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ABSTRACT

This thesis presents a reactor core model developed to simulate

the Quad Cities-1 reactor core from initial critical through cycle 2

using newly developed reactor core physics methodologies. The reactor

core is modeled using a nodal core simulator which includes a coupled

neutronic/thermal-hydraulic, three-dimensional representation. Few

group cross-sections for use in the core simulator are generated with a

two-dimensional, fine mesh lattice physics code. Calculated results

are compared with measured data from monthly in-core detector

measurements through cycle 2, end-of-cycles 1 and 2 gamma scan

measurements, distributed rod pattern startup reactivity, cold

condition local criticality experiments, and high power steady-state

reactivity. These calculations will be used, in conjunction with other

benchmark calculations, to qualify the new reactor physics

methodologies for steady-state Boiling Water Reactor design analyses

for the Browns Ferry Nuclear Plant.

The results presented in this thesis identify areas in the

methodology which are improved and other areas which require further

refinements. The new core physics methodologies provide improved

predictions of hot operating reactivity and power distributions.

However, cold reactivity calculations and simulated traversing in-core

probe readings are shown to be less consistent and possible causes are

presented.
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1.0 INTRODUCTION

1.1 Overview

Accurate core physics calculations are necessary for the safe and

efficient operation of nuclear reactors. Nuclear reactor vendors and

nuclear utilities are continually refining existing core physics

methodologies and developing improved methodologies to increase the

accuracy of core behavior predictions. These advances increase fuel

utilization, increase operating efficiency and make advanced fuel

management techniques possible.

The Tennessee Valley Authority (TVA) currently performs steady-

state core analysis for the Browns Ferry Nuclear Plant using Boiling

Water Reactor (BWR) analysis methods based on the LATTICE^, CORE^,

and FIBWR' computer codes. Comparisons with measured data from recent

cycles containing high enrichment, high burnable poison (gadolinium)

loaded fuel have shown that problems exist in predicting axial power

shapes and thermal limits. Although the precise cause is unknown,

results from preliminary evaluations indicate a dependence on the

predicted burnup rate of gadolinium.

Difficulty in properly predicting power shapes can adversely

affect reload core design analyses. Non-optimal loading patterns,

increased potential for violation of Technical Specifications and

operation at less than rated conditions due to thermal limits problems

are a few of the possible consequences. Operational support activities

can also suffer due to an inability to accurately locate peak power and



determine limiting Linear Heat Generation Rates (LHGRs) when developing

rod patterns.

Due to the axial power and thermal limits mispredictions, it is

evident that more refined methods would be beneficial in modeling the

high energy fuel assemblies needed for long (18-24 month) cycle

lengths. Improved physics methods based on the TGBLA'', CORE-II®, and

FIBWR computer codes have been developed and are being implemented by

TVA.

The CORE-II code is a coupled neutronic/thermal-hydraulic, three-

dimensional, nodal reactor core simulator developed by TVA. Steady-

state neutronic calculations are made based on a variation of the

"QUANDRY" style nodal methods®. Unlike the modified one-group CORE

code, CORE-II employs a full two-group solution. The explicit modeling

of thermal neutron exchange between nodes is expected to benefit the

analyses. Other major improvements incorporated in the CORE-II code

include the use of Assembly Discontinuity Factors (ADF) to account for

nodal heterogenities, explicit modeling of the reflector region, and

the use of improved moderator void correlations.

Few group cross-sections for use in the core simulator are

generated with TGBLA, a two-dimensional, fine mesh lattice physics

code. TGBLA was developed under a cooperative study between General

Electric Company and Toshiba Corporation. The methods are based on few

group diffusion theory with transport theory corrections. An advanced

treatment of the depletion of the gadolinium isotopes is expected to

improve the power mispredictions by the core simulator.



Assembly thermal-hydraulic characteristics for use in the core

simulator are generated using the FIBWR steady-state thermal-hydraulic

simulator code. The FIBWR code incorporates a detailed geometrical

representation of the complex flow paths in a BWR fuel assembly. Each

assembly design is analyzed to determine data used to describe the

interrelationship of assembly flow, pressure drop and power.

Regardless of the theoretical basis of the mathematical models,

the usefulness and accuracy of the reactor physics methods can only be

determined through benchmark calculations. Extensive comparisons to

measured data and higher order calculations will be performed before

the TGBLA/CORE-II core physics methods are used for predictive core

calculations. The ability to track reactor criticality and power

distributions over a wide range of BWR operating states must be

verified and the associated uncertainties and biases must be

quantified. The results of these benchmark calculations will be

documented in a licensing topical report and submitted to the Nuclear

Regulatory Commission (NRG) for their review.

To illustrate the need for accurate core physics methods, some

example applications are described in section 1.2. Section 1.3

contains a description of the measured data available from the Quad

Cities-1 reactor for use in qualifying reactor physics methods.

Finally, the objective and summary of this thesis are given in section

1.4.



1.2 Applications of Steady-State Core Physics Methods

Steady-state physics methods are utilized for a wide range of core

analyses. Fresh fuel batch sizes and fuel shuffling patterns are

investigated for future cycles based on projected cycle energy

requirements. This preliminary design is typically performed during

the current cycle in order to accommodate a one year lead time for

manufacturing of fresh fuel. As a result, the ability to predict fuel

assembly characteristics at the completion of the current cycle is

vital to determining a safe and efficient reference loading pattern for

the future cycle.

Once established, the reference loading pattern is analyzed to

demonstrate that sufficient margins to thermal and reactivity limits

exist. Shutdown margin calculations, and hot excess reactivity

calculations are performed to ensure that the core reactivity can be

controlled through the cycle. Simulated core depletions with projected

control rod patterns are developed to demonstrate that the core can be

operated within thermal limits throughout the cycle.

In addition, safety analyses are performed to ensure that the

reference loading pattern can safely withstand postulated transient and

accident scenarios. Some events, such as the rod withdrawal error, can

be analyzed using steady-state calculations. Other events are modeled

using separate transient analysis codes, with cross-sections from the

steady-state core simulator. These analyses include the rod drop

accident and pressurization transients. The above analyses qualify the

loading pattern for operation and set cycle specific operating ranges



and limits. The results of the above design analyses are submitted to

the NRC for acceptance before the cycle can be operated.

Steady-state reactor physics methods are also used during plant

operation to determine target control rod patterns and investigate

alternative operating strategies. Multi-cycle analyses are performed

to predict future fuel requirements and efficiently plan transition

cycles employing improved refueling patterns and fuel designs.

Finally, steady-state reactor physics methods play a vital role in

making advances in fuel management feasible. For BVfRs these advances

include control cell refueling patterns which mitigate power peaking in

fuel adjacent to partially inserted control blades, spectral shift

operation to maximize fuel utilization, power coastdown, and the use of

increased enrichment fuel with axially zoned burnable poisons for

increased burnup and longer cycle lengths.

1.3 Qualification of Physics Methods Usine Data From Quad Cities-1

The measured data available for the Quad Cities-1 reactor are

extensive and have become a standard benchmark for the qualification of

BWR physics methods. Detailed fuel design and operating data are

available to model core operation from the initial critical through

cycle 2^,®.

Traversing In-core Probe (TIP) measurements were made on a monthly

basis through cycles 1 and 2, yielding 28 sets of steady-state power

distribution data. Quad Cities TIP detectors measure the thermal

neutron flux at 24 axial positions in 41 radial core locations. These



measurements are useful in evaluating power distribution calculations

throughout an operating cycle.

Gamma scan projects were performed at the end-of-cycles 1 and 2 to

obtain detailed measurements of the recent power history of individual

assemblies',^'. The gamma scan projects involved measuring the

La-140 activity of selected assemblies at 12 or 24 axial locations.

The gamma scan technique represents the most detailed power

measurements available for commercial BWRs. Unlike TIP measurements,

which measure the average power of the four fuel assembly segments

surrounding the detector, the gamma scan data provides an accurate

measure of the power distribution in a single assembly averaged over

the last one to two months operation.

The end-of-cycle 1 gamma scan involved 31 assemblies distributed

in groups of three to four neighboring assemblies from each octant of

the core. Eighty-nine assemblies were scanned following cycle 2. The

assemblies encompassed nearly a complete octant of the core and 12

additional symmetric locations. Comparisons to these gamma scan

measurements provide a detailed measure of the ability of core physics

methods to predict nodal power.

Critical core configuration data are available from distributed

(in-sequence) rod pattern startups at various core exposures. These

data can be used to determine the uncertainty and bias associated with

predicting reactivity at cold conditions. The rod withdrawal sequences

used in these criticals were typical of normal reactor startups.

Numerous local critical experiments were performed during cycle 1.

These critical experiments involved withdrawing two to four adjacent
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control rods producing very peaked neutron flux distributions.

Calculated results from these experiments can be used to determine the

capability of reactor physics methods to predict criticality induced in

very localized regions (typical of stuck rod shutdown margin

calculations). Comparing local to in-sequence critical results can be

used to demonstrate the capability to calculate the same k-effective

for critical conditions with both peaked and uniform neutron flux

distributions.

Finally, the capability to predict steady-state criticality

throughout a cycle can be quantified by examining the effective

multiplication factors from the cycle depletion calculations. Accurate

knowledge of this calculational bias is required for calculations

performed at near rated power and for accurate cycle length estimates.

1.4 Obiective and Project Summary

The objective of this thesis is to develop a Quad Cities-1 reactor

core model using the TGBLA/CORE-II physics methods and to compare the

calculated results for reactivity and power distributions with measured

data. The results contained in this thesis include comparisons of

calculated results with data from monthly TIP measurements through

cycle 2, end-of-cycles 1 and 2 gamma scan measurements, distributed rod

pattern startup reactivity, cold condition local criticality

experiments, and high power steady-state reactivity. These results

will be used by TVA, in conjunction with other benchmark calculations,

to qualify the TGBLA/CORE-II reactor physics methods for steady-state

BWR design analyses of the Browns Ferry Nuclear Plant.



This thesis identifies areas in the methodology which are improved

and other areas which require further refinements. The results

obtained with the new physics methods are compared with previous

results for the Quad Cities-1 benchmark data obtained using the

LATTICE/CORE physics methods. These comparisons show that the

TGBLA/CORE-II methods provide improved predictions of hot operating

reactivity and power distributions. However, cold reactivity

calculations and simulated TIP readings are shown to be less consistent

and possible causes are presented.

The calculations performed during this project were the first full

scale application of the TGBLA/CORE-II code system. Only small problem

benchmark calculations had previously been performed to check the

CORE-II neutronic algorithms. Consequently, unexpected problems were

encountered during the model development. This required additional

investigations into alternative modeling schemes in both the lattice

and core simulator calculations, a detailed examination of the

simulated TIP calculations, the resolution of convergence problems with

low moderator density TGBLA cases, and the discovery of general coding

errors in CORE-II. Due to the evolutionary nature of the core model

and computer codes, only the final results are reported in this thesis.

In addition to performing calculations with the TGBLA and CORE-II

computer codes, various auxiliary FORTRAN programs were developed

during the course of this project. These programs were written to

perform comparisons of simulated TIP readings and gamma scan results

with measured data. A program was also written to investigate problems

in TIP predictions.
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The organization of this thesis is as follows. A general

description of the methodology used to model the Quad Cities-1 reactor

is given in section 2. The core model and simulator input are

presented in section 3. The core depletion calculations which tracked

the core operation through cycle 2 are described in section 4.0.

Comparisons of calculated and measured results are given in sections

5.0, 6.0, and 7.0. Finally, a summary of the comparisons, conclusions

about the TGBLA/CORE-II results, and recommendations for future work

are given in section 8.0.



2.0 ANALYSIS METHODS

2.1 Overview

Due to the spatial variation of moderator density, control rods,

exposure, enrichment, and burnable poison within a BWR, an accurate

core simulator requires three-dimensional representation with thermal-

hydraulic feedback. The complexity of BWRs makes it impractical to

utilize explicit transport theory methods or traditional finite

difference methods to model all heterogeneous details in a single step.

To achieve a feasible computational algorithm, the analysis is

separated into three steps: (1) detailed fuel assembly neutronic

modeling, (2) detailed fuel assembly thermal-hydraulic modeling, and

(3) nodal core modeling based on input from the assembly modeling.

This section contains an overview of each of the three modeling

steps as performed for the Quad Cities-1 benchmarking. The

representation of the assembly data for use in the core model is also

presented. Inputs specific to the Quad Cities-1 cycles 1 and 2

calculations (assembly designs, core loadings, operating data, etc.)

are contained in section 3.

2.2 Assembly Neutronic Modeling

The core simulator represents the core as a three-dimensional

array of rectangular nodes, each having homogeneous internal

properties. As a result, spatially averaged fuel assembly neutronic

properties which incorporate the detailed structure of BWR fuel

assemblies must be determined.
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Assembly neutronic properties are determined by a large number of

variables. These variables can be grouped into three major categories:

(1) assembly design, (2) operating history, and (3) current operating

environment. The assembly design is determined by the enrichment and

burnable poison distribution, number of fuel and water rods, structural

material, dimensions, and geometry. The assembly operating history can

be described by exposure and exposure-averaged values of control state

and moderator density. The current operating environment of a BWR fuel

assembly is a function of its core location, control state, moderator

density, fuel temperature, power level, and the neutronic properties of

adjacent fuel.

It is apparent from the above discussion that a large number of

phenomena are to be represented in the core simulator. As described

later in this section, the effect of all of these variables, with some

compromise in detail, is incorporated in the results of the assembly

neutronic analysis.

Assembly separabilitv assumption. The effect of neighboring fuel

segments on the neutronic properties is difficult to calculate. This

is due to the large number of combinations of different adjacent fuel

types, each with different operating histories, within a given core

loading pattern. Fortunately the combination of exchannel water gaps

and a relatively hard neutron energy spectrum in BWRs tends to

neutronically isolate the assemblies. This fact is demonstrated by the

success of modified one-group core simulators which ignore thermal

neutron transport between assemblies. Consequently, the change in

11



operating environment due to different neighboring fuel has a

relatively small effect on the neutronic properties.

An approximation is made to account for the effect of neighboring

assemblies. Each core fuel node is assumed to be located in an

infinite, periodic lattice in the radial direction, and uniform and

infinitely long in the axial direction. With these assumptions,

assemblies can be modeled separately in two dimensions, using zero-

leakage boundary conditions.

For large commercial BWRs this is a good approximation for a

majority of the fuel assemblies. Assemblies located on the reactor

periphery can experience a radial flux gradient that invalidates this

assumption. However, small errors in the predictions for peripheral

assemblies are acceptable due to their low power. In addition,

boundary conditions in the core simulator can be used to compensate for

this deficiency.

BWR fuel assemblies typically vary axially in enrichment and

burnable poison distributions, therefore it is often necessary to model

more than one two-dimensional radial slice (lattice). As a result,

further references to assembly modeling and physics data will be made

in terms of the lattices within a fuel assembly.

Lattice physics data generation. The assembly neutronic modeling

for the Quad Cities-1 fuel assemblies was performed using the TGBLA

code. TGBLA is a two-dimensional, fine mesh lattice physics code based

on few group diffusion theory with transport theory corrections. The

diffusion theory eigenvalue problem uses three-group (fast, epithermal,

12



thermal) cross sections constructed from the spatially dependent

neutron spectra. TGBLA explicitly represents the fuel rods, water

rods, fuel cladding, burnable poisons, control rods, channel boxes, in-

channel water, and ex-channel water. A description of the solution

techniques used in the TGBLA code is beyond the scope of this thesis,

but can be found in various references^^ .

The core simulator calculations require that the reactor core be

modeled under conditions ranging from cold zero power to hot full

power. Therefore, a large range of operating conditions was simulated

in the assembly neutronic analysis to construct a flexible reactor core

model. Lattice physics data for each lattice type were generated as a

function of exposure, moderator density, and control state.

To establish a basis for the effect of irradiation and moderator

density on lattice physics parameters, uncontrolled base depletions

were run using the operating conditions listed in Table 2-1. These

cases were run using 23 exposure points, with smaller steps used

earlier in the depletion to track the rapid burnup of the gadolinium

isotopes. Isotopic concentrations from the base depletions were

written to restart files at various exposures during the depletions for

later use.

The operating conditions used in base depletions were

representative of average conditions in the core. The fuel temperature

was set to be representative of the average at rated core power. The

base power density corresponded to the core-average rated power. The

moderator temperature for hot cases was set to the saturation

temperature at rated core pressure.

