGR and the relative local peaking factor (PL).

LHGR = APLHGR*PL (3.2-53)

The local peaking factor is calculated by the XFYRE code and input into the
XTGBWR program as a function of exposure, voids, fuel type, and control.
The CFR is calculated in the XTGBWR code for each fuel

assembly using the Exxon Nuclear iN-3(3-12)

critical power correlation. [ ].
3.2.12 Incore Detector Response Calculation
The XTGBWR code has the editl capability to calculate the
relative incore detector response. The incore detector assembly consists of
an outer stainless steel sheath, a stainless steel tube for the traveling
incore probe (TIP), four fixed position local power rate monitors (LPRM's)

and the signal cables to the LPRM's. A cross section of the BWR incore

detector is shown in Figure 3.2-4,



The incore detector is physically located outside the
channel in the water gap corner opposite the control rod. The location of
an incore detector relative to the ssembly is shown in Figure 3.1-1.

In the reactor core the incore detectors are placed in
approximately one out of every four possible lTocations such that if the core

15 operated with quarter core mirror symmetry, all fuel assemblies excluding

those on the core periphery are monitored by a traveling incore detector. A

typical placement of the incore detectors in the core is shown on Fiqure

2-1.

The TIP and LPRM incore detectors are both miniature fis-
sion detectors usually containing uranium-235. The signal ouput from the
detectors is proportional to the thermal neutron “lux.

In the XTGBWR program, the detector response is calculated
from the nodal power of each of the four fuel assemblies surrounding the
detector. The relative detector response (TIP) at a given axial location is

given by the following equation.

fables of basic T factors are input as a function of exposure and void
history as part of each cross section set. These basic factors are corrected
for each node to account for the effects of 1) difference between instan-
taneous voids and average void history, 2) axial variation of instantaneous

void, and 3) presence of control rod. The correction factors are reactor




54 XN-NF-80-19(NP)
Vol. 1

dependent, but not fuel type dependent. Specifically, for BWR's with asym-
metric waies gaps, the T factor for an uncontrolled node is [

]
For BWR's with symmetric water gaps, the T factor for an uncontrolled node

is [

For either water gap, the T factor for a controlled node is given by [
1
J
The axial TIP correction ractor (DCN) is the ratio of the
relative thermal fission density in the actual incore detector to the fission

density in a dilute U-235 and water mixture at a specific axial core height.

This factor is function of the axial position and the in-channel void fraction,

( ]

3.2.13 Zero Power Critical Option

The XTGBWR coae will perform zero power flux and eigenvalue
solutions with no flow, void, or Doppler feedback. The nuclear parameters
for the zero power solutions are calculated with the XFYRE code. Starting
with void history and exposure dependent isotopics, the cross sections are

calculated for each fuel type in the core at the desired fuel and moderator

temperature., The calculations are performed both controlled and uncontrolled.

The zero power nuclear data are input into the XTGBWR code
as the ratio of the zero power cross sections divided by the hot operating

cross sections. The cross section ratio data are normally input into the
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code at exposures of [ ]. The zero power cross sections for controlled fuel
nodes are input as the ratic of controlled cross sections to uncontrolled
cross sections. The controlled cross section data are input Prior to
performing a zero power calculation, the XTGBWR code determines the cross
sections for each node of fuel in the core from the input data by inter-
polating on exposure and void history and considering control, xenon, and
samarium. 5ince there is no thermal hydraulic or power feedback, the cross
sections for a given node of fuel do not vary during the flux and eigenvalue
calculation,

s RfALTpB'KjNETJgAVMODLL”&EQIRAN)

The ENC reactor kinetics model for the analysis of BWR reactor

cores is the COTRAN code. COTRAN is a two dimensional (r-z) computer pro-

gram which solves the space and time dependent one energy group neutron
diffusion equation with one prompt and six delayed neutron groups. Fuel
temperature and void reactivity feedback are determined from a solution of
the equations of mass, energy and momentum for *he coolant coupled with a
fuel heat conduction model. The coolant model is a one-dimensional solution
of the hydrodynamic equations assuming thermodynamic equilibrium between
phases in the two-phase region. The fuel rod model is a two-dimensional
solution of the heat conduction equation by the method of weighted residuals
in the radial direction with finite differences used for time and axial

space derivatives. Axial conductien and temperature dependent fuel thermal

conductivity are included,
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The COTRAN code integrates the two separate codes XTRAN(3'13) and

COBRA IV_(3-?1. 3-15)

XTRAN supplies ine neutronic solution and COBRA 1V,
reduced to one dimension by the elimination of cross flow, determines the
thermal-hydraulic feedback.

The COTRAN code requires input from the XFYRE and XTGBWR codes
including cross sections, rod worths, initial flux and power shapes, peaking
factors and other initial condition parameters. The COTRAN code has the
capability to accept forcing functions as a function of time for several
system parameters. These forcing functions allow COTRAN to model the

reactor while including input total system feedback.

3.3.1 COTRAN Neutronics Model

3.3.1.1 Space & Time Dependent Iterative Equation

The one neutron group, space and time dependent

neutron diffusion equation with no external sources is:

L ) L (g (Fae) 5y (F.0)] 6(Rat) ¢ 9eD(F,D)us(F,0)

v(r,t) dt g
+ »
%: AOCR(r.t)
Applying Ficks Law,
J(F,t) = -D(F,t)ve(r,t)
Equation (3.3-1) becomes
L BB L [(1egurgFat) - 5y(Rat) ] e(Ft) - ved(Rot)
vir,t) dt
(3.3-2)

A x?Cg(F,t)

L
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Integrating Equation (3.3-2) over the volume (Vi)
of some of node i, assuming the ouantities being integrated are senarable in

space and time and constant over the node, and making use of Gauss' theorem

yields.

/f
/ J(¥_)en-dr
( g/ <

‘

' surface

net current per unit area at the interface of nodes i and j

area of the interface of node i and j.

summation over all nodes immediately adjacent to node i.

[f the flux is assumed to have the following

spatial dependence between nodes i and j.
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where

dij is the distance between the centroids of nodes 1 and j, then

Then Equation (3.3-3) can be approximated by

1| \ ] " ) )
2o Lailt) - ogtey) (1 <L 8 ) g yty) - Ty ay(ty)
')

. Dij‘ the diffusion coefficient at the interface adjacent nodes, is approxi-

B
. /
mated by: Dij JfB; y Dij

This was shown by Borresen(3'16) to be a very jood approixmetion when the
dimensions of node i are similar to node j.

- . ..

TR NE W O - S B B -



Solving for ’i(t?)‘ yields

At this time it is necessary to solve for the
precursor densities as a function of flux. Recall that the precursor den-

S1ty equation is of the form:

Making use of the finite difference approximation
and using the average value of the flux and precursor density during the

time step leads to the following expression:

which can be solved for Gy
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substituting this expression for cii(tZ) in Equation (3.3-4) yields:

" f 1 ; gut>i . (2-xlat
) )
}_ A;iD; s, (t (3.3-5)
--_--___JJ-__-._.
1 N A..D..
v, {m " (1 : Z 2, >+ ,_ai] A Z %43
: W At i Uij

This equation is the iterative equation solved at

the end of each time step of length at.

3.3.1.2 Calculations at Core-Reflector Interface

COTRAN employs a very simplified technique to
account for the effects of the reflector core interface. Infinite differ-

ence form, the net leakage (L) into a node i can be expressed as:

—
Ly = L Dyghyy (o5 - o) (3.3-6)
- \Jij
Wh(“rr
Dij = Effective diffusion coefficient at nodal surface = \/DiDj
ii = Area of the interface between nodes i and j
dij = Distance between centroids of nodes i and j
Qi = Flux of node i
. = Flux of node j

- = e E.



The technique used in COTRAN if node j is the
reflector is to assume that:

0

and to adjust the value of the reflector diffusion coefficient (Dj) until

realistic flux distrubitions are obtained when compared to a more sophisti-
ated static calculation. It can be seen that reflector diffusion coeffi-
cients of 0.0 and = yield reflecting and vacuum boundary conditions
respectively.
3.3.2 COTRAN Thermal-Hydraulic Model
3.3.2.1 Transient Mixture Balance Laws

The integral balance laws which form the basis of
COTRAN are formed on an Eulerion control vclume, V, which is bounded by a
fixed surface A. This surface may include solid interfa~es, such as a fuel
rod or structural wall, and fluid boundaries, but all solid material is
outside V and composes the fuel thermal model in Sectiun 3.3.2.4. Tre fluid
in V is a single component, two phase mixture of liquid and vapor in thermo-

dynamic equilibrium,
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The integral balance on the control volume for the

mixture properties* mas, energy and momentum are:

3 ] odv +fp(ﬁ—d)dA =0 (3.3-7)
at JV A

3 /g»edV +/pe(ﬁ-ﬁ)da =/ (o(F-0)+pr)dv + ((f—ﬁ)-a)-BdA (3.3-8)
v A v A

) f‘ﬁdv +j ou(u-n)dA f o fdv +f (T-n)dA (3.3-9)
at JV A v A

respectively,** where

fluid velocity

n = unit outward normal

e = energy, internal thermal energy, i, and kinetic energy (e = i+u2/2).
f = sum of all body forces acting on the fluid.

r = rate of internal heat generation/unit mass from all sources.

* It is assumed that the local composition of the mixture can be des._ribed

by the space-time average vapor volume fraction, =. Any mixture variable,
0, can be expressed as the volume weighted sum of the individual phase
variables Q = =Qv + (1-«) Qu.

** Note the integral balance laws are of the form
change of the total rate at which sum of all sources ana
amount of Q in V * Q is transported " sinks of Q inside V

across boundaries
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surface stress tensor.

heat flux vector.

Only these three mixture conservation equations
with one mixture equation of state and one relation specifying the relative
velocity of one of the phases with respect to the other (or the mixture) are
required to treat separated two-phase flow assuming thermal phase equilibrium.

