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Mr. W. N. Thomas, Vice President
Fuel Resources

Virginia Electric Power Company
Richmond, Virginia 23261

Dear Mr. Thomas:

SUBJECT: ACCEPTANCE FOR REFERENCING OF TOPICAL REPORT VEP-FRD-20 "THE
PDQO7 ONE ZONE MODEL"

The Nuclear Regulatory Commission (NRC) staff has completed its review of
the Virginia Electric and Power Company (Vepco) Topical Report number
VEP-FRD-20 entitled "The PDQO7 One Zone Model". The Vepco developed a
coarse mesh (i.e., several mesh lines per fuel assemb]y?, two-dimensional,
two neutron enerqgy group, diffusion-depletion calculational model,
designated as the PDQO7 one zone model. This model is similar to the
previously NRC accepted Vepco PDQO7 discrete (i.e., one mesh line per

fuel rod) model in that it uses the NULIF, PDQO7, SHUFFLE, and HAFIT
computer codes which are part of the Fuel Utilization and Performance
Analysis Code (FUPAC) system obtained from the Babcock and Wilcox Company.
The purpose of the one zone model is to provide a supplementary model

to the PDQO7 discrete model for the more efficient (i.e., less compu-
tational time) performance of reactor physics, fuel management, and
operational support analyses for the Surry and North Anna nuclear reactors.
The accuracy of the one zone model is demonstrated through comparisons
with both the Vepco PDQO7 discrete model predictions and measurements
taken at Surry Units No. 1 and 2. Our summary of the evaluation is
enclosed.

As the result of our reviews we conclude that the Vepco Licensing Topical
Report VEP-FRD-20 entitled "The PDQO7 One Zone Model" dated January 1977
is acceptable for referencing in licensing actions by Vepco to the extent
specified and under the limitations in the report and the enclosed evalua-
tion.

We do not intend to repeat the review of the safety features described in
the report as found acceptable herein. Our acceptance applies only to the
use of features described in the topical report as discussed herein,

In accordance with established requirements, it is requested that Vepco
issue a revised version of this report within three months of the receipt
of this letter. This evaluation letter and its enclosure is to be included
in the revised version between the title page and the abstract and the
approved report will ‘carry the identifier VEP-FRD-20, '
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Should NRC criteria or regulations change such that our conclusions as
to the acceptability of the report are invalidated, Vepco will be expected
to reyise and resubmit the topical report or submit justification for

- the continued effectiye applicability of the topical report without revi-

sion.

If you have any questions about the review or our conclusion, please
contact us.

Sincerely,

Robert L. Tedesco, Assistant Director
for Licensing
Division of Licensing

Enclosure:
Evaluation of Report
VEP-FRD-20
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Enclosure
EVALUATION OF VEPCO TOPICAL REPORT VEP-FRD-20
Report Number: - VEP-FRD-20
Report Title: The PDQO7 One Zone Model
Report Date: January 1977
Originating Organization: The Virginia Electric and Power Company
Reviewed By: Core Performance Branch/W. Brooks

The Virginia Electric and Power Company (VEPCO) has presented a number

of licensing topical reports for our review in preparation for performing
their own reload analysis, VEP-FRD-20 is one of the series. The Core
Performance Branch has reviewed this report. Our evaluation follows.

1.

Description of Report

The report includes the following:

1.

A description of the Surry Units 1 and 2 cores including the
fuel and burnable poison loadings for Cycles 1 and 2 of each
unit. .

A brief description of the calculational model including the
homogenization procedure, the cross-section preparation tech-
niques, and the core geometry representation for the diffusion
theory code.

A comparison of calculated results from the one zone model to
those calculated by the discrete model and those measured in the
Surry reactors.

A summary of the results of the comparisons yielding uncertainty
values to be assigned to the various calculated parameters.

Verification of the one zone model for the calculation of the
following parameters is presented:

1.
2.
3.

Assembly average radial power distributions.

Stuck rod power distributions.

Assembly and batch burnup.

. Control bank worths.

Shutdown worth and stuqk rod worth.

Critical boron concentration vs burnup and control rod con-
figuration.

Differential boron worth.

Isothermal temperature coefficients.




In contrast to the discrete model {described in VEP-FR-19 which has
been reviewed and approved) which has one mesh point for each fuel
rod, guide tube or instrumentation tube, the one zone mode1 is
restricted to a few mesh points per assemb]y .

In practice, the assembly is divided into mesh blocks which all have
the same distribution of fuel and non-fueled Tocations. Thus each
mesh block in a particular fuel assembly has the same homogenized -

~ nuclear parameters at beginning of T1ife. This accounts for the use

of the term one zone model. Because the core can be modeled with
far fewer mesh points a solution can be obtained with the one zone

"~ model much more rapidly than with the discrete model. For this

reason the one zone model is often used for scoping calculations
with the discrete model being used for the final analyses. In
addition, the one zone model is used when the whole core must be
represented as in performing stuck rod calculations.

Comparisons between measured and calculated assembly average power
distributions in the form of standard deviations are presented for
both the one zone and the discrete models. Representative examples
of core maps showing comparisons of measurement and one zone calcu-
lations are also given. Comparisons between one zone and 'discrete -
calculations of the flux distribution for a stuck rod configuration
are presented along with examples of comparisons between measured
and calculated end of cycle burnup distributions.

Comparisons are presented between calculated and measured values of
certain reactivity parameters including

D and C bank works at beginning of cycle, HZP conditions;
- tota] shutdown worth (all rods in) and stuck rod worth;

- critical boron concentrat1ons for the first three cycles of Surry
Units 1 and 2 as a function of burnup; ,

- critical boron concentration as a function of control rods
. inserted for the first three cycles of Surry, Unit 1;

- differential boron worths for all rods out. conf1gurat1on for the
first three cycles of Surry, Unit 1; and

- 1sotherma1 temperature coefficients as a function of rods
inserted for the first three cycles of Unit 1.

For all but the last of those parameters, the results of comparisons

. between measurement and discrete model calculations are also given.




Finally the comparison data are summarized to obtain uncertainty
values to be used for production calculations. Except as noted
comparisons are to measurements. These uncertainty values are:

- assembly average power distribution - maximum standard deviation
of ~ 6 percent;

- stuck rod peak assembly power to within 3 percent of the
discrete calculation;

- batch burnup value - maximum difference of 4.2 percent;

- stuck rod worths duking initial startup of Units 1 and 2 were
predicted to within 5 percent; and

- isothermal temperature coefficients are typically predicted to

. within 1 pcm per degree Fahrenheit with a maximum difference of
2.2 pcm. A value of 3 pcm per degree Fahrenheit is assumed for
this uncertainty.

In addition to these conclusions it is also concluded that the one
zoné model provides adequate values for control rod bank worths in
normal sequence, critical boron concentrations and differential boron
worths, although the model is not intended for production calculations
of these parameters.

Summary of Evaluation ' -

We have reviewed the model description in the topical report and
conclude that the procedures employed in the homogenization and the
data inputs (cross-section, etc.) are state-of-the-art and acceptable.
We have reviewed the data presented as support for the assignment of
uncertainties to the various calculated parameters listed in Section 1
above. Enough data are presented to permit the conclusions relating
to calculational uncertainties to be made. We concur with the values
for the uncertainties as presented in the report.

Evaluation Procedure

The review of topical report VEP-FRD-20 has been conducted within the
guidelines provided for analytical methods in the Standard Review
Plan, Section 4.3. Sufficient information is provided to permit

a knowledgeable person to conclude that the VEPCO model described in
this report is state-of-the-art and is acceptable. Sufficient data
are presented to permit the conclusion. that the derived uncertainties
are reasonable and are acceptable.




Regulatory Position

Based on our review of licensing topical report VEP-FRD-20 we conclude
that it is acceptable for reference in licensing actions by VEPCO. Such
reference may be made for the purpose of describing the calculational
model and as support for the stated values of uncertainties in the
following quantities:

assembly average power distributions;

assembly power distributions in the neighborhood of sStuck or
potentially ejected rods; '

batch and assembly burnup values;

stuck rod worths; and

isothermal temperature coefficients.

We further conclude that this model is an acceptable substitute for
vendor calculations of the above named quantities.

We endorse the commitment made in the report by VEPCO to continue
verification and model improvements in the one zone model as more
data are obtained from the Surry and North Anna. Reactors.



CLASSIFICATION/DISCLAIMER

_ The data and analytical téchniques described in this report
have been prepared for specific applicétion by the Virginia Electric
and Power Company. The Virginia Electric and Power Company makes no .
claim as to the accuracy of the data or technique conﬁained in this
report if used by other organizations. 1In addition, any use of this
report or any part theréof must have the prior written approval of

the Virginia Electric and Power Company.
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ABSTRACT

The Virginia and Electric Power Company (Vepco) has developed
a coarse mesh (i.e., several mesh lines per fuel assembly), two-dimensional,
two neutron energy group, diffusion-depletion calculational model, designated

as the PDQO7 one zone model. This model is similar to the previously deve-

‘loped Vepco PDQO7 discrete (i.e., one mesh line per fuel rod) model in that

it uses the NULIF, PDQO7, SHUFFLE, and HAFIT computer codes which are part

of the Fuel Utilization and Performance Analysis Code (FUPAC) system obtained
from the Babcock and Wilcox Company. The purpose of the one zone model is

to provide a supplementary model to the PDQO7 discreﬁe model for the more
efficient (i.e., less computational time) performance of reactor physics;
fuel management, and operational support analyses for the Surry and North
Anna nuclear reactors. The accuracy of the one zone model is demonstrated
through comparisons with both the Vepco PDQO7 discfete modei predictioné

and measurements taken at Surry Units No. 1 and 2.
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SECTION 1 - INTRODUCTION

fhe Virginia Electric and Power Company (Vepco) is currently deve-
loping the capability to perform nuclear reactor analyses for the Surry‘and
North Anna nuclear power stations. The objective of this topicai report is
1) to describe one of the computational models developed.at Vepco for the
purposes of reaétof physics analyses and fuel management evaluation and 2)

to demonétrate the accuracy of this model by comparing analytical results

generated with the model to alternate calculations and to actual measure-

ments from Surry Units No, 1 and 2.

The computational model to be described is a coarse mesh (several
mesh lines per fuel assembly), two-dimensional, two neutron energy group,
diffusion-depletion (with therﬁal-hydraulic feedback) calculational package
and is designated as the PDQO7 one zone calculational model. The PDQO7 one

l, PDQ072, SHUFFLE3, and H_AFIT4 computer codes which

zone model uses the NULIF
are.part of the Fuel Ufilization and Performance Anaiysis Code? (FUPAC) system
obtained from the Babcock and Wilcox Company. The;FU;AC system is currently
used by Babcock and Wilcox to perform‘production reactor analysis and design.
A detailed description of the input/output,'EUnctioning, and physical model
of the above computer codes can be obtained from the referenced Babcock and
Wilcox'csmputgt code manuais. The FUPAC system is maintained by Veéco and
updated through contractual arrangeménts between Vepco and Babcock and Wilcox.5
The PDQO7 one zone modei is similar fo the PDQO7 di#crete model
and was desigmed to provide a two-dimensional reactor physics analysis capa-
bility presently impractical or impossible with the discrete model because of
exces#ive computer usage requirements., The one zone modei was developed to
require much less computer.usage than the discrete model by virtue of using a

fewer number of spatial mesh lines to represent the geometyry of the reactor

core. Reduction in running time by a factor of 5 to 12 can be realized
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depending on the number of mesh lines used in the one zone model., The one
zone model has also been developed to be consistent with the discrete model

while:

1. making as few changes as possible to the one zone code input
" relative to the discrete model input, and

2. Dbenchmarking one zone calculations to discrete calculations
where practical.

Since the one zone model has many aspects which are identical to the discrete
model, this topical report frequently references the PDQO7 Discrete Model
Report. (See Reference 6.) |
The purpose of this report is 1) to describe those aspects of the
one zone model which differ significantly from the discrete model as well as
to summarize the basic similarities, 2) to present the types of calculations
that are intended to be performed by the one zone model, and 3) to demonstrate
the model's ;ccuracy by comparison to diécrete model calculations and actual
measurements performed at Surry Units No. 1 and 2.
The types of calculations that can be performed by the one zone

model include: )
1. Reactor Physics Analysis

a, Two-d;mensional assembly average radial power distributions

b. Critical soluble boron concentrations as a function of burnup

c. Nuclide concentrations as a function of burnup

d. Integral control rod bank worths

e. Rod worth values for abnormal positioned control rods.

f. Moderator and doppler coefficient and defects as a function

of soluble boron, burnup, average moderator temperature
and control rod bank position.

2. Fuel Management Analysis

a. Batch power and burnup sharing

b. Fuel isotopics as a function of burnup




c. Scoping studies for the evaluation of altermative future
cycle loading patterns and fuel loading requirements.