13



Table 2-1

Temperature and Water Density Input Used in the
Generation of Lattice Physics Data

Steam

Conditions

Fuel

Temperature

(op)*

Moderator

Temperature

C'F)

Water Density
(g/cc)

Ex-Channel In-Channel

"Cold" 1250 68.0 0.9976 0.9976

0% Voids 1250 546.8 0.7372 0.7372

40% Voids 1250 546.8 0.7372 0.4572

80% Voids 1250 546.8 0.7372 0.1773

*Fuel temperature = 1250"F for all cases except Doppler when the
fuel temperature = 68"F/950®F/1500®F/2500''F.
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In general, the actual fuel operating histories will not be

consistent with those of the base depletion cases. For example, the

base depletion cases assume the current and the exposure-averaged

moderator density are equal. Instantaneous changes in the base values

of moderator density, fuel temperature, and control state can be

modeled in the core simulator with a high degree of accuracy if the

effects are assumed to be separable. Using this assumption, the

effects of deviations from the base conditions were determined by

performing a parametric analysis.

TGBLA restart (branch) cases were run by reading the isotopic

concentrations from selected exposure points of the base depletions,

changing only a selected operating condition, and recalculating the

lattice physics parameters. A complete list of cases used in the

generation of lattice physics data for the Quad Cities-1 lattices are

shown in Table 2-2. Exposure points used in each case are shown in

Table 2-3.

The base depletions assume that the fuel was depleted with the

control blade withdrawn. Data for controlled fuel were determined by

restarting from the base depletions and calculating the lattice physics

parameters with the control rod inserted (cases B1-B4 in Table 2-2).

Lattice physics data were generated to quantify the Doppler

effect. Both uncontrolled and controlled restarts from the base

depletions were run using fuel temperatures different from the base

temperature (cases C1-C7 in Table 2-2).

As stated previously, the base depletions are based on the

exposure-averaged and current moderator density being equal. Restart

15
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Table 2-3

Exposure Points (GWd/MT) Used in the
Generation of Lattice Physics Data

Lattice
Base Controlled Doppler Void Control Physics

Depletion Restart Effects History History Library

0.0

0.005 0.005 0.005 0.005 0.005

0.22 0.22 0.22 0.22 0.22 0.22

0.55 0.55

1.1 1.1 1.1 1.1 1.1
1.65 1.65

2.2 2.2

3.3 3.3 3.3 3.3 3.3

4.4 4.4

5.5 5.5 5.5 5.5 5.5

6.6 6.6

7.7 7.7 7.7 7.7 7.7 7.7

8.8 8.8

9.9 9.9 9.9 9.9 9.9

11.0 11.0 11.0 11.0 11.0

12.1 12.1
13.2 13.2 13.2 13.2 13.2

16.5 16.5 16.5 16.5 16.5 16.5

19.25

22.0 22.0 22.0 22.0 22.0

24.75

27.5 27.5 27.5 27.5 27.5 27.5

30.25

33.0 33.0 33.0

38.5 38.5

46.0 46.0 46.0

51.5
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cases were run from the base depletions to calculate lattice physics

data describing the history effect of deviations in moderator density.

Both uncontrolled and controlled restarts were run with varying

moderator densities (cases D1-D3 in Table 2-2).

To determine the history effect of depleting with the control rod

inserted, restart cases were run from controlled depletions (cases EX

ES in Table 2-2) and withdrawing the control rod (cases E4-E5 in Table

2-2).

2.3 Lattice Phvsics Data Representation

The TGBLA analyses produced homogenized three-group cross-section

data for each unique lattice type. This section describes the

representation of these data for use in the core simulator and the

techniques used to correct the lattice physics data at base conditions

to the actual operating conditions.

To accurately describe the neutronic properties of each node, the

base lattice physics parameters used in the core simulator are

functions of exposure E, moderator density U, and control fraction CF

(defined as the fraction of the node height a control rod is inserted).

The three group cross-section data were processed with auxiliary

programs to produce controlled (CF = 0) and uncontrolled (CF = 1) table

sets of two-group lattice physics data at specific E and U values. The

core simulator uses multi-variable Lagrangian interpolation of the

table sets to obtain the nodal parameters at the current values of E, U

and CF. Except for the correction factors described later in this

section, values from the uncontrolled base depletion cases and

20



controlled restart cases were used to construct the uncontrolled and

controlled lattice physics table sets, respectively.

The table set representation of the lattice physics data is highly

accurate, but is inefficient with respect to storage and processing

requirements. Therefore, parameters which have secondary effects

and/or have little variation over the range of operating conditions are

represented using polynomial fits. Some parameters represented using

fits include Doppler reactivity worth, fission yields, and moderator

density history corrections to power-to-TIP conversion factors and

kinetics parameters.

Due to variations in core operation during the cycle, U and CF

will not remain constant. By averaging nodal U and CF values with

respect to the nodal E, moderator density history and control history

variables can be defined as

UH(E) = E U(E) (2-1)

CH(E) = E CF(E) (2-2)

Where IT and CF are the exposure-averaged moderator density and

exposure-averaged control fraction respectively
E

U(E) = -
E

U(E) dE (2-3)

o

E

CE(E) = i
E

(2-4)

CF(E) dE

o

21



Since the base lattice physics data are taken from the

uncontrolled base depletion and controlled restart cases, the

assumptions incorporated in the table sets are that U = U and CF = 0

with base values of power density (equilibrium xenon) and fuel

temperature T^. Parameters which are not sensitive to deviations from

the base conditions of the table sets are determined simply by

interpolation. For other variables, in particular the nodal infinite

multiplication factor kg^, corrections to the base values are required

to accurately represent the lattice physics data at the actual

operating conditions.

Moderator densitv historv correction. The moderator density has a

large affect on the neutron spectrum, which in turn, influences the

spatial isotopic concentrations resulting from burnup. Since the base

table sets assume that U = U, a correction to the base koo is necessary

to account for the change in reactivity due to isotopic concentrations

different from those assumed in the table sets. The effect on

reactivity is determined for both uncontrolled and controlled nodes at

three TT values and four U values. Moderator density history correction

factors are tabulated in table sets for use in the core simulator.

The following ratio is used to define the moderator density history

effect:

_ koc(U=Ul, U=U2)
till — ^ ✓
"  koo(U=U=U2)
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where U1 is the current moderator density and U2 is the exposure-

averaged moderator density. The numerator is the koo from the moderator

density history restart cases (cases D1-D3 in Table 2), and the

denominator is the base koo from the uncontrolled base depletions (cases

A2-A4 in Table 2-2) or the controlled restarts (cases B1-B4 in Table

2-2).

Other variables affected by differences in U and U are adjusted

using polynomial fits. These parameters include the power-to-TIP

conversion factor, delayed neutron fraction, and group average neutron

velocities. These corrections have been shown to be insensitive to

both enrichment and gadolinium loadings. Therefore, fitting

coefficients for Quad Cities-1 lattices were taken from similar Browns

Ferry fuel designs.

Control historv correction. The spatial isotopic concentrations

resulting from burnup are also sensitive to the control rod being

inserted or withdrawn during the depletion. Therefore, reactivity

adjustments to koc. are made in the core simulator to account for control

history effects. Since the uncontrolled base table sets assume that

the control rod is withdrawn during the depletion (CF = 0), reactivity

adjustments to koo are made to account for control history effects when

the uncontrolled node has been operated with the control rod inserted.

The control history correction for uncontrolled nodes is defined as:

koo(CF=l,CF=0)
Cch = (2-6)

koo(CF=CF=0)
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The controlled koo table sets assume CF = 0 and CF = 1, therefore

the koo of controlled nodes are also corrected for control history. The

control history correction is similarly defined for controlled nodes:

koo(CF=CF=l)

Cch = = (2-7)
koo(CF=0,CF=l)

where

koo(CF=l,CF=0) = infinite multiplication factor from the controlled
restart cases (cases B1-B4 in Table 2-2),

koo(CF=CF=0) = infinite multiplication factor from the
uncontrolled base depletion cases (cases A1-A4 in
Table 2-2),

koo(CF=CF=l) = infinite multiplication factor from the controlled
depletion cases (cases E1-E3 in Table 2-2),

k(x(CF=0,ni'=l) = infinite multiplication factor from the control
history restart cases (cases E4-E6 in Table 2-2).

The control history corrections are tabulated in controlled and

uncontrolled table sets at the four instantaneous moderator densities.

Xenon and samarium concentration correction. The base koo values

incorporate the negative reactivity worth of equilibrium xenon and

samarium concentrations at the base power density. Because these

fission products have extremely high absorption cross sections,

deviations from the base concentrations are accounted for. The

24



correction is related to the fractional change in xenon and samarium

concentrations relative to the base concentrations:

= 1 -
(X - xj

Pxe V

(S -

Psm 1 (2-8)

where

X = Xe-135 concentration at the current power
density (atoms/barn-cc),

S = Sm-149 concentration at the current power
density (atoms/barn-cc),

X  = Xe-135 concentration at the base power density
(atoms/barn-cc),

Sq = Sm-149 concentration at the base power density
(atoms/barn-cc),

= reactivity worth of base equilibrium Xe-135 concentration,

p  = reactivity worth of base equilibrium Sm-149 concentration.
sm

The current xenon (X) and samarium (S) concentrations for the

steady-state depletion modeling of Quad Cities-1 were determined by the

core simulator based on the calculated nodal power. Zero nodal xenon

concentrations and equilibrium samarium concentrations were used in the

Quad Cities-1 cold critical analyses.

To account for changes in the thermal neutron spectrum due to

deviations from the base xenon and samarium concentrations, C is also
xs

used to correct the thermal diffusion area and thermal absorption

cross-section.
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Fuel temperature correction. Deviations of the nodal fuel

temperature from the base value affect the nodal

multiplication factor through Doppler broadening of the resonances in

the fuel. This effect is accounted for by adjusting the base koo in the

core simulator using the following correction factor:

Cp = 1 + a(VT^ - Vrf) (2-9)

Where the Doppler coefficient (a) is determined from a polynomial

fit dependent on U, U, CF and E. The Doppler fit was generated for

each lattice type using data generated in the Doppler restart cases

(cases C1-C5 in Table 2-2).

In addition to correcting koo, Cp is used to make corrections to

other parameters sensitive to changes in resonance absorption. These

parameters include the age-to-thermal, the fast absorption plus removal

cross-section, and the resonance escape probability.

Combination of correction factors. The effect of deviations from

the base fuel temperature, control history, xenon concentration,

samarium concentration, and moderator density history are assumed to be

independent and separable. The correction factors described in the

previous subsections are combined in the core simulator to adjust the

base nodal koo values by:

koo=kg>C„C C. C. (2-10)
D  xs uh ch ^
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where

koo = the corrected nodal infinite multiplication factor,

kS) = the base koo interpolated from the table sets.

2.4 Assembly Thermal Hydraulic Modeling

Because of the strong coupling between the nodal lattice physics

data and moderator density, the CORE-II core simulator includes a

thermal-hydraulic model to calculate the core-wide moderator density

and flow distributions. A large number of thermal-hydraulic iterations

are typically performed in the core simulator to obtain a solution for

a particular core configuration. Therefore, to avoid performing

repeated calculations of pressure drop and flow for each assembly in

the core, the detailed assembly thermal-hydraulic analysis is performed

externally to the core simulator using the FIBWR code.

FIBWR calculates single channel flow rates by solving the steady-

state one-dimensional equations for continuity, momentum, and energy.

The complex geometry and flow paths of BWR thermal-hydraulic channels

are explicitly modeled, including the leakage flow to the bypass

region. The bypass flow makes up the non-boiling coolant between

assemblies and is typically 10% of the total core flow. The bypass

flow provides moderation in the core top, cools in-core instruments and

control rods, and allows for consistent detector measurements

throughout the core by surrounding each detector location with non-

boiling water.

Detailed calculations are made for each thermal-hydraulic channel

type, which are defined by the fuel assembly geometry and orifice size.
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Each thermal-hydraulic channel type is analyzed using a fixed axial

power distribution and base values of inlet temperature and core

pressure. The channel flow rate is determined using several channel

powers at varying channel pressures. The results are input to the core

simulator via table sets of channel flows at specific values of channel

power and pressure drop.

To account for deviations in the assumed conditions of the channel

flow table sets, the base channel flows are corrected in the core

simulator for variations of the reactor pressure, inlet temperature and

axial power shape. A parametric analysis is performed using FIBWR to

determine what the effect of varying these parameters has on the

channel flow rate. The corrections are represented as polynomial fits

for use in the core simulator.

2.5 Nodal Core Modeling

The three-dimensional core modeling is performed using the CORE-II

core simulator code. CORE-II is capable of modeling the inter

relationship of all operating parameters, including power level,

control rod position, flow, pressure, exposure, and moderator density.

Options are available to calculate thermal limits, simulate in-core

detectors, perform core depletions, and track the Ba-140 concentration

distribution for gamma scan comparisons. Special fuel management

options are also available to calculate the Haling exposure

distribution, estimate relative rod worths, and to aid in the

development of fuel shuffling patterns.
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The core simulator input is based on the detailed assembly

neutronic and thermal-hydraulic analysis described in sections 2.2 and

2.3, respectively. The assembly data are combined to form cycle

specific input libraries. Nodal operating history data are maintained

through the use of restart files.

The control rod configuration is accounted for in the core

simulator by using either controlled or uncontrolled lattice physics

data for each node. If control rods are only partially inserted,

nuclear parameters are determined by interpolating controlled and

uncontrolled data.

CORE-II is capable of modeling water nodes based on input cross-

section data. With this ability, a core reflector region can be

modeled by surrounding the fueled core with water nodes.

Core representation. The CORE-II core simulator represents the

reactor core as a three-dimensional array of rectangular nodes.

Consistent with the fuel assembly analysis, radial node dimensions in

the core modeling represent individual fuel assemblies and surrounding

water. Node heights are typically six inches, but can be non-uniform

in length to accommodate the axial variation of enrichment and/or

burnable poison within fuel assemblies.

Figure 2-1 shows the radial plane of the Quad Cities-1 core with

the standard coordinate system used to identify assembly, control rod,

and detector locations.

Input arrays are used to assign nuclear and thermal-hydraulic

parameters for each core node. Fuel assemblies with similar heat

29



60

58 -f 4-
_l_

4- 4- 4- n
66
54 (— 4- 4- 4-

f

4-
i

+ 4- + 4- 4- n
52

60 T"

1

4-
1

4- 4- +
1
+ 4- 4-

(

4-
1

4-
—(

4- n
48

40 + + + 4- 4- + 4- 4- + 4- 4- 4- 4-

n
44

42—r+ + 4-^ 4- + 4- + 4- +
1

4- 4-
. f
4- 4-

i

40 —

38 —+
{

+
i

+
\

4-
f

4-
i

+
I

f

4-
■

4-
■

+
1

4- 4- + 4- 4- +

36 —

34 —

32 —

30 —

+ + + 4- 4-
1

4-
1

4-
I

4-
g

1

4-
1

4-
1

4-
1

4- + 4-
i

4-
1

+
(

+
1

-f 4-
f

4-
1

4-
■

i

4-
■

4-
1

w

4-
I

4- + 4- 4- + +

28 —

26 —

24 —

22 —

+ + + 4- 4-
1

+
1

4-
1

4-
4

1

4-
1

+
i 1

+
- j
4-

^
4-
(

4-
1

+

1

+

1

+

... 1
f

+
%

4-
f

4- 4- 4- 4- 4- 4- + 4- 4-

20

18
-L+ +

A

4- 4- 4- 4- 4-
4

+
1

j

4-
g
4-

1

4-
. ̂
4- 4- J

57

16

14

4

+
1

+
%

+
f

4-
1

4-
9

4- 4- 4- 4- 4- 4-
1
4-

1
4-

12

10
-1^+

1

4-
i

1

4- +
4

4-
1

4- +
1

4- 4-
1

4-
4

4-
1—r-r-

J

53

8

6

--L
%

4-
w

4- 4- 4- 4- 4~ + 4- 4- J

49

4

2
-4^+ 4- 4- 4- 4- J

41 455 13 17

1
21

1
25 29

1
33

1
37

51 65 5n 9

# Traversing In-Core Probe (TIP)

^ Source Range Monitor (SRM)

■ Intermediate Range Monitor (IRM)

Figure 2-1. Coordinate System and Detector Locations

30



transfer properties, flow characteristics, and axial variations in

nuclear properties are modeled as the same assembly type. The axial

variation within an assembly type is defined by assigning different

lattice types. Figure 2-2 illustrates the difference between assembly

type and lattice type. Character labels signifying assembly types have

been used in this figure for illustrative purposes.