The integral balance laws, Equations (3.3-7)

through (3.3-9), have been written for a single component two-phase mixture

with the phases in thermodynamic equilibrium. Since the intended applications

of COTRAN are for BWR chanr:ls with low speed flow and significant surface
heat transfer the following assuwptions apply:
* Kinetic energy changes are small compared to internal thermal
energy changes
Work done by body forces and shear stress is considered to be
insignificant
Gravity is the only significant body force
Interna: heat generation in the fluid is ignored
Fluid flow is one dimensional
Under these assumptions, the only surface integrals
of interest, associated with the solid interfaces, are the heat transfer and

surface forces.
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The surface heat transfer integral will be modeled
by the fourier law, for advection across the fluid boundary, and the product
of an emperical surface heat transfer coefficient, H, and temperature dif-

ference for the soiid interface. That is

f (q-n)dA = [ K(¥T-n)dA +[ KT - T )dA (3.3-10)
A F W W F
where

k = Fluid thermal conductivity

Tf = Local fluid temperature

—
"

W temperature of solid boundary

>
>

The stress tensor, T, can be written as the sum of

a hydrostatic component, p, and a viscous stress tensor, 1, as follows

-

/ (T-n)da = - [pﬁdA + [(%-ﬁ)dA . -[p'ﬁaA +/(n-ﬁ)dA (3.3-11)
J A JF JF W W

The wall component, in brackets, will be modeled
in the momentum equation by empirical friction factor and drag coefficient
correlations. For the energy equation, in which work done by shear stresses

has been assumed negligible, Equation (3.3-11) reduces to,

jf-(d-ﬁ)dA : - [.‘(d-ﬁ)dA (3.3-12)
A
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Applying these definitions and assumptions to the
original intergal balances, Equation (3.3-7) through (3.3-9), form the
following equations.

Mass

Err\‘f'rg]

[ ohdv + | oh(3-R)dA
[y | F

7

where
p (The temporal derivative of pressure can be ignored
for low-speed flow).

Momen tum

. [ oudV + | oU(U-R)dA = | oddV - [ pRdA +
Ty J J f

3.3.2.2 Channel Equations

In order to consider the essentis' nature of two-
phase flow, it is ne iry to smooth out its chaotic nature. In deriving
the integral balance laws of Section 3.3.2.1 it was assumed that the mixture

variables are sufficiently space-time averaged to provide continuous deriv-

atives inside the fixed volume and over its surface.
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To solve the integral balance equations the fol-
lowing volume and surface averages are cefined for an arbitrary mixture
variable, Q,

<<Q> ! =/V.in “Qu ) " jAQ(l;-ﬁ)dA

,{vdv {A

4

Consider the channel section in Figure 3.3-1. The
centroid is located at x and its length is Ax. Therefore, the upper and
lower surfaces are at x + (Ax) and x - (Q%), respectively. The axial flow

2
area is A and the axial velocity is u.

Mass Balance
The mass balance Equation (3.3-13) may be applied

directly to the channel control volume.

9 Y <nl> A - & > _A.x_ =
V‘f‘oT <<p HV + <pu AAlX"%l <puU AA’X 2 0
The channel equation is formed by dividing through

by ax and taking the limit as Ax becomes small

3 3

:‘.t <<y V + )X .‘)U\AA = 0

(3.3-16)
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Energy Balance
Formal averaging of the surface heat fluxes will
not be defined since commonly used surface heat transfer correlations already
imply considerable surface averaging. Instead the average nuclear power in

a radial region will be utilized such that the heat input to V from rods is

Q, = ax { :’*r;vj inr} T + Axy
where
H = surface heat transfer coefficient
Pr = rod perimeter
¢ = number of rods contained in V
{Dr}T = difference between the rod surface temperature and bulk

law in Equa

fluid temperature
volumetric heat input from direct moderator heating
Applying this definition and the energy balance

-

cion (3.3-14) to the channel control volume yields:

y | A A = axdlp anl
Vd} > - ‘Uh'ﬂ |"£x - .uh»A Ix-ax * ‘Ys['r'H; [Dr]T + '?
= " | ;
¢ & [ '!
/dT \
) dt \ | « A (K= | A
{ A <%d\ | X+AX ViR, A5
5 Z

again dividing by Ax and taking the limit as

AX becomes small leads to:

(3,3-17)
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Axial Momentum Balance

Before the integral momentum balance Equation
(3.3-15) can be applied to the channel control volume, descriptions for the
pressur¢ and shear forces on the volume must be derived.

Using an area average, the net axial pressure

force acting on the ends of the channel segment can be written as:

If, however, the area varies axially an additional
force, Fw, is exerted by the side wallis. Ir both the area and pressure

variation are assumed linear within Ax, this additional force is:

|
Fw = <p> (A x+%>1 - A|x-ax)

the total pressure force is simply the sum that is,

Pysax ~ <D)x-sx]
5 AX

F +Fw=-Ax[
p

2
As mentioned in Section 3.3.2.1 the rest of the
solid interface stress integral is approximated by emperical wall friction
correlations and form loss coefficients. The axial drag force is computed

as:

F, = 1/2[?’.—\wa + KA] <oUs

D A
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where
dimensionless friction factor determined by correlation
Pw wetted perimeter of the channel

¥ total form loss coefficient in Ax

applying the difinition of the hydraulic diameter, D

Fd 1721 % An 4 V\ u ->,A
\ = 3

L /
h ‘

whore

f 4f

Using these defin 'tions the channel equation

becones

,d . lﬂ A uﬁ Al A

'} ou ou > - < | T o ) -

dt V A x+AX A ) "X X P~ x4 X=0X )

g )
( [ 4 ‘ [
- 1/2( f ax + K\ <pu> A-Ve- g COS
- : ANTVEP>S
“h
dividing by Ax and taking the limit produces:
) 7 ) f k
. { A ol >,A = <A ) - 1/2 . /
i \v‘f 'x U A\ ‘x | f\ i D A Y u :‘ |
n
(3.3-18)
- A<<p> y9c0sa

where

15 the channel orientation angle measured from the
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3.3.2.3 Numerical Soiution Procedure

At present, there are two independent solution
schemes for the thermal-hydraulic balance equations in COTRAN. One is the
implicit tcchnique which provides a direct steady state solution but is
Timited tu positive axial flow rates. The other solution scheme removes the
positive flow restriction but is limited to small time steps. The explici*
solution is further limited ton transient problems although it may be initial-
lized by an implicit steady state calculation.

The implicit solution scheme includes options for
two-phase slip models, void-quality relations and two-phase friction multi-
pliers, The explicit procedure uses only the homogeneous equilibrium model
for two-phase flow.

Both solution procedures employ the same fuel
temperature model. This heat conduction model uses the method of weighted
residuals by the orthogonal collocation technique. The model incorporates
the Kirchoff transformation so that temperature-dependent thermal conduc-
tivity may be considered. The fuel is interfaced with the fluid thermal-
hydraulics by means of a surface heat transfer correlation specified by code
input. Further details of the fuel model are presented in Section 3.3.2.4.

The two COTRAN solution schemes employ the refer-
ence pressure approach. This is, the local fluid density is assumed to be a
function of the local enthalpy and a spatially uniform reference pressure.
The assumption is valid as long as spatial pressure variations are small

compared toc che system pressure,

N - . DN TE A S TR A om =



In order to solve the three channel equations

derived in Section 3.3.2.2, as well as the state equation, the area and

volume averaged terms must be related so that the equations can be rewritten

in terms of four primary variables. These are axial mass flow rate, M,
mixture static enthalpy, h, or flowing enthalpy h, mixture density, p, and
pressure, P. The definitions required to form these variables are different
between the two methods since the implicit solution is formed in terms of
flowing quality and includes slip whereas the explicit method requires
static quality and no slip between phases. Primary variables used in the
solution are defined in Table 3.3-1.

Implicit Solution Scheme

If the implicit solution scheme is chosen in
COTRAN, the problem is limited to positive flow rates. However, two phase
slip flow can be considered with the aszumption that the phases are in
thermal equilibrium and that the phase velocities and volume fractions are

uniformly distributed within the control volume.

Defining the flowing enthalpy and quality as:

and

respectively, and realizing that the assumption o1 uniform phase distribu-

tion implies that:
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leads to the derivation of the continutiy equation from Equation (3.3-16)

as:

Aso+ m=0 (3.3-19)

Using the definition of flowing enthalpy, the

energy equation, Equation (3.3-17) becomes:

f\:t oh + ) mh = Q
where | = the terms on the right hand c<ide of Equation (3.3-17) factoring
yiel.s,
A:'t oh + :n.;-x h+h - ) 0 (3.3-20)

at this point it is beneficial to define a new property, y, introduced by

(3. \
Tong in 1965'°~17)  which is defined as

v = p{h-h)
I p(h h”/hfﬂ

which can be rearranged to
{ h = i h'hfg\,

substituting Equation (3.3-20) reduces to

/

.‘ L 4}" \‘ d* . &
AQ't‘h 'Vq.t>*"\x h + hwx” Q
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Introducing the continuity equation, Equation (3.3-19) for h “ m qives
I X

*,H

Ihe axial momentum equation, Equation (3.3-18)
is rewritten by use of the definitions of the mementum velocity, u, and the

assumption of uniform phase distribution:

where F contains all the terms on the right hand side of Equation (3.3-18),

applying the definition of the specific volume for momentum, v, and differ-

entiating,

{

Equations (3.3-19), (3.3-21) and (3.3 22) are the
basic equations from which the implicit numerical scheme is derived. These

partial differential equations are approximated by finite differences when




78 XN-NF-80-19(NP)
Vol. 1

the channel is divided into a finite number of axial segments and the vari-
ables assigned positions on the computational mesh.

The computational mesh illustrated in Figure 3.3-
2 leads to the following finite difference equations:

Fluid Continuity

! n My~ .1
i e )t =0 (3.3-23)
Energy

X . (3.3-24)
| . e 1 (T .
B TR .;? (kAi Ti+1 - T.) - KAi=1 (T T1_]) )
Axial Momentum
ny A N \
m.-m . V‘ < 1_‘,1‘ }* “? < ( /f\)i _(_V/A)i ]\: i p1_8.1_] \
L At Yi-1 ). . AX / (3.3-25)
2 .
AibLmi - Apiqyns
where
A; = average flow area = 0'5(A1+Ai—l)
K = vife + Kv
gy o
‘DhAi 2aX ;




channel temperature

rod surface temperature

nd the superscripts are defined as
previous time step (no superscript implies present
present time but previous iteration.
Equations (3.3-23), (3.3-24) and (3.3-25) are the
iterative equations used in the implicit solution scheme of CC
Explicit Solution Scheme
Unlike the finite difference technique employed by
the implicit solution the explicit solution scheme solves the cell balance

equations directly. To solve the cell balance equations, two-phase flow is

assumed to be completely homogeneous with the phases in thermal equilibrium.

This restriction on fluid modeling is compensated, however, by the capability

of addressing reverse flow conditions.