Of the above types of calculations, the ones that are of primary
interest for one zone model appliéation are the rod worth and power distri-
bution values for abnormal positioned control rod (i.e., stuck, dropped,
misaligned, and ejected rod worths), moderator and Doppler éoefficients and
defects, and the evaluation of alternative future cycle loading patterns
and fuel loading requirements. These calculations, which are computer usage
intensive, can bé perforﬁed-to within acceptable accuracy witﬁ the one zone
model. Rod worth and power distribution values for ébnormal positioned coﬁ-
trol rods generally require full core calculations which translate to very
long computing requirements‘if the discrete model were to Be used, Moderator‘
and Doppler coefficiegts are needed for a wide range of reactor core condi-
;ioné so that a very large number of calculations must be. performed and,
therefore, using the one. zone modei greatly reduces the overall computer usage
requirement.éelative to the discrete model. Finally, it is planned to use
. the one zone model for scoping studies to genmerate alternate near and long
tefm_fuel cycle loading patterné and fuel loading requirements in order to
identify a group of potentially acceptable loadings which can then be further
analyzed by‘the discrete model for the purpose_of selecting the most opera-
tionally and economically optimum loading.

The remainder of this report describes the Surry Units No, 1 and 2
reactor core to Ee modeled, the purpose and interrelationships of the various
computer codes which comprise tﬁenPDQ07 one zone model, the specific modeling .
of the reactor core, and the comparison of calculated résults with calculated
results from the discrete model and/or selected reactor measurements from

Cycles 1 through 3 of Surry Units No. 1 and 2, as appropriate.




SECTION 2 ~ CORE DESCRIPTION

2.1 INTRODUCTION

The Surry Nuclear Power Station, which currently consists of two
operating units, has been selected as the operating system to be modeled
for verification of the PDQO7 one zone model. The Surry Units No. 1 and
2 are identical Westinghouse designed three coolant loop pressurized water
reactors with thermal ratings of 2441 Mwt. Initial criticality was achieved
for Surry Unit No. 1 on.Jﬁlf 1, 1972 and for Surry Unit No. 2 on March 7, 1973.
The initial cycle for Surry Unit No. 1 was completed on October 24, 1974
and. for Surry Unit No. 2 on April 26, 1975. Second cycle operation commenced
on January 30, 1975 and June 14, 1975 and was completed on Sepﬁember 26, 1975
and Apfil 22, 1976 for Surry Units No. 1 and 2, respectively. Third cycle
operation began for Unit 1 on December 6, 1975 and was completed on October
17, 1976. For ﬁnit 2, third cycle operation began on June 1, 1976 and is

presently planned to be completed in the f£all of 1977,

2.2 CORE DESIGN

The Surry cores consigt of 157 fuel assemblies surrounded by a core
baffle, barrel, and thermal shield and enclosed in a steel pressure vessel.
The pressure inside the véséel is maintained ‘at a noﬁinal 2250 psia.” The
coolant (and‘moderator) is pressurized water which entérs the bottom of the
core at 5329F aﬁd undergoes an average rise in temperature of 65.5° F before
exiting the core. ~The average coolant temperatuée is 566°F ana the average
linear power density of the core is 6.2 kw/ft.

-Each of the 157 fuel assemblies consists of 204 fuel.rods arranged
in a 15 by 15 squafe array. The fuel used iﬁ the Surry cores consists of slightly
enriched uranium dioxide fuel pellets contained within a Zircaloy-4 clad. A
small gap containing pressurized helium exists between the pelleﬁs and the inner

diameter of the clad. For the positions in the 15 by 15 array not occupied by
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fuel rods, there are 20 guide tube locations for either solid burmable poison
rods or control rods and one centrally lqcated instrumentation tube.. (See
Figure 2-1.) The fuel rods in each fuel assembly are supported by seven Inconel-
718 grids located along the length of the assembly. : These grids‘are mechanically
attached to the guide tubes; which are, in turn, welded to the upper and
lower nozzles, and thus provide for assembiy structural support.

There are 48 full-length Rod Cluster Control'Assemblies (referred
to as control rods) used to control core reactivity as well as five part-
length rods for axial power shaping. (It should be noted Fhat the part-
length control rods are physically present but are not currently allowed to
be inserted into the core.) The absorber material of the control‘rods is an
alloy consisfing of 80% silver, 157 indium, and 57 cadmium. The various con-
trol rods are arranged in and move in symmetrically located groups, or banks,
as depicted in Figure 2-2. Banks D, C, B, and A are denoted as the control
banks and are moved in a fixed sequential pattern to contfoi the reactor over
the power range of .operation. The remaining rods, Banks SA and SB, are denoted
as shutdown banks and are used to provide shutdown margin. |

In addition to the control rodé, a chemical (borié.acid) shim is used
to control excess core reac;ivity and to facilitate operational flexibility.

Above certain concentrations of chemical shim, burnable poison rods.are also

used to control excess reactivity. Fresh and/or depleted burnable poison

rods can also be.used to shape (i.e., improve) the core power distribution.

The burnable éoison rods contain borosilicate in the form of Pyrex glass clad
in a stainless steel tube. Burnable poison rodsAwhich may be used in any fuel
assembly not under a control rod bank location, consist_of clusters of éither~
8, 12, 16, or 20 rods which are inserted iﬁto the Zircaloy-4 control rod guide

tubes.



Specific values of the principal mechanical and thermal-hydraulic
parameters of the Surry core are provided in Table 2-1. A complete descrip~

tion of the Surry units is given in Reference 7.

2.3 FUEL LOADING

" The initial and reload quarter’core fuel loadings (i.e., initial
enrichments and density, previous cycle location if appropriate, beginning
of cycle burnup, and number of fresh or depleted bﬁrnable poison rods pre-
sent) for both Surry unifs‘ére'provided in Figures 2-3 through 2-12.5 It
should be noted that the fuel léadings for Cycle 1 of both Surry units are
identical. The fuel management strategy employed in the initial cycle of
operation of each unit was the checkerboard loading ofvthe two lower enriched
fuel batches in the center of the core and the highest enriched fuel batch
around the periphery of the core; After the first cycle, the fuel ménage-
ment became more complicated as the result of the need to minimize the impact

of fuel densification (which was most severe in the lower demsity, lower

. prepressurization Batches 1, 2, and 3). Generally a modified out-in strategy

was followed wherein higher enrichment fresh fuel was loaded on the core
periphery with lower enrichﬁent fresh fuel (one~burned fuel and twice-burned
fuel) checkerboard loaded in the:inner region of the core. Aﬁ ekception to
this was iﬁ the third cycle of Unit No. 1 where no fresh fuel was léaded on
the periphery.. The only fresh fuel was 16 lower enrichment assemblies loaded

in the inner region of the core.
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Table 2-1

R , SURRY CORE DESCRIPTION

THERMAL AND HYDRAULIC DESIGN PARAMETERS

. Total core heat output, Mwt : 2441
R Heat generated in fuel, 7% 97.4
1o System operating pressure, psi 2250

Total coolant flow rate, 1b/hr (gpm)

Coolant Temperatures, °F (@100% power)

100.7 x 106 (265,500)

4 Nominal inlet 532
Average rise in the core 65.5
- Average in the core 566
i Nominal outlet of hot channel 642
L Average linear power density, Kw/ft 6.2

MECHANICAL DESIGN PARAMETERS

Fuel Assemblies
Design Canless 15 x 15
Number 157
Rod pitch, inches 0.563

Overall dimensions, inches
Number of grids per assemly (material)

Density (% of theoretical) and
Enrichment (w/o U235)

Outer diameter

Control Rod Assemblies

Neutron absorber

Cladding Material .

Clad thickness, inches
Number (full length)

Number of rods per assembly

8.426 x 8.426
7 (Inconel-718)

Number of instrumentation tubes 1
qul Rods

Number 32,028

Number of rods/assembly 204

Batch 1,2,4,5 Batch 3

Outside diameter, inches 0.422 0.422
Diametrical gap, inches 0.0075 0.0085
Clad thickness, inches . 0.0243 0.0243
Clad material Zircaloy-4

) Fuel Pelletyg

/ Material Sintered UO,

See Figures 2-4 through
2-12 ) .
Batch 1,2,4,5 Batch 3

0.365¢ 0.3649

5% Cd-15%Z In-807 Ag
Type 304 SS-Cold worked
0.019

48

20




Table 2-1
(Continued)

Burnable Poison'Rbds
Material
Content B203 (w/o)

Core Structure
Core barrel I.D./0.D., inches
Thermal shield I.D./0.D., inches
Core diameter, inches (approximate)
Reflector thickness (approximate)
and composition
Top - Water plus steel, in.
Bottom - Water plus steel, in.
Side -~ Water plus steel, in.

Pyrex glass
12.5

133.875/137.875
142.625/148.000
119.5 '

10
10

15



FIGURE 2-1

CROSS SECTIONAL VIEW OF SURRY FUEL ASSEMBLIES
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FIGURE 2-2

CONTROL ROD BANK LOCATIONS

CON:ROL ROD ASSEMBLY BANKS

Function : " Number of Assemblies

Control Bank D
. Control Bank C
Control Bank B
Control Bank A
~ Shutdown (S)
Part Length (P)

ul =
W/ O 0 o 0 m™

SOURCE ASSEMBLY LOCATIONS
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‘SURRY UNITS 1 AND 2 -- CYCLE 1

Figure 2-3
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'Figure 2-4

SURRY UNIT 1 - CYCLE 2
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FUEL LOADING
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Figure 2-5

SURRY UNIT 2 - CYCLE 2
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Figure 2-6

SURRY UNIT 1 - CYCLE 3
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Figure 2-7

SURRY UNIT 2 - CYCLE 3
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Figure 2-8

SURRY UNIIS 1 AND 2 — CICLE 1
Burnable Poison Rod Loading
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Figure 2-9

SURRY UNIT 1 =-- CYCLE 2
BURNAELE POISON ROD LOADING
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Figure 2-10
SURRY UNIT 2 - CYCLE 2
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Figure 2-11

SURRY UNIT 1 - CYCLE 3

BURNABLE POISON ROD LOADING
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Figure 2-12

SURRY UNIT 2 - CYCLE 3
BURNABLE POISON ROD LOADING
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SECTION 3 - MODEL DESCRIPTION

3.1  INTRODUCTION

The PDQO7 one Zone model incorpofates a few-group, diffusion-
depletion theory model, with thermal-hydraulic feedﬁack, to perform spatial
néutron flux and material distribution calculationé in two-dimensions (x-y)
throughout the reactor core as a function of burnup. This calculation is
performed at each mesh point represented in the geometry of theireaCtor core.
Furthermore, each fuel asseﬁbly is represented by a specified arraj of mesh
blocks formed by the intersection of the mesh lines in the x and y directioms
(i.e., mesh points). Each mesh bléck is used to represent a ﬁaterial composi-
tion whereas the neutron flux is calculated at each mesh point.

The material coﬁpositions of each assembly are homogenized so that
each mesh block within an assembly represents an equal number of fuel rods,
guide tubes, etc. Therefore, tﬁe concentrations of the various nuclides would
be initially the same in all mesh blocks within a fresh fuel assembly. Hence,
when PDQO7 1s using this type of representation, it is called a one zone model.
The initial concentrations of nuclides in the homogenized compositions are in-
dependent of the number of mesh blocks used to represent an #ssembly becau#e
changing the mesh block size (and hence, the number of mesh points per assembly)
only changes the number of poiﬁts whére the neutron flux is calculaéed. As
the assembly undergoes depletion with power operation, however, the material
compositions Ehange in each mesh block according to the neutron flux'associated
Qith that mesh block. Thus, the calculated flux is dgpendent to some extent
on the mesh block size.

The one zone model performs calculations in several steps. First,

- a fine-group neutron flux spectrum and the appropriate cross sections as

a function of neutron energy are calculated for each material composition by

'a cross section generating code, such as NULIF. Then the fine-group flux



spectrum is used to spectrum weight and collapse the fine-group

cross sections into two neutron energy groups (denoted as the fast and
thermal groups\or simply two group). The spectrum weighted two-group cross
sections associated with each material compositioﬁ as well as for the baffle
and feflectbr are then uéed to perform an iterative diffusion theory calcul-
ation of the neutron flux as a function of spatial position. Solution of the
diffusion thgory equations consists of estimating an initial source distribu-
tion and eigenvalue, computing the flux iﬁ each group at each Qesh point, and
then recomputing the source and eigénvalue. This process is repeated until
the change in flux and/or eigenvalue betweeﬁ successive iterations meets a
predetermined convergence criterion. From the converged neutron flux and cross
sections, the core powerldistribution is determined, and subsequently the fuel and
moderatqr temperature disﬁributions are calculated. Thermal feedback effects
are included in the diffusion theory calculation by recalculating the neutron
cross sections, power disfribution, and fuel and moderator temperatﬁre distri-
bution iteratively until both the required nuclear and thermal convergence are
achieved. |

The neutron flux in the core is not onl& a function of energy and
position but is also a-function of changes in the nuclide céncent;ations and -
cross sections which vary witﬁ burnup. The initial nuclide'depletion calcula-
tion is performed with thé intial two-group fluxes and microscopic absorption
and fission cross sections for the nuclides in each mesh block that vary with
burnup. The'neutronAfluxvis then recalculated based upon these new values of
nuclidé concentrationskand cross sections. This process is repeated over an
inter?al of depletion steps until the desired burnup is achievéd.‘

Theoretically, a simultaneous calculation of the neutron flux ( at.
each depletion step) as a function of both séace and energy should be per-

formed since the leakage into or out of a given mesh block affects the neutron

- energy spectrum and, consequently, the spectrum-weighted two-group cross
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sections.. However, the leakage effect can be approximated by applying a funda-
mental mode axial buckling to the calculations usgd to gemnerate the spectrum-
weighted two-group cross sections. This approximation allows for the calcul-
ational separability of spatial and energy effects and is appropriate since

the leakage effect generally has a much smaller effect on the neutron flux
calculation than does the properties of the material composition ( particularly
in large PWR cores where the flux spectrum does not change substantially between
adjaceﬁt fuel asseﬁblies). Therefore, the separability treatment of space

and energy is a valid and accepted assumption for large PWR cores.