Similarly, an orifice type array is used to separately model

channels with different orifice sizes. This array was used in the Quad

Cities modeling to designate the peripheral channels which contain

restricted orifices relative to the channels located in the central

core region.

Together, the assembly type, lattice type, and orifice type arrays

are used to index the table sets and fitting coefficients contained in

the core simulator input library. Thus, each node was explicitly

modeled according to its unique neutronic and thermal-hydraulic

characteristics.

Neutronic model. The CORE-II core simulator is based on advanced

nodal steady-state two-group diffusion theory. Inner and outer

iterations are used to solve mesh centered finite difference equations

for the node average fluxes. This solution is embedded in an overall

iteration algorithm which computes expansion coefficients and

discontinuity factors which force agreement with higher order

calculations.

Assembly discontinuity factors (ADF) are used to account for the

removal of the assembly heterogeneity during the production of the
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cross-section data. These factors are obtained from TGBLA as the ratio

of the lattice gap fluxes to lattice average fluxes. The core simulator

utilizes these values to estimate the nodal surface flux given the node

average flux. Table sets of two group ADF's are input to the core

simulator for the wide and narrow gap.

Input values for energy dependent albedoes are applied as boundary

conditions to peripheral nodes. The CORE-II neutronics equations were

flexibly derived and programmed to avoid the numerical problems

associated with modeling water nodes and non-uniform height nodes.

Thermal hydraulic model. Due to the strong coupling of the nodal

neutronics data and the nodal operating conditions, the thermal-

hydraulic model of the core has a significant effect on the calculation

of reactivity and power distributions. Thus, the thermal-hydraulic

calculations are equally as important as the neutronics calculations.

The objective of the thermal-hydraulic calculations is to compute

the nodal water density, fuel temperature, and moderator temperature

distributions based on input or current estimated values of core flow,

bypass flow, inlet temperature, core pressure drop, and nodal power

distribution. The analysis is based on mass and energy balance

equations, together with void correlations which describe the full

range of BWR coolant conditions.

The core flow is distributed to the individual channels using an

iterative procedure to balance the individual assembly pressure drops

with the total core pressure drop. The iterations force the sum of the

channel and bypass flows to equal the specified total core flow. The
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core pressure drop is adjusted between thermal-hydraulic iterations to

equalize the calculated total core flow with the specified total core

flow. Channel flows are evaluated based on input table sets of channel

flow versus channel power and pressure described in section 2.4. The

nodal water density distribution is then calculated based on the flow

distribution, nodal power distribution, and core inlet temperature.

The core simulator accounts for the reactivity feedback effects by

iterating between the neutronic and thermal-hydraulic calculations.

These power-void iterations are continued until the solution is

converged or a maximum number of iterations have been performed. The

lattice physics parameters remain constant through the neutronic

iterations, and are not updated until a new thermal-hydraulic

calculation has been performed. Thus, the thermal-hydraulic feedback

is accomplished through the re-evaluation of the nodal physics

parameters after each thermal-hydraulic calculation.

The Doppler effect is another important reactivity coupling which

is dependent on the calculation of effective nodal fuel temperatures.

The average nodal fuel temperature is determined in the thermal-

hydraulic calculations using correlations which are functions of the

nodal bulk moderator temperature, nodal average linear power density

and nodal average exposure.

Depletion modeling. Since the lattice physics data are determined

as a function of exposure, the detailed accounting of individual

isotopic concentrations and their effects on reactivity is incorporated

in the core simulator input. The core simulator depletion calculation
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needs only to increment the nodal exposures and track operating history

dependent variables. A special auxiliary burnup calculation to track

Ba-140 for comparison with measured in gamma scan data is described

later.

Core depletion calculations which simulate actual reactor

operations are performed using the forward step depletion method. The

exposure range to be modeled, typically a reactor cycle, is divided

into exposure steps during which the operating parameters have minor

variations. The operating conditions are assumed to be stepwise

constant over the exposure interval. Representative operating

parameters describing the exposure step are used to calculate the power

distribution at the current core exposure. The new nodal exposure,

nodal water density history, and nodal control history distributions

are then incremented in proportion to the nodal relative power and core

average incremental exposure. Properties of each node are updated by:

En+1 = + P AeI^\ (2-11)

/awc\
UH = UH + U P AEI ) (2-12)
n+1 n \AWN/

E«n+1= ^
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where

E = nodal exposure (Gwd/Mt),

P = nodal relative power at E(n),

DE = core average exposure increment (Gwd/Mt),

U = nodal water density during exposure step (g/cc),

CF = nodal control fraction during exposure step,

UH = nodal water density history,

CH = nodal control history,

AWC = core average nodal mass of heavy metal (Kg/cc),

AWN = node average mass of heavy metal (Kg/cc).

The core power distribution and effective multiplication factor

are recalculated using the updated nodal neutronic parameters evaluated

at the new core average exposure. Using this procedure, the fuel is

depleted through a reactor cycle in a series of exposure steps.

Ba-140 tracking model. Comparisons to measured gamma scan data

requires that the end of cycle Ba-140 distribution be calculated by the

core simulator. The rate equation describing the time dependent

production and decay of Ba-140 is:

dN

= Yb ^f 'f' ~ (2-14)
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where

~ Ba-140 atom density (atoms/barn-cm),

= effective fission yield of Ba-140,

= macroscopic fission cross section (1/cm),

<l> = neutron flux (neutrons/barn-cm-sec),

Xg = Ba-140 decay constant (1/sec).

By assuming that each of these variables is stepwise constant over

a given time interval, this equation can be recast for use in the core

simulator:

P + [NB(t„_l) - SB(t„) p] (2-15)

where

n = 1,2, ,,, m,

Ng(tjj) = end of step nodal Ba-140 atom density (atoms/barn-cm),

P = nodal power calculated by the core simulator (Mw),

At = incremental time of depletion step (sec),

and Sg is a pseudo Ba-140 production rate defined by:

Yr C
Sg - —— (2-16)

K Ag

where

K = assembly average energy released per fission (Mev),

C = 1.0x10^'' barns/cm^.
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To accurately account for the variation of the pseudo Ba-140

production rate through operation, Sg is calculated during the

fuel assembly neutronic analysis and are tabulated in table sets for

use in the core simulator. On option, the Ba-140 distribution can be

set to the equilibrium concentration by the core simulator.

Simulated TIP Readings. Detailed power distribution measurements

in BWRs are made using traversing in-core probes (TIPs). The

simulation of TIP readings is included in the core simulator to enable

comparisons with measured TIP data. In addition, simulated TIP

readings are used to predict detector responses in specific design

analyses (e.g. rod withdrawal error).

Instrument tubes in BWRs are located in the narrow gap of four

fuel assembly cells. TIP measurements are made by running a small

fission chambers through the instrument tubes and averaging the

response over six inch intervals. Thus, the TIP readings measure the

average power of the four surrounding fuel assembly segments.

The core simulator calculates TIP readings as a function of the

power produced in the four surrounding assemblies. Simulated TIP

readings are calculated at each radial TIP location, and each axial

level as:

n

R = - ̂  ̂ (2-17)
i=l

= 1 !li)
n Z-/ J(i)

38



where

n = number of assemblies surrounding TIP detector (=4),

R = predicted TIP reading,

P(i) = nodal relative power of adjacent fuel node i,

J(i) = power-to-TIP conversion factor of adjacent of fuel node i.

The nodal relative power is obtained from a power distribution

calculation using the core conditions at the time of the measurement.

The power-to-TIP conversion factor, J, is defined as the ratio of the

assembly fission rate to the fission rate at the detector. Thus, the

TIP calculation assumes the variation of the detector response is

directly proportional to the nodal relative power.

Power-to-TIP conversion factors are determined by interpolation of

input table sets and are obtained from the detailed lattice physics

analysis as a function of exposure, water density, and control state.

Consistent with measured TIP data, the predicted TIP readings are

normalized to the axial average of a user-specified radial TIP

location.
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3.0 CORE MODEL AND INPUT DATA

3.1 Overview

The spatial representation used to model a BWR core is usually

determined by the available computer resources (memory size, computing

power) and the desired accuracy. For less accurate calculations,

approximations which utilize core symmetry (e.g. quarter core

representation), groupings of similar fuel assembly types, and large

node sizes can be made to reduce the required computer resources.

Approximations can also be made in the core operation modeling by using

large depletion steps and relaxing the convergence criteria.

An IBM model 3084-KQ mainframe computer with a virtual memory

operating system was used for all calculations reported in this thesis.

The memory size and disk storage available on this system was

effectively limitless. Due to the significance of the calculated

results with respect to qualifying the analysis methods, the computing

costs associated with the calculations were of secondary importance.

This allowed a relatively high degree of detail to be incorporated in

both the core representation and modeling.

This section contains a description of the core model used to

simulate Quad Cities-1 cycles 1 and 2 operation. An overview of the

reactor design data, fuel assembly design data, and reactor operational

parameters used in the modeling is also presented.
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3. 2 Core Model

All core calculations were performed using full core, three-

dimensional representation, with thermal-hydraulic feedback. Standard

fuel node sizes used in core simulator and process computer

calculations are 6x6x6 inches. A somewhat more detailed representation

was used for the Quad Cities-1 core.

Since the CORE-II core simulator is capable of modeling non-

uniform node sizes, it was possible to model the unique top and bottom

three inch segments of the initial core 7x7 fuel assemblies. This

axial zoning was explicitly modeled by splitting the top and bottom

fuel nodes to form three inch nodes. The remaining fuel was modeled

using the standard 6x6x6 inch node size.

To provide an accurate representation of the true core boundary,

reflector nodes were used to completely surround the fueled core. The

cross-section data used for the reflector nodes represented the coolant

and smeared metal core components located in the corresponding core

regions (top, bottom, and periphery). Assembly sized reflector nodes

(6x6x6 inch) were placed adjacent to peripheral fuel nodes and larger

reflector nodes (12x6x6 inch) were placed along the core top and

bottom. Figure 3-1 illustrates the core nodalization, including the

reflector region. The fuel and reflector were represented using a

total of 25,304 nodes. Actual computer memory requirements were based

on a larger (28x32x32 node) problem size.

Boundary conditions. Albedo boundary conditions were applied to

the outer edge of the reflector nodes. Since the size of the reflector
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nodes are larger than two to three mean-free-paths of fast neutrons in

water, a significant number of the neutrons which travel to the edge of

reflector nodes do not return to the fueled region. As a result, the

core reactivity and power distribution are somewhat insensitive to the

choice of albedo values.

Reasonable estimates of the albedo values were calculated

analytically. This method was chosen due to its simplicity compared to

the alternatives of performing detailed calculations of the flux

behavior in the reflector regions, or empirically determining albedo

values by matching calculated and measured power distributions.

The two-group, one-dimensional diffusion equation describing a

thick reflecting slab was used to calculate energy dependent albedo

values A. . which relate the incident neutron current (J. ) and the
in

reflected neutron current (J ).
out

J  „ = A. . J. (3-1)out i,j xn ^ ^

The following analytical solution exists for a very thick

reflecting slab:

A  -

(«i,j + 2)
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with

a  = ~ (3-3)
1,1 D

1

L2

"2.2 = r (3-^)

r  i
ICDi E- -- ̂ 2

(Di D2 a2^2^

where

a  = albedo for fast neutrons returning as fast neutrons,

®2 2 ~ albedo for thermal neutrons returning as thermal neutrons,

2 ~ albedo for fast neutrons returning as thermal neutrons,

Lj^,L2 = fast and thermal diffusion length, respectively,

^l'^2 — fast and thermal diffusion coefficient, respectively,
a  a£  ̂2 ~ thermal absorption cross sections, respectively,

= fast group removal cross section.

Albedo values for each reflector region were calculated using

cross-section data from TGBLA analyses for a base water density. The

analytical albedo solution (equation 3-2) and reflector cross-section

data at various water densities are used in the core simulator to

correct the input albedoes to the actual water density.
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Core simulator input. A large amount of core simulator input was

required to accurately describe the core configuration, fuel

characteristics, and operation of the core. The core simulator input

was obtained from a variety of sources.

Core loading patterns, fuel assembly design data, core design

data, and operating parameters were obtained from References 7 and 8.

Detailed lattice physics data for each lattice type were explicitly

generated using TGBLA. Two group cross-section data for the reflector

nodes were taken from existing TVA TGBLA results for typical BWR core

reflector regions. Thermal hydraulic data were taken from existing TVA

analyses of similar Browns Ferry fuel designs.

3.3 Fuel Assembly Design Data

The fuel assembly design data were obtained from Reference 7.

This information provided a complete description of the assembly

designs for lattice physics calculations including: (1) pellet, clad,

and assembly dimensions, (2) enrichment and burnable poison

distributions, (3) fissile material and burnable poison weights and

densities, and (4) channel dimensions.

Cycle 1 fuel assembly types. The cycle 1 core contained four

distinct assembly types. All of the initial core assemblies had a 7x7

rod array, with an average U-235 enrichment of 2.12 w/o. Table 3-1

summarizes fuel assembly information and other pertinent data for

cycles 1 and 2.
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Table 3-1

Fuel Assembly Data

Initial Core 7x7 Cycle 2 Reload

Assembly
Type

Dished Pellets

Assembly Avg
Enrichment

No. Cycle 1
Assemblies

No. Cycle 2
Assemblies

Geometry

Fuel Rods

per Assembly

Water Rods

per Assembly

Burnable

Poison Rods

Fuel

Total Fuel

(Kg-oxide)

Yes No Yes No

2.12 2.12 2.12 2.12

185 127 276 136

164 115 251 130

7x7 7x7 7x7 7x7

49 49 49 49

0  0 0 0

U02 U02 U02 U02

218 223 218 223

5  6 7 8

Yes No Yes No

2.30 2.50 2.71 2.51

0  0 0 0

23 36 4 1

7x7 8x8 7x7 7x7

49 63 49 48

0 0  0

U02 U02 MOX MOX

213 208 211 211
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Assembly types 1 and 2 contained two fuel rods with 3.0 w/o

gadolinia (Gd^O^) along the middle 139 inches, and one fuel rod with

0.5 w/o gadolinia along a 60 inch center segment. Figure 3-2 shows the

radial enrichment and burnable poison distribution within assembly

types 1 and 2. Figure 3-3 shows the axial zoning of both gadolinia

fuel rod types. In this figure, as well as in Figure 3-2, the 0.5 w/o

gadolinia concentration is shown as "Type Z", and the 3.0 w/o gadolinia

concentration is shown as "Type Y". The only difference between these

assembly types was that assembly type 1 contained some fuel rods

composed of dished fuel pellets. The dishing of the pellet ends was

designed to mitigate pellet clad interactions (PCI).

Assembly types 3 and 4 were similar to assembly types 1 and 2,

respectively, but contained only two fuel rods with 3.0 w/o gadolinia

along the middle 139 inches. Figure 3-4 shows the radial enrichment

and burnable poison distribution within assembly types 3 and 4.

The axial zoning of the initial core fuel required analysis of six

distinct lattice types (three dished and three undished). All six

lattice types were explicitly modeled with TGBLA to generate lattice

physics data for use in the core simulator. Because of the similar

neutronic characteristics, the dished and undished lattices could have

been accurately modeled using physics data for only one of the pellet

designs.

Cvcle 2 fuel assemblv types. The cycle 2 core contained eight

distinct assembly types. In addition to the four assembly types used

in cycle 1, the cycle 2 core contained 7x7, 8x8, and two plutonium
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Cities 1," EPRI NP-240, Electric Power Research Institute.
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Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
Cities 1," EPRI NP-240, Electric Power Research Institute.
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bearing Mixed Oxide (MOX) reload assembly types. Radial enrichment and

burnable poison distributions for the 7x7 and 8x8 reload assembly types

are shown in Figure 3-5 and 3-6, respectively. The reload 7x7 assembly

type had a higher U-235 enrichment (2.30 w/o) relative to the initial

core 7x7 and was not axially zoned. The reload 8x8 assembly type had

an average U-235 enrichment of 2.50 w/o and contained one water rod to

flatten the assembly power distribution.