The homogeneous assumption implies that both phase
velocities are equal (no slip) and that the phase distribution is uniform
throughout the control volume. These assumptions lead to the following
definitions:

B puU>

M phu> = <<ph>>u = h<<p>>u
where h average enthalpy =
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. x = apv = static quality

% h = xhv + (1-x) h

To form the difference equations requires the
formulation of a computationai cell and the assignment of primary variables
to the computational mesh. The cell used in the explicit solution is shown
in Figure 3.3-3. A cell balance leads to the followirg equations for mass,

d +
energy and momentum conservation .,

Mass
A. ax d +m., - m. =0
i T °; i $-) (3.3-26)
Energy
A x d h. + m.h - h* ‘xsp‘;H [D]T|+
i dt ) & i - i ] r ir 14
t
| (3.3-27)
' {Ak (Tia=Ty) - Ay (T T1-1);
| X
Mpmvntpm
d ] 1( f k m
ad ™ A1 x ‘\Pis1 - p1) 1 ?(D- . .’.Ax><;-7\>
H i
1 _ (3.3-28)
- ‘\x<u“lm*“l-uim*i> = ‘A1t‘ g Coseo

+ A1l terms on t e right hand side of the equals sign are computed from
the previous time step information.
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Where the superscript * denotes convected ocuanti-
r

>

ties, That is, the enthalpy convected by m, in the energy equation is

denoted by h* and is defined as:

The basis of the explicit solution is an explicit

energy equation using flows and energies from the previous time step to form

the convective terms. Consider the abgreviated forms of the cell balance

equations:

where the superscript n denotes previous time step
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By inverting the state equation, enthalpies can

. e N ++
be expressed in terms of specific volumes, v, i.e.,

* 'h *
h, = h + = (v. -v_)
i 0 wip *'i o

apply this equation to the energy balance yields:

'“1"1* : "‘1-1"1-1* : f’j“;lip Q? =<"o . %,p o>(Ai l)t( “i“‘?)

(3.3-32)
tome-m,
by continuity the right hand side equals zero.

The left side of Equation (3.3-32) is the basis of
the explicit solution scheme. At the beginning of a time step the fuel
model is evaluated and the explicit terms  and F are determined. An
initial estimate of m is obtained from the momentum equation based on pres-
sures ard flows from the previous time step. When this value is used in
Equation (3.3-32) there will be a residual error, Ei’ that is:

: * * av | )n B
MVe = MY 5.0 " alp & = By (3.3-33)

5y - = Tk i * *
++ ho and Y, define a reference state close enough to h and v so that

h/av can be assumed constant between the two states.



This residual error is reduced to near zero in all

computational cells by adjusting the pressure and flows in each cell in an

iterative loop. The pressure change, APy s needed to reduce r1 te zero in

any cell is computed fron E/ap.

Tume constant:

from Equation (3.
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(3.3-37)

The pressure change is computed from Equation

(3.3-34) and then used to update the cell flow and density.

Flows are

updated by the momentum derivatives Equations (3.3-35) and (3.3-36). These

updated flows are then used in the continuity equation to determine the new

density and specific volume. This procedure is repeated over all cells

until the maximum error, E, is less than a specified value.

then consi”ered converged.

3.3.2.4 COTRAN Fuel Model

The solution is

The conductive heat transfer model used in COTRAN

calculates the interna! temperature distribution of the fuel rod and the

surface heat flux to the adjacent fluid channel. The model(

3-18)

, which is

a combination of the Method of Weighted Residuals (MWR) in the radial coor-

dinate and finite differences in time and the axial coordinate, can include

options for axial conduction and temperature dependent fuel thermal conductivity.
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Fuel Interior

The fundamental heat conduction equation is:

local thermal condictivity and
volumetric rate of heat generation in the fuel rod.

We can write this equation in cylindrical coordinates as:

where

= radial coordinate
fuel radius

Making use of Kircoffs Transformation,

where ko is the conductivity at the reference temperature To, allows

tion (3.3-39) to be written as:
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If the radial coordinate is approximated by the symmetric polynomial of the

form:
N
) 2 4 ; 2n-2 _ 282+ s
o(r) = d; + dr® + dyr” + +dr = 3 (r"TO)di
i=)
and evaluated at the N radial positions, yields,
N
ofrys T  fr 2V Oy4e .
rgh= L ey Tl (3.3-42)

or, rewritten in matrix notation

- 104

1

where
ji J

In COTRAN the radial positions (rj) are taken to

be the roots of orthogonal polynomials as defined by Finlayson (1974)(3‘19).

From Equation (3.3-42) the first and second radial derivatives can be derived:

N
{n ;

vl . 3 23 _9) \11'3)

0| L (2i-2) v, d (3.3-43)

and
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which may be written in matrix notation as:

- o

where

been replaced by

2§-3
r.

J

2 ’1-4
\‘]'1)) ri

substituting Equation (3.3-46) into Equation (3.3-41 yields)

Approximating the axial conduction term by a central finite difference and
the time derivative by a forward finite derivative yields the heat conduc-

tion model at N-1 interior nodel positions.

N
"
nCKO 0 KO

Ybl - »

pCKO

Biy & = At
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Fuel Clad Interface
The boundary condition at the fuel surface is

handled by a lumped resista~ce technique. The equation is:

-?{0 30 b { -
o r Hq (TN L TN+1) (3.3-49)
where
TN = fuel exterior surface temperature
Tyey = clad exterior surface temperature
g{. = 1 + YS]
qg Hc Kc
He = Fuel-clad gap conductance
Yc = (Clad thickness
Kc = (Cled conductivity
applying Equation (3.3-45) produces:
N
Ko § A, 0, = H_ (T.,-T,..)
where
Al = [c] [o]

Cladding

A transient energy balance for the lumped clad is:

T ; : 21
AN+l _ Mg Hs ( Tyuy -T > 9% T
Pt It © Ye ( N*l K N N”) R [ ( N+1 F )+ Ke = (3.3-51)

VX"



where Hs 1s the clad surface heat transfer coefficient and TF is the fluid

temperature. Using Kircoffs transformation, an implicit time derviative,

and an explicit axial conduction term gives:

The implicit temperature TN and '“91 appearing
in Equations (3.3-50) and 3.3-52) are evaluated by a truncated Taylor series
as:

6(T") - 8(T)
6(T™)

where G is defined in Equation (3.3-4C) and G° is the derivative of G with
respect to T.

Solution Scheme

The boundary conditions at the fuel-clad interface
Equation (3.3-50) and the clad surface Equation (3.3-52) are combined with
the differential heat conduction Equation (3.3-48) to yield a matrix equation

of the form
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for the transformed temperatures at one axial level. These matricies
(shown) in Figure 3.3-4 for a third crder orthogonal collocation are solved
by an iterative Gauss-Siedel procedure. 0-ce o is determined, tne tempera-
ture solution is evaluated by Equation (3.3-53). This temperature solution
is then utilized to determine a rod average fuel temperature for Doppler
Feedback.

3.3.3 Description of Code Mechanics an' Outpu* Features

COTRAN will initially determine the static flux, power and
hydraulic distribuvtion corresponding to the input it has received. This
includes a user specified option for an input axial power profile. When
this option is selected the code will iterate on control density in each
node until the desired power shape is achieved., If no transient calcula-
tions are to be performed the code will edit the results, punch out control
densities and fluxes for a restart if so desired, and exit. If transient
calculations are to be made, equilibrium precursor concentrations will be
determined and all production corss sections will be divided by the calcu-

lated Keff to insure Kef = 1,000 at the beginning of the transient.

f
The initial time step size is 0.0001 seconds for the

explicit solution (0.005 seconds for the implicit solution). The forcing

functions are updated and the new thermal-hydraulic solution determined.

This solution is used to update the cross sections and a new flux calcula-

tion is made. At the end of each time step the precursor densities are
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updated for the next time period. The input variable LATCH is used to

control the time step size and thus relieve the of choosing time step

The time step s is doubled after LATCH time steps have been taken

consecutively during which the number of flux iterations to achieve converg-

1wt exceeded 25. If at any time more than 60 iterations

, are re-
the time step is halved. This scheme permits
) times of large changes in power level and
q periods of slow change.
3.4 Input and Use of Cross Sections

COTRAN requires two sets of two group macroscopic Cross

sections for each fuel type in the problem. These cross section sets de-

scribe the material in its entirely uncontrolled and completely controlled

states | ]. A control density array can then be input
by the user or calculated by the code to describe the initial conditions of
the core. Linear interpolation is utilized to determine the cross sections

fuel node at a given control density and void fractio

bases for requiring two group Cros
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: -20,3-21
the fast neutron group cross sections vary with fuel temperdture.(3 20,3-21)

Primarily the fast absorption and slowing down cross sections are affected
by fuel temperature. COTRAN, therefore, allows the two group cross section
values to change with fuel temperature (based on the average nodal fuel

¢

temperature at each time step) and then collapses to new one group values
for the next solution. This feature allows a COTRAN calculation to exhibit
many of the characteristics of a two qroup solution at the much reduced com-
puter time of a one qroup neutron diffusion theory code.

[t has been found that the fast neutron cross sections
affected by fuel temperature vary linearly as the square root of the fuel

(3-21)

temperature (°K). These rates of change cross sections with fuel

temperature are input for each material type.

[



The Input cross section able« ) COT are calculated

3.4 MULTIGROUP DIFFUSION THEORY MODEI

The Exxon Nuclear model used to perform multigre {iffusion
theory calculations for BWR fuel assemblies is t (DT code. The XDT code

was developed from the 2DB' ~’ code that was written for fast reactor

multigroup calculations,
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Figure 3.3 Chanrel Control Volume for Thermal-Hydraulic Balance Equations
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The XDT code is used to

perform special diffusion theory calcula-
tions such as four and sixteen bundle cal ulations, fuel misloading calcu-
lations, and incore detector calculations The cross sections for the XDT
code are generated by the XFYRE depletion model.

ode calculates the eigenvalue, relative powers, multi-
roup neutron fluxes, and flux and volume weiahted cros sections.

tigenvalues are computed in XDT by standard source-iteration
techniques.

Group rebalancing and successive over-relaxation with line
inverson are used to accelerate convergence. Adjoint solutione are obtained
by inverting the input data and redefining the source terms.

Variable dimensioning is used to make maximum use of the available
fast memory,

>ince only one energy group is in the fast memory at any given

time, the storage requirements are insensitive to the number of energy
qroups.

Neutron Balance Equations

fhe multigroup diffusinn equations can be written in the form

where
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and:
N = number of energv groups,
g = energy group index,
$Q = flux in group g,
(')q = source in group g,
UQ = diffusion constant for gourp g (= 1/3 :;r),
( ‘f)l,l = fission source cross section for group g,

r(g°+qg) = group transfer cross section from g° to g,

'; = removal cross section from group g
N
a .
[:q* ) '(q»q)].
g =g+l
xq = fission source fraction in group q,
Kpff = effective multiplication constant,

The mesh points in the XTD code are located in the center of the homogeneous
mesh interval (see Fiqure 3.4-1). This choise leads to a more clean-out
calculation and interpretation of all reaction rates.