Several interrelated computer codes are used to perform the cal-
culations outlined above. The computer codes comprising the PDQO7 one zone
model and their ihterrelationships are presented in the flow chart of Figure
-3-1. The PDQO7 computer code itself is the principal reactor analysis calcula-
tional tool in the PDQO7 one zone model and is used to perform the two-group,
two-dimensional diffusion theory calculations. The other codes provide either
input data, data manipulation, or use the PDQO7 code output., As indicated in
Figure 3-1, the NULIF computer code is used to calculate the required two-group
spectrum-weighted cross sections. The HAFIT computer code formats these cross
sections for use in the PDQO7 code (as HARMONY tablesets). The SHUFFLE com-~
puter code 1s a data manipulation code that takes appropriate end-of-cycle
nuclide concentrations from the PDQO7 computer code and shuffles this data in
the reactor core according to a specified scheme which duplicates calculatiomnally
the actual replacement and movement of fuel assmeblies in the reactor core
as the result of a refueling.

The remainder of this section describes in greater detail the func<
tioning of each of the computer codes used in the PDQO7 one zone model.

3.2 CROSS SECTION PREPARATION

3.2.1 FINE ENERGY ROUP CROSS SECTION DATA:

The source of basic nuclear cross section data for the NULIF computer
3-3-




Figure 3-1
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code calculations is the standard fine-group cross seéfion library used by
Babcock and Wilcox (see Reference 1). This cross section library was supplied
by Babecock and Wilcox as part of the FUPAC system.

The librarylcontains cross sections for 31 fast and 80 thermal energy
groups with a thermal energy cutoff of 1.85 eV. The fast library contains
smooth cross sections, resonance parameters, and an {(n, 2n) inelﬁstic scattering
matrix for each nuclide. The thermal library contains tehperature-dependent
cross sections for each thermal energy group and tempe;éture—dependent thermal
scattering kernels (both isotrobic and aniétropic kernels for the bound atom
model). The contents of the files in the cross.section library are listed
in Table 3-1.

The standard fine-group cross sectioﬁ library contains cross section
data for all structural'materials, fissionable isotopes, fission products, and
the moderator-coolant (waﬁerj used in the réactor core., The'constituents of
the library are listed in Table 3-2,.

The NULIF code is used to calculate composition-dependent energy spectra
and then collapse tﬁe fine-enefgy group cross sections to produce two-group -
cross sections for each unit cell.

3.2,2 FEW-GROUP CROSS SECTION PREPARATION:

The NULIF computer code calculatés two-group spectrum-weighted cr055'v
sections for each type of unit cell -or grouﬁs §f unit cells that are present in
the reactor core. A unit cell can be either a fuel rod, a control guide tube,

a control rod, or a burnable poison rod, ayd the moderator associated with each
rod. A supercell is defined as a representative group of unit cells comprising,
for instance, a fuel assembly. For the sugercell‘group, the fuel rod unit cell
is designatéd as the central cell (or cell) énd any other unit cell types present
in a particular fuel assembly are designated as subregion~X cells (or subcells).

The supercell option is used to represent the fuel assembly in the one zone
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Table 3~1

CONTENTS OF FINE-ENERGY GROUP CROSSvSECTION LIBRARY

FILE 1

FILE 2

FILE 3

GENERAL LIBRARY DATA

TAPE LABEL
MATERTAL CONTENTS -

EPITHERMAL GROUP STRUCTURE
THERMAL GROUP STRUCTURE
DELAYED NEUTRON PRECURSOR DATA
FISSION SOURCE DISTRIBUTION DATA
GENERAL MATERTAL PARAMETERS
TEMPERATURE LIST

FISSION PRODUCT YIELDS
RESONANCE ISOTOPE DATA

FISSION SPECTRUM DATA

DELAYED NEUTRON DATA

FAST CROSS SECTION DATA

GROUP DATA

GENERAL MATERIAL PARAMETERS
GENERAL UNRESOLVED RESONANCE DATA
UNRESOLVED RESONANCE PARAMETERS
RESOLVED RESONANCE PARAMETERS

- SMOOTH CROSS SECTION DATA

THERMAL CROSS SECTION DATA

GENERAL MATERIAL PARAMETERS

‘SLOWING-DOWN SOURCE DATA

SMOOTH CROSS SECTION DATA
ISOTROPIC SCATTERING KERNEL
ANISOTROPIC SCATTERING KERNEL



Table 3-2

FINE ENERGY GROUP CROSS SECTION LIBRARY CONSTITUENTS

HYDROGEN-1 PROMETHIUM-149

BORON-10 SAMARIUM-149

BORON-11 URANIUM-234

CARBON-12 URANTUM-235

NITROGEN-14 - URANIUM-236

OXY¥GEN-16 URANIUM-238

SODIUM-23 NEPTUNIUM-237

NATURAL MAGNESIUM NEPTUNIUM-239

ALUMINUM-27 A PLUTONIUM~239

NATURAL SILICON PLUTONIUM-240

NATURAL CHLORINE PLUTONIUM-241

NATURAL POTASSIUM PLUTONIUM-242

NATURAL CALCIUM AMERICIUM-241

NATURAL CHROMIUM AMERTICIUM-243

MANGANESE-55 BURNABLE POISON (B10)

NATURAL IRON NON-SAT U233 FISSION PRODUCTS
NATURAL NICKEL RAP-SAT U233 FISSION PRODUCTS
NATURAL ZIRCONIUM SLOW-SAT U233 FISSION PRODUCTS
NATURAL MOLYBDENUM NON-SAT U235 FISSION PRODUCTS
SILVER-10Q7 RAP-SAT U235 FISSION PRODUCTS
SILVER-109 _ SLOW-SAT U235 FISSION PRODUCTS
CADMIUM-113 NON-SAT PU239 FISSION PRODUCTS
IODINE-135 RAP-SAT PU239 FISSION PRODUCTS
XENON-135- . SLOW-SAT PU239 FISSION PRODUCTS



model because only homogenized groups of unit cells can be represented due

the larger-than-discrete mesh description uéed in the one zone geometry
rep;esentation of the reactor core. The homogenization is performed in a
manner that results in all the mesh blocks within a given assémbly initially
having the same material composition. All the cross.sections used in the ome
zone model are generated with either the supercell option (fuel assemblies) or
the heterogeneous cell optioﬁ (baffle and reflector) of the NULIF computer

code with the excepti&n ofvburnable poison and control rod cross sections. The
technique used in the caicuiation of these cross sections will be discusséd

in Sections 3.2.5 and 3.2.6 below.

The calculation of the neutron energy spectrum and the spectrum-
weighted two-group cross sections for each supercell is described in detail in
Reference 1. Those aspects which involve calculations using the supercell
option are described below.

With the supercell option of the NULIF code, the material compositions
of the central cell and the various subregion=X cells must be homogenized ﬁogeth-
er before the fine-group neutron flux is calculated, since the NULIF code does
not perform a spatial calculation for the various sﬁbregions. Because of this,
a method must be employed to represent the heterogeneous nature of the supercell.
This is done by inpuﬁting apprdpriaté thermal flux depression factors for each
subregion-X cell relative to the supercell. These flux depression factors are
generated by a detailed spatial'calculation (i.e., a quarter assembly disc;ete
PDQO7 calculation where each fuel rod, thimble cell, and water channel asso-
ciated with the fuel assembly is explicitly represented). From this detailed
spatial calculation, the ratios of the thermal flux in the average fuel cell,
thimble celi, and water gap relative to‘the thermal flux in the entire assembly
are determined, The above flux depression factors are then combined in NULIF
along‘with‘those norﬁally calculated by NULIF forAthe central cell (i.e., the
flux distribution in the fuei pellet, clad, and moderator regions of the central
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cell) to give thé overall flux depression factors to be applied over each of
the 80 thermal fine-~groups for each nuclide in the supercell.

NULIF calculates the neutron flux in the supercell for each of 31 fast
and 80 thermal energy fiqe‘groups. Macroscopic and ﬁicroscopic eross sectioﬁs are
then determined for one fast and one thermal energy group by collapsing these
111 fine groﬁbs based on the neutron flux and cross sections calculated for each
fine group. Cross sections are collapsed into two groups fof~use in -PDQO7
calculations. €It has been determined that the use of two groups is adequate
for large thermal reactbrs- such as the Sufry and North Anna reactors so that
the use of more energy groups in PDQO7 would result in substantially longer com-
puter executioﬁ times without a corresponding benefit in accuracy.)

The neutron energy spectrumAcalculated by NULIF for a supercell depends
on the material concentrations (i.e., the nuclide concentration or number density)
in the unit cell. The material concentrationms qhange during the operation of
the;reactor as a result of:

1) Depletion of the material

2) * Changes in the soluble boron (chemical shim) and xenon concentrations

3) Changes in material temperature
The neutron spectrum is also dependent on the temperature of the fuel due to.
Doppler broadening of the resonance aBsorption peaks. The NULIF code is used to
calculate_the effect of both chaﬁges in material concentrations and in the fuel
and moderator temperatures on the n;utron spectfum and spectrum~weighted two-
group cross sectionms.

NULIF calculates the depletion of supercells based on the spectrum-
weighted neutron cross sections and the neutron flux. As the material is dgple;ed,
the material concentrations change. This change in concentrations affects Boﬁh

the neutron flux and the neutron spectrum and therefore, requires the frequent

recalculation of the spectrum-weighted cross sections.

3.2.3 GENERATION OF FUEL ASSEMBLY FEW-GROUP CROSS SECTIONS:

Fuel assembly cross sections are generated using the éupercell option .
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in NULIF for an assembly with no burnable poison or control rods present.

The NULIF input consiéts of:

1)

2)

3)
4)
5)

Fuel cell dimensions (pellet diameter, clad inside diameter,
clad outside diameter, and fuel rod pitch) control rod guide
tube and instrument channel dimensions, and the assembly water
gap area.

Material concentrations for the fuel pellet, clad, gap and
moderator as well as the various subregions.

Average temperature for the fuel, clad, and moderator.
Average power density
Descriptibn for depletion calculations

Description for other calculations to obtain cross sections as
a function of moderator and fuel temperature, soluble boron,

1
and xenon

NULIF calculations are then made for the supercell to determine the

dependence of the two-group cross sections for each fuel enrichment on:

1)
2)
3)
4)

5)

Burnup
Soluble boron concentration
Xenon concentration

Moderator temperature

Average'fuel temperature

Sets of HARMONY cross section tables based on these NULIF calculations are

prepared by the HAFIT code. These tables represent:

1)

2)

3)

Microscopic fast and thermal energy group absorption and fission
cross sections as a fuaction of burnup, soluble boron concentration,

and- xenon concentration.

Macroscopic fast transport and removal, and thermal transport cross

sections as a function of burnup, soluble boron concentration,
and xenon concentration

The effect of fuel and moderator - temperature changes on the macro-

scopic cross sections

3.2.4 GENERATION OF BURNABLE POISON (BP) FEW-GROUP CROSS SECTIONS

The burnable poison (BP) c¢ross sections are not calculated directly

by NULIF with the supercell option because of calculational inefficiencies.
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Normally, the BP cross sections would be calculated using the two-group crosé
sections for fuel assemblies containing BP by performing a NULIF supercell cal-
culation (as described in Section 3.2.3 above) where one of the subregions con-
tains the appropriate amount of BP. In other words, the cross sections would be
generated in the same straightforward manner as for assemblies without BP. How=-
ever, the fact that the heterogeneous effect of the various subregions are
accbunfed for by applying thermal flux depresgiqn factors determined from quarter
assembly discrete PDQ calculations must be considered._ In general, for éssembliesa_
containing no BP, these flux depression facfors do not change significantly as

a function of burnup so that the flux depression factors calculated at zero
burnup are adequate at any stage of depletion. However, this is not the caserfor
subregions containing burnable poison rods because thé BP burms out rapidly with
~ increasing burnup causing the flux depression factors to vary significantly with
burnup. Since a large number of quarter-assembly PDQ runs would have to be

made to calculate these factors for input to NULIF, it was decided‘to use only
the quarter assembl& runs themselves to generate the BP cross sections; This
calculational technique was performed in accordanée with the following procedure:

1) Set up a discrete quarter assembly PDQO7 célculation with a 12BP
rod cluster inserted in an assembly of the desired fuel enrichment

2) Perform a depletion calculation at the core average power density'A'

3) At appropriate burnup steps during the depletion, perform a cal-
culation with the BP rods removed from the assembly

4) - Determine the change in assembly average, flux-weighted, two-group
macroscopic cross sections (or "delta" cross sections) resulting
from the removal of the BP rods : ‘

5) These delta cross sections are then incorporated into the same
cross section tablesets for a non-BP assembly to give HARMONY
tablesets that are applicable to assemblies containing BP (as
represented in the one zone model)

Even though the delta cross sections are actually macroscopic quantities,
they are incorporated in the one zone HARMONY tables as ''microscopic" cross sectious.