The two MOX assembly types were loaded as part of a plutonium

recycle demonstration program. The assembly designs for the two MOX

assembly types are shown in Figures 3-7 and 3-8. These assemblies are

not only unique in that they contain plutonium, but they also have a

non-symmetric loading and contain annular fuel pellets. TGBLA is

capable of modeling hollow pellets, but assumes that assemblies are

symmetric across the diagonal. Therefore, both halves of each assembly

design were analyzed and compared to LATTICE results generated with the

actual assembly loadings. The assemblies halves with k-infinity

behaviors most similar to LATTICE results were used in the core

modeling. The error introduced by this approximation is negligible due

to the minimal degree of fuel rod asymmetry and the small MOX assembly

batch size (5 assemblies).

The reload fuel assemblies were uniform in the vertical direction.

Thus, lattice physics data for only four additional lattice types were

required to model cycle 2. The cycle 2 core included a total of ten

distinct lattice types.
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Cities 1," EPRI NP-240, Electric Power Research Institute.

52



2.50 wt% U-235 BUNDLE AVERAGE

WIOEAIVIDE CORNER

4 3

T

2 2 2

T

2 2 3

3 2 1 1 1 1 1 2

T

2 1

G

5 1 1 1

G

5

T

1

2 1 1 1 1 1 1 1

2 1 1 1 WS • 1 1 1

T

2 1 1 1 1 1

T

1

2 1

G

5 1 1 1

G

5 1

3 2

T

1 1 1

T

1 1 2

ROD TYPE ENRICHMENT

wtX U-235 ^^2^3
NUMBER

OF RODS

1 2.73 0 40

2 2.06 0 14

3 1.80 0 4

A 1.40 0 1

5 2.73 1.5 4

WS
- 0 1

WS - SPACER CAPTURE WATER ROD

T  - TIE RODS

G  - GADOLINIUM RODS

Figure 3-6. Assembly Design for 8x8 Reload Fuel

Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
Cities 1," EPRI NP-240, Electric Power Research Institute.

53



WIDE-WIDE WATER GAP

(CONTROL BLADE)

p0000001
o000000
G000000
0000000
0000000
0000000
Ig000000

NARROW-NARROW

WATER GAP

URANIUM FUEL

FUEL TYPE

1  - 2.56 wvt% U-235

2 - 1.94

3 - 1.69

4 - 1.33

5 - 3.30

6 - 2.56 + 3.0 wt% Gd203

PLUTONIUM FUEL (NATURAL U. 91% TO)

HOLLOW PELLETS

(0.15 i.d. CORE)
SOLID PELLETS

Pj* - 2.34 wt% FISSILE
P4 - 3.62

P,* - 2.14%wt%Pu
FISSILE

P2 - 3.52

• 80% FISSILE PuO,, ALL OTHERS 90% FISSILE

STACK DENSITY OF FUEL

FUEL TYPE grams/cc

UO2
GdjOj'UOj
SOLID MOj
ANNULAR MO2

10.32

10.19

9.89

8.94
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Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
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3.4 Core Design Data

The Quad Cities-1 reactor is a General Electric BWR-3 design, with

a rated power of 2511 MWt. The rated core flow at rated power is 98.6

Mlb/hr. A summary of the core design characteristics is shown in Table

3-2. Quad Cities-1 was among the first BWRs to employ fuel assemblies

with burnable poisons to control reactivity, replacing the boron

curtains which characterized BWR-1 and BWR-2 reactors.

The locations of the 177 cruciform control rods and the 41 TIP

thimble tubes are shown in Figure 2-1. The TIP tubes are arranged so

that symmetric pairs are formed across the upper-right to lower-left

core diagonal. With the fuel loaded symmetrically with respect to this

diagonal, the pairing of the TIP locations provides a means of checking

the consistency of the TIP readings when the reactor is operated with

control rod patterns with similar symmetry.

The cycle 1 core loading is shown in Figure 3-9. This loading is

octant symmetric, with fuel assemblies containing dished pellets loaded

in a ring around the central core region.

The cycle 2 core was virtually an extension of the initial core,

with only 9% of the assemblies being discharged and a large control rod

inventory at end-of-cycle. Figure 3-10 shows the core loading for

cycle 2. Four MOX fuel assemblies were loaded in the center control

cell and a single MOX assembly was loaded in a peripheral location.

The cycle 2 core was nearly octant symmetric, with the exception of the

peripheral MOX assembly.

Typical of BWR reactors, the peripheral assembly locations contain

a smaller fuel support orifice diameter (1.424 inch) relative to the
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Table 3-2

Summary of Core Description

Design BWR-3

Vendor General Electric

Rated Core Thermal Power, MW 2511

Total Core Flow at Rated Power, Mlb/hr 98.6

Total Number of Fuel Assemblies 724

Total Number of Control Rods 177

Total Number of Radial TIP Locations 41

Active Fuel Height, in 144

Assembly Pitch, in 6
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central assembly locations (2.262 inch). This serves to redirect core

flow to the central region and provides increased cooling for the

higher powered assemblies. Separate thermal-hydraulic data were input

to the core simulator to explicitly model each orifice size.

3.5 Core Operating Data

Core operating parameters needed to simulate the operation of Quad

Cities-1 through cycle 2 have been compiled in References 7 and 8.

There are 16 sets of operation data which span the entire cycle 1

operation, and 13 sets which span cycle 2 operation. The operating

data describes high power core conditions at specific exposure points

based on process computer output.

The operating data available at each exposure includes: (1) core

average exposure, (2) core thermal power, (3) core flow, (4) inlet

subcooling, (5) control rod configuration and (6) complete axial TIP

readings for all 41 in-core detector locations. Core bypass flow rate

data were published in Reference 8 as a function of the fraction of

rated core flow. Tables 3-3 and 3-4 summarize the operating parameters

for cycles 1 and 2, respectively.

An example operation data sheet showing the axial TIP distribution

for seven of the 41 detectors is shown in Figure 3-11. The measured

TIP data for a single string is reported on two lines. The first line

of TIP data contains the core X-Y location of the TIP string, followed

by 12 TIP readings. The second line contains the remaining 12 TIP

readings, with the last reading corresponding to the TIP reading at the

core top.
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Table 3-3

Cycle 1 Operating Data

Step

Core Ave Core Core

Exposure Power Pressure Flow
(GWd/MT) (MW) (psia) (Mlb/hr)

Leakage Inlet
Flow Subcooling

(Mlb/hr) (BTU/lb)

1 0.000 2184.88 1036.69 84.39 7. 19 18.88

2 0.272 2253.25 1028.36 99.61 9. 11 21.18

3 0. 712 2240.16 1025.01 94.65 8.48 21.98

4 0.882 2240.16 1025.01 94.65 8.48 21.98

5 1.052 2197.06 1039.41 97.58 8.85 21.19

6 1.470 2450.00 1044.75 97.97 8.90 23.34

7 2.239 2450.00 1044.75 97.97 8.90 23.34

8 2.727 2413.91 1039.04 95.30 8.57 23.52

9 3.190 2413.91 1039.04 95.30 8.57 23.52

10 3.749 2197.00 1021.23 94.84 8.51 21.78

11 3.836 2320.16 1032.24 94.72 8.49 22.65

12 4.074 2377.00 1030.52 92.93 8.27 23.58

13 4. 737 2337.00 1020.02 90.95 8.02 23.42

14 5.301 2337.00 1020.02 90.95 8.02 23.42

15 5.654 2014.00 1010.17 73.50 5.81 25.14

16 6.031 2225.50 1029.82 97.89 8.89 21.22

17 6.558 2210.00 1025.15 94.14 8.42 21.81

18 6.807 2210.00 1025.15 94.14 8.42 21.81

19 7.205 2267.00 1027.61 95.62 8.61 22.21

20 7.397 2267.00 1027.61 95.62 8.61 22.21

21 7.628 2187.25 1016.16 97. 73 8.87 21.08

22 7.659 2203.41 1025.64 95.94 8.65 21.54

22b 7.980 2166.00 1008.00 97.19 8.81 18.91

Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
Cities 1," EPRI NP-240, Electric Power Research Institute.

61



Table 3-4

Cycle 2 Operating Data

Step

Core Ave Core Core

Exposure Power Pressure Flow
(GWd/MT) (MW) (psia) (Mlb/hr)

Leakage Inlet
Flow Subcooling

(Mlb/hr) (BTU/lb)

23 7.286 1422.73 980.75 49.33 3.44 27.69

24 7.303 2171.47 1024.20 83.83 7.98 24.02

25 7.532 2156.00 1033.90 88.01 8.55 23.98

26 7.964 2156.00 1033.90 88.01 8.55 23.98

27 8.337 2096.69 1008.69 82.07 7.74 23.74

28 8.424 2411.53 1023.69 97.42 9.83 23.02

29 8. 790 2500.22 1049.39 96.68 9. 73 24.20

30 9. 142 2500.22 1049.39 96.68 9.73 24.20

31 9.584 2463.00 1052.66 97.23 9.80 23.74

32 10.174 2463.00 1052.66 97.23 9.80 23. 74

33 10.658 2474.00 1015.47 96.02 9.64 22.99

34 11.239 2474.00 1015.47 96.02 9.64 22.99

35 11.593 2155.53 1006.56 98.24 9.94 20.62

36 11.936 2155.53 1006.56 98.24 9.94 20.62

37 12.399 1829.19 962.00 93.87 9.34 18.28

38 12.897 1713.17 960.31 94.10 9.38 17.12

39 13.199 1547.00 952.00 95.70 9.59 15.60

40 13.612 1487.00 953.00 94.90 9.48 15.20

Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
Cities 1," EPRI NP-240, Electric Power Research Institute.
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OATASET 02, AUGUST 30, 1972

Reactor Conditions

Core Average Exposure. 646.0 MWd/1

Core Ttiermal Power, 2253.25 MWT

Core Pressure, P, 1028.36 psia

Core Flow, 99.61 Mlb/tir

Inlet Subcooling at P, 21.16 Blu/lb

Control Configuration

Legend: 46, Full Out; 0, Full In.
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Figure 3-11. Example Data Set

Source: "Core Design and Operating Data for Cycles 1 and 2 of Quad
Cities 1," EFRI NP-240, Electric Power Research Institute.
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Figure 3-11 also contains an example control rod map. The control

rod positions are measured in notches, with one notch equal to three

inches. The convention is to describe the rod position by the number

of notches withdrawn. Thus, a control rod at notch position 00 is

fully inserted and a notch position of 48 is fully withdrawn. The

total length of an inserted control rod is 144 inches, corresponding to

the active fuel height. The physical notches of the control blades are

six inches apart, therefore only even numbered notch positions are

possible.
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4.0 CORE DEPLETION MODELING

4.1 Overview

Accurate predictions of the nodal fuel properties at various core

exposures are needed for calculations of core power distributions and

reactivity. As a result, the depletion calculations provided a basis

for all other calculations performed in the study. Inaccurate

depletion modeling can result in significant errors in power

distribution and reactivity calculations through a cycle.

The simulation of the core exposure accumulation was performed

using the forward step depletion method described in section 2.5.

The measured operating parameters contained in Tables 3-3 and 3-4,

together with the corresponding control rod patterns, were used to

simulate core operation using a series of depletion steps.

4.2 Depletion Steps

The core was depleted using the depletion steps suggested in

Reference 7 and 8. The exposure intervals, rod sequences, and TIP data

availability are shown in Table 4-1 and 4-2. These steps were

suggested based on TIP measurement points and control rod sequence

changes. Additional steps were added near the end-of-cycles 1 and 2 to

update the Ba-140 distribution for the gamma scan comparisons.

The operating parameters provided at each exposure correspond to

the core conditions at the time of TIP measurements. This allows

improved power distribution comparisons by calculating simulated TIP
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Table 4-1

Cycle 1 Depletion Step Information

Depletion
Step

Exposure

Interval

(MWd/MT)

Control Rod

Sequence

Operating
Data Set #

TIP Data

Available

1 0 to 272 A 1 Yes

2 272 to 712 A 2 Yes

3 712 to 882 A 3 Yes

4 882 to 1052 A 3

5 1052 to 1470 B 4 Yes

6 1470 to 2239 B 5 Yes

7 2239 to 2727 B 5

8 2727 to 3190 A 6 Yes

9 3190 to 3749 A 6

10 3749 to 3836 B 7 Yes

11 3836 to 4074 B 8 Yes

12 4074 to 4737 B 9 Yes

13 4737 to 5301 B 10 Yes

14 5301 to 5654 B 10

15 5654 to 6031 B 11 Yes

16 6031 to 6558 A 12 Yes

17 6558 to 6807 A 13 Yes

18 6807 to 7205 A 13

19 7205 to 7397 B 14 Yes

20 7397 to 7628 B 14

21 7628 to 7659 A 15 Yes

22A 7659 to 7980 A 16

22B 7980 to 8049 A 16
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Table 4-2

Cycle 2 Depletion Step Information

Depletion
Step

Exposure
Interval

(MWd/MT)
Control Rod

Sequence

Operating
Data Set #

TIP Data

Available

23 7286 to 7303 A 17 Yes

24 7303 to 7532 A 18 Yes

25 7532 to 7964 A 19 Yes

26 7964 to 8337 A 19

27 8337 to 8423 B 20 Yes

28 8423 to 8789 B 21 Yes

29 8789 to 9141 B 22 Yes

30 9141 to 9585 B 22

31 9585 to 10173 A 23 Yes

32 10173 to 10658 A 23

33 10658 to 11238 B 24 Yes

34 11238 to 11593 B 24

35 11593 to 11935 B 25 Yes

36 11935 to 12399 B 25

37 12399 to 12896 B 26 Yes

38 12896 to 13198 ARC* 27 Yes

39 13198 to 13611 ARC 28 Yes

40 13611 to 13741 ARC 29 Yes

•All Rods Out
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responses based on the same core conditions as the measurements.

However, the core depletion modeling may not be optimized.

Representative operating data for each exposure interval are

difficult to quantify due to the large fluctuation in the operating

parameters throughout both cycles. An example reactor histogram

showing typical fluctuations in the operating parameters is shown in

Figure 4-1.

Comparisons of the operating histograms during each exposure

interval and the corresponding state point data suggested for that

interval show that only slight improvements in determining

representative conditions can be made. Due to the inaccuracy of

determining core exposures and operating data based on the operating

histograms, no attempt was made to refine the depletion steps.

The depletion calculations were performed by first calculating the

core power distribution at the beginning of each depletion step using

the operating conditions for that exposure interval. The nodal fuel

histories were then advanced based on the calculated power distribution

and the incremental core exposure. If TIP measured readings were

available, updated power distributions and effective multiplication

factors were recalculated at the end of the depletion step using the

same operating conditions.

The cycle 1 operation continued for five days past the last TIP

measurement. Therefore an additional depletion step (step 22B) was

added to update the end-of-cycle conditions for the gamma scan

comparison, and to update nodal histories of the assemblies to be
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loaded in cycle 2. For cycle 2, the last TIP measurement was made just

prior to shutdown and no depletion extension was required.

4.3 Core Simulator Restart Files

Core simulator restart files containing nodal history properties

(exposure, control history, moderator density history), nodal operating

conditions (power, moderator density, temperatures, etc.), predicted

TIP readings, and nodal Ba-140 concentrations were written at the end

of each depletion step. These files were used as input to the

depletion and cold critical calculations to pass nodal history

properties and to provide initial power distribution guesses. To

continue the core depletion after cycle 1, nodal history properties

contained on the end-of-cycle 1 restart file were shuffled according to

the cycle 2 loading pattern. Finally, restart files were used to pass

calculated TIP and nodal Ba-140 concentrations to auxiliary programs

for comparisons with measured data.
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5.0 REACTIVITY COMPARISONS

5.1 Overview

Reactor design analyses rely on the ability to accurately predict

the core reactivity over a wide range of operating conditions. Design

calculations such as cycle length determination, shutdown margin, hot

excess reactivity, rod withdrawal error, mis loaded assembly, and

standby liquid control system worth require the prediction of core

reactivity throughout the cycle.