The spatical difference equations are obtained by integrating
Equations (3.4-1) and (3.4-2) over the volume associated with each mesh

point. For the (i,j) mesh point shown in Figure 3.4-1, the radial integra-

SR, SR,
tion would be from (Ri - ?J) to (Ri + 5)). and the axial integration would

{

be from (Zj - bJ) to (Zi + 'éJ),



The leakage terms are obtained by first transforming the volume

integral over the Laplacian to a surface integral using Green's theorem,

The flux gradients at the mesh boundary are obtainad by interpolating the

two contiguous flux values, Thus, volume integration of Equation (3.4-1)

fOr mesn ]»Hl']f 0 '\".Q‘(' ‘1)!)"0 1) 2 AN« 0 the expression

where, for simplicity, the gourp indices have been omitted, and
removal cross section associated with mesh point o,
source rate associated with mesh point o,
volume associated with mesh point o,
flux associated with mesh point k,
distance between mesh point k and mesh point o,

a of boundary between mesh point k and mesh point o,

effective diffusion constant between mesh point k and

mesh point o
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Finally, Equation (3.4-4) can be recase into a form more convenient
for performing flux iterations. That is

4

oV * 2: Chti
-1

k
6 = X , (3.4-6)
0 CS
where
D A
C, = <K a1, ...4 , (2.4-7)
k g
k
and 4
" r
Cs * LV ? }El Cg (3.4-8)
Discussion of Boundary Conditions
Three scandard conditions are available in XDT: ¥ =0, ¢ = 0,
and periodic. These are described below using a slight modification to the

nomenclature developed in the foregoing sections.

Zero Flux Gradient

Consider the left hand boundary of the one-dimensional reactor
shown in Fiqure 3.4-2, Let us now imagine that a pseudo mesh interval,
interval o, has been added on the left nand side of the boundary with the
same composition and thickness of interval 1. Clearly, then if Us = 0 at
the boundary, by = 0 Therefore, since (¢O-o) vanishes, the coceffi_ ient of
4901 ¢y (see Equation (3.4-4)), is immaterial--hence C, can be set equal
to zero. The calculation is performed assuming that % does not exist and

C1 = 0.



lero Flux

-

Again, 1magine that a pseudo mesh interval with the <same composi-

tion as interval IM has b« 1d¢ to the right hand side of the right

>

boundary. \Oow, since 1M £ 0 and T 0, the coefficient of

'IMTPIMe 1

in Equation 3.4-4 cannot be disregarded. In fact, from Equation (3.4-

|

:
£i1: 1T

iear that

where ‘e 19 assumed to equal 1/

i

tr’

Note, as in the V¢ 0 case, that there is no contribution of the

pseudo flux in Equation (3.46). For a zero flux gradient, = (3 whereas
K

’

for a zero flux,

Periodic Flux
Period boundary conditions are available for the top, bottom, left

and right boundaries. In this option,

and
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[t should be stressed the¢t the pseudo mesh intervais discussed
above are not in any way a part of the code. They are mentioned here only
for heuristic purposes.

Solution of Different Equations

The eignvalue and flux profiles are computed by standard source-
iteration techniques, i.e., by using an initial fission source distribution,
the flux profiles in each gorup are sequentially computed beginning in the
top (highest energy) group. After the new fluxes for all groups have been
calculated, a new fission source distribution is computed from the new flux
profiles. The mulitplication ratio, A, is then obtained by simply taking
the ratio of the new fission source rate to the old (previous iteration)
fission source rate. The above sequence of events is called an outer
iteration,

Before each new outer 1.ccation, the fission spectrum is multiplied
by 1/), so that 1 approaches unity as the iteration proceeds. The effective
multiplication constant is simply the product of the successive i's.
Convergence i< assumed when |[1-)| < ¢, where ¢ is an input parameter.

Fission source over-relaxation is employed in XDT to accelerate
convergence. The procedure is as follows: After the new fission source
rate profile, Fg*l. is calculated, a second "new" value, F;+1, is computed
by magnifying the difference between the new fission source rate and the old

fission source rate. Thus,

2 1

F\“l = fY s ;'(Fv” ), (3.4-13)






‘l |
mli He to
< Y
'd C U(
(A8

of

*.JLI

Dia
jram




s )
XN-N/ -1Y
v
- i
» ’ A
where 1s the fission source over-relaxation factor. F. 1S then norma-
+)
lized to give the same total source as Fa

The group-fluxes are computed using successive line over-
relaxaton (SLOR). That is, the fluxes on each vertical (or horizontal ) line
are simultaneously computer (by the familiar Crout reduction technique) and

then aover r»‘].\,’t”’ using fbl" "l’}?' 1thn

oV 4 s(e¥t 1Y) (3.4-14)

where 1S the over-relaxation factor. In R-o problems or problems involving
periodic boundary conditions, direct inversion is performed on veritical
lines beqginnirag at the left boundary and proceeding by column to the right
boundary. In triangular problems, direct inversion is performed along hori-
zontal lines beginning at the bottom boundary and proceeding by row to the
top boundary. In all other situations, direct inversion 1is used along the
dimension with the most mesh points. One mesh sweep is defined as one inner

The flux over-relaxation factor, ¢, is an input parameter. The

fission source over-relaxation factor, g°, is computed internally from the

The flux in each group is normalized (by balancing the total
source and loss rate) immediately before each agroup-flux calculation. Thus,
one-reqgion problem with zero-gradient boundary conditions would be 3olved

exactly in one outer iteration.




108 XN-NF-80-19(NP)
Vol. 1

[t should be mentioned that an altering direction SLOR scheme
(single line inversion for rows and then columns in alternation) is included
as an option to enhance convergence for problems involving tight mesh
spacing in both dimensions.
3.5 MONTE CARLO MODEL (XMC)
The Exxon Monte Carlo Code (XMC) is a general purpose Monte Carlo

code developed from the Battelle Monte Carlo Code (BMC)(3°23).

XMC was
designed to calculate thermal reacte: benchmark problems. XMC is capable of
describing the exact geometrical description of a light water fuel assembly.
This geometrical capability and a coupled space-energy solution of the
transport equation makes the Monte Carlo method in XMC a highly accurate
method for evaluating key nuclear parameters and the effects of water gaps,
control blades and burnable poison rods in light water reactor fuel bundle.

XMC uses basic cross section and neutron scatiering data to calcu-
late the various neutronic events. Thus, its accuracy is limited only by
the accuracy of the basic cross sections and the number of neutron histories
which are run for each problem.

The neutron tlux, reaction rates by isotope and region, group-
averaged cross sections, neutron leakage rates, and the standard “eviation
for each of these parameters are calculated in three dimensiona! space over
the energy range from 0 to 10 MeV. The reaction types included are fission,

capture, inelastic scattering, n-2n scattering, elastic scattering with



isotropic or anisotropic anqular distributions, and therm2] scattering based
y ] ’

on a scattering law generated using the Haywood “?! representation of the
phonon spectrum for water The enerqy distribution of the neutronc
continuous. However, the cross sections are averaged over 190 microscopic
enerqgy qroups. Resolved resonance cross sections are calculated by the code
for each neutron enerqy using the Doppler-broadened Breit-Wigner single-
mula.
sotopic material cross sections are processed fron

format . The data can be provided either from the Battelle Master

(3-1 cle L
Library from the ENDF/B Library, or from any source which can be put

into the ENDF/B format.
The XMC code geometry routines can handle any region that can be

enclosed by a set of boundaries of the general forn

Provisions are included for several special forms of the above equations

including planes, cylinders and spheres. Also, there is a special region
geometry routine for a rectanqular lattice of clad fuel rods.

Statistics for the values calculated are obtained by making a
series of calculiations on equal sized sets of neutron histories called
"hatches" and averaqing the results from each batch. The initial space-
velocity-angle coordinates for each neutron of a batch are either picked
from a random source distribution or from the fission particles produced by

the previous batch,
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Neutron absorption is accounted for by reducing the weight of the
neutron at each collision. When the weight has been reduced sufficiently
the neutron are terminated by a Russian Roulette process.

3.5.1 The XMC Code Package

The XMC code package consists of two parts: the Monte Carlo
code and the cross-section data library with the processing support codes,
XMCLIB and LIBR, The general flow diagram for th2 XMC code package is shown
in Figure 3.5-1. The XMCLIB code uses isotopic or materi»l cross sections
and reaction rates data to prepare a cumulative cross section library (CCT).
The data is obtained from a library tape which is written in the ENDF/B
format. The CCT library tape is saved between problems. New isotopes can
be added to an old CCT tape. Changes to the CCT tape are made using the
LIBR code. A list of the isotopes available in XMC is given in Table 3.5-1.

The XMC code consists of three segments or overlays com-
prised of the input routines, the Monte Carlo routines and the output rou-
tines., The input routines use card input and the CCT library tape to prepare
the data needed by the Monte Carlo and output routines. The Monte Carlo
routines are then loaded and the Morte Carlo calculation performed. The
output routines are used to procesi, print, and/or plot the Monte Carlo

output. Statistics are calculated for the various output values.



The next section describes the theorv and techniques which
the Monte Carlo calculation. Following this, some of the maior
routines are described along with the input-output, and the XM(
loader routine.
‘he XMC Monte Carlo Routines
The flow diagram shown in Fiqure 3.5-2 describes the
quence of event to follow the histories of a "batch" of neutrons. fhis
figure describes tre path followed if importance weighting is not being
used, The XMC code uses a "beam" type Monte Carlo technique instead of a
particle” method. [t starts each track with a beam of neutrons. The beam
i1s used for tallying the flux, leakage, and reaction rates. The beam
strength 1s reduced by the negative exponential of the mean free path traveled
between each collision. A beam is followed until it is terminated either

by leakage or by Russian Roulette.

The neutron history is initiated by generating a starting

location for the neutron beam. The region, the distance to the next bound-
ary, the material type, the mean free path for the material and the region
tally number are determined for this location. If a resonance calculation
1S required che resonance routines are called and the cross section value is
added to the total cross section. he distance- co s compared to
the number of mean ‘ree paths to the boundary. Neutrons are either moved to

the collision point or the region boundary wh‘~h ever is nearer. If a
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collision occurs the collision routine checks to see if a fission occurred
and stores the fission neutrons in the fission bank. The collision routine
uses the probability of nonabsorption to reduce the beam weight and deter-
mine if the beam is to be tracked further. It then determines the scattering
nuclide and scattering event. A new direction and velocity are calculated
and the scattered neutrons are stored. As the Monte Carlo calculation
progresses, the flux, leakage, and reaction rates are tallied.

The flow of the calculation is altered slightly if region
importance weighting is being used. The main difference is that the
calculation-of-distance-to-collision is made after the mean free path is
obtained and must be made again in each region.