Then, a nuclide is defined to represent the presénce or absence of BP. 'If a
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given fuel assembly in the core has‘12 BP rods then'the BP nuclide concen-
tration is set equal to unity in that assembly. Macroscopic cross sections
for the BP are then determined during execution of the one zone calculation by
taking the product of the "microscopic" delta cross sections and the BP nuclide
concentration. Thus, the cross section contribution of‘the BP is effectively
added to the total cross sections‘for each mesh block within the assembly. If
no burnable poison is present in a fuel assembly then the BP concentration is
- set equai to zero so that the macroscopic cross section contribution is aleo
Zero. |

BP clusters comprised of other than 12 rods afe_modeled by taking the
ratio of the number of rods to 12 rods as the BP concentration. For instance,
.the BP concentration for 20 rods would be 20/12 x 1 or 1.667 while the BP
coneentration fer 8 rods would be 8/12 x 1 or 0.667. This approach was adopted
becauee it was found that the delta cross section values were directly pro-
portional to the number of BP rods present in a fuel assembly to within an

acceptable degree of accuracy.

3.2.5 GENERATION OF CONTROL ROD FEW-GROUP CROSS SECTIONS
The control rod cross sections are genefated in a similar manner as the

BP cross sections. The procedure for calculating the control rod cross sections

is outlined in the following steps:

1) Set up a discrete quarter assembly PDQO7 calculation (for a given
fuel enrichment) with no control rods inserted.

2) Perform a depletion calculation at the core average relative power
density.

3) At appropriate burnup steps during the depletion, perform a calcul=-
ation with the control rods inserted.

" 4) Determine the change in assembly average flux-weighted, two-group
macroscopic cross sections resulting from the insertion of the
control rods.

5) In the same manner as was done with the BP delta cross sections,
the control rod delta cross sections are then incorporated into
the appropriate HARMONY cross section tablesets.
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E 3.2.6 GENERATION OF REFLECTOR FEW-GROUP CﬁOSS SECTIONS

0. The cross sections in the reflector region are calculated by NULIF
using the unit cell option. The reflector region extends from the outside of
the core baffle to the reactor vessel wall, including the thermal sﬁield and
core barrel. The stainless steel and water in this région of the reactor are

; homogenized (volume-weighted) in NULIF, and a neutron spectrum and spectrum-
weig@ted cross sections are calculated for this region. These calculations are
performed for several soluble boron concent;ations,'and tables representing the
cross sections of ﬁhe reflector region as é function of soluble boron concen-

tration are prepared by HAFIT for use in the HARMONY tablesets of the PDQO7 code.

3.2.7 GENERATION OF BAFFLE FEW-GROUP CROSS SECTIONS
The cross sections for the stainless steel baffle region were obtained

from cross sections identical to those used in the discrete model, (See Reference

6). The discrete model baffle cross sections were generated by unit cell

L

- NULIF calculations for stainless steel. Then the cross sections were adjusted
to provide a discrete model calculated radial power distribution that closely

{ agreed with the corresponding measured power distribution for beginning of Cycle

1 of Surry Unit No. 1. However, since the baffle cannot be explicitly repre-~

sented in the one zone model (i.e., the mesh spacing is about twice the actual

‘baffle thickﬁess) some of the reflector region must also be include&. Therefore,
cross section values for each of these material compositions (baffle and reflector)
were appropriately volume weighted to produce cross sections to represent this
région. Also, the standard modification of the,macros;opic thermal absorption
cross section was made to bring the one zone model calculated core power distri-
bution into closer agreement with the discrete model calculated core power disﬁri-
bution. This was dome by first performing a one zone calculation with the same
cross sections (appfopriately volume weighted) as used in'the discrete model. If

the one zone model then predicted a higher power on the core periphery, for instance,
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then the macroscopic thermal absorption cross section was adjusted upward to
force lower peripheral assembly powers. A trial and error process was employéd
‘ uﬁtil the one zone predicted overall radial power distribution was equivalent
to the discrete model prediction. The need for the modific;tion was not unex-
pected, since the relative overall radial power distribution is influenced by
changes in mesh spacing and cross section differences. In additiom, diffusion
theory codes do not predict as well in regibns of rapidly changing fluxes, such
as is found near the core periphery, since the basic assumption in diffusion

theory requires an essentially isotropic flux distributionm.

3.2.8 FORMATING OF FEW-GROUP CROSS SECTIONS:

The_HAFIT computer code is a data manipulation code which is used to
prepare HARMONY cross section tablesets for input to PDQO7. The iﬁput to the
HAFIT program consists of a magnetic computer tape containing the spectrum-

- weighted two=-group cross_sgctions calculated by the NULIF code, and a descrip-
tion of how these.cross sections are to be used to create a set of HARMONY
tables for input to PDQO7. An automated data‘processing code like HAFIT must
be used to prepare the HARMONY tablesets for PDQO7 because of the substantial
valume of data involfed. More detailed information on HAFIT and the HARMONY

system is contained in References 2, 4, and 6.

3.3 DIFFUSION THEORY CALCULATION

- 3.3.1 INTRODUCTION

The PDQO7 computer code, as used in the PDQO7 one zone caleulational
model, is a two-dimensional, two-group, diffusibn—depletion program which is used
to calculate the neutron flﬁx, power, and nuclide concentrations as a function
of radial (x-y) position and burnup. The PDQO7 computef code utilizes the appro-
triate and properly formated cross sections along with Vthe initiél description

of the reactor core (i.e., geometry and material composition description) to
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célculate the neutron flux distribution at spétial mesh points (and for two
energy groups) at the desired core power. The spatially dependent neutroﬁ flux
is thén combined with the appropriate nuclide concentrations and cross sections
to obtain the spatially dependent powef distribution. Once the initial spatially
dependent flux and power distributions are obtained, the depletion of the nuclide

concentrations 1is calculated.

3.3.2 GEOMETRY DESCRIPTION ' ;
The size of the mesh spacing used ip the one éone modelEto represent
a fuel assembly ﬁay vary. The exact size of the mesh spacing selected depends
on the type of calculation to be performed, the accuracy desired, and the computer
resources available. 1In the one zone model,,the material cémpositions of the

fuel rod cells, instrument channel, control rod guide tubes and assembly water

%gap are all homogenized together in each assembly. A typical quarter core geo-

metry representation showing the mesh spacing over the region of solution is
shown in Figure 3-2. This representation depicts a 6 x 6 mesh spacing per assem-
bly where there are 55 mesh lines (45 fuel, 1 baffle, 9 reflector) equally spaced

in both x and y @irections, resulting in a tofal of 3025 mesh points. By com-

: parison, the number of mesh points used to represent the same core with a discrete

model is 132 x 132 or 17,424 which explicitly represents éach fuel rod, guide tube

and water gap in the core. Since the computer calculational time is almost directly

proportional to the number of mesh points, the result. is that the running time '

can be reduced by a factor of 5 to 12 (depending.dn the particular-type of cal-

"culation and the mesh spacing used) with the one zone relative to the discrete

model.

The boundary conditions ﬁsed in the quarter core soiution of the two=
dimensional diffusion theory eqﬁation are:

1) Zera current for the boundaries located along the core axis

2) Zero neutron flux for the boundaries located at.the‘feactor vessel
wall .
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FIGURE 3-2

Typical One Zome Quarter Core
Geometry Representation
(6 x 6 mesh/assembly)
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The boundary conditions used in the full core geometry representation are zero

flux at the boundaries located at the reactor vessel wall.

3.3.3 DEPLETION EQUATIONS:

Each mesh block in the PDQO7 code contéins a single homogenous composi=
tion. The volume~weighted nuclide concentrations for each mesh block in the
core are input to PDQO7 for beginning of life core conditions. In addition, a
set of equatioms, which is used by PDQO7 to caléulate the change in nuclide con-
centrations with burnup, is input to PDQO7 for each different composition in
the core. |

The appropriate set of material (nuclide) depletion equations is assigned
in PDQO7 to éach mesh block. These equations are used by PDQO7 to deplete the
nuclide concentrations in each mesh block based on:

1) The average fast and thermal energy -group neutron fluxes calculated
by PDQO7 for the mesh block

2) The spectrum-weighted fast and thermal group absorption cross
sections determined by PDQO7 from the cross section table-set
. assigned to the mesh block. . -

The depletion chains described with these depletion equations in the one zone
model for each fuel cell type are summarized in Table 3-3. A detailed description
of how the depletion equations are input to PDQO7 describing these depletion

chains is given in Section 5 of Reference 2.

'3.3.4 THERMAL-HYDRAULIC FEEDBACK PARAMETERS:
The input to PDQO7 required for thermal—hydraulic feedback consists of:
1) Coolant inlet enthalpy
2) Heated perimeter per unit area of flow
3) Hydraulic diameter of the channels
4) Flbw area of the fuel assembly per total area of flow

- 5) System pressure

6) Difference between average fuel temperature and moderator temper-
ature as a function of relative power density
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Table 3-3

Depletion Equations used in PDQO7

l. Neutron Absorptions Not Leading to Fission

a. ﬁ238, Pu depletion chain

7238 naN§39 | -
. \Pu239 n )Puzao 25 241 n )Pu242 n
’ 241

U235 depletion cﬁain

2. Neutron absorptions which produce fission are represented with the

following fission products:

a.

b,

Ce

1135, Xe135, Pmlég, and smi*’ which are represented explicitly

Two groupé of fission products which eventually build up to an

equilibrium concentration (since they are created by fission
reactions and destroyed by decay reactions). One group is

characteristic of fission reactions by uranium isotopes -and the

~other group is characteristic of fission reactions by plutonium

isotopes.
Two groups of non-safﬁrating fission products which are either

stable isotopes or have half-lives greater than a few years.

. Again, one group is characteristic of fission reactions by

uranium isotopes and the other group is characteristic of fis-

sion reactions by plutonium isotopes.

. 3=-18 |



Lo FR.

Tﬁe strategy used in the feedback calculation consists of first making
an initial estimate of the fuel and moderator temperature for each coolant
channel. Based on this initial estimate and the cross section tables for each
fuel cell, the PDQO7 code calcuiateé the two-grﬁup, spectrum-weighted cross
sections for each mesh black. These cross sections are used in a diffusion
theory calculation of power demsity in each fuel réd cell, This power density
is then used in a calculation of the fuel and moderator temperature for each
fuel cell. In turn, the new fuel and moderator temperatures are used to
calculate new two-group, spectrum-weighted cross sections for another diffusion
theory power distribution calculation. This process is contipued until the
power density for each fuel rod in the NtD iteration differs from the power
density in the N-1th iteration by less than ;he convergeﬁce criterion.

Thermal-hydraulic feedback effects are represented in the PDQO7 model

in order to more accurately calculate the power and burnup distributionms.
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SECTION 4 - COMPARISON OF ONE ZONE PREDICTIONS TO DISCRETE MODEL
PREDICTIONS AND EXPERIMENTAL DATA

4,1 _INTRODUCTION

The purpose of this section is to present a comparison of analytical
predictions from the PDQO7 one zone model with PDQO7 discrete model predictions
and experimental data obtained from Surry Units No. 1 and 2. These compari~
sons encompass both initial and reload cycles of opération in order to demonstrate
both the accuracy and flexibility of the one zone model.

Since it is planned to perform calculations with the one zone model
that would have otherwise been performed by the discrete model, it is impor-
tant that the results coﬁpére well, Therefore, the accuracy of the-one
zone model is established by benchmarking against this model whose accuracy
has been previously verified (see Reference 6). In areas where the discrete
model has not been applied extensively, such as the calculations of temperature
reactivity coefficients, the one zone model is compared to available measured

data.

4,2 ANALYTICAL CALCULATIONS

The types of calculations deséribed in this section fall into two
general groups: power distribution calculations and reactivity calculations.
Power distribution calculations include:

1. Fuel assembly average relative radial power distributions as
a function of cycle depletion.

2. Power distributions resulting from various symmetric and non-
symmetric control rod bank positions.

3. Batch and éssembly average burnup sharing.

Power distribution- caleulations as a function of burnup are performed
to assure that the ;ssemblywise relative powers are within acceptable limits for
the entire cycle depletion (power distributions for various roaded configurations

are typically performed at beginning of cycle (BOL) and end of cycle (EOC) at
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hot full power (HFf) or hot zero power (HZP). Cycle deplétions are run with
all rbds out (ARQ) over a series of depletion intervals, typically 1000 or
2000 MWD/MTU increments. The flux and power distributions are calculated at
the beginning of each interval and is assumed constant for the entire depletion
interval. The change in nuclide concentratioﬁs over the depletion interval is
calculaféd based on this flux distribution and provides the nuclide concentra-
tions that are to be input to the next depletion step. Then the flux and power
distributions for the next time step are determined based upon the nuclide
concentrations input from the previous time'step. This process is repeated
until fhe end of cycle burnup is attained. From the last time step, the batch
and assembly averége burnups and the isotopic data for fuel éssemblies which
are to be either permaneﬁtly discharged or shuffled to the next cycle of
operation are obtained.