In general, even theoretically well-founded reactor analysis

methods cannot reproduce a k-effective of unity for known critical core

configurations. Consequently, the calculational bias of reactivity

calculations must be determined prior to performing predictive

calculations. While the calculational bias must be known for

predictive calculations, the actual value (within limits) of the bias

often has little significance. However, the consistency of the

calculational bias is very important. Large uncertainties in

predicting criticality result in less than optimum core designs and

operating strategies since the uncertainties must be incorporated in

the design analyses.

A large quantity of benchmark data are available from Quad

Cities-1 to evaluate reactivity calculations. Each state point used in

the depletion modeling represents a high power critical reactor

configuration. The k-effective values from these calculations are

presented in section 5.2 to assess reactivity calculations for hot

operating reactor conditions.
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Critical configuration data from eight cold, xenon-free

distributed rod pattern startups are reported in Reference 7.

Supplemental information describing four additional in-sequence

criticals performed during cycle 1 was obtained from Pennsylvania Power

and Light (PP&L). The data from PP&L also included corrections to data

reported in Reference 7. The in-sequence critical data are used in

section 5.3 to evaluate reactivity calculations under cold zero-power

reactor conditions.

A series of local critical experiments was performed during

startup testing and at two exposures in cycle 1. These experiments

involved two to four adjacent control rods being withdrawn until a

critical configuration was achieved. Thirty-two of these criticals

were calculated using data obtained from the Commonwealth Edison

Company and PP&L. Calculated results from these experiments are

examined in section 5.4 to determine the capability of the

TGBLA/CORE-II methods to calculate cold zero-power reactivity induced

in very localized regions.

Comparisons of calculated k-effective values from in-sequence and

local criticals are made in section 5.5. This comparison is made to

determine the accuracy of the physics methods for in-sequence shutdown

margin demonstration calculations.

5.2 Hot Operating Reactivity Predictions

k-effective values from the cycle depletion calculations represent

reactivity calculations at high power, steady-state core conditions.

The calculated k-effective values from cycles 1 and 2 are plotted in
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Figures 5-1 and 5-2, respectively. The results are also tabulated in

Table 5-1. The k-effectives are taken directly from CORE-II output

without adjustment. For comparison purposes, results from previous

LATTICE/CORE calculations^" for the Quad Cities-1 reactor have been

included.

The fluctuations exhibited in the curves are reasonable, given

that the reactor experienced frequent deviations from rated conditions

during both cycles. The uncertainties of lattice physics parameters

such as Doppler reactivity change with core operating condition,

resulting in a calculation bias which is often a function of the core

condition. In addition, fluctuations at several exposures are expected

due to core conditions being reported while the reactor was not at

steady-state, equilibrium xenon conditions.

For cycle 1, CORE-II calculated an average k-effective value of

1.00805 with a standard deviation of 0.00173. This is slightly more

consistent than the standard deviation of 0.0022 calculated using the

LATTICE/CORE methods. The trend of increasing k-effectives near end of

cycle is less prevalent in the CORE-II results. The k-effective

distributions are less fluctuating if the low power and flow data sets

at exposures of 0.27 GWd/MT and 6.03 GWd/MT are not included.

A noticeable improvement is seen in the trend of k-effective

values calculated by CORE-II during the cycle 2 depletion. CORE-11

results shown in Figure 5-2 show very little dependence on cycle

exposure. The corresponding LATTICE/CORE results indicate a general

trend of increasing k-effective values with increased cycle exposure.

K-effective values using the new methods maintain a relatively stable
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Table 5-1

Hot Operating K-effective from Cycles 1 and 2

Core Average Fraction of LATTICE/ TGBLA/

Exposure Rated Rated CORE COREII

rcWD/MTl Power Flow K-effective K-effective

0.272 0.870 0.861 0.9904 1.00448

0.712 0.897 1.016 0.9960 1.00969

0.882 0.892 0.966 0.9942 1.00857

1.471 0.875 0.996 0.9961 1.01042

2.239 0.976 1.000 0.9951 1.00973

3.190 0.961 0.972 0.9950 1.00945

3.837 0.875 0.968 0.9946 1.00832

4.075 0.924 0.967 0.9961 1.00999

4.738 0.947 0.948 0.9950 1.00786

5.301 0.931 0.928 0.9947 1.00675

6.031 0.802 0. 750 0.9940 1.00504

6.558 0.886 0.999 0.9978 1.00768

6.807 0.880 0.961 0.9995 1.00846

7.397 0.903 0.976 0.9975 1.00643

7.660 0.871 0.997 0.9981 1.00718

7.980 0.878 0.979 0.9984 1.00881

Cycle 1 Average 0.9958 1.00805

Standard Deviation ... 0.0022 0.00173

7.303 0.567 0.503 0.9909 1.00225

7.532 0.865 0.855 0.9963 1.00438

7.964 0.859 0.898 1.0021 1.00956

8.424 0.835 0.837 0.9942 1.00268

8. 790 0.960 0.994 0.9977 1.00456

9. 142 0.996 0.987 0.9997 1.00608

10.174 0.981 0.992 1.0021 1.00702

11.239 0. 985 0.980 0.9991 1.00291

11.936 0.858 1.002 1.0038 1.00651

12.897 0.682 0.960 1.0055 1.00592

13.199 0.682 0.960 1.0053 1.00565

13.612 0.616 0.977 1.0064 1.00590

13.742 0.592 0.968 1.0068 1.00591

Cycle 2 Average 1.0008 1.00533

Standard Deviation ... 0.0050 0.00199
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average of 1.00533 with a standard deviation of 0.00199. This result

is improved relative to the LATTICE/CORE average k-effective of 1.0008

with a standard deviation of 0.0050.

A common problem with reactor physics methods is a dependence of

the calculational bias on exposure. This is particularly true with

high energy fuel containing large gadolinum loadings. In each cycle,

the dependence of TGBLA/CORE-II k-effective values on cycle exposure

has been decreased relative to the LATTICE/CORE methods. This

indicates improved modeling using the new methods, possibly due to

improved treatments of the gadolinium burnup and fission product

buildup. Although these cycles did not contain high energy fuel, the

decrease in the exposure dependence of the k-effective values indicates

that improvements may be expected when used with high energy fuel.

5.3 In-Sequence Cold Critical Predictions

Critical configuration data are available from Quad Cities-1 to

model 14 in-sequence criticals performed during cycles 1 and 2. These

criticals correspond to startup rod patterns in which the rods are

withdrawn in a distributed pattern throughout the core. This type of

critical produces a more uniform core-wide flux distribution and avoids

operational problems associated with core configurations which yield

high rod worths. Appendix'A contains data sheets describing each of

the 14 in-sequence criticals.

The critical configuration data were recorded after a sustained

reactor period was observed. Therefore, the reactor was actually

super-critical (k-effective > 1.0) at the time of the reported core
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conditions. The actual k-effective can be calculated by adding the

reactivity equivalent of the measured reactor period to unity. This

k-effective value could then be compared directly with the calculated

k-effective value.

However, the common practice in reporting results from reactivity

calculations is to assume that the reactor was exactly critical at the

time criticality was measured. This approach is equivalent to the

above method and requires that the calculated k-effective value be

adjusted by subtracting the reactivity equivalent of measured reactor

period. The difference between the adjusted k-effective value and

unity is then the calculational bias.

The calculated results for each in-sequence critical are shown in

Table 5-2. The tabulated k-effective values have been adjusted for the

reactivity equivalent of measured reactor periods using the in-hour

equation. The core average delayed neutron fraction of each core

configuration for use in the in-hour equation was calculated using

CORE-II. The period adjustment to k-effective ranged from 0.0002 for a

300 second period to 0.0010 for a 45 second period.

The average CORE-II k-effective for all criticals is 1.00193 with

a standard deviation of 0.00503. For comparison, results in Reference

13 from LATTICE/CORE calculations of eight of the fourteen criticals

have an average k-effective of 0.9963 with a standard deviation of

0.0027. Results from both reactor physics methods are plotted in

Figure 5-3. While both methods exhibit an exposure dependence, the

CORE-II trend of decreasing k-effective with increased exposure is more

pronounced. This behavior is possibly due to an under prediction of

77



Table 5-2

In-Sequence Cold Critical K-effective
from Cycles 1 and 2

Date

Exposure

fGWD/MTl

Coolant

Temp
f°n

Reactor

Period

fSECl

Controlled

Notches

Corrected^

K-effective

03/14/72 0.0 152 180 6390 1.00662

03/15/72 0.0 159 160 6344 1.00731

03/15/72 0.0 161 150 6324 1.00724

03/16/72 0.0 157 125 6336 1.00741

03/16/72 0.0 160 65 6318 1.00708

04/06/72 0.0 155 120 6412 1.00628

02/09/73 2.866 163 300 6698 1.00319

05/04/73 3. 748 120 300 7118 1.00087

05/08/73 3.748 178 181 6830 1.00040

08/05/73 4.938 120 45 6936 0.99679

01/06/74 6.911 179 300 6415 0.99608

aO/06/74 8.276 185 100 6224 0.99563

12/16/74 9. 138 160 45 2520 0.99650

05/04/75 10.603 190 130 5928 0.99565

Average .

Standard

1.00193

Deviation ... 0.00503

^The corrected k-effective has the reactivity equivalent of the
measured reactor period subtracted from the calculated
k-effective.

"First critical in cycle 2
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the gadolinium, xenon, and/or samarium worth at low exposures under

cold conditions. Note that whenever more than one critical was

performed at the same exposure point, the average values have been

plotted.

5.4 Local Cold Critical Predictions

Two to four rod criticals were modeled to verify the capability of

CORE-II to predict very localized reactivity configurations typical of

shutdown margin calculations. Calculated results for a total of 32

local criticals are shown in Table 5-3. Many of the zero exposure

local criticals are very similar since they were performed in symmetric

locations. Since the reactor temperature was essentially constant, the

differences in rod positions between similar criticals may be due to a

variation in detector readings or assembly manufacturing tolerances.

As discussed in section 5.3, the tabulated results have been corrected

for the measured reactor period. Note that Table 5-3 contains a

complete description of the critical configurations for benchmark

calculations.

The average k-effective value for all 32 criticals from CORE-II is

1.00257 with a standard deviation of 0.00245. If only the 25 criticals

performed at BOG 1 are considered the standard deviation of the average

k-effective value is reduced to 0.00054.

Because a complete set of critical configurations was not

previously available, a comparison with LATTICE/CORE results is only

possible for 10 of the 32 local criticals. The average k-effective

reported in Reference 13 for the first 10 criticals listed in Table 5-3
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Table 5-3

Local Cold Critical K-effective from Cycle 1

Partially Coolant Reactor

Exposure Control Rods Withdrawn Temp Period Corrected*

fGWD/MTl Fully Withdrawn Rod Notch (°F) C Sec) K-effective

0.0 30-47 30-43 26-43 06 156 160 1.00369

0.0 30-47 34-37 158 45 1.00319

0.0 34-43 34-37 30-43 06 158 60 1.00304

0.0 26-43 26-47 30-43 06 157 148 1.00361

0.0 18-35 22-35 18-31 06 159 238 1.00270

0.0 18-35 18-39 22-35 08 158 25 1.00391

0.0 14-39 18-39 159 260 1.00366

0.0 14-35 18-35 18-31 06 159 350 1.00371

0.0 22-23 26-23 26-27 08 160 30 1.00362

0.0 14-35 14-39 160 175 1.00410

0.0 46-19 46-23 44 160 50 1.00333

0.0 18-11 22-11 46 15 7 65 1.00377

0.0 26-27 30-27 30-31 08 159 245 1.00482

0.0 46-19 50-19 46 159 32 1.00335

0.0 38-11 42-11 160 60 1.00378

0.0 38-11 38-15 44 159 75 1.00365

0.0 50-23 50-19 46 158 78 1.00382

0.0 46-23 50-23 46 158 90 1.00444

0.0 26-31 26-35 30-31 08 159 41 1.00373

0.0 26-27 26-31 30-31 08 159 332 1.00490

0.0 26-23 26-27 30-27 08 160 38 1.00378

0.0 22-39 22-35 24 158 42 1.00355

26-35 08

0.0 22-39 26-39 26-35 08 159 39 1.00392

0.0 42-39
9

42-35 38 158 39 1.00415

38-35 08

0.0 38-39 38-35 34-35 06 158 169 1.00261

3. 748 50-27
9

50-23 22 108 54 0.99584

3. 748 26-11 38 70 43.7 1.00041

22-11 20

3. 748 22-11
9

22-15 18 77 280 0.99961

3.748 26-11
9

22-11 20 75 47.5 1.00031

3. 748 26-15 22-11 18-15 22 120 157 0.99925

3. 748 14-27 10-23 14-19 22 125 140 0.99909

6.911 22-11 22-15 26-11 06 182 100 0.99483

Average 1.00257

Standard Deviation 0.00245

"The corrected k-effective has the reactivity equivalent of the
measured reactor period subtracted from the calculated k-effective.
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is 1.0009 with a standard deviation of 0.0006, compared to a

corresponding TGBLA/CORE-II average of 1.00352 with a standard

deviation of 0.00042. This indicates that for the same criticals and

core exposure, CORE-II is slightly more consistent.

5.5 In-Seauence Versus Local Critical Comparison

BWR cores are designed to provide sufficient control of reactivity

with control rods such that the core can be made subcritical at the

most reactive core state with the highest worth rod stuck in the full

out position. BWR technical specifications require that the margin to

criticality in this configuration be measured prior to operation of

each cycle.

The most definitive method to demonstrate that sufficient shutdown

margin exists is to withdraw the analytically determined highest worth

rod and then withdraw adjacent rods until criticality is achieved.

This demonstrates that the reactor is subcritical with the strongest

rod withdrawn and allows a determination of the actual margin to

criticality. However, this method has been shown to be operationally

difficult due to extremely high rod worths.

The most widely used method for verifying shutdown margin is based

on normal startup criticals combined with calculated results for the

stuck rod configuration (in-sequence method).

Differences in calculated k-effective values from in-sequence and

locals criticals are expected due to the variation in flux

distributions and localized exposure mispredictions. Therefore, to

employ the in-sequence method of demonstrating shutdown margin, the
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difference in predictions of in-sequence criticals versus local

criticals is considered in the analyses.

A comparison of k-effective values from in-sequence cold criticals

and local cold criticals is shown in Table 5-4 and Figure 5-4. As

expected, the in-sequence k-effective values exceed the local critical

k-effectives. This is due to the fuel rod spacers being neglected in

the core model. The spacers have a larger reactivity worth when the

neutron flux is distributed over a larger core area. K-effective

values are compared only at like exposures in Table 5-4 since the k-

effective differences are most meaningful when the in-sequence and

local criticals are performed under the same core conditions.

The difference in average k-effectives from in-sequence and local

criticals at core exposures of 3.748 and 6.911 GWd/MT are 0.00156 and

0.00125, respectively. These differences show excellent agreement and

demonstrate that CORE-II can consistently predict in-sequence and local

criticality of an irradiated core.

However, the k-effective difference of 0.00328 at zero exposure is

unexpectedly high. The k-effective comparison at zero exposure should

be more consistent than comparisons with irradiated fuel due to the

lack of uncertainties associated with local exposure mispredictions.

To illustrate the magnitude of this difference, current Browns

Ferry Technical Specifications require that a minimum shutdown margin

of 0.38 %Ak be demonstrated. This margin is the uncertainty of

predicting the highest worth control rod. The shutdown margin

requirement is based on two components of uncertainty: (1) a

manufacturing tolerance uncertainty, and (2) a calculational

83



Table 5-4

In-Sequence Cold Critical K-effective Bias Relative to
Local Cold Criticals for Cycle 1

Average Average
Exposure
fGWD/MTl

In-Sequence
K-effective

Local

K-effective

Bias

r%AKl

0.000 1.00699 (6)^ 1.00371 (25) 0.328

2.866 1.00319 (1)

3.748 1.00064 (2) 0.99908 (6) 0. 156

4.938 0.99679 (1)

6.911 0.99608 (1) 0.99483 (1) 0. 125

^Numbers

used to

in parentheses indicate
obtain each average.

:  the number of k-effective

84



1
.
0
0
8
-
r

1
.
0
0
6
-

1
.
0
0
4
-

I I
O
 
Cy
cl
e 

1 
Lo
ca
l 
Cr

lt
lc

ol
s

■
 
Cy
cl
e 

1 
I
n
-
S
e
q
u
e
n
c
e
 C
ri

tl
ca

ls

#
 
Cy
cl
e 
2
 I
n
-
S
e
q
u
e
n
c
e
 C
ri

tl
ca

ls

U
J

> h
-
u

1
.
0
0
2
-

o
o

L
n

Y
 1.
00
0-

5
*
;

0
.
9
9
8
-

0
.
9
9
6
-

0
.
9
9
4
-

O

O

0
4

 5
 

6
 

7

E
X
P
O
S
U
R
E
 (
G
W
D
/
M
T
)

1
1

F
i
g
u
r
e
 
5
-
4
.
 