3.5.3 Treatment of Neutron Absorption

Neutron absorption is accounted for by reducing the import-
ance weighting of a neutron by the absorption probability at each collision.
The reduction is done by multiplying the weight before the collision by the
non-absorption probability (pna) for the collision. This process can be
written as Wt' = Wt x Pnd. The non-absorption probability can be defined as
the total scattering neutron production divided by the total cross section

or



For a n-2n scattering event the extra neutron is treated as negative absorp-
tion, ince the weight will never become zero, the code terminates neutrons
using the method previously stated. These are Russion Roulette and "weight
ratioing

Russian Roulette

Russion Roulette, as the name implies, uses chance to

letermine if a neutron survives, Ihe Russion Roulette routine is only used

1f the i1mportance weighting of a neutron has been reduced below the minimum

weight, Given a minimum weight (Wt . and a survival weight (W

Russian Roulette is performed by picking a random number () between 0 and
If the ratio of the neutron weight to the survival weight is greater

than the random number, then the neutron is given the survival weight,

otherwise the weight is set to zero and the tracking is terminated. This

can be written as

Wt
'Jf‘

if Wt Wt and 1f
! 1n

then set Wt Wt

then set Wt 0 and terminates the neutron.

On the average, with a large number of samples, the weight will be preserved
by this method.
Weight Ratioing

For systems which are very thermal it may take a very large

number of collisions to terminate neutrons by using Russian Roulette. This
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is because the weight reduction at each collision is very small; i.e., pna u
1. Often this results in obtaining answers concerning thermal parameters
that which are statistically very accurate while the accuracy of the epi-
thermal parameters is very poor. A method called "weight ratioing” was
devised to allow control of the time spent in the thermal range compared to
the epithermal range,.

Weight ratioing uses two flux tally sets: one tally set
for neutrons slowing down and one for neutrons that have been slowed down
past an entry enerqy (Eth)' The neutrons reaching the thermal tally range
(second tally set) can have their energy increased above Eyp Dut the results
are still tallied into the thermal tally set.

The weight ratioing method tallies the results of a neutron
history into tally set 1 until it is slowed down pact the energy Eth‘

Russian Roulette is then played with each neutron so that R h neutrons

t
entering the thermal tally set are rejected for each one entering the thermal
tally range. The ones that survive are followed and the results tallied

into a second tally set. The final tallies are the sums of the values from
the first tally set plus the values from the second tally set times a weight
ratio. This ratio is the weight entering the thermal tally range divided by
the weight lTost by neutrons followed in the thermal tally range or approx-
imately l/(l'Rth)' This method statistically conserves the neutron absorp-

tion and allows a way of controlling the statistics obtained for epithermal

parameters relative to those obtained for thermal parameters.



5.4 The Neutron Flux and the Neutron Bean
The neutron flux at energy E integrated over volume and

total neutron track ]wru;{r‘ in the volume, or

p(E,V)dEdV

where s the volume of reqion g 1S the track lenat!
n

weight of the n'th neutron in reqion f and enerqgy qroup 1.
reactior ate ) e k'th event is
nacroscopic cross section.
Instead of tallying the track lenqgth of individual neutrons
the XMC code tallies the estimated track lenath for a beam of neutrons going
ame direction as the individual neutron. The flux contribution to a
and enerqgy qgroup can be written as

| 'vl“";"" , / )
n bn’ i1t

is

where A.. 15 the mean free path in the i'th eiergy group of region f

()
* “bn

the distance to the outside boundary of the region for the n't! beam, and 1
n

4

15 the beam strenqgth at the beginning of the n'th flight of the beam. The
beam strength is set equal to the weight of the neutron at the start of the

neutron path. It is then diminished by the factor v:p’-%h ”‘i*' at each
I

boundary crossing Note that the neutron is followed until it has a collision.
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or leaks from the cell while the beam is followed even after the collision.
[f the neutron leaks then the beam is also terminated; otherwise the beam is
tracked until terminated by Russian Roulette.

The leakage tallied by the beam crossing a boundary is just
the beam strength, I, at the boundary. The leakage is tallied as a function
of the broad-enerqgy groups.

The XMC code has provisions for zone importance weighting.
Zone importance weighting provides a method for spending more time irn regions
(zones) of greater importance while reducing the time spent in regions of
low importance. When importance weighting is used the number of neutrons in
the beam and the weight of each neutron is modified when the beam passes
between regions of different importance.

The XMC code can be used in two problem modes. One mode,
the fission descendant problem, allows fission neutrons to be born as &
result of collisions. These fission progeny are stored and used as starting
neutrons for the next batch. The other mode, called the direct source prob-
lem, obtains all starting neutrons from the source routine. In this case,
there is no need to save the fission neutrons, so the fission reaction is
not sampled.

Associated with each neutron is a set of parameters which
describe its position, direction, and velocity. The position is described

by the pesition vector x,y,z where the units are in centimeters and an index



which tells which geometrical region the neutron is in. The direction is

defined by the three normalized direction cosines a, £, and v. he velocity

defined by the microscopic energy-velocity group which the velocity fails

into. The velod

y ity units are centimeters per micro second.

Energy Group Structures

The enerqgy range for XMC is from 0 to 10 MeV or any part of
this enerqy range. The neutron energy-velocity distribution is continuous
in the XMC calculation; however, the energy dependent input is divided into
enerqy qroups. There are two different energy group structures; these are
the micro-groups, and broad-qroups.

The micro-group is the smallest energy group structure.

The cross sections and reaction probabilities are group-averaged over each

micro-qroup. The code uses the micro-averaged values for any velocity which

falls within tre velocity limits of the micro-group. The fluxes are also
each micro-qroup.

Most calculations with the XMC code use 190 energy aqroups
with 60 qroups below 1 ev. Above 1 ev the groups are equally spaced in
letharqy.

The broad-groups are the energy groups used for output.

The boundaries of the broad-groups must coincide with those of the micro-

groups but each broad-qroup may contain one or more micro-groups. The
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broad-group structure is usually picked to coincide with a group structure
used by typical multi-group reactor cell codes. The leakage and reaction
rate tallies are made bv broad-group.

3.5.6 Code Check Tallies

A set of values are talliied as the Monte Carlo calculation
is being made which serve as code check tallies. They are a set of values
which are not needed as output, but serve as a means of checking the per-
formance and characteristics of the Monte Carlo code. The code check tailies
are obtained directly from the neutron histories and are not results obtained
using the flux estimator. The answers obtained using the codz check tallies
are usually not as accurate as those obtained using the flux estimators.

The code check tallies include such things as the number of
initial fission or source neutrons, the number and weight of neutrons to and
from collision, the number of neutrons leaking from the system, the loss of
beam strength and weight by application of Russian Roulette, and the number
and weight of neutrons entering, and leaving the thermal tally range, etc.

The code check tallies are written out at the completion of
each Monte Carlo batch. Average values with associated statistical errors
are also written by the output routines.

3.5.7 The Source Routine

The source routine is used to pick the initial parameters
for the neutron histories. If the calculation is a fission descendant pro-

blem, the source routine will only be used for the first batch and only the

N G &N AR G 4 AR G &0 N T & e O e e



spatial parameters will be picked. For a direct source problem.
parameters are generated by the source routine.
The source routine in the XMC code is very versatile.

allows the selection of the neutron spatial distribution using combinations

0f

ANE

point, equal volume, cosine ; ) .405 r/R), and (sinur)/ar

distributions. he velocities can be picked using combinations of point,
fission, Maxwellian, and/or slowing down distributions. The anqular distri-
bution is either isotopic or mono-directional.

The XMC Geomet ry U{);Jt ines

The geometry routine determines the region that the neutron-
beam is in and calculates the distance to the nearest boundary. This routine
also contains the boundary conditions. The routine follows source, fission
or coilision neutrons and determines if these neutrons collide in the region,
leave the region, or encounter a boundary. If a boundary is encountered the
neutron can leak or be reflected isotropically or with a mirror image
reflection.

There are geometrically eight types of boundarys which can
be used. Table 3.5-2 lists these boundary functions.

.9 Path Length Calculation

The distance from one collision to the next collision is

determined by randomly sampling from the distribution P(x)dx = exp(-1) dai

where A is the mean free path for the appropriate region and energy.
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The mean free path (1) is stored for each material and
micro group. If the material contains resonances and the energy is in the
resonance region, the values of the resonance cross sections are calculated.
The resonance cross sections are then combined with the micro group cross
sections to obtain the mean free path. The equations explicitly include the
Doppler broadening of both absorption and scattering. The values of the
cross sections are calculated at the neutron eneray on a point basis (ie,
not at the micro-group energy).

In the unresolved resonance region, the cross section for a

given energy is obtained from the contribution of the two nearest resonances.

In this region the value of r is found from a Porter-Thomas distribution
while Fe is taken from an expon2ntial distribution. The nearest resonances
to a given energy are found from the level spacing.
3.5.10 The XMC Collision Routines

When a collision occurs the code considers the following
events: absorption, fission, inelastic scattering, and elastic scattering.
The elastic scattering can be treated as isotropic or anisotropic slowing
down scattering. Thermal scattering is treated by ENDF/B kernels.

Neutron Absorption and Fission

XMC first reduces the neutron weight to account for absorp-
tion. Then the code checks to see if a scattered neutron is to be produced.
The fission probability is checked to see if any fission neutrons were

produced. N fission neutrons are produced if wt.P +: > N where ¢ is a



random number and “? is the ratio of the neutron fission production rate

£ to the total reaction rate ( r) in the material. Note that
seldom be greater than 1. The fission neutrons are stored in the
bank.

Selection of Scatterer

[f the neutron survived absorption then the scattering
isotope is selected. To save cu.puter space and time use is made of a
haavy scatterer, More than one isotope in a material can be specified as
heavy isotopes. All of the heavy isotopes elastic scattering cross sections
are combined to form one elastic scatterer. A mass for the heavy scatterer
is also specified. Scattering from a heavy scatterer is treated as if the
scattering mass were infinite (no energy change) unless the neutron is in a
region having an isotope with resonance parameters and the neutron has a
velocity such that a resonance calculation was made. Then the mass of the
special heavy scatterer will be used.

The scatterer is picked by selecting a random number £ and
comparing it to the cumulative scattering probabilities.

Inelastic Scattering

Inelastic scattering is treated in two ways and the n-2n

scattering is combined with it. The two models used for inelastic scattering

are discrete level enerqgy loss and the evaporation model. Both models

assume that scattering is isotropic in the center of mass system.
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Inelastic Spectrum Table

The inelastic spectrum table (discrete energy loss) uses a
table of the inelastic excitation level energies along with a probability
for each one. If the neutron energy is below a certain excitation energy
that level can not be excited. An approximation is made in that it is
assumed that cross section for excitation of a certain level is a constant
in energy above the level energy.