Reactiviﬁy calculatiohs include:

.l. Integral control rod bank worths

2. Stuck and ejected rod worths

3. Critical boron concentrations and differential boron worths

47 Isothermal temperature coefficients

Integral confrol rod bank Qﬁrths.are calculated by holding all feactor
parameters constant (including soluble boron concentration) except for the rod
bank(é) whose worth is to be determined. First, a calculation is‘performed for

all rods out, then for D bank fully inserted, then C and D banks fully inserted,

- etc. The change in core reactivity resulting from each of the rod bank con-

figuration changes is a direct measure of the control rod bank worth,

Stuck rod worthé are calculated to assure that there is adequate
shufdown margin with the most reactive control rod stuck out of the core. The
method for calculating stuck rod worth is to perform two full core one zonme cal-

culations at hot zero poﬁer (HZP): ome with all rods in (ARI), and the other with




ARI less one rod removed from the core. The change in reactivity resulting from
these two cases is the stuck rod worth.‘ Calculations for ejected rod worths
are similar to stuck rod worth calculations except that the initial conditioms -
are different, i.e., ejected rod worth calculations would typically be per-
formed for HZP or HFP operation with the control rod bank(s) at approximate
insertion limits. The ejected rod worth is then determineé by calculating the
reactivity change‘resulting from the removal of oné control rod. Misaligned
contfoi rod conditions can also be simulated in a similar manner.

Core driticality is maintained By adjusting the boron concentration

as a function of burnup, power level, etc. The boron concentration at which the

reactor is just critical is called the critical boron concentration, This value

is calculated by first using a best-estimate boron concentration to determine

the core kgrs and then correcting this boron concentration to a value which
corresponds to the just critical condition. Since the one zoﬁe model does not
represent the core explicitly, it will not necessarily compute a core kigs equal
to one with the boron concentration set at the just critical condition (as would
be determined from measured data). Therefore, it is necessary to establish a
"target" keff at beginning of life (BOL) based on measured data or discrete
model PDQ calcuiations for the critical boron concentratiom. This target k.¢f
is then used as a basis throughout the cycle deplegion to predict the critical
boron concentration. It has been found that the target k ¢y does nof deviate
significantly during the cycle or from one cycle to another so that the need

to update this value is not ﬁsually necessary.

The isoﬁhermal temperature coefficient ié defined as the change in
core reactivitf per degrée.change in the moderator,‘clad, and fuel temperature
(i.e.; the sum of the moderator and Doppler temperature coefficients). The
calculation of the isothermal temperature coefficient values at the hot zero

power (HZP) condition is important because they can be compared to plant




measurements taken during startup physics testing. and therefore, can provide

a basis for evaluating the accuracy of isothermal temperature coefficient,

moderator temperature coefficient, and Doppler coefficient design predictioms.

At HZP conditioms (547°F for the Surry Units) the isothermal temperature coe-

fficient is calculated by determining the change in reactivity, Ap, for +29F

‘and -2°F around 5479F. In other words, one calculation is performed at 545°F

and another at 549°F, where these temperatures'are held uniform across the core.

' Then the isothermal temperature coefficient is derived by dividing 4p by AT.

At part or full power operation the calculational method is different because
thé modera;or.and fuel temperature are not uniform over the core. For this
situation, two éalculatioﬁs (e.g;, at HFP) having different core inlet modera-
tor enthalpies are made. The isothermal temperature coefficient is then 4Ap

divided by the change in core average moderator temperature resulting from the

' change in inlet enthalpy. In these calculations, the change in the core average

fuel témperature is assumed to be the same as the change in moderator temperature.

4,3 MEASUREMENT DATA

<« . .
Measurement data is obtained for the Surry Units from routine physics

 testing conducted during the startup of each cycle of operation as well as from

routine core performance monitoring conducted during the depletion of each cycle.
The methods used for measuring core power distribution, burnups, dohtrol rod
bank worths an& critical boron concentrations are described in Reference 6. The
procedure.for measuring stuck rod worths and isothermal temperature coefficients
were not covered in Reference 6 and will be discribed briefly below.

Stuck rod worths were measured during thg initial startupAphysics‘
testing for Cycle 1 of each of the Sufry Units. The value.of the stuck rod
worth was measured by manually tripping one of the contfol rods from step 228
(out of the core), observing the average flux level change indicated by Ehe
source range detectors, ana calculaﬁing the resulting change iﬁ reactivity from

the point-kinetics equation.
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. Isothermal temperature coefficients are measqred during the startup
of each cycle by adjusting the reactor coolant system (RCS) heat gains and
losses through the use of condenser steam dump valves to establish uniform
heatup and cooldown rates, and then monitoring the resulting reactivity changes.
Specifically, the measurements are performed during approximately a 10°F/hr
RCS heatup and/or cooldown ramp during which the RCS teﬁperature changes up to
4°F, Reactivity is determined using the reactivity computer and is ploqted
againsﬁ RCS temperature on an x-y recorder. The temperature coefficient is
then determined from the slope of the plo;ted line. Normally, both positive
and negative temperature swings are used to negate the effects of any inadver-
tant reactivity additions to the system (i.e., boron concentration mismatches
between pressufizer and/or volume control tank and the main coolant). The
measurements are done at very low power levels to insure that nuclear heat is
not added, thereby maintaining the moderator and fuel at approximately the same

temperature and minimizing Doppler feedback.

4.4 RESULTS

Representative results of the one zone model power distribution and
reactivity predictions compared to the discrete model calculatibns and measure-
ments obtained from the Surry ?owér Station are presented in this se;tion. The
specific types of results compared are summarized in Table 4-1, Table 4-2 pre-
sents the standa;d deviation between predicted (one:zone and discrete models)
and measured assembly average relative power distributions forrepfesentative
re;ctor conditions for both initial and reloa& cycles of Surry Units 1 and 2,
The staﬁdard deviation'fc) between predicted and meaéufed power distribution
is given by:
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where: Xg is the calculated assembly average power for the ith

assembly

Xg is the measured assembly average power for the ith
assembly

Figures 4-1 through 4-4 provide representative (i.e., of the cases

delineated in Table 4-2) quarter core comparisons of individual assembly
relative power distributions between measurement and one zone model predic-
tions at various core conditions during_pycle 2 of Surry Unit No, 2. Also

given for each fuel assembly is the percent difference which is defined as:

% difference (%74) = -Qne-Zone Model - Measured x 300

Measured
Figures 4-5 and 4-6 provide a comparison.betweén the one zone and
discrete models for calculating full core power distributions. Figure.4-5
gives the one zone and discrete calculated assembly average relative power
densities (and percent differences) for Surry Unit No. 1, Cycle 1 at a BOC,
HZP, and ARO condition. Figure 4~6 gives the assembly average relative power
distributions (and percént differences for the assembly relative powers

greater than unity) for the same conditions except that all rods are inserted

- with rod H-14 assumed to be stuck out of the core.

A comparison of ;he assembly averaée end of cycle burnup distribu-
tions betwegn the one zone model and measurement is given in Figures 4-~7 and
4-8 for an initial and reload cycle, respectively. Also included is the
corresponding cbmparison of the batch average burnup sharing. |

The reactivity comparisons are given in Tables 4~3 through 4-9.

All comparisons were made at HZP, BOC conditions with the exception of thé
critiéal boron concentration versus burnup given in Tables 4-5 and 4-6 which
were calculated at HFP at the indicated burnup. Both one zone model and dis-
crete model predictions were compﬁred to the measured reactivity values
excépt for the isothermal temperature coefficient predictions (Table 4-9)

where only one zone.model predictions and measured values were compared.
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TABLE 4-1

ONE ZONE MODEL COMPARISONS

REACTOR CONDITION

TYPE OF COMPARISON AT WHICH COMPARISON IS MADE REFERENCE FOR COMPARISON

Power Distribution

Coefficients

Assembly Average Units 1 & 2, Cycle 1 & 2 Operation Table 4-2
Unit 2, Cycle 2, HZP, ARO, BOC Figure 4-1
Unit 2, Cycle 2, HZP, D-bank in, BOC Figure 4-2
Unit 2, Cycle 2, HFP, ARO, 2790 MWD/MTU Figure 4-3
Unit 2, Cycle 2, HFP, ARO, 8850 MWD/MTU Figure 4-4
Unit 1, Cycle 1, HZP, ARO, BOC ‘ Figure 4-5

Stuck Rod Unit 1, Cycle 1, HZP, ARI, less rod H-14, BOC Figure 4-6

Assemblywise Burnup, and Unit 1, Cycle 1, EOC Figure 4-7

Batch Burnup Sharing Unit 1, Cycle 2, EOC Figure 4-8

Reactivity

D & C Bank Control Rod Unit 1 & 2, Cycles 1, 2, & 3, HZP, BOC Table 4-3

Worths

Total Shutdown and Unit 1 & 2, Cycle 1, HZP, BOC Table 4-4

Stuck Rod Worths .

Critical Boron Concentration Unit 1, Cycles 1, 2, & 3 Table 4-5

vs. Burnup ' : Unit 2, Cycles 1, 2, & 3 Table 4-6

Critical Boron Concentrétion Unit 1, Cycles 1, 2, & 3, BOC Table 4-7

for Various Control Rod

Configurations

Differential Boron Worth Unit 1, Cycles 1, 2, & 3, BOC Table 4-8

Isothermal Temperatufe Unit 1, Cycles,l, 2, & 3, BOC Table 4-9



TABLE 4-2

COMPARISON OF PREDICTED AND MEASURED ASSEMBLY AVERAGE POWER
DISTRIBUTIONS FOR SURRY UNITS 1 AND 2, CYCLES 1 AND 2

Standard Deviation

M/D Map Power Control Rod Cycle Burnup Bétween Measured And

Unit Cycle Number Level (%) Configuration (MWD/MTU) One-Zone Discrete
1 1 40 75 " ARO 1150 0,021 0.015
1 1 59 94 ARO 6790 0.022 0.019
1 1 73 60 ARO 13415 0.017 0.021
1 2 1 0 D-Bank In 0 0.048 0.030
1 2 2 0 ARO 0 0,058 0.043
1 2 16 99 ARO 3102 0.028 0.021
} 2 19 100 ARO 6569 0.028 0.019
2 1 38 92 ARO 2950 0.032 0,029
2 1 48 91 ARO 6780 0.017 0.015
2 1 65 100 ARO 14520 0.016 0.020
2 2 1 2 ARO 0 0,029 0,043
2 2 2 2 D-Bank In 0 0.032 0.042
2 2 12 97 ARO 2790 0.012 0.016
2 2 23 100 ARO 8850 0.024 0.015




] FIGURE 4-1
| - ASSEMBLYWISE 1-20NE VS INCORE REL. POWER DIST. FOR $2C2 HZP ARO AT 0 MWD/T- '
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" ASSEMBLYWISE AVERAGE POWER DISTRIBUTION

Figure 4-5

FOR HOT ZERO POWER, ALL RODS OUT AT BEGINNING
OF INITIAL CYCLE FOR SURRY UNIT 1. .
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Figure 4-6

: ASSEMBLYWISE AVERAGE POWER DISTRIBURION FOR .
HOT ZERO POWER, ALL RODS IN WITH H-14 OUT AT BEGINNING
OF INITIAL CYCLE FOR SURRY UNIT 1
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Figure 4-7

ASSEMBLYWISE ACCUMULATED BURNUP AND BATCH BURNUP
SHARING (103 MWD/MTU) FOR THE CYCLE 1

OPERATION OF SURRY UNIT 1

4=15
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Figure 4-8

ASSEMBLYWISE ACCUMULATED BURNUP AND BATCH BURNUP
SHARING (103 MWD/MTU) FOR THE CYCLE 2
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4-16




LT~%

TABLE 4-3

COMPARISON OF PREDICTED AND MEASURED D AND C BANK
‘ CONTROL ROD WORTHS FOR BOC, HZP CONDITIONS

Rod Worths, pcm*

Surry Cycle Control One Zone Percent Discrete Percent
Unit No. Bank Model Measured Difference*#* Model - Difference**

1 1 D 1407 1480 -4.9 1379 -6.8
C (with D in) 1278 1300 _ -1.7 1234 -5.1

1 2 D _ 1157 1051 10.1 1079 2.7
C (with D in) 1216 1331 ~8.6 . 1202 -9.7

1 3 D 1255 1129 11.2 . 1176 : 4,2
C (with D 1in) 1159 1055 9.9 1068 1.2

2 1 D : 1407 1435 -2,0 1379 -3.9
C (with D in) 1278 1309 -2.4 1234 -5.7

2 2 D 935 880 6.3 931 5.8
C (with D in) 1309 1244 5.2 1249 0.4

2 3 D 1082 1098 -1,5 1067 ~2.8
: C (with D in) 1242 1213 2.4 1196 -1.4

*pem = Ap x 10-3

Model - d
**Percent Difference = Vepco Model - Measure

Measured

X 100
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Surry
Unit

TABLE 4-4

COMPARISON OF PREDICTED AND MEASURED TOTAI SHUTDOWN WORTH AND
STUCK ROD WORTH FOR CYCLE 1, SURRY UNITS 1 AND 2, BOC, HZP CONDITIONS

Control Bank

D

C (with D in)

B (with D + C in)

A (withD+ C+ B in)
ARI :

Rod H-14 out (with ARI)

D

C (with D in) .