I
n
-
S
e
q
u
e
n
c
e
 
A
n
d
 
L
o
c
a
l
 
C
o
l
d
 
C
r
i
t
i
c
a
l
 
K
-
e
f
f
e
c
t
i
v
e
 
V
e
r
s
u
s

C
o
r
e
 
E
x
p
o
s
u
r
e



uncertainty. The manufacturing uncertainty has been determined by

General Electric Company based on the stack-up of manufacturing

tolerances for fuel assemblies and control blades. The calculational

uncertainty was based on tne local critical comparison using

LATTICE/CORE methods. Reference 13 reports a LATTICE/CORE difference

of 0.0009 between in-sequence and local critical k-effectives at zero

exposure. This difference is exceptionally small considering that

these codes are less sophisticated and may be the fortuitous result of

modeling error cancellations.

The increased bias of the in-sequence criticals at low exposures

indicates that the problem may be related to the in-sequence critical

calculations. This is shown by considering the difference between

CORE-II and CORE in-sequence k-effective values versus exposure (Figure

5-3). If the bias between the codes at low exposures were consistent

with the higher exposure points, the difference between CORE-II in-

sequence and local criticals would be similar to the CORE difference of

0.0009.

The cause of the increased k-infinity difference at zero exposure

relative to LATTICE/CORE calculations is not readily explained. A

discussion of future work to investigate this problem is included in

section 8.
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6.0 TRAVERSING IN-CORE PROBE COMPARISONS

6.1 Overview

Calculated power distributions provide the basis for thermal limit

calculations and are the primary input to the forward step depletion

calculations used to track exposure accumulation. Consequently, the

accuracy of all core design analyses are dependent on the ability to

predict core power distributions through an operating cycle.

Comparison to in-core detector measurements is a primary means of

quantifying the accuracy of calculated power distributions. A large

number of TIP measurements at near rated power and flow were made at

Quad Cities-1 during operation of cycles 1 and 2. Complete TIP reading

sets for 15 exposures through cycle 1 and 13 exposures through cycle 2

are reported in References 7 and 8. A correct TIP set is unavailable

for data set 16.

The Quad Cities TIP detectors are small movable fission chambers

which measure the thermal neutron flux in the narrow water gap corner

between four fuel assemblies. Thimble tubes for TIP traversing are

located in the 41 radial locations shown in Figure 2-2. To remove

differences due to detector sensitivity, each TIP machine was

calibrated to read an average of 100 when inserted into the common TIP

thimble (location 32-33). Both calculated and measured TIP readings

represent the average TIP reading over six inch intervals, with the

elevations of the measured TIP readings corresponding directly to the

core simulator nodal midpoints.

87



Power distributions from the depletion calculations were used to

construct simulated TIP readings for comparison with each measured TIP

set. The core simulator converted the calculated power distribution to

effective TIP readings using the procedure outlined in section 2.5. An

auxiliary program was written to perform nodal, radial, and symmetric

location comparisons of measured versus calculated TIP readings. Prior

to the comparisons, the calculated TIP responses were normalized such

that the core average response was the same as the average measured

response.

The nodal comparisons were made by calculating the percent

difference between the measured and calculated nodal TIP readings.

This type of comparison provides an assessment of the accuracy of the

calculated nodal power distribution, which affects thermal limits

calculations such as LHGR. For the nodal comparisons, the percent

difference between calculated and measured data is determined as:

%A .
m,k

(C , - M , )^ m,k m,k'
100 (6-1)

where

%A = percent difference of the nodal measured versus calculated
values at radial location m, and axial location k,

^m k ~ measured TIP reading at radial location m, and axial
location k,

Cjjj k = calculated TIP reading at radial location m, and
axial location k.
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The standard deviation of the nodal percent differences is

calculated as;

n

®node

X (%A^ t - %A . )2
i-l (6-2)

(n - 1)

where

^node ~ standard deviation of the nodal percent differences,

%A = percent difference at radial location m, and axial
'  location z,

= core average measured versus calculated percent
node difference,

n = total number of nodal TIP readings (41x24).

The radial comparisons were made using the axially integrated TIP

values at each of the 41 radial locations. This type of comparison

provides an assessment of the accuracy of the assembly averaged power

distribution, which affects thermal limit calculations such as Critical

Power Ratio (CPR). For the integrated comparisons, the percent

difference between measured and calculated data are determined as:

%A =
m

(Cn, - Mn))

(C + M )/2
m  m

100 (6-3)
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where

%A^ = percent difference of integrated measured versus calculated
values at radial location m,

= axial averaged measured TIP response at radial location m,

= axial averaged calculated TIP response at radial location m.

The standard deviation of the integrated percent differences is

calculate as:

J (%/V -
(n - 1)

where

*^int ~ standard deviation of integrated percent difference,

%A^ = percent difference of measured versus calculated values at
radial location m,

= core average measured versus calculated percent difference,

n = Total number of radial TIP locations (41).

6.2 Results

Table 6-1 summarizes the nodal and integrated comparison of

measured versus calculated TIP readings for each of the 28 TIP sets.

Since the calculated TIP readings were normalized to the average of the

measured TIP readings, the average nodal and integrated percent

differences are small. Therefore, the standard deviation of the

percent differences is used to show the accuracy of the calculated

results. Results from Reference 13 for LATTICE/CORE calculations of

the same core conditions have been included in Table 6-1 for
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Table 6-1

Measured Versus Calculated TIP Comparison from Cycles 1 and 2

Core

Average
Exposure

(GWd/MT)

Standard Deviation (%)

TGBLA/COREII

Integrated Nodal
LATTICE/CORE

Integrated Nodal
TGBLA/COREII^

Integrated Nodal

0.272 6.47 12.04 5.21 10.28 5.35 11.46

0. 712 6.99 12.96 5.49 8.22 5.70 14.17

0.882 7.01 12.96 5.60 8.50 5. 73 13.50

1.471 7. 17 13.64 5.73 8.60 6.24 14.66

2.239 7.01 12.05 5.75 8.38 6.46 12.97

3.190 7.28 11.60 6.02 8.95 6.66 12.07

3.837 6.86 11.37 6.04 9.55 6.69 13.26

4.075 7.21 12.58 6.25 10.48 7.04 14.93

4.738 6.48 11.46 5.82 9.44 6.33 12.76

5.301 6.33 11.83 5.85 10.82 6.09 11.40

6.031 5.97 11.24 5.21 12.59 5.35 8.84

6.558 6.96 11.69 5.62 10.62 5.51 10.71

6.807 6.84 11.07 5.44 10. 70 5.22 9.56

7.397 6.01 9.76 5.46 10.43 5.43 8.45

7.660 6.58 10.72 5.41 11.14 5.26 9.08

7.980 - - -
- - -

7.303" 6.23 14.04 4.38 13.37 4.30 9.59

7.532 6.36 15.15 5.11 13.49 5.00 10. 79

7.964 5. 70' 10.11 4.78 11.66 4. 78 8.10

8.424 6.02 13.68 5.21 11.84 5.16 10.34

8.790 5.64 12.10 5.04 11.03 5.15 9.45

9.142 5.68 11.17 5.22 10.85 5.44 9.01

10.174 5.34 8.67 5.76 11.30 5.69 9.03

11.239 4.57 9.06 4.79 12. 78 4.59 7.72

11.936 4.98 9.36 5.60 12. 17 5. 11 11.63

12.897 4.82 8.51 - - 5.45 10.53

13.199 4.34 7.35 4.76 11.74 4. 74 8.41

13.612 4.21 9.36 4.62 14.12 4.71 8.80

13.742 4. 70 10.96 5. 11 14.95 5. 18 10. 17

Average 6.06 11.30 5.40 11.24 5.51 10.76

^Calculated using LATTICE Detector Activation Rate/Power table sets
"First TIP set in cycle 2
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comparison. The last two columns of this table are discussed later in

this section.

Due to control rod movements, power and/or flow changes, several

of the TIP measurements were taken before an equilibrium xenon

distribution was achieved. Although this has a negative impact on the

comparisons due to equilibrium xenon concentrations being assumed in

the calculations, results for all TIP sets are included.

The average standard deviation for all 28 data sets is 11.30% and

6.06% for nodal and integrated values respectively. The TGBLA/CORE-II

results are slightly less consistent than the corresponding

LATTICE/CORE results of 11.04% and 5.38%. The CORE-11 results are

improved during the last half of cycle 2. This period of operation was

characterized by a decreasing control rod inventory until all rods were

withdrawn at end-of-cycle.

The loading patterns for cycles 1 and 2 are half-core symmetric

about the TIP diagonal line of symmetry. The A-sequence control rod

patterns, which are also symmetric about the TIP diagonal, were in use

during 15 of the 28 TIP measurements. Under these conditions, TIP

detectors not located directly on the symmetry line will have nearly

the same neutron flux conditions. The only non-symmetric effect is due

to depletion steps with rod patterns which retained only rotational

symmetry. This results in slightly non-symmetric exposure accumulation

during B-sequence depletion steps.

An estimate of the TIP measurement uncertainty can be made by

comparing calculated and measured TIP readings with their symmetric

locations. Table 6-2 contains a comparison of calculated and measured
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Table 6-2

Symmetric TIP Location Comparison from Cycles 1 and 2

Standard Deviation (%)

Core

Average
Exposure

(GWd/MT)
Data

Set

Rod

Sequence

Symmetric

Calculated

Integrated Nodal

Symmetric

Measurement

Integrated Nodal

0.272 1 A 0.01 0.03 5.54 10.51

0.712 2 A 0.11 0.64 8.56 11.69

0.882 3 A 0.01 0.03 8.83 12.12

1.471 4 B - - - -

2.239 5 B - - - -

3.190 6 A 0.86 1.58 8. 77 12.43

3.837 7 B - - - -

4.075 8 B - - - -

4. 738 9 B - - - -

5.301 10 B - - - -

6.031 11 B - - - -

6.558 12 A 1.15 2.01 8. 37 12.02

6.807 13 A 1.30 2.22 8.49 12.97

7.397 14 B - - - -

7.660 15 A 1.39 2.71 8.21 10.86

7.980 16 A 1.43 2.46 8.66 10.41

7.303* 17 A 1.10 2.08 5.64 11.05

7.532 18 A 1.09 2.06 7.41 12. 17

7.964 19 A 1.05 2.33 6.36 10.85

8.424 20 B - - - -

8.790 21 B - - - -

9. 142 22 B - - - -

10.174 23 A 1.47 3.33 6.36 10.04

11.239 24 B - - - -

11.936 25 B - - - -

12.897 26 B - - - -

13.199 27 ARO^ 1.59 2. 76 6.44 9. 73

13.612 28 ARO 1.57 2. 74 5.71 9. 11

13.742 29 ARC 1.57 2. 73 5.62 9.01

Average 1.05 1.98 7.26 11.00

^All Rods Out

"First TIP set in cycle 2
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symmetric TIP readings. An estimate of the asymmetry introduced due to

asymmetric exposure accumulation is shown in the comparison of

symmetric calculated readings. For this comparison, the calculated

results are 1.05% and 1.98% for nodal and integrated values

respectively.

The average standard deviation of the measured percent differences

for nodal and integrated values are 11.00% and 7.26% respectively.

Thus, the standard deviation of the percent differences between

measured and calculated TIP readings was approximately the same as the

symmetric measurements. This indicates that the uncertainty in

predicted TIP readings is similar to the measurement uncertainty.

The ability to predict gross axial power distributions through

cycle 1 operation is shown in Figures 6-1 through 6-15. These figures

show good agreement between measured and calculated core average TIP

readings as a function of core height. CORE-11 slightly over predicted

the axial peak throughout the cycle.

Figures 6-16 through 6-28 show similar plots for the cycle 2 TIP

readings. The peak of calculated TIP readings was significantly

overestimated early in the cycle, during operation with a strong bottom

peaked power shape. The agreement with the measured data improved as

control rods were withdrawn and the power shape flattened through the

cycle.

It should be noted that the depressions shown in Figures 6-1

through 6-28 for the measured data are due to fuel rod spacers. Rod

spacers are located at seven axial levels in each assembly and shield
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the TIP detector from the neutron flux. The effect of spacers was

ignored in the calculated TIP readings, as shown in the smooth CORE-11

distributions.

6.3 Investigation of TIP Prediction Problems

The TIP predictions presented in the previous section were

generally good with uncertainties comparable to the uncertainties of

symmetric measurements. However, results contained in section 7 for

the gamma scan comparisons indicate that improvements in the CORE-11

calculated TIP readings are possible. In addition, the over prediction

of the axial peak early in cycle 2 is of concern due to the possibility

of being overly conservative in design thermal limit calculations.

Two possible causes of the CORE-11 TIP mispredictions were

investigated. The first area examined was the TGBLA calculation of the

power-to-TlP conversion factor. Many lattice physics codes, such as

LATTICE, place a small amount of U-235 in the narrow gap corner. This

allows the microscopic fission cross section for the detector to be

evaluated based on a neutron spectrum similar to that of the detector

location. However, an investigation showed that TGBLA uses the

assembly averaged U-235 microscopic fission cross section to calculate

the detector fission rate used in the power-to-TIP calculation.

The neutron energy spectrum in the detector locations tends to be

constant through operation due to the non-boiling exchannel water.

Therefore, this approximation causes the power-to-TIP conversion factor

to be sensitive to the assembly moderator density and control state.
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In particular, the in-channel neutron energy spectrum is hardened

significantly at low moderator densities. From zero void fraction to

80% void fraction conditions, the assembly microscopic fission cross

section can vary by as much as a factor of three. The assembly control

state has a lesser effect on the assembly averaged spectrum and fission

cross section.

The neutron energy spectrum is generally thermal at the detector

location. Therefore, the assembly averaged detector fission cross

section is only a good estimate of the detector fission cross section

when the in-channel moderator density is high. At low moderator

densities the actual detector fission cross section is underestimated.

The simulated TIP readings are directly proportional to the detector

microscopic fission cross section. Thus, the TIP readings of nodes

located in the upper core, which is characterized by a low moderator

density, are underestimated. Since the simulated TIP distribution is

normalized, this causes the simulated TIP readings in the core bottom

to be overestimated. This is consistent with the general trend of

CORE-11 over-predicting the bottom axial TIP peak.

The problem with the power-to-TlP conversion factor from TGBLA

prompted the use of LATTICE equivalent factors to be used as input to

CORE-11. The results are shown in the last two columns of Table 6-1.

The average standard deviation of the percent differences for nodal and

integrated comparisons are 5.51% and 10.76% respectively. Although the

use of selected LATTICE data in a TGBLA lattice physics library is not

consistent, these results show that improvements are possible by

redefining the power-to-TIP conversion factor.
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The second area examined as part of the TIP mispredictions

involved the possibility of control rod pattern effects on the power-

to-TlP conversion factors. The method described in section 2.6 for the

calculation of simulated TIP readings shows that the power-to-TlP

conversion factors of the four surrounding nodes are weighted by nodal

power. No other weighting is applied in determining the composite TIP

reading. Due to the infinite lattice assumption inherent in the

lattice physics calculations, the power-to-TIP conversion factors for

controlled nodes are determined based on the four assemblies

surrounding the TIP detector being controlled. Under these conditions,

a large flux gradient away from the control rods and toward the

detector is produced. Since the power-to-TIP conversion factors are

directly proportional to the flux at the detector location, they are

over estimated for nodes in TIP cells that have less than four

controlled nodes. The converse is true for uncontrolled nodes, the TIP

readings are underestimated if any of the four control rods are

inserted.

The TIP mispredictions during cycle 1 and early in cycle 2 are

consistent with this reasoning. These operation periods were

characterized by relatively large control rod inventories.

Individual axial TIP reading plots are contained in Appendix B.