Evaporation Model

The evaporation model is used to select the emergent energy

from the Maxwellian distribution

p(e) = L5 & Ty
T
n

2
Actually (V°)© = 1.91322 £~ is selected. Tn is the nuclear temperature and

. i 2 3 ..
is calculated by Tn = 4 + alv + a2V + a3V . The coefficients ans A1y Ay,

a, are fitted by least squares to the data on the ENDF/B library for Tn.
The new velocity is then calculated as

Ve = [T (o) + 8)] 12

where 9 and ¢, are random numbers selected from an exponential distribution.

It is also required that V° < V. The Maxwellian is sampled correctly as

shown in the equation

it
bt of X=A) "
P(x) = / e Yo \X y’dy = xe X,

- 0



It is assumed that the evaporation model is used only for heavy nuclei and
so the conversion from the C.M. to the lab system is not made

Nonthermal Elastic Scattering

Nonthermal elastic scattering can be treated as isotropic
or anisotropic. If the scattering is isotropic, a random set of direction
cosines are used as the new direction cosines in the center of mass. For
anisotropic scattering the cosine of the scattering angle, u is selected by
making use of the sample reiection technique.

Once the new scattering cosine is selected, the new
velocity and the direction cosines are selected. If the isotope is a heavy
scatterer the velocity is not changed.

Thermal Elastic Scattering

The thermal elastic scattering cross sections are processed

(3-4)

from the ENDF/D data files using the FLANGE " code. In particular, data

for neutron scattering by hydrogen in water has been tabulated at temperatures

”~ 0 onnD 1
from 273K to 800K based on the Haywood model of the phonon spectrum. The

Haywood model takes into account the effects of the vibrational and rota-
tional modes of hydrogen atoms bound in the water molecule.

The scattering kernel calculated from S(a, 8, T) is too
large to use directly in the Monte Carlo calculation. Thus, the scattering
kernel is divided into downscattering and upscattering components. Then,

the two dimensional array based on S{a, 8) is used to determine the scat-

tering angle. The upscattering, downscattering, and angular components were
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calculated at a number of points using a modified version of FLANGE. Data
points were then picked so that an accurate linear interpolation could be

used. The base data was calculated at 276°k. Correction factors are used
for higher temperatures. The FLANGE calculations were made at the ENDF/B

data temperatures,

3.5.11 The XMC Output Routines

The XMC output routines prepare the output and print it
and/or plot it. The two main tasks in preparing the output are preparing
averaged values of fluxes, cross sections, reaction rates,and leakages along
with some other cell parameters and obtaining statistics for the values
which are calculated.

Statistics

Statistics are obtained by processing a series of equal
sized batches and averaging the results for the batches. It is possible to
leave some of the first batches out of the average. This might be done to
damp out the effects of the source distribution. There are two common types
of average values obtained from the Monte Carlo calculation. One type is a
direct answer such as flux or reaction rate and the other type is a ratio
such as flux averaged cross sections. The statistical error for a single
averaged value a is S5 where S is the error for one standard deviation.
Let N be the number of equal sized batches and a be the value of a for the
nt? batch. The values of a and S5 then become:

N

4 n

3



where

NA . ; - . " .
Note that for a ratio the values of a and of b mav have large statistical

errors and the statistical error of the ratio can be very small or even

zero, This is accounted for by the correlation term

The statistical error is written out in a way which reduces
the printing space. The statistical error is forced to have the same expo-

nent as the value, “ a value and its error

then the numbers would be printed out as 1.0685+04
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The output routines tally over broad groups. These broad
group energy boundaries must coincide with the micro-group boundaries.
However, the broad groups do not need to cover the entire energy range or to
have joining boundaries. In fact, the boundaries can overlap.

The broad groups are used for flux and reaction rate inte-
grals. These broad group fluxes are also used to obtain statistics on the
ratios between different energy broad groups or between regions for a given
broad group.

Printed Output

The output code prints the results of the Monte Carlo
calculation. First the averaged code check tallies are printed. Next the
broad-group fluxes and leakages are printed. Then, the broad-group average
cross sections and reaction rates for each isotope in each region are printed
along with the reaction rates for the region. The reaction rates for the
entire cell along with an infinite and effective multiplication constant
foilow. Finally the micro-group fluxes for each region are printed and/or
plotted.

3.5.12 Cross Section Library

The cross sections in the current XMC library were derived
from the Battelle Northwest Master Library (BNML); except for the hydrogen

thermal scattering kernal (which is from ENDF/3).
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The points are selected so that they are optimumly placed
for an integration of (1 + XZ)'1 using logarithmic interpolation. Additional
Jints are then added as needed so that the maximum energy spread between
points is less than AEi/Np where Np = A + B-Emini. The i is the group
number and A and B are input numbers.
The weighting functions which are used are either 1/E or

l/EonT(E) where JT(E) = nTp(E) + ¢ + op and op (E) is the total cross

1in
A P
section at each point. o1 is the total cross section of the other isotopes
In
in the material per atom of this isotope (an input number), and or 1is the

A
analytical contribution from the other resonances of this isotope. The

point values are multiplied by unity or 1/nT(E) and the 1/E weighting is
accounted for in the numerical integration. The integration assumes that
the lTogarithm of the cross section varies linearly with the logarithm of the
energy.

The unresolved resonance contribution is caluclated at a
number of points using the equations as derived in the ETOE(3'24) and MCZ(
codes., The point values are then integrated numerically using linear log-
log interpolation and assuming a 1/E flux. The point calculations account
for Doppler broadening and use the narrow resonance approximation. The
scattering from other isotopes in the material is again an input number.

The XMCLIB code fi.ct processes the anisotropic scattering

data into group averaged Legendre coefficients in the center of mass system.

The a's as used by the XMC code are then obtained by matrix multiplication

3-25)



and normalized. The normalization is the maximum value of P(u) for -1l<u<l
and is found by examining P(u) at 101 equally spaced values of u The a's
are also adjusted so that P(u) is never negative and so that the number of
random selections of u per acceptance will not average more thar

The XMC code uses the same enerqy distribution data for
inelastic and n-2n scattering. However the information for both inelastic
and n-2n scattering are placed on the (I tape |

[t is assumed that the energy distribution from inelastic

scattering will be of two forms. ne two forms are discre*e excitation

level and the evaporation model. One isotope can have both forms. The

g evaporation model is used above the eneray range covered by the discrete
energy level model.
The temperature coefficients for the evaporation model are
calculated by fitting a cubic in velocity to the ENDF/B library values. The
/ probabiltiy of exciting a discrete level is calculated by the XMCLIB code by
/

integrating over energy the probability times the product of the inelastic

[
scattering cross section and the flux weighting function.

.13 The XMC Loader

1 i . : i
in order to simplify the data preparation for XMC, a special
input routine was written. This routine, called the XMC LOADER, requires

less than a dozen cards to prep

are all the input to run an XMC case. The

use of the XMC LOADER greatly reduces the time to prepare input and the

ances ot user errors.
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The LOADER will prepare input for controlled and uncon-
trolled BWR fuel bundles, as well as PWR bundles. Additionally, several
types of pin-cell geometries are treated by the LOADER.

The output of the LOADER is a file or card Jeck from which
XMC runs. Since XMC plots the geometry of the problem run, a comparison to
the actual desired input is easily made.

Some of the available geometry options are shown in Figures
3.5-3, 3.5-4, 3.5-%, and 3.5-6., Figures 3.5-3 and 3.5-4 show BWR and PWR
fuel bundles, while Figure 3.5-5 shows some of the pin-cell "box types".

These box types may also be placed in a bundle as shown in Figure 3.5-6.



Table 3.5-1 Isotopes in the XMC Cross Section Library

Hydrogen circoniun
{(in water)

Boron (natural) Silver-107
Boron-10
Boron-11 Cadmium-112
Indium-115
Carbon Gadolinium-155
Nitrogen Gadolinium-157
Oxygen Uranium-235
ATuminun Uranium- 236
Silicon Uranium-238
Chromiun Plutonium-238
Manganese Plutonium-239
[ron Plutonium-240

|

Nickel Plutonium-241

y

304 Stainless Plutonium-242
Steel

Cobalt
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Table 3.5-2 XMC Code Boundary Functions

Boundary F action

r=XxX-1Xx
0

": -
¥~ ¥
r=37+.2

= (x-x )% + (y-y ) - R?
0
= xq + yn + z? - R?
A \ 2 s
(x—xoz + B(y—yo) + C( -zo)

Description

Plane at X = Xy
Plane at y = Yo
Plane at z = Z,

Plane on y = ax + b

Cylinder of radius R
centered on z axis

Cylinder of radius R
centered at xo‘yo

Sphere of radius R centered
at the origin

General boundary function
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Fiaure 3.5-6

Exanples of Roxes of Type 1 at Rod Posftion 1, 11, and 28,
and a Box of Type 2 at Rod Position 15.

Note that

Insertion of a Box at an Off Diagonal Position

Actually Inserts Two Boxes such as the Box

*Rod position at Rod Position 11.
number
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The reactor neutronic parameters which significantly affect the
rod drop analysis include the Doppler reactivity coefficient, the maximum
control rod worth, the power peakinc (peaking with control rod removed from
core) and the delayed neutron fraction. For a given type of reactor, the
maximum deposited enthalpy is parameterized as a function of the above
variables,

For maximum deposited enthalpies less than 280 calories per gram,
prompt fuel rupture does not occur and thie heat transfer from the fuel to
the coolant is by convection. The reactor coolant pressure is calculated
for limiting values of Doppler, rod worth, power peaking, delayed neutron
fraction, and scram bank reactivity worth.

Rod Drop Analysis Method - The rod drop calculations are performed
with the ".0TRAN computer code described in Section 3.3. The COTRAN code
solves the space and time dependent neutron diffusion equation in two-
dimensional (r-z) geometry with fuel temperature and moderator density
reactivity feedbacks. COTRAN employs a nodal method based directly on a
one-group finite difference technique for the solution of the time dependent
neutron diffusion equation. The one-group cross-sections used in the
iterative fiux solution are determined from input two-group values and
modified at each time step by thermal feedback. The input two-group cross
sections for COTRAN are calculated using the XTGBWR code following the pro-

cedure outlined in Section 3.3.
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through 90° or 180° from the correct orientation when loaded into the reactor
core. The second incident, the fuel mislocation error, assumes a fuel
assembly is placed in the wrong core location during refueling. For both

the fuel misorientation error 2nd the fuel mislocation error, the assumption
is made that the error is not discovered during the core verification and

the reactor is operated during the cycle with a fuel assembly misloaded.