B (with D + C in)

A (with D+ C+ B in)
ARI

Rod H-14 out (with ARI)

*pem = Ap x 1072
**Percent Difference =

Rod Worths, pcm*

Measured

**%This data has not been calculated.

One Zone Percent Discrete Percent

Model Measured Difference** -Model Difference**
1407 1480 -4.9 1379 -6.8
1278 1300 -1.7 1234 -5.1
1943 1920 +1.2 k% -
1481 1440 +2.9 k% -
10223 10460 -2.2 10051 -3.9
2336 2300 1.6 2215 -3.7
1407 1435 -2.0 1379 -3.9
1278 1309 -2.4 1234 -5.7
1943 1929 +0.7 *i& -
1481 1508 -1.8 *k%k -
10223 10440 -2.0 10051 -3.7
2336 2425 -3.7 2215 -8.7

Vepco Model - Measured X 100




TABLE 4-5

REPRESENTATIVE CRITICAL BORON CONCENTRATION VS. BURNUP
COMPARISONS FOR SURRY UNIT 1
One Zone Discrete Burnup at
. Burnup Moédel Model Measured Measured
Cycle - (MWD/MTU) (PPM) (PPM) (PPM) (MWD /MTU)
1 BOC 1100 1094 . % -
150 817 - 810 738 270
7000 537 512 531 7000
13000 154 131 102 13000
T2 BOC 898 895 * -
‘ 150 - 626 626 636 145
3000 421 421 - 425 3010
6915 134 102 132 6810
3 BOC 1221 1202 * -
150 948 932 925 265
3000 687 672 684 3065
7000 327 316 318 7070

*No measurements are available at BOC non-equilibrium Xenon, HFP




TABLE 4-6

REPRESENTATIVE CRITICAL BORON CONCENTRATION VS BURNUP
COMPARISONS FOR SURRY UNIT 2

One Zone Discrete Burnup At
Burnup Model Model Measured Measured
Cycle (MWD/MTU) (PPM) (PPM) (PPM) (MWD/MTU)
1 BOC 1100 1094 * -
150 817 810 - -
7000 537 512 ' 543 6995
13000 154 131 131 13015
2 BOC 1309 1303 * -
150 1021 1017 - 970 160
5000 588 587 593 5000
9000 226 230 246 8985
3 BOC 1152 1113 Tk -
150 875 836 898 170
5000 423 397 *% L -
8000 161 140 *% -

*No measurements are available -at BOC non-equilibrium xenon, HFP
**%82C3 has not reached these burnup levels at the time of this writing.
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TABLE 4-7

.COMPARISON OF PREDICTED AND MEASURED CRITICAL BORON CONCENTRATION
FOR VARIOUS CONTROL ROD CONFIGURATIONS FOR SURRY UNIT 1, CYCLES 1, 2, AND 3

Measured

Discrete Model One-Zone Model
. "Critical Boron Critical Boron Discrete Model Critical Boron One-Zone Model
Control Rod Concentration Concentration Percent Concentration Percent ’
Cycle Bank Position (PPM) (PPM) Differernice (PPM) Difference
1 ARO 1196 1168 -2.3 1207 +0.9
1 - D-Bank In 1077 1050 -2.5 1080 +0.3
1 C and D-Banks 957 - 942 -1.6 967 +1.0
In
2 ARO 1033 997 -3.5 1032 -0.1
2 D-Bank In 917 899 ~2.0 921 +0.4
2 C and D-Banks 800 787 ~1.6 799 -0.1
: In
3 ARO 1311 1322 -0,1 1355 +3.4
3 D-Bank In 1196 1207 -0.1 1229 +2.8
3 C and D-Banks 1095 1101 -0.1 1113 +1.6

Inl
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COMPARISON OF PREDICTED AND MEASURED DIFFERENTIAL BORON WORTH

TABLE 4-8

——— R, [US—— [N A (RN

FOR VARIOUS CONTROL ROD CONFIGURATIONS FOR SURRY UNIT 1, CYCLES 1, 2, AND 3

Cycle

D NN b et ot

www

Control Rod

One Zone Model
Boron Worth

Bank Position (PCM/PPM)
ARO 11.3
D-Bank In 11.2
C and D-Banks 11.1
In
ARO 10.5
D-Bank In 10.4
C and D-Banks 10.2
In
ARO 9.9
D-Bank In 10.0
C and D-Banks 10.0
In

Measured Discfete Model
Boron Worth Boron Worth
(PCM/PPM) (PCM/PPM)
12,1 11.9
10.2 10.8
11.0 10.2 :
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TABLE 4-9

COMPARISON OF PREDICTED AND MEASURED ISOTHERMAL TEMPERATURE COEFFICIENTS
FOR VARIOUS ROD CONFIGURATIONS FOR SURRY UNIT 1, CYCLES 1, 2, AND 3

Measured One-Zone Model
Isothermal Temperature Isothermal Temperature
Control Rod Coefficient Coefficient Difference
Cycle Bank Position (PCM/OF) (PCM/°F) ~ (PCM/°F)
1 : ARO -0.3 +0.2 -0.5
1 D-Bank In -3.5 -2.60 -0.9
1 C and D-Banks -7.9 -6,.88 -1.0
In
2 ARO -2.88 -2.8 -0.1
2 D-Bank In -5.27 -7.43 +2,2
2 C and D-Banks -9.61 -11.38 +1.8
In
3 ARO +1.68 +0.6 +1.1
3 D-Bank In -0.93 -2.05 +1.1
3 C and D-Banks -4.67 -5.30 +0.6
In



SECTION 5 - SUMMARY AND CONCLUSION

The Vepco PDQO7 one zone model has been developed from the Vepco
PDQO7 discrete model for the purpose of performing two-dimensional (x-y)
reactor physics calculations. The coarse (i.e., as opposed to discrete)

mesh representation allows calculations to be performed both faster and

" with smaller computer memory requirements, since fewer mesh lines are required

to represent the geometry of the reactor core. In general, it is intended

to use the more efficient one zone model to perform fuel maﬁagement and

reactor physics scoping calculations, and then perform the final production
calculations to support reactor operations with the discrete model. However,
for the calculational evaluation of abnormal control rod positioning, assembly
average radial power distributions, assemblywise and batch burnup distributions,
and reactivity coefficients, it is intended to use the one zone model for

final production calculations to support reactor operations.

The accuracy of the one zone model has been demonstrated for each
of the above production'calculations through comparisons with both analytical
PDQO7 discrete model calculations and with measurements taken at Surry Units
No. 1 and 2. The results of these comparisons are:

1. Assembly average power distributions are generally predicted
within a 0.02 to 0.03 standard deviation range relative to
measurement, with a maximum standard deviation of 0.058 for
a low power measurement. For the stuck rod calculation at

. HZP, the one zone model predictes the peak assembly relative
power density to within 3% of the discrete model predictioms.
Power digtribution.calculations to the above accuracies are
acceptable for preduction use.

2, Batch burnup values are typically predicted within less than
2% of the measurement value with a maximum difference of
4,2%. Batch burnup distributions to the above accuracies are
acceptable for production use.:

3. The stuck rod worth values measured during initial startup of
Cycle 1 of both Surry Unit 1 and 2 was adequately predicted
by the one zone model (2336 pcm predicted vs. 2300 and 2425

pem for Units 1 and 2, respectively). Control rods bank worths
are typically within 5% of the measured values with the

5=-1




5.

maximum deviation being approximately 11%Z of the measured values.
Total shutdown worth was predicted within approximately 2% of the
measured value. The accuracy of the one zone model for use in
normally positioned control rod worth production calculations

are adequate (i.e., predicted average control rod worths.are
within 10% of the measured values) even though the primary
application is for scoping calculations.

Critical boron concentrations as a function of burnup were
typically predicted within 25 ppm with a maximum deviation of
51 ppm. The predicted critical boron concentration for various
rodded configurations was generally within 1% of the measured
values with a maximum deviation of approximately 3%. Differ-
ential boron worths were predicted within 1.1 pcm/ppm (approx-
imately 10%Z) of measurement. The accuracies of the above
critical boron concentrations and the differential boron worths
are adequate (i.e., within 4% of measurement and conservative
to the values assumed in appropriate accident analyses res-
pectively) for production use even though the primary applica-
tion is for scoping calculations.

Isothermal temperature coefficients are predicted within an
average of 1.0 pcm and with a maximum difference of 2.2 pcm
relative to the measured values. Temperature coefficients to
the above accuracy are acceptable (i.e., within ¥3 pcm of

the measured values) for production use.

Verification and model improvements will continue to be made as
more experience is gained through continued application of the Vepco PDQO7

one zone model to the Surry and North Anna reactors.
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
WASHINGTON, D, C. 20555

MAY 13 195

Mr. W. M. Thomas, Vice President
Fuel Resources

Virginia Electric Power Company
Richmond, Virginia 23261

Déar Mr. Thomas:

SUBJECT: ACCEPTANCE FOR REFERENCING OF TOPICAL REPORT VEP-FRD-24
"THE VEPCO FLAME MODEL"

The Nuclear Regulatory Commission (MRC) staff has completed its review

of the Virginia Electric and Power Company Topical Report number VEP-FRD-24
entitled "The VEPCO FLAME Model". This VEPCO developed model is a three
dimensional, one energy group, modified diffusion theory calculational
model. The model is used to perform three dimensional reactor physics
analyses in support of reactor startup and cycle operations of the Surry
and North Anna nuclear reactors. A summary of our evaluation of the
licensing topical report is attached.

As a result of our review, we find that Licensing Topical Report VEP-FRD-24
entitled "The VEPCO FLAME Model" dated October 1978 as augmented by responses
to NRC questions submitted in your November 1978 letter is acceptable for
referencing in licensing applications to the extent specified and under

the Timitations in the report and the attached evaluation. '

We do not intend to repeat the review of the safety features described
in tie report and its amendment as found acceptable herein. OQur accept-
ance applies only to the use of features described in the topical report

‘and its amendment as discussed in the attached safety evaluation.

In accordance with established requirements, it is requested that Virginia
Electric and Power Company issue a revised version of this report within
three months of the receipt of this letter. The revised version is to
appropriately incorporate the information submitted in your October, 1978
letter. This evaluation letter.and the attached safety evaluation is to
be included in the revised version between the title page and the abstract
and the approved report will carry the identifier VEP-FRD-24A.




Mp. W. N. Thomas _ -2 WAY 13 981

Should Nuclear Regulatory Commission criteria or regulations change such

that our conclusions as to the acceptability of the report are invalidated,
Virginia Electric and Power Company will be expected to revise and resubmit
the topical report or submit justification for the continued effective applic-
ability of the topical report without revision.

If you have any questions about the review or our conclusion, p1ease contact

us.
Sincerely,
@ i{e fieanc
Robert L. Tedesco, Assistant Director
- for Licensing
Division of Licensing
Enclosure:

As stated
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REVIEW OF TOPICAL REPORT VEP-FPD-24, "VEPCO FLAME MODEL"

Report Number: VEP-FRD-24
Report Title:. The VEPCO FLAME Model
Report Date: October, 1979
Originating Ofganization: Virginia Electric and Power Company
" Reviewed By: Walter L. Brooks /Core Performance Branch
Introduction
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Virginia Electric and Power Company has submitted licensing topical report.
VEP-FRD-24 entitled "The VEPCO FLAME Model." FLAME is three-dimensional
nodal analysis code which is capable of calculating:

1. Assembly and core average axial power distributions

2. Differential control rod bank worths :

3. Integral control rod bank worths vs. bank positon

4. Control rod bank insertion limits

5. Axial burnup distribution

6. Axial offset . T

7. Peaking factors (F, ny(z), F,)

However, the code is currently used to calculate only differential and integral

control rod worths and core average axial peaking factors on a production basis.

Qur review of this report follows.

Summary of Report

This report presents a summary description of the FLAME code and several service
codes which provide input to or handle output from the code. In addition the
report includes descriptions of the cores of the Surry Nuc]ear Power Station,
Units 1 and 2 and fuel loadings for the first four cycles of each reactor. Nor-
malization of the FLAME results to higher order (e.g., PDQO7 discrete model)

calculations is described. Axial and radial albedoes are chosen to provide




-2 -

agreement at boundaries. The migration area values are adjusted for rodded
nodes to provide agreement.at interior nodes. Total rod bank worths calculated
by the FLAME codé..are normalized to those calculated by PDQO7 in order to

determine the differential and integral bank worths as a function of insertion.

Extensive comparisons are presented of radial power distributions, axial power
distributionshand differential and integral rod worths for both Surry reactors
for the first:four cycles. The radial power distribution comparisons are
between FLAME and PDQO7 calculations. The other comparisons are between FLAME
calculations and experfments. The results of these comparisons have been
suﬁmarized to obtain the following uncertainties for the parameters calculated .

by the code on a preduction basis:

Core average axial peaking factor - 8%
Differential Bank worth - 2.0 PCM/step
Integral Bank Worth

Individual - 15%
Cumulative ' - 10%

These uncertainties are the result of comparisons with experiment and represent
the calculation-experiment differences. In effect the measurement uncertainty
has been assumed to be nil. This is a conservative evaluation of calculational

uncertaihty.