These plots show that the TIP readings in controlled zones are

generally over predicted. To estimate the magnitude of this problem,

an auxiliary program was written to calculate the TIP readings

independent of CORE-11. The results confirmed that the TIP readings in

controlled nodes were being over predicted. Considering only TIP cells
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with a surrounding control rod inserted, the largest assembly TIP

reading used to determine the four assembly composite TIP reading was

from controlled nodes with a frequency of 80% averaged over all 28 TIP

sets. Although the power-to-TIP conversion factor is expected to be

higher for controlled nodes due to the large flux tilt away from the

control rod, the relatively low power of the controlled nodes should

compensate this, resulting in less contribution to the composite TIP

reading relative to uncontrolled nodes.

The control rod pattern effects were quantified by empirically

weighting the four nodal TIP readings to improve agreement with the

measured TIP readings. The results showed that a 1% to 2% reduction in

the standard deviation of the percent differences could be realized if

the control rod pattern dependence of the power-to-TIP factor was

accounted for.

Suggestions for future work to improve the TIP reading predictions

are discussed in discussed in section 8.
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7.0 GAMMA SCAN COMPARISONS

7.1 Overview

The most accurate data available for verification of calculated

power distributions are from La-140 gamma scan measurements. La-140

gamma scanning can measure the power history of individual fuel

segments and is therefore more detailed than TIP measurements. In

addition, the uncertainty in gamma scan measurements is significantly

less than TIP measurements.

Gamma scan projects were performed at Quad Cities-1 following

operation of cycles 1 and 2. These measurements provide detailed power

distribution data for a large number of assemblies. Measured gamma

intensity data for selected assemblies from end-of-cycle 1 and 2 are

contained in References 9 and 10 respectively. This section contains

comparisons of calculated results with measured gamma scan data to

quantify the accuracy of predicted power distributions. Since the

gamma scan comparisons are more definitive than TIP comparisons in

verifying power distribution calculations, the calculated results are

examined in more detail.

7.2 La-140 Gamma Scan Technique

The La-140 gamma scan technique involves scanning the La-140 gamma

activity at the four corners of selected irradiated assemblies and

averaging the results at each level. The gamma emitted during the beta

decay of La-140 is chosen for power distribution gamma scan

measurements for four reasons: (1) La-140 and its parent isotope Ba-140
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have relatively short half lives, (2) Ba-140 has a high fission yield

(6.29%) from U-235 fissions, (3) within several weeks following

shutdown. La-140 is the most prominent gamma emitting isotope in fuel,

and (4) the La-140 gamma peak is relatively isolated from other peaks.

Since the half lives of La-140 and Ba-140 are relatively short, the

Ba-140 concentration distribution is representative of the integrated

power distribution over approximately the last 1-2 months prior to

shutdown. Alternatively, isotopes with relatively long half lives can

be used in exposure distribution measurements.

The Ba-140 nuclide beta decays to La-140 with a half life of 12.79

days. The La-140 nuclide then beta decays to Cs-140 with a half life

of 40.23 hours and emits a high energy gamma ray of 1.596 MeV. After

approximately 10 to 15 days following shutdown, a transient equilibrium

decay scheme is established between Ba-140 and La-140 as a result of

the differences in half lives. During transient equilibrium, the decay

rate of La-140 is determined by the half-life of Ba-140 and is

proportional to the Ba-140 concentration. Therefore, the measured

relative La-140 activity can be compared to the calculated relative

Ba-140 concentration. A calculation of the actual La-140 concentration

is not required for this comparison. Figures 7-1 and 7-2 illustrate

the Ba-140 decay chain and relative Ba-140 importance versus time

following shutdown, respectively.

Since the end-of-cycle Ba-140 concentration distribution is

dependent on the power distribution during the last 1 to 2 months of

operation, the calculated end-of-cycle power shape can not be used to
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calculate the end-of-cycle Ba-140 distribution. The nodal Ba-140

concentrations must be tracked with the core simulator over the final

few months of operation. This incorporates the production and decay of

Ba-140 during periods when the power shape changes. The decay rate

equation for La-140 can be used to calculate the amount of time the

Ba-140 concentrations should be tracked. The relative Ba-140

importance versus shutdown time is plotted in Figure 7-2. This figure

shows that 85% of the end-of-cycle Ba-140 is generated within the last

35 days of operation.

The Ba-140 tracking for Quad Cities was performed during the

depletion calculations by first setting the Ba-140 distribution to

equilibrium concentrations approximately three months prior to

shutdown. This three month lead time ensured that the end-of-cycle

Ba-140 was correctly accounted for. The nodal Ba-140 concentrations

were then tracked to the end-of-cycle based on the calculated power

distribution for each depletion step and the time associated with each

step.

7.3 End-of-Cvcle 1 Gamma Scan

The Quad Cities-1 end-of-cycle 1 gamma scan project involved 31

assemblies distributed in groups of 3-4 neighboring assemblies from

each octant of the core. Figure 7-3 shows the locations of assemblies

selected for scanning. The reactor was operated with a sizable control

rod inventory during the last few months prior to shutdown. Fourteen

of the scanned bundles were operated during the last month with
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adjacent control rods partially inserted while the remaining assemblies

were operated uncontrolled. The operating conditions were held nearly

constant during the final months of operation to generate a consistent

integrated Ba-140 distribution. Data from this gamma scan project are

used to verify CORE-Il's capability to predict axial peaking factors

and axial power shapes. Radial comparison are not possible due to

instrument calibration only being performed between readings of

symmetric assemblies.

Axial comparisons. The 31 bundle averaged calculated and measured

Ba-140 axial distributions are shown in Figure 7-4. Both calculated

and measured data were normalized such that the average is 1.0. The

axial shapes are in excellent agreement. Figures 7-5 and 7-6 show

typical uncontrolled and partially controlled assembly La-140

distributions respectively. The overall agreement between the measured

and calculated distributions is good for both assemblies, with CORE-II

overpredicting the nodal Ba-140 concentration above the partially

inserted control rod in Figure 7-6. The measured data for Figures 7-4

thru 7-6 were only available in graphical form in Reference 9.

Therefore, no statistics are reported for these comparisons.

Accurate predictions of peaking factors are vital in performing

reload core design analyses. This aspect of the power distribution

calculation was examined by comparing calculated axial peaking factors

for each of the 31 scanned bundles with the measured values tabulated

in Reference 9.
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This comparison measures CORE-Il's ability to predict assembly

axial power shapes, since any radial calculational bias is removed in

the determination of these values. Table 7-1 summarizes the axial

peaking factor comparison. The percent differences are calculated as:

%A =
(C - M)

(C + M)/2
100

where

%A = measured versus calculated peak-to-average percent
difference,

M = measured peak-to-average ratio

C = calculated peak-to-average ratio.

For all 31 scanned bundles, CORE-II overpredicted the assembly

axial peaking factor by an average of 3.10% with a standard deviation

of 2.66%. CORE-II's ability to predict the large flux gradients

associated with control blade insertions is demonstrated by considering

only the fourteen controlled assemblies. For this comparison, CORE-II

overestimated the assembly axial peaking factor by an average of 3.54%

with a standard deviation of 2.56%. CORE-II also overpredicted the

assembly axial peaking factor for the seventeen uncontrolled bundles by

an average difference of 2.74% with a standard deviation of 2.76%.

Examination of the results from CORE in Table 7-1 shows that the

average CORE-II percent difference for each comparison is improved,

with the standard deviations being nearly the same.
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Table 7-1

Axial Peaking Factor Comparison from
End-of-Cycle 1 Gamma Scan

Rod

Notch

Location

IX-JY

Measured

Peak/Ave

LATTICE/

CORE

Peak/Ave

TGBLA/
COREII

Peak/Ave

Percent

Difference

LATTICE/
CORE

Percent

Difference

TGBLA/
COREII

48 39-58 1.2712 1.3210 1.2663 3.84 -0.39

48 41-58 1.2125 1.3035 1.2208 7.23 0.68

48 41-56 1.2236 1.2594 1.2178 2.88 -0.47

48 17-48 1.2870 1.3288 1.3259 3.20 2.98

48 55-42 1.1854 1.2579 1.2694 5.93 6.85

48 57-42 1.1913 1.2992 1.2580 8.66 5.45

48 57-40 1.2452 1.3154 1.2552 5.48 0.80

48 7-34 1.1763 1.2096 1.2476 2. 79 5.88

48 9-32 1.1476 1.1944 1.2101 4.00 5.31

48 7-26 1.1696 1.1958 1.2336 2.22 5.33

48 9-24 1.1859 1.2338 1.2424 3.96 4.66

48 31-26 1.3543 1.3765 1.4318 1.63 5.56

48 47-18 1.2498 1.3135 1.2939 4.97 3.47

48 23-10 1.1784 1.2013 1.1786 1.92 0.02

48 25- 8 1.2390 1.2286 1.2146 -0.84 -1.99

48 31-10 1.1718 1.1935 1.1888 1.83 1.44

48 33- 8 1.2212 1.2553 1.2335 2.75 1.00

38 39-56 1.2815 1.3353 1.2755 4.11 -0.47

14 17-50 1.6087 1.7427 1.7043 8.00 5.77

38 15-48 1.2800 1.3285 1.3386 3.72 4.48

38 55-40 1.2688 1.3316 1.2889 4.83 1.57

8 9-34 1.4180 1.5151 1.4876 6.62 4. 79

28 7-32 1.3225 1.4142 1.3583 6. 70 2.67

8 9-26 1.3660 1.5130 1.4865 -0.21 8.45

38 7-24 1.2313 1.2803 1.2637 3.90 2.60

14 49-18 1.6017 1.7366 1.6911 8.08 5.43

38 47-16 1.2829 1.3161 1.3175 2.55 2.66

8 25-10 1.3579 1.4936 1.4394 9.52 5.82

38 23- 8 1.2512 1.2814 1.2424 2. 38 -0.71

8 33-10 1.3851 1.5044 1.4523 8.26 4. 74

28 31- 8 1.3693 1.4366 1.3935 4.80 1. 75

All 31 Bundles Average 4.71 3. 10

Standard Dev 2.64 2.66

17 Uncontrolled Bundles Average 3.67 2.74

Standard Dev 2.28 2. 76

14 Controlled Bundles Average 5.98 3.54

Standard Dev 2.56 2.56
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7.4 End-of-Cvcle 2 Gamma Scan

Following the completion of Quad Cities-1 cycle 2 operation, an

extensive gamma scan project was performed which provides detailed

benchmark data for 89 fuel assemblies. The measurements provide an

excellent measure of several aspects of CORE-Il's power distribution

calculations. Axial, radial, and core wide measured versus calculated

comparisons are made. Relative to the end-of-cycle 1 gamma scan

project, the end-of-cycle 2 gamma scan included larger exposure

gradients and a variety of different fuel types. This provides an

opportunity to access power distribution calculations under more

typical core conditions.

The scanned bundles encompassed nearly a complete octant of the

core and 12 additional symmetric locations. Figure 7-7 shows the

locations of the 89 assemblies selected for scanning. Measurements

were made at 12 axial levels for 73 assemblies and 24 axial levels for

the remaining 16 assemblies. The reactor was operated with constant

operating conditions and all control rods withdrawn for the final two

months of operation, producing a consistent Ba-140 distribution. A

measurement uncertainty of 3.0% was estimated in Reference 10 by

periodic rescanning of the same fuel assembly.

Axial comparisons. Figure 7-8 shows the 89 assembly averaged

axial distributions of measured and calculated values. The calculated

results are in excellent agreement, with the maximum value calculated

by CORE-Il 2.42% higher than measured. For the axial distribution,
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CORE-II overestimated the Ba-140 concentration by an average of 1.18%

with a standard deviation 4.63%. The individual assembly axial

distribution comparisons are similar to the 89 assembly average, as

shown in Figures 7-9 through 7-12 for typical assemblies.

Figure 7-13 is an eighth core map showing measured versus

calculated individual assembly axial peaking factors for 71 assemblies

within the octant that was scanned. Results for the 18 assemblies not

shown on this figure are similar to their symmetric pairs. This type

of comparison evaluates CORE-II's ability to predict assembly axial

power shapes since any radial calculational bias is removed. The

results show that CORE-II over predicted the axial peaking factors for

all 89 assemblies by an average of 2.40% with a standard deviation of

1.64%. This result is more consistent relative to the average

difference of 1.47% with a standard deviation of 1.89% from

LATTICE/CORE calculations. The over prediction of assembly axial

peaking factors is consistent with the over prediction for the end-of-

cycle 1 comparisons. The lower average percent difference for the end-

of-cycle 2 comparison may be explained by the absence of control rods,

which yields smoother assembly power shapes.

Radial comparisons. CORE-II's ability to predict assembly powers

is demonstrated in Figure 7-14. This figure compares the relative

radial values by averaging the nodal values at the measured locations

in each assembly. The TGBLA/CORE-II standard deviation of the

differences is 2.79%, which is more consistent then the corresponding

LATTICE/CORE standard deviation of 3.82%. The most notable difference
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between the two methods is the improved CORE-II results for peripheral

assemblies. This improvement in the radial comparison can be primarily

attributed to CORE-II's treatment of the flux gradients near the

reactor core periphery. While CORE-II errors have been increased

(relative to CORE results) within the high power regions, the magnitude

is not significant and is well within the bounds of the uncertainty of

the calculation and the 3% error associated with the measuring

technique.

A radial comparison with any axial bias removed is presented in

Table 7-2. This table compares the standard deviation of the nodal

differences for the 89 assemblies at each measured axial level.

Measured and calculated nodal values were normalized to 1.0 at each

level prior to comparison. The average of the planar standard

deviations is 3.68% with a standard deviation of 1.01%. Results in

Table 7-2 from the CORE code show that the CORE-II results are improved

at each axial level, particularly in the lower levels. The CORE-II

results show a trend of improved radial errors with increased core

height. This suggests a dependence of the radial power distribution on

the moderator density. Axial shapes for the interior assemblies shown

in Figures 7-9, 7-10, and 7-11 also show that the CORE-II errors

increase in the bottom of the core.

The improved CORE-II results for the planar comparisons are

consistent with the assembly power comparisons. This is further

evidence of the improved treatment by CORE-II of the boundary flux

gradients.
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Table 7-2

Nodal Standard Deviation for the 12 Axial Planes

from End-of-Cycle 2 Gamma Scan

Percent Planar

Standard Deviation

Axial LATTICE/ TGBLA/

Plane CORE COREII

23 (Top) 5.61 3.03
21 4.04 2.64

19 3.41 2.62

17 3.79 2.62

15 4.09 3.29

13 4.19 3.31

11 4.15 3.43

9  4.51 3.69

7  4.60 4.18

5  5.30 4.57

3  6.59 5.19

1  ... (Bottom) ... 7.96 5.64

Average 4.85 3.68
Standard Dev 1.31 1.01

For each axial plane, the 89 measured and calculated nodal
values are normalized to an average of 1.0.
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Core wide comparisons. An overall improvement in the TGBLA/CORE-

II calculated Ba-140 distribution is demonstrated by comparing the

measured versus calculated values for all measured nodes. The standard

deviation of the nodal differences is 5.45% for the TGBLA/CORE-II

calculations, which is significantly less than the corresponding value

of 10.72% for LATTICE/CORE results.
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8.0 SUMMARY AND CONCLUSIONS

8.1 Summary

The capability of the TGBLA/CORE-II reactor physics methods to

predict core behavior was evaluated by modeling the Quad Cities-1

reactor through cycle 2 and comparing calculated results with measured

benchmark data. The results were compared to previous calculations

made using the LATTICE/CORE reactor physics methods for the same Quad

Cities benchmarks. These comparisons identified areas which are

improved and other areas in which further refinements are warranted.

This section contains a summary of the results.

The prediction of reactivity under hot operating conditions was

evaluated by calculating the k-effective value at each of the 29

exposure points in the core depletion calculations. The results

verified that CORE-11 accurately predicts core reactivity through a

reactor cycle. The average k-effective from cycles 1 and 2 was 1.00805

+ 0.00173 and 1.00533 + 0.00199 respectively. The CORE-11 k-effectives

showed less variation with core exposure than the corresponding CORE

values. This was particularly evident in the k-effective response

during cycle 2.

Predictions of cold zero power reactivity were investigated by

modeling 14 in-sequence startup criticals and 32 local critical

experiments. For the 14 in-sequence criticals performed during cycles

1 and 2 CORE-11 calculated an average k-effective of 1.00193 + 0.00503.