The Timiting parameter of interest for the fuel misloading error
is the MCPR in the misloaded fuel assembly. The fuel misloading analysis
determines the difference between the MCPR for the correctly loaded core and
the MCPR for the core with a fuel assembly misloaded. The resulting AMCPR
for the misloading error is then compared with the AMCPR determined from the
transient analysis for the cycle. The i.rgest AMCPR is then added to the
transient MCPR safety limity to determine the operating MCPR limit.

4.2.1 Fuel Misorientation Error

For the fuel misorientation error analysis, a limiting fuel
assembly in the reactor core is assumed to be rotated 90° or 180° from the
normal orientation. The fuel misorientation error is important for the fuel
assemblies in the BWR/2, BWR/3 and BWR/4 reactor cores. In these cores the
fuel assemblies are offset in the core lattice to provided a wicer gap
vetween the fuel channels where the control rods are inserted. To account
for the moderating effects of the water in the wider gap, the fuel assemblies

are designed with lower enrichment fuel rods next to the wide water gaps.
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high reactivity fuel assembly is mislocated in the core, the misloaded
assembly will cause that area of the core to be higher in power than plan-
ned. The higher power will be detected by the LPRM detectors resulting in
the measured operating MCPR being lower than the operating MCPR predicted by
the XTGBWR core simulator code in the above procedure. The more accurate
fuel mislocation analysis that will be performed when required includes the
following additional calculations:
[ J
4.3 STABILITY ANALYSIS

Stability can be defined for an operating system as follows: a
system is stable if, following an input perturbation, the transient returns
to a steady, non-cyclic state. Stability analysis is concerned with two
basic phenomenon, reactor core (reactivity) stability and channel hydro-
dynamic stability. Reactor core instabi'ity is when the reactivity feedback
of the entire core drives the reactor into power oscillations. Channel
hydrodynamic instability is flow oscillations which may impede heat transfer
to the moderator resulting in localized power osciallations. Stability is
analytically demonstrated if no divergent oscillations develop as a result
of perturbations of any critical variable, such as core pressure, control
rod position, and recirculation flow.

The criterion to be evaluated is the decay ratio XZ/XO’ desianated
as the ratio of the magnitude of the second over shoot to the first over-

shoot resulting from a step perturbation. For a time domain analysis, the



decay ratio is determined from the tim response containing several oscilla-

tions by averaqging the decay ratios determined from each successive over-

shoot. When the decay ratio X,/X, is less than 1.0, the reactor core is

stable. Thus, the ultimate pertormance criteria for the stability analysis
1S specified in terms of the decay ratio as:
Reactor Core (reactivity) stability N
Channel hydrodynamic stability },/' 

(4

These criteria are demonstrated for all usual and unusal operating conditions

Ot the reactor that may occur during the course of the fuel in-core lifetime.
For stability purposes, the most severe conditions to which these conditions
will be applied are:
Natural circulation flow at a power corresponding to the rod
block power limit condition, and
End of cycle power distributions at low power operation.
Although the ultimate performance criteria ensure absolute reactor
stability, an operational desian guide is applied for all expected power and
flow conditions encountered in normal operation. The most 1imiting condition
expected corresponds to minimum normal flow.
Stability analysis is performed with the COTRAN computer code
described in Section 3.3. Tne COTRAN code solves the space and time depen-

dent neutron diffusion equation in two-dimensional (r-z) geometry with fuel

temperature and moderator density reactivity feedback. These reactivit
D
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feedbacks are determined from a solution of the equations of mass, energy
and momentum for the hydrodynamic channels coupled with a fuel conduction
model. As such, the COTRAN code provides the time response of important
core parameters following a system perturbation. The calculational method
for the reactor core (reactivity) stability analysis is as follows:

( ]

The hydrodynamic and core reactivity decay ratios determined by

the above procedures are then compared to the operational design criteria.
[f the criteria is met for all usual and unusual operating conditions of the
reactor that may occur during the reload cycle then the core is stable.

4.4 NEUTRONIC REACTIVITY PARAMETERS

The neutronics models used in the plant transient and loss of
coolant analyses require several neutronic input parameters which charac-
terize the reactor core at a particular operating state. These parameters
are:

! Void reactivity coefficient,

2. Doppler reactivity coefficient,

3. Scram reactivity,

4. Delayed neutron fraction, and

5. Prompt neutron lifetime.
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4.4.3 Scram Reactivity
The scram reactivity is defined as the core reactivity
change as a function of the scram bank insertion. The total scram reactivity
is calculated with the reactor kinetics model COTRAN as follows:
| ]
4.4.4 Delayed Neutron Fraction
The delayed neutron fraction is calculated for each fuel
type by the XFYRE code described in Section 3.1 as a function of exposure.
For the plant transient analysis, a core average delayed neutron fraction
(:off) is determined by exposure and volume weighting the fuel type depen-
dent delayed neutron fraction.

4.4.5 Prompt Neutron Lifetime

The prompt neutron lifetime is calculated with the XFYRE
code for each fuel type in the core. The calculations are performed at core
average voids as a function of exposure. T's core average prompt neutron
lifetime is calculated by exposure and volume weighting the fuel type depen-
dent neutron lifetimes,

The control rod withdrawal error is the withdrawal of a control
rod by the reactor operator from a fully inserted position until the control
rod motion is stopped by the rod block. For the analysis, the reactor is
assumed to be in a normal mode of operation with the control rods heing

withdrawn in the proper sequence and all reactor parameters within the
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the control rod withdrawal incident is analyzed as a series of
steady state calculations since the rate of power increase is slow compared
to the time constants for heat transfer ar. delayed neutrons. The calcu-
lations are performed with Exxon Nuclear Company's reactor core simulator

code, XTGBWR, The 1lculational method for the control rod withdrawal is as
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) NEUTRONICS METHODS VERIFICATION
lhe ENC neutronics methods are verified by compar ing calculations to

measured reactor data and to calculations made by higher order methods.

Methods verification for the XFYRE, XTSo®4R, and COTRAN codes is presented in

this section.
4 5.1 XFYRE VERIFICATION

he local power distributions calculated by the XFYRE code are
verified by comparison to fuel rod gamma scan measurements. Comparisons of
the calculated and measured local power distributions are shown in Figure
5.1-1 through 5.1-5, The measurements were performed by removing the fuel
rods from the fuel assembly and measuring the La-140 activity at a aiven
core height. The measured data shown in Figures 5.1-1 through 5.1-5 have
not been corrected for core flux tilt effects caused by control rod and fuel
exposure.,
in addition to comparison to gamma scan results, the accuracy of

the XFYRE calculational model for the microscopic depletion oy a BWR fuel

assembly has been verified by comparison with measured isotopics from a
-1)

(& ) .
Garigliano fuel assembly' . Figure 5.1-6 is a representation of the
1

Garigliano BWR fuel assembly for which the measurements were made. Table

9,1=] hows the comparison between the measured and XFYRE calculated

1sotopics
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The XFYRE ccde has been benchmarked with the higher order XMC code
described in Section 3.5. A series of XMC calculations have been performed
to evaluate the effects of in-channel voids, control, gadolinia, and temper-
ature on the BWR fuel assembly reactivity and local power distribution. A
comparison of ke calculated with the XMC and XFYRE codes is shown in Table
5.1-2. The local power distributions calculated with the XMC and XF/{RE
codes are shown in Fiqures 5.1-7 though 5.1-11,

Ihe XFYRE calculations were performed with the standard x-y
geometry described in Section 3.1. The XMC calculations were performed
using an exact geometrical representation for the fuel, clad, channel, and
control rod blade. The cross section library was identical for the XFYRE
and XMC calculations.

5.2 XTGBWR VERIFICATION

The XTGBWR reactor core simulator code is verified by comparing
the calculated and measured reactor parameters. The reactor core follow
data for the Oyster Creek, Dresden-3, and Quad Cities reactors are listed in
Tables 5.2-1 through 5.2-6. The keff vélues calculated by XTGBWR for the
critical reactor condition are plotted as a function of cycle exposure on
Figure 5.2-1. The keff data are corrected for known reactivity biases
including the effects of "crud", incore instruments, sources, and fuel

assembly spacers.
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Table 5.2-3 XTGBWR Calculat*ed Ke £ and Average Voids
for Oyster Lreek Eycle 7

Cycle
Exposure K Ave(age Power 6F]ow
MWD/MTU _eff Voids Mdt 10" 1b/hr
121.3 1.005 .34 1766 56.4
293.0 1.006 .35 1752 99,7
565.9 1.005 .35 1877 55.8
869.0 1.004 .36 1828 51.5
939.8 1.003 . 30 1795 51.8
1232.8 1.002 .36 1817 51.8
1536.0 1.002 .33 1787 52.2
1889.6 1.001 o 99 1878 4.9
2401.2 1.001 .35 1833 53.4
2233.2 1.003 - 1883 58.3
2536.4 1.002 .36 1867 55.9
2890.0 1.005 .32 1856 59.9
3021.4 1.005 .32 1892 60.5
3304.3 1.004 .34 1893 57.2
3668.1 1.005 .36 1893 57.6
3961.2 1.006 .33 1890 60.8
4254 .2 1.006 .33 1892 60.6
4628.1 1.005 T 1820 53.5
4890.8 1.006 . 39 1887 61.0
5103.0 1.007 39 1817 59.5
6244 .5 1.005 .36 1781 61.0
566t .9 1.004 .35 1667 61.0
593..6 1.005 .34 1594 61.0
6224.7 1.005 .34 1481 61.0
6558.1 1.006 .29 1372 61.0
6861.3 1.006 .27 1281 61.0
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Figure 5.1-5 Comparison of XFYRE Calculated/Gamma Scan
Measured Local Power Distribution for
ENC 8x8 Reload Fuel
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176 Xi1-NF-80-19(NP)
Vol. |

0.943 1.077 1.086 1.035 .040 .101 1.096
0.934 1.072 1.088 1.060 .049 .104 1.106

+.010 +,007 +.009 +.018 +.016 +.020 +.030
1..68 1.059 0.936 0.894 .900 .955
1.146 1.050 0.947 0.902 .911 .947

+.010 +.013 +.008 +.011 +.014 +.018
1.100 0.991 0.877 0.840 .846
1.097 1.010 0.886 0.841 .840

+.011 +.010 +.011 +.012 +.013
1.095 0.784 0.871 0.833
1.098 0.970 0.872 0.849

+.010 +.011 +.009 +.015
1.152 1.039 0.914
1.167 1.019 0.887

+.017 +.014 +.016
0.924 1.042
0.919 1.018

+.021 +.020
1.092 XFYRE
1.065 XMC

+.018 +]o

Figure 5.1-7 XFYRE/X' ' farlo) Calculated Local
Power oisti..ction for Oyster Creek BWR
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Figure 5.1-Y