Summary of Evaluation

We have reviewed the summary descriptions of the FLAME code and its associated
service codes. The FLAME code and the input preparation codes, NULIF, PDQO7,
and FLAFIT were purchased by VEPCO from Babcock and Wilcox, who have submitted
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topical reportsndescribing methods used in the design of Babcock and Wilcox
reactors. These-methods should be equally applicable to the Westinghouse
supplied reactors:for which VEPCO proposes to use them provided they are
suitably modelled. We have reviewed the data in VEP-FRD-24 which is presented

to support theé conclusiori that this code is suitable for VEPCO reactors.

' These data show :that the VEPCO [FLAME model (which includes normalization to

. the PDQO7 discrete model) provides the capability to predict axial peaking

factors and axial power distributions and differential and integral rod worths.
This conclusion is based on the review of the comparisons with measured data

presented in the report.

VEPCO has analyzed the data to obtain calculational uncertafnties for axial

peaking factors and control rod worths. The analysis was performed in a

conservative manner and the results are consistént with industry wide values.

We conclude that they are acceptable.

Evaluation Procedure

The revizw of ‘topical report VEP-FRD-24 has been conducted within the guidelines
provided by the Standard Review Plan, Section 4.3. Enough information is provided,
directly and by reference, to permit a knowledgeable person to conclude that

the methods described are state-of-the-art.

Regulatory Position

Based on our review we conclude that the VEPCO FLAME code is a suitable method
for calculating axial power distributions and differential and’integra1 rod
bank worths when the code is suitably normalized to PDQO7 calculations. In

addition certain other parameters which depend on these calculations, e.g., axial
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burnup distributions, rodiinsertion 1limits, axial offsets, etc., may also be
obtained fromcthe.calculated results. We further conclude that the topical
report VEP-FRD-24:may be used as a reference to the description of the code
and its suitability for use in performing these calculations. In addition,
the report may.be.used:.as a reference to support the use of the uncertainty

values given therein for..axial peaking factors and rod worths.

N




CLASSIFICATION/DISCLAIMER

The data and analytical technigues descrihed in this.report
have been prepared specifically for application by the Virginia Electric
and Power Company. The Virginia Electric and Power Company makes no
claim as to the accuracy of the data or techniques contained in this
report if uéed by other organizations. Any use of this report or any
part thereof must have the prior written approval of the Virginia

Electric and Power Company.



ABSTRACT

The Virginia Electric and Power Company (VEPCO) has developed

a three-dimensional (x, y, 2), one energy group, modified diffusion theory

2 s

calculational model designated as the Vepco FLAME Model.

The model utilizes the NULIF, PDQO7, FLAFIT, and FLAME3 computer
Codes which are part of the Fuel Utilization and Performance Analysis Code
(FUPAC) system obtained from the Babcock and Wilcox Company. In additiom,
the EDITQAR, PICCOLO, and FLMSHUFL codes have been written by Vepco for
use in the FLAME Model. The model is used to perform three-dimensional
reactor physics analysis in support of reactor startup and cycle operation
of the Vepco Surry and North Anna nuclear reactors. The accuracy of the
FLAME model is demoﬁstrated through comparisons with measurements taken

at Surry Units No. 1 and 2.
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SECTION 1 - INTRODUCTION

The purposes of this report are to describe one of the computational
models developed at Virginia Electric and Power Company (Vepco) and to demon-
strate the accuracy of this model by comparing analytical results generated
by the model to applicable measurements from Surry Units No. 1 and 2. The
capabilities obtéined with this model will be directly afplicable to Surry
Units 1 and 2 and generally applicable to all of the units at the North
Anna Nuclear Power Station.

The model described herein is a three-dimensional (x, vy, z), one
energy group, modified diffusion theory (with thermal feedback) calculational
package and is designated as the Vepco FLAME Model. The Vepco FLAME Model
uses the NULIF(1), ppqo7(2), FLamE3(3), and FLAFIT(3) computer codes which
are part of the Fuel Utilization and Performance Analysis Code (4) (FUPAC)
system obtained from the Babcock and Wilcox Company. In addition; the
EDITQAR(S), PICCOLO(S), and FLMSHUFL (6) computer codes have been written by
Vepco for use in the Vepco FLAME Model. A detailed descriptibn of the input
requirements,.functioning,.physical models and output capabilities of the
above codes can be obﬁained from the referenced code manuals.

The types of reactor physics calculations which can be performed
within the general capabilities of the Vepco FLAME Model include:

1. Assembly and core average axial power distribution

2. Differential control rod bank worths

3. Integral control rod bank worths as a function of rod bank

position

4. Control rod bank insertion limits

5. Axial burnup distribution

6. Axial offset

7. Peaking factors (Fg, Fey(Z), Fz2)

1-1



This report is concerned primarily with the documentation of the capability
of the_Vepco FLAME Model tp accurately compute axial power distributioms,
axial offset, and differential and integral control rod bank worths.

The remainder of this report describes the Surry Units No, 1 and
2 reactor cores to be modeled, the purposes and interrelationships of the
various computer codes which comprise the Vepco FLAME Model, the specific
modeling of a reactor core with these codes, and comparison of calculated
results with appropriate results obtained with the Vepco PDQO7 Discrete

Model(7) and with core measurements obtained from Surry Units No. 1 and 2.
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SECTION 2 - CORE DESCRIPTION

2.1 Intfoduction -

The Surry Nuclear Power Station, which ecensists of two-
operating units, has been selected as the operating system to be modeled
for verification of the Vepco FLAME Model. The Surry Units No. 1 and 2
are identical Westinghouse designed three coolant loop pressurized water
reactors with thermal ratings of 2441 Mwt. The operating history of the

Surry Power Station is summarized in Table 2-1.

2.2 Core Design

The Surry cores consist ofA157 fuel assemblies surrounded by a
core baffle, barrel, and thermal shield and enclosed in a steel pressure
vessel. The pressure inside the vessel is maintained at a nominal 2250 psia.
The coolant (and moderator) is pressurized water which enters the bottom of
the core af a nominal 532°F and undergoes a nominal average rise in tempera-
ture of 65.5°F before exiting the core. The average coolant temperature 1is
566°F and the average linear power density of the core is 6.2 kw/ft.‘

Each of the 157 fuel assemblies consists of 204 fuel rods arranged
in a 15 by 15 square array. The fuel used in the Surry cores consists of
slightly enriched uranium dioxide fuel pellets contained within a Zircaloy-4
élad. A small gap containiﬁg pressurized helium exists between the pellets
and the.inner diameter of the clad. For the positions in the 15 by'lS array
not occupied by fuel rods, there are 20 guide tube locatioﬁs for either sélid
burnable poison rods or control rods and omne cenﬁrally located instrumentation
tube. (See Figure 2-1). The fuel rods in each fuel assembly are supported by
seven Inconel-718 grids located along the length of the assembly. These grids
are mechanically attached to the guide tubes, which are, in turn, fastened to

the upper and lower nozzles, and thus provide for assembly structural support.

2-1



There are 48 full-length Rod Cluster Control Assemblies (referred
to as control rods) used to control core reactivity as well as five part-
length rods for axial power shaping. (It should be noted that the part-
length control rods are physically present but are not currently allowed
to be inserted into the core). The absorber material of the control rods is
an alloy consisting of 807% silver, 157 indium, and 5% cadmium. The various
control rods are arranged in and move in symmetrically located groups, or
banks, as depicted in Figure 2-2. Banks D, C, B, and A are denoted as the
control banks and are moved in a fixed sequential pattern to control the
reactor over the power range of operation. The remaining rods, Banks SA
and SB, are denoted as shutdown banks and are used to provide shutdown
margin.

In addifion to the control rods, a chemical (boric acid) shim is
used to control excess core reactivity and to facilitate operational flexi-
bility. Above certain concentrations of chemical shim, burnable poison rods are
also used to control excess reactivity. TFresh and/or depleted burnable poison
rods can also be used to shape (i.e., improve) the core power distributionm.
The burmable poison rods contain borosilicate in the form of Pyrex glass clad
in a stainless steel tube. Burnable poison rods, which may be used in any
fuel assembly not under a control rod bank location, consist of clusters of
either 8, 12, 16, or 20 rods which are inserted into the Zircaloy-4 control
rod guide tubes.

Specific values of the principal mechanical and thermal-hydraulic
parameters for the Surry core are provided in Table 2-2. A complete descrip-
tion of the Surry units is giwven in Refgrenpe 8.

2.3 Fuel Loadings

The initial and reload quarter core fuel loadings (i.e., initial
enrichments and density, previous cycle location if appropriate, beginning
of cycle burnup predicted by the Vepeco PDQO7 Discrete Model and number of

2-2
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fresh or depleted burnable poison rods present) for both Surry units are
provided in Figures 2-3 through 2-16. It should be notéd that the fuel
loadings for Cycle 1 of both Surry units are identical. The fuel manage-
ment strategy employed in the initial cycle of operation of each unit was
the'checkerboard ioading of the two lower enriched fuel batches in the center
of the core and the highest enriched fuel batch around the periphery of

the core. After the firstAcycle, the fuel management became more complicated
as the résult of the need to minimize the impact of fuel densification (which
was most severe in the lower initial.density, lower prepressurization Batches
1, 2, and 3). Generally, a modified out-in strategy was followed wherein

higher enrichment fresh fuel was loaded on the core periphery with lower

>enrichment fresh fuel (and once-burned fuel and twice-burmed fuel) checker-

board loaded in the inner region of the core. An exception to this was in

~ the third cycle of Unit No. 1 where no fresh fuel was loaded on the periphery.
. The only fresh fuel was 16 lower enrichment assemblies loaded in the inner

region of the core. Beginning in Cycle 4 of both units, a change was made

from the typical 12 month operating cycle to an 18 month operating cycle.
However, the basic fuel management strategy (i. e., modified out-in) was not

changed for the Cycle 4 loading patterns.
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TABLE 2-1

SURRY NUCLEAR POWER STATION OPERATING HISTORY

Surry Cycle Beginning of
Unit No. Cycle
1 1 July 1, 1972
1 2 January 30, 1975
1 3 December 6, 1975
1 4 January 17, 1977
2 1 ‘March 7, 1973
2 2 June 14, 1975
2 3 Jﬁne 1, 1976
2 4 October 8, 1977
*Projected

2-4

End of
Cycle

October 24, 1974
September 26, 1975
October 17, 1976

April 21, 1978

April 26, 1975

April 22, 1976

September 10, 1977

Ist Qtr 1979%*

Cycle Burnup
(MWD/MTU)

13547
6915
8944

13107

14870

9054

9422

14000%



TABLE 2-2

SURRY CORE DESCRIPTION

THERMAL AND HYDRAULIC DESIGN PARAMETERS

Total core heat output, Mwt
Heat generated in fuel, 7
System operating pressure, psi
Total coolant flow rate, lb/hr (gpm)
Coolant Temperatures, °F (@100Z% power)
Nominal inlet
Average rise in the core
Average in the core
, Nominal outlet of hot channel
Average linear power demsity, Rw/ft

MECHANICAL DESIGN PARAMETERS

B R i

Fuel Assemblies

Design

Number

Rod pitch, iaches

Overall dimensions, inches

Number of grids per assembly (material)
Number of instrumentation tubes

Rods
Number’
Number of rods/assembly

——— Sy ..~
x
o
(U]
|—0

Outside diameter, inches
Diametrical gap, inches
Clad thickness, inches
Clad material

Fuel Pellets
Material
Density (% of theoretical) and
Enrichment (w/o U233)

Quter. diameter

Control Rod Assemblies
Neutron absorber
Cladding Material
Clad thickness, inches
Number (full length)
Number of rods per assembly

2-5

2441
97.4
2250
100.7 x 108 (265,500)

532
65.5
566
642
6.2

Canless 15 x 15
157

0.563

8.426 x 8.426

7 (Inconel-718)

1

32,028

204

Batech 1,2,4,5.6 Batch 3
0.422 0.422
0.0075 0.0085
0.0243 . 0,0243

Zircaloy=-4

Sintered U0,
See Figures 2-4 through

2-12

Batch 1,2,4,5.6  Batch 3

0.365¢ 0-.3649

5% Cd=-157 In-807 Ag
Type 304 SS-Cold worked
0.019

48

20
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TABLE 2-2 (Continued)

Burnable Poison Rods
Material
Content B203 (w/0)

Core Structure
Core barrel I.D./0.D., inches
Thermal shield I.D./0.D., inches
Core diameter, inches (approximate)
Reflector thickness (approximate)
and composition
Top = Water plus steel, in.
Bottom - Water plus steel, in.
Side - Water plus steel, in.