A larger variation in the CORE-11 k-effectives relative to CORE results

was due primary to an over prediction of low exposure in-sequence
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criticals, resulting in a stronger trend of decreasing bias with

increased exposure.

Results from the 32 local criticals demonstrated that CORE-II

accurately calculates reactivity under conditions consistent with the

stuck rod shutdown margin core configuration. For all 32 criticals

performed during cycle 1, the average CORE-II k-effective was 1.00257 +

0.00245. A comparison of calculations for similar zero exposure local

criticals showed that CORE-II k-effectives were slightly more

consistent than CORE calculated k-effectives.

Comparisons of in-sequence versus local critical k-effectives were

performed to determine the bias associated with in-sequence shutdown

margin demonstrations. The difference in k-effective between

in-sequence and local criticals at zero exposure was 0.00328. This

value is significantly higher than the k-effective difference of 0.0009

from similar CORE comparisons. The in-sequence versus local critical

k-effective differences of 0.00156 at 3.748 GWd/MT and 0.00125 at 6.911

GWd/MT were very reasonable and indicate that a solution to the poor

result at zero exposure is possible.

The ability of CORE-II to predict power distributions during high

power reactor operation was investigated by comparing simulated TIP

readings with 28 measured TIP sets. Over both cycles, the CORE-II

simulated TIP comparison statistics were comparable to corresponding

CORE results. The standard deviation of differences between measured

and calculated nodal and integrated TIP readings were approximately the

same as symmetric measured readings. However, the differences in

simulated TIP readings increased during cycle 1 and early in cycle 2.
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An investigation of the power-to-TIP conversion factor calculation

suggests that improvements in the simulated TIP readings are possible.

The possibility for improved TIP readings is further supported by the

improved gamma scan results discussed below.

A more detailed evaluation of the power distribution calculations

was performed by comparing calculated end-of-cycle Ba-140 distributions

with end-of-cycles 1 and 2 measured La-140 activities. The end-of-

cycle 1 comparison showed that the assembly axial peaking factors were

over predicted by 3.10 + 2.66%. The corresponding end-of-cycle 2 peak-

to-average values were similarly over predicted by an average of 2.40 +

1.64%. Results from both gamma scans were comparable to previous CORE

results and to the 3% measurement uncertainty. For both gamma scan

projects, the average and individual assembly relative Ba-140

distributions agreed well with the measured data.

Additional comparisons were performed with the end-of-cycle 2

gamma scan data. A comparison of the radial distributions showed that

CORE-II predicted the assembly averaged values with a standard

deviation of 2.79%. Another radial comparison performed by normalizing

nodal values at each axial level to 1.0 showed that CORE-II predicted

the relative values with a standard deviation of 3.68%. Finally, the

overall improvement in CORE-II results was demonstrated by considering

the standard deviation of differences in measured and calculated

relative values for all available nodal activities. CORE-II predicted

the nodal activities with a standard deviation of 5.45%, while previous

calculations using CORE had a standard deviation of 10.72%.
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8.2 Future Work

Based on the Quad Cities benchmark calculations, investigations

beyond the scope of this thesis can be suggested to improve the

TGBLA/CORE-Il reactor physics methods. As discussed in previous

sections, the results from the cold critical comparisons and simulated

TIP readings were less accurate than desired. This section contains a

discussion of possible investigations which would provide insight into

these problems. In addition, a brief description of benchmark data

available from Quad Cities-1 cycles 3 and 4 is presented. Comparisons

with measured data from these cycles would be beneficial in the overall

methodology qualification effort.

Cold criticals. The in-sequence critical results at low core

exposures had a relatively large positive calculational bias. This

resulted in a strong trend of decreasing k-effective with increased

core exposure. The local critical results at zero exposure did not

exhibit the same bias and the difference between in-sequence and local

critical k-effectives was large. The reason for this result is not

clear without further investigation.

The QUANDRY neutronic algorithm incorporated in CORE-II has been

successfully tested using one and two-dimensional benchmark problems

with large flux gradients. This suggests that the flux gradients

produced in the local criticals are being modeled correctly. Given

this, the core simulator input is suspect. Examination of TGBLA

predictions of k-infinity, control rod worths, gadolinium worth, and

xenon worth at low exposures may provide some insight. Errors in these
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variables may be amplified in the in-sequence critical calculations due

to the flux being spread over a larger core area.

The possibility of a control rod pattern effect on the assembly

discontinuity factors should also be investigated. The large flux

gradients produced in the local criticals may cause the infinite

lattice assumption used to determine these factors to break down. This

effect is present, to a lesser degree in the in-sequence criticals due

to the highly controlled control rod configurations. Calculations

based on a four assembly TIP cell model could be used to determine

correction factors as a function of the configuration of the four

surrounding control rods.

A more detailed investigation to prove that CORE-II does not have

a calculational bias due to large flux gradients could be performed by

setting up a large core model with a higher order method such as KENO.

Reactivity calculations could then be compared under uniform and

gradient flux shapes.

Power-to-TIP conversion. As discussed in section 6.3, the TGBLA

detector activation rate for power-to-TIP conversion factor is

incorrectly calculated using the assembly averaged U-235 microscopic

cross section. The simplest solution to this problem would be to

process the power-to-TIP conversion factor external to TGBLA. The

power-to-TIP factors could be calculated based on the one group flux at

the detector location. Since the neutron energy spectrum at the

detector location is relatively constant, a constant microscopic U-235
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fission cross section based on a thermal spectrum could be used to

calculated the detector reaction rate.

A more involved solution to this problem would be to modify the

TGBLA code to include a small amount of U-235 in the detector location.

This would allow the fission cross section for the detector to be

determined based on the calculated neutron spectrum at the actual

detector location.

The power-to-TIP conversion factor may also require a correction

for the control rod configuration around the TIP cell. As discussed

previously, the infinite lattice calculation assumes that the

surrounding assemblies have the same control state. As a result, a

large flux gradient toward the detector is produced in the calculation

of controlled power-to-TIP conversion factors. The power-to-TIP

conversion factor is then over predicted when all the surrounding

control rods are not inserted. An investigation using a four assembly

TIP cell model to calculate correction factors based on the control rod

configuration may improve the simulated TIP readings.

Additional Quad Cities-1 benchmark data. Benchmark data for Quad

Cities-1 cycles 3 and 4 have been published which could be used to

provide additional verification of the TGBLA/CORE-II physics methods.

The incremental work involved in performing these calculations would be

small since a significant amount of the model development work was

performed during this project. Much of the reload fuel for these

cycles is identical to previous fuel. As a result, lattice physics

data for only one additional lattice type are required to model
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operation through cycle 4. The operating and design data needed to

model the operation during cycles 3 and 4 are contained in References 8

and 14 respectively.

The cycle 3 data includes eight TIP sets through the cycle and

end-of-cycle gamma scan data for 11 assemblies. This gamma scan

project was performed as part of the plutonium recycle program. The

results of La-140 activity measurements for the five cycle 2 MOX

reloads and six adjacent U02 assemblies are contained in Reference 15.

These data would provide additional verification of the power

distribution calculations.

A large gamma scan project similar to the end-of-cycle 2 project

was performed following the operation of cycle 4. La-140 gamma

activity data are reported in Reference 16 for nearly a complete octant

of the core. Comparisons with this gamma scan data would be more

applicable to current Browns Ferry cycle designs due to the more

typical exposure mismatches and large 8x8 assembly type inventory.

The first detailed measurement of fast and thermal spatial flux

shapes in a commercial BWR was also performed at the end-of-cycle 4^'.

This measurement was performed by withdrawing two adjacent control rod

in the central region of the core. Two full length axial flux wire

assemblies, each containing a nickel and a copper wire, were inserted

into the core prior to the critical to obtain a measure of the fast and

thermal flux axial distributions at two different radial positions.

One flux wire assembly was located adjacent to the two withdrawn

control rods and the other was located in the controlled fuel region

several bundles away. These measured data would provide an excellent
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opportunity to benchmark CORE-Il's calculation of flux distributions

produced during local criticals.

8.3 Conclusions

Methods less sophisticated than those of TGBLA/CORE-II have been

shown to be acceptable in modeling the first two cycles of Quad

Cities-1. These cycles were not high energy cycles and therefore less

demanding of the physics methods. In this respect, significant

improvements relative to the LATTICE/CORE results were not anticipated.

The results of the Quad Cities-1 comparisons indicate that

improvements in future Browns Ferry core designs and analyses can be

expected using the TGBLA/CORE-II methods. The gamma scan results show

a large improvement in power distribution predictions. The exposure

dependence of steady-state reactivity also was shown to be improved.

The in-sequence and local critical k-effectives at higher exposures

were in good agreement. Future work was suggested to resolve problems

with cold critical calculations and the calculation of TIP readings.

In conclusion, the successful completion of this project

contributed greatly to the methodology development and toward its

ultimate qualification for production use.
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APPENDIX A

IN-SEQUENCE CRITICAL DATA SHEETS



Date:

Core Exposure:
Period:

Temperature:

0 MWd/MT
180 Seconds

152 °F

0 (BLANK): FULL IN

AS: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 42 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  C 10 1 4 1 8 2 2 2 6 30 34 33 4 2 4 6 5 0 5 4 53

In-Sequence Critical #1 (Cycle 1), March 14, 1972

150



Date;

Core Exposure:
Period:

Temperature:

3l\5p2
0 MWd/MT

160 Seconds

159 °F

0 (BLANK): FULL IN

<S: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

48 48 48 48 48 1

48 48 48 48 48 48 48

48 48 48 48 48 48 48

40

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  G 10 1 4 1 8 2 2 2 6 30 34 33 4 2 4 6 5 0 5 4 53

In-Sequence Critical #2 (Cycle 1), March 15, 1972

151



Date:

Core Exposure:
Period:

Temperature:

3/15/72

0 MWd/MT

150 Seconds

161 °F

0 (BLANK): FULL IN

A8: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

12

48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  C 10 1 4 18 2 2 2 6 30 34 33 4 2 4 6 5 0 54 53

In-Sequence Critical #3 (Cycle 1), March 15, 1972

152



Date:

Core Exposure:
Period:

Temperature:

ziiepi

0 MWd/MT

125 Seconds

157 °F

0 (GLANK); FULL IN

48: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  G 10 1 4 1 8 2 2 2 6 30 34 33 4 2 4 6 5 0 5 4 53

In-Sequence Critical #4 (Cycle 1), March 16, 1972

153



Date:

Core Exposure:

Period:

Temperature:

ziiepi

0 MWd/MT

65 Seconds

160 °F

0 (BLANK); FULL IN

48: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

FIOD PATTERN

48 48 48

18

48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  G 10 1 4 1 8 2 2 2 6 3 0 34 33 4 2 4 6 GO 54 58

In-Sequence Critical #5 (Cycle 1), March 16, 1972

154



Date:

Core Exposure:
Period:

Temperature:

4/6/72
0 MWd/MT

120 Seconds

155 °F

0 (BLANK): FULL IN

4S: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 20 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48

48 48 48

2  G 10 14 18 22 26 30 34 33 4 2 4 6 5 0 54 53

In-Sequence Critical #6 (Cycle 1), April 6, 1972
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Date:

Core Exposure:
Period:

Temperature:

119113

2,866 MWd/MT
300 Seconds

163 ®F

0 (BLANK); FULL IN

48: full OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

AS AS AS

AS AS AS AS AS

48 AS AS AS AS AS

AS AS AS AS AS

AS 22 AS AS AS

AS AS AS AS AS AS

AS AS AS AS AS

AS AS AS

2  G 10 1 4 1 8 2 2 2 6 30 34 38 4 2 4 6 5 0 5 4 53

In-Sequence Critical if! (Cycle 1), February 9, 1973
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Date;

Core Exposure;
Period;

Temperature;

5/4/73

3,748 MWd/MT
300 Seconds

120 ®F

0 (BLANK):

48:

(=ULL IN

FULL OUT

ROD PATTERN

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

48 48

48 34 48 48

48 48 48 48 48

48 48 48 48

48 48 48 48

48 48 48 48

48 48 48

48 48 48

2  G 10 1 4 1 8 2 2 2 6 30 34 33 4 2 4 6 5 0 54 58

In-Sequence Critical #8 (Cycle 1), May 4, 1973

157



Date:

Core Exposure:

Period:

Temperature:

5/8/73
3,748 MWd/MT

181 Seconds

178 °F

0 (BLANK): FULL IN

48: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48 48 48

48 48 48 48 48 48

48 48 48 34 48

48 48 48 48 48

48 48 48 48

48 48 48 48 48

48 48 48 48 48

2  G 10 14 18 22 2 6 30 34 38 42 4 6 50 54 58

In-Sequence Critical #9 (Cycle 1), May 8, 1973
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Date:

Core Exposure:

Period:

Temperature:

8/5/73

4,938 MWd/MT

45 Seconds

120 °F

0 (BLANK): FULL IN

48: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48 48

48 48 48 48 48

48 48 48 24 48

48 48 48 48 48

48 48 48 48

48 48 48 48 48

48 48 48 48 48

2  G 10 1 4 18 22 26 30 34 38 42 4 6 50 54 58

In-Sequence Critical #10 (Cycle 1), August 5, 1973
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Date:

Core Exposure:
Period:

Temperature:

\ieph

6,911 MWd/MT
300 Seconds

179 °F

0 (BLANK); FULL IN

4S: FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

48 48 48 48 48

48 48 48 48 48 48

48 48 48 48 48 48 48

48 48 48 48 48 48

48 48 48 48 14 48 48

48 48 48 48 48

48 48 48

2  G 10 1 4 1 8 2 2 2 6 3 0 34 33 4 2 4 6 5 0 54 53

In-Sequence Critical #11 (Cycle 1), January 6, 1974
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Date:

Core Exposure:

Period:

Temperature:

10/6/74
8,276 MWd/MT
ICQ Seconds

185 °F

0 (BLANK): FULL IN

48; FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48 48 48

6 6

48 48 48 48 48

6 6 6

48 48 48 48 48 48 48

6 6 6 10

48 48 48 48 48 48 48

6 6 6 6

48 48 48 48 48 48 48

10 6 6 10

48 48 48 48 48 48 48

10 6 10

48 48 48 48 48

10 10

48 48 48

2  C 10 14 18 22 26 30 34 38 4 2 4 6 5 0 54 58

In-Sequence Critical #12 (Cycle 2), October 6, 1974
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Date:

Core Exposure:
Period:

Temperature:

iiliepk
9,138 MWd/MT
45 Seconds

160 °F

0 (BLANK): FULL IN

<8: FULL OUT

59

55

51

17

43

39

35

31

27

23

19

15

11

7

3

ROD PATTERN

48

48 48 48 48 48

48 48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48 24

48 48 48 48 48 48 48

48 48 48 48 48 48 48

48

48 48 48 48 48

48

2  G 10 1 4 1 8 2 2 2 6 30 34 3S 42 46 GO 54 53

In-Sequence Critical #13 (Cycle 2), December 16, 1974
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Date:

Core Exposure:
Period:

Temperature:

5/4/75

10,603 MWd/MT
130 Seconds

190 °F

0 (GLANK). FULL IN

<a; FULL OUT

59

55

51

47

43

39

35

31

27

23

19

15

11

7

3

FiOO PATTERN

48

48 48 48 48 48

48 48 48

48 48 48 48 48 48 48

48 48 48

48 48 48 48 48 48 48

48 16 48

48 48 48 48 48 48 48

48 48

48 48 48 48 48 48 48

48

48 48 48 48 48 48 48

48 48

48 48 48 48 48

48

2  G 10 14 18 22 2 6 30 34 38 4 2 4 6 50 54 53

In-Sequence Critical #14 (Cycle 2), May 5, 1974
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APPENDIX B

INDIVIDUAL AXIAL TIP COMPARISON PLOTS



The figures contained in this Appendix present TIP comparisons for

each detector location in the core at a given core average exposure.

The x-y assignments indicated on each subplot correspond to the

numbering system used previously in this thesis. The layout of the

subplots matches the relative core location. For example, the subplot

for detector location 24-57 is located in the upper left corner of each

figure, and detector location 48-9 is located in the lower right

corner.

Solid vertical bars are used in the subplots to indicate the

position of control rods adjacent to the detector. Note that in normal

operation no more than two control rods are inserted adjacent to a four

assembly TIP cell.

Each TIP distribution contains 24 axial points. The data is

normalized such that the core average of TIP values from the core

simulator matches the core average TIP value from measurement.
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