XFYRE/XMC (Monte Carlo) Calculated Local
Power Distribution for Oyster Creek BWR
Reload Fuel, 32% V - No Gadolinia -
No Control

178 XN-NF-80-19(NP
Vol. 1 (NP) l
0.940 1.074 1.076 1.016 1.016 1.075 1.065
0.944 1.076 1.076 0.994 0.998 1.083 1.082 l
+.013 +.015 +.015 +.011 +.012 +.017 +.018
1.170 1.068 0.935 0.883 0.885 0.940 '
1.182 1.064 0.912 0.856 0.848 0.937
+.013 +.010 +.010 +.011 +.009 +.016
1.107 1.002 0.878 0.829 0.832
1.121 1.007 0.881 0.840 0.819
; +.013 +.007 +.005 +.008 +.012 l
1.106 1.001 0.875 0.827 I
1.130 1.001 0.872 0.825
+.011 +.009 +.008 +.009
1.169 1.064 0.928 l
1.203 1.068 0.940
+.015 +.012 +.013 l
0.943 1.070 l
0.942 1.071
+.010 +.012
1.111 XFYRE I
1.141 XMC
+.019 +1 Il
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180 XN-NF-80-19(NP)
Vol. 1
0.917 1.060 .062 0.996 .989 .038 1.013
0.968 1.095 .070 0.989 .984 .040 1.035
+.009 +.012 +.012 +.009 +.012 +.009 +.016
1.155 1.077 .944 0.884 .878 .925
1.201 1.083 .920 0.848 .840 .908
+.012 +.010 +.013 +.010 +.011 +.012
1.10? 1.023 .894 0.837 .832
1.138 0.999 .853 0.793 .791
+.011 +.008 +.008 +.008 +.013
1.109 1.028 .899 0.841
1.119 1.000 .863 0.816
+.012 +.009 +.009 +.009
1. 175 1.097 .961
1.222 1.101 .950
+.009 +.011 +.012
0.949 1.097
0.974 1.116
+.010 +.016
1.102 XFYRE
1.184 XMC
+.014 +1lo

Figure 5.1-11

XFYRE/XMC (Monte Carlo) Calculated Local
Power Distribution for Oyster Creek BWR
Reload Fuel, 647 V - No Gadolinia -

No Control
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Figure 5.2-2 Dresden-3 Measured and XTGBIR Calculated TIP Comparison



Figure 5.2-3 Dresden-3 Measured and XTGBWR Calculated TIP Comparison
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Figure 5.2-6 Dresden-3 Measured and XTGBWR Calculated TIP Cumparison
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Fiqure 5,2-7 Oyster Creek Measured and Calculated TiP Comparison
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Figure 5.2-8 Oyster Creek Measured and Calculatad TIP Comparison
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Figure 5.2-9 Oyster Creek Measured and Calculated TIP Comparison
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Figure 5.2-10 Oyster Creek Measured and Calculated TIP Comparison
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Fiqure 5.2-12 Oyster Creek Measured and Calculated TIP Comparison
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the uncertainty associated witr measured power

distribution is necessary to insure safe reactor operation. The satety

inalyses are

+

performec assure safe reactor operation with a certain

quantified degree of confidence; thus, the uncertainty associated with the
measured reactor power distribution must be quantified. The uncertainty

resented in this section begins with a concise mathematical

of the method for determining the measured power distribution.

uncertainty 1s then defined in terms of the relative standard deviations

of the independent variables involved in the measured power distribution
determination. Methods to estimate the relative standard deviations of the
independent variables from measured data are described. Using the relative
standard deviation estimates in conjunction with the equation for the
measured power distribution uncertainty, results in an estimate of the
measured power distribution uncertainty expressed as a relative standard
deviation.

DETERMINATION

measured power distributions are combinations of measured

reactor data and computer calculated data. The measured reactor power

distribution data include the fixed local power range monitor (LPRM) in-core

detector data and thr traveling in-core probe (TIP) detector data.

T} DEA
he LPRM dat

a are electric current readings proportional to the

neutron flux level at four axial elevations in a number of radial locations.

the radial locations are distributed in a uniform lattice throughout the
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core. The LPRM detectors are fission chambers using U-235 as the fission-
able isotope. The LPRM detectors are intercalibrated utilizing the TIP
data. The TIP system consists of a number of movauie fission chamber
detectors (about 1" long) which can each enter a number cf the radial
locations at which the fixed LPRM detectors are located. The movable TIP
detectors are all capable of entering one of the radial positions to allow
intercalibration of the TIP system. Figure 6.1 is a drawing of an in-core
instrument tube which contains both the four |.PRM detectors and the TIP
tube. Figure 6.2 depicts typical radial locations for both fixed and
movable in-core detectors in a BWR core. Each radial location contains the
equipment shown in Figure 6.1,

The computer calculated data include the relative core nodal power
distribution, the in-core detector response distribution, and the local
peaking factors for the fuel rods. The predicted relative nodal power and
detector response distributions are calculated with the XTGBWR reactor
simulator code described in Section 3.2. The XTGBWR code is a three dimen-
sional modified two group diffusion theory reactor simulator program. The
code uses large mesh sizes to perform full core nodal power calculations
with time dependent xenon and samarium.

The local peaking factors are calculated by the XFYRE and XDT
codes de. “bed in Sections 3.1 and 3.4. The XFYRE code is a single bundle
depletion model that performs a microscopic depletion of each fuel rod in
the fuel assembly. The XDT code is a diffusion theory program used to

perform multibundle pewer distribution calculations.



the measured power distribution can be viewed to

Phase | consists o ) PPN 1-core

1 n L 'K
calibration. Phase Il consists of combining t individual fixed |

i LI

re detect distribution measurements with XTGBWR calculated data to
produce the measured nower distribution. An outline of the procedure is

presented here,

1?\"( ( ;"l’xl"q' f "{ }* I‘J;‘I H!“

The uncertainty in the power distribution, | i can be derived

based upon the measurement procedure formulation as expresseqd. The notation

Y

simplified by rewriting for a sinale node ijk. In the followina develop-

men%, the index i will denote each fixed LPRM in-core detector used to

determine P, " with ND denoting the number of detectors used.

B BRI k. R s g d
1 IMATION OF UNCERTAINTY

uncertainties, in terms of relative standard deviations, [

d by comparison to measured data. The measured data consist of

and fixed in-core detector responses plus gamma scans

The majority of the data consists of [P and fixed in-

distributions. This is due both to the limited amouni of
gamma scan data available, and to the limited core conditions represented by

gamma Sscans.
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6.3.1 Detector Measurement: ¢

F

[ ] utilizes measured data which consist of a relative

distribution of fixed in-core detector responses, F The fixed detectors

i
are located at four axial elevations in each of a number of radial locations,
[ ]. The fixed detector responses are calibrated to TIP system measurements
at reqular intervals and are adjusted for the reduction in sensitivity to

the neutron flux as a function of burnup between calibrations to the TIP
system.

The uncertainty of the fixed in-core detector data [ ] is
comprised of two sources. First, the uncertainty due to the TIP system
which is acquired through the calibration process. Second, the uncertainty
associated with the fixed in-core detector response itself.

The uncertainty in the TIP system measurements can be derived
from symmetric TIP data. A core which is loaded 1/8 core symmetric and is
operating with an 1/8 core symmetric rod pattern will have a number of pairs
of instrumented radial locations which will have the same neutron flux
distribution. Differences between the TIP responses in these positions can
be used to define the TIP system measurement uncertainty.

The uncertainty in the TIP system measurements will be
divided into two sources. First, the radial effects due principally to the

random offset of the TIP from the center of the water region between channels,



]« ‘4",0’ 1ned . ¢ e i\!]'_} . 1 toernm : 1% (Jt“ 1ned to repre ent \‘: ] er‘(.r.

sources of uncertainty. lefine d.. as the relative difference between
i1

symmetric TIP pair 1 at axial elevation j. The two sources of uncertainty

>

can then be estimated as:

The uncertaintv ! fixed in-core detector response

1tself can be estimated fron epeated measurement of the fixed detector
response during a period of time when the power distribution is stable. The

uncertainty associated with the fixed in-core detector lies in its ability

v

to reproduce the response to which it was calibrated. The adiustment of the

detector response due to a reduction in sensitivity through depletion of the

introduces additional uncertainty, but this ffect is neqligible
b J

that due to detector reproducibility and calibration to the TIP
incertainty due to the fixed in-core detector reproducibility,
follows.

Let | represent the relative differences between two

ind k at position 1.

The uncertainty in the ibratio L | of a fixed in-core
detector i1s the sum of the uncertainty in the TIP system measurement to

which the fixed in-core detector is normalized and the uncertainty of the

detector response being normalized.
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The uncertainty of the fixed in-core detector distribution

[ ] is the uncertainty associated with the calibration plus the uncertainty
of the fixed in-core detector reproducibility.

[ ]

6.3.2 Calculated Detector Response Distribution: 2

The uncertainty in the calculated detector response distri-
bution can be determined by comparison to measured detector distributions,
either from the TIP system or from the fixed in-core detectors. The relative
standard deviation in the calculated detector response distribution can be
determined as follows:

| ]

To define the relative standard deviation in [ ] the calcu-
lated detector distribution, the uncertainty in [ ] must be removed from [ ]
Equation 6.25 below represents the uncertainty in T if the TIP system measure-
ments were used and Equation 6.26 represents the uncertainty if fixed in-
core detector measurements are used [ ].

6.3.3 Calculated Nodal Power Distribution: &

B

There are two sources of measured data which can be used in
Jerermining the uncertainty in the calculated nodal power distribution, [ ]
The relative standard deviation [ ] can be der ved from the calculated
detector distribution uncertainty or it can be derived by comparing to gamma
scan measurements of bundle power ¢ strib tions. Both methods will be

utilized.



1S determined

ponse-to-power factors.

letermined can
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the relative var

described in Section 6.2,
ibles are treated

The random var

in Equation 6.27.

the

being independent. Covariance terms may need to be defined altering
if analysis of the data indicates dependency imong the random

equations,

variables:

,Uij ( U'" e

the input data to determ

interpolates

-

Oor unt
value for the particular exposure, void and control
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The uncertainty in local peaking factors are determined by
comparing the calculated pin powers to the pin by pin gamma scans of bundles
which have been irradiated in a reactor. To perform the comparisors, the
pin by pin power distributions from XFYRE/XDT wst be converted to La-140
distributions, since the gamma scans measure La-140 distributions rathe-
than power distributions.

' !