Pyrex glass
12.5

133.875/137.875
142.625/148.000
119.5

10
10
15
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FIGURE 2-1

CROSS SECTIONAL VIEW OF SURRY FUEL ASSEMBLY

B425(7vemy

i l YT Y I LTI I

olelelelelolelelololelolole)
PR e
"0

o o°o o

O000000OO0QOCO0

ooooo?oooooo
000000

00
00000000000 000

00000000000 OCO0

o0 . © Qo O
@ B

©

O

o %)
o.2%0 o

DOOOO00O

0000000000

’

s
0000000000000

O
o)
0O
0
0
O
S

OQ|
O I

00

000 000QOK A

MiThOU! CONVEOL #ND

e @) 8
O O O 8

va

Win CONIrCL ROk
FulL "O0 00 . <82
€140 TR RNE D, 0243
CLAD MATCRUVL oy RINRC
FutL MeoY/ASeY., 30

t

‘[0000000CO000000

Ateo (1ver.

O
O
@)

00000000000

MOPES ALL DIM CORRLCTLD TO o8P E2°



—

FIGURE 2-2

CONTROL ROD BANK LOCATIONS

. Control Bank D
. Conitrol Bank C
Control Bank B
Control Bank A
Shutdown (S).
"Part Length (P)

wn [ g .
Mummmmm

SOURCE ASSEMBLY LOCATIONS

2-8

R P N M L X J " H G F- E
1
A D A
3 s D s
4- C B P B
5 S 'S
6 | A B D c D
7 S S | S
8 D P c P C
s s S
10 A B D c D
11 s .L--—T | 1 s
.12 c B P B
13 s Q s
14 A D A
15
CONTROL ROD ASSEMBLY BANKS .
Function _ Number of Assemblies
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FIGURE 2-3

'SURRY UNITS 1 AND 2 == CYCLE 1

FUEL LOADING
08 09 10 11 12 13 14 13
2 2 1l 2 3.
0 o] on 0 0 0 0 0
Fresh Fresh Fresh Fresh Fresh Fresh Fresh Fresh
1 1 2 1 3
0 0 0 0 0 0 0 0
Freéh Fresh Fresh Fresh Fresh Freshl Fresh Fresh
2 2 1 12
0 0 0 0} 0 0 r 0
Fresh Fresh . Fresh Fresh Fresh Fresh Fresh
1 1l 2 3
0 0 0 0 0 0 » 0
Fresh Fresh Fresh Fresh{{ - Fresh Freéh& Fresh
2 _ 2 1 3
ol o 0 0 0 0
Fresh Fresh Fresh - Fresh| Fresh Fresh
1 i 2 3 3 Initizl
' Batch Enrichment "Density
0 0 0 0 0 (#F.A.'s) w/o U235 ZTD
Fresh Fresh Fresh Freshl Fresh 1 (53) 1.85 9z
3 3 3 2 (52) 2.55 a3
3 (52 3.10 92
0 0 0 0 A E )
Fresh Fresh Fresh Fresh
3 o [ ]
l'O 0
Fresh Fresh
LEGEND
. XX --Batch NO.
¥Y |-—1Initial Burnup (MWD/MTU) x
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FIGURE 2-4

SURRY UNIT 1 - CYCLE 2

FUEL LOADING
08 09 10 11 12 13 14 15
1 4B 1 4B 2 B i 4C
15358 0 12536 0 15298 0 14680 0
HO8 Fresh H14 Fresh H13 Fresh H12 Fresh
4B 2 4A 2 2 2 4C 4C
0 16435 01 14299 16075 14378 0 0
Frash 108} i _Fresh | K13 X1l 1,i2 Fresh Fresh
1 4A 1 4A 2 1 _ 4C
12536 0 11276 0 15918 14191 0
P08 Fresh M12 Fresh J12 K12 Fresh
4B 2 4A 2 2 4C 4C
0 14292 0 16755 16599 0 0
Fresh N10 Fresh JO8 J10 Fresh Fresh
2 2 _ 2 _ 2 4A 4¢C
15298 16075 15918 16599 0 0
' NO8 L10 M09. R09 || Fresh Fresh
4B 2 1 4C 4C Initial
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0 14378 14191 0 0 (#F.A.'s) w/0 U235 %TD
Fresh M1l M10 Fresh Fresh 1 (21) 1.85 94
1 4G 4C 4G 2 (52). 2.55" 93
_ 4a(20) 1.85 95
14680 0 0 0 4B (12) 2.60 95
4C(52) 3.35 95
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4C 4C
.0 0
Frésh Fresh
LEGEND
XX --=Batch No.
yy | =—-Initial Burnup (MWD/MTU)

---Previous Location (If applicable)
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FIGURE 2-5

SURRY UNIT 2 - CYCLE 2

FUEL LOADING

08 09 10 11 12 13 14 15
1 3 3 2 4A 2 2 4B
H | 16693 15422 11414 17992 0 18295 16805 0
J09 Gla H15 Hil Fresh HO9 08 Fresh
3 LA 2 4A 2 3 4B 4B
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L] 17992 off{ 18151 of| 15860 0 0
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LA 2 4A 2 4A . 43
M 0 15755 0 15860 -0 0
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R 0 0
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LEGEND
XX’ —-—-Batch No.
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‘ zz ---Previous Location (If applicable)
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SURRY UNIT 1 - CYCLE 3

FIGURE 2-6

FUEL LOADING

o8 09 , 10 11 12 13 14 15
1 3 1 3 3 g 3 4C
15236 10420 14182 14034 14034 12224 8387 6239
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-—-Previous Location (If applicable)

2-12




M

SURRY UNIT 2 - CYCLE 3

FIGURE 2-7

FUEL LOADING

2-13
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FIGURE 2-8

SURRY UNIT 1 - CYCLE.4
FUEL LOADING

.08 09 10 11 12 13 14 15
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FIGURE 2-9

SURRY UNIT 2 - CYCLE 4

FUEL LOADING

mEE . N e . ll-ly\ _— IIIIL;‘1IIllf

08 09 10 11 12 13 14 15
1 6A 4B 4B 4B 4B 4B 6B
16635 0 21458 13392 21240 20813 17227 0
Cyl FoO8 Fresh Cy3 GlO|[{Cy3 H15 Cy3 HO9 Cy3 H13 Cy3 E13 Fresh
6A 4B 6A 5 5 4B 6B 6B
0 19642 0 5849 6678 14467 0t 0
Fresh Cy3 M09 Fresh Cy3 J15 Cy3 Ll4 Cy3 K14 Fresh Fresh
4B 6A 4B 5 4B 6B 6A
21458 0 19630 7340 15745 0 0
Cy3 K09 Fresh Ji2|lcy3 M13|| cy3 J14 || Fresh Fresh
4B 5 5 4B BA 6B 6B
13392 5849 - 7340 21464 0 0 0
Cy3 RO8 || Cy3 RO9{|Cy3 NI12||Cy3 J10 Fresh Fresh Fresh
4B 5 4B 6A 4B 6B
21240 6678 15745 0 17255 0
L13
Cy3 JO08 Cy3 P11 Cy3 P09 Fresh Cy3 Fresh Initial
Batch Enrichment Density
4B 4B 6B 6B
68 . (#F.A.'8) w/o U235 %ZTD
20813 14467 0 "0 0 . '
1 1.85 94
h
Cy3 NO8 ]| Cy3 P10 Fres Fresh Fresh 4B (52) 3.10 95
5 (24) 3.10 95
B
4B 6B oA ° 6A (28) 2.90 95
17227 0 0 0 6B (52) 3.20 95
Cy3 N1l Fresh Fresh Fresh
6B 6B
ol 0
Fresh Fresh
Legend
XX —--=Batch No. ]
vy —--Initial Burnup (MWD/MTU)
i zz ~———Previous Location (If applicable) .




i .=

SURRY UNITS 1 AND 2 -—- CYCLE 1
Burnable Poison Rod Loading

FIGURE 2-10
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FIGURE 2-11

SURRY UNIT 1 -- CYCLE 2
BURNABLE POISON ROD LOADING
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- FIGURE 2-12

SURRY UNIT 2 - CYCLE 2
BURNABLE POISON ROD LOADING
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SURRY UNIT 1 - CYCLE 3

FIGURE 2-13

BURNABLE POISON ROD LOADING
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FIGURE 2-14

SURRY UNIT 2 - CYCLE 3

BURNABLE POISON ROD LOADING
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SURRY UNIT 1 - CYCLE 4

FIGURE 2-15

BURNABLE POISON ROD LOADING
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FIGURE 2-16

SURRY UNIT .2 - CYCLE 4
BURNABLE POISON ROD LOADING
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SECTION 3 - MODEL DESCRIPTION

3.1 Introduction

The Vepco FLAME Model is used to calculate nodal power densities
and core reactivity for three-dimensional geometries in tvhich each fuel
assembly is represented by one radial node and by up to 32 axial nodes.

The method used by the Vepco FLAME Model to perform these calculations is
based on the FLARE(g) technique which is derived from modified, one emnergy
group diffusion theory. Effects of nonuniform moderator density and fuel
temperature are accounted for by thermal-hydraulic feedback.

The Vepco FLAME Model performs calculations in several steps.
First, a fine-group neutron flux spectrum and the appropriate cross
sections as a function of neutron energy are calculated for each material
composition in the fuel assembly by a cross section generating code (i.e.,
the NULIF(I) computer code). Then the fine-group flux spectrum is used to
spectrum weight and collapse the fine-group cross sections into the omne
eneréy group parameters required (i.e., Ke and M2) by the FLAME3(3) computer
code. .These parameters, as well as any appropriate normalization factors,
are then used by FLAME3 to perform an iterative, modified diffusion theory
calculation for the neutron production rate density as a function of positiom.
The method of solution comprises two levels of iteration: source (or nuclear)
and thermal;hydraulic feedback. The source calculation is performed first
based on an initial guess for the thermal-hydraulic parameters. Then a new
set of thermal-hydraulic parameters are calculated. Using these new thermal-
hydraulic parameters, another source calculation is performed. This process
is continued until both the source and thermal-hydraulic convergence criteria

are satisfied.




Several interrelated computer codes are used to perform the
calculations outlined above. The computer codes comprising. the Vepco FLAME
Model and their interrelationships are presented in the flow chart in Figure
3-1. The FLAME3 computer code is the principal analytical tool in the Vepco
FLAME Model. FLAME3 is used to perform the three-dimensional, one group,
modified diffusion theory calculations. The other codes provide either
input ddta or data manipulation. As indicated in Figure 3-1, the NULIF
code is used to generate the required omne group data for the non-rodded fuel
assembly. The FLAFIT(3)_code formats these data for use by FLAME3. Data
for burnable poison and control rods are generated with the Vepco PDQO7
Discrete Model<7) using a quarter assembly discrete representation. The
in-house codes EDITQAR3) and P1cCOLO(5) format the data from the quarter
assembly PDQO7 calculations for use by FLAME3. The FLMSHUFL(6) code is a
data manipulation code that shuffles the appropriate end-of-cycle burnup
distributions to duplicate the movement of fuel assemblies during refueling.
The shuffled burnup distributions from FLMSHUFL are input to FLAME3 to begin
reload cycle analyses.

The remainder of this chapter describes in greater detail the input

to and functioning of the computer codes used in the Vepco FLAME Model.

3.2 Input Preparation

The Vepco FLAME Model uses the FLARE neutron source option for all
calculations with the FLAME3 code. Two phyéics parameters are required at
each node by the FLARE(g) option: the infinite multiplication factor (Ky)
and the migration area (M2). At peripheral nodes, it may also be necessary
to input a leakage parameter (or albedo).

The infinite multiplication factor, migration area, and albedoes for

each node are usually functions of one or more variables. Among these are initial
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L. enrichment, burnup, soluble boron concentration, xenon concentration, fuel

and moderator temperatures, and the presence or absence of burnable péison

or control rods. To represent the functional dependencies, K, and M2 are

i¢ calculated for various combinations of the appropriate wvariables. The resultiﬁg
values of K, (or MZ) are then tabulated for use in the FLAME3 code by using

the FLAFIT and PICCOLO codes. The FLAME3 code uses a Lagrangian interpolation

routine for selecting the appropriate input data from the tables constructed

by FLAFIT and PICCOLO. This routine allows any input variable (e.g., Ko) to

be fit as a function of one, two, or three independent variables. Due to this

N Wy oS W W .
. P Y e Ty " i
N i ol

constraint, it has been necessary to use several tables to properly represent

- all the functional dependencies of K.
The leakage parameters cannot be input in tabular form. However,
the leakage parameters may be changed to reflect changing reactor conditioms.

This is discussed further in Sectiomn 4.1.

The processes by which tabular input for Ko and M2 are developed are

described in this sectiom.

3.2.1 Method of Calculating Input Data for the Non-Rodded Fuel Assembly

e ' The NULIF code is used to generate the non-rodded (i.e., no

control or burnable poison rods are present) fuel assembly input data for the
FLAME3 code. The NULIF calculations are performed using the supercell optiom.

A supercell is defined as a group of unit cells comprising, for example, a

fuel assembly. For the supercell group, the fuel rod unit cell is designated

\; as the central cell. Any other unit cell types (e.g., control rod guide tube
li“ cell) present in an assembly are designated as subregion cells (subcells).

IG The supercell option is used to represent the fuel assembly in the Vepco FLAME
’ Model because only homogenized groups of unit cells can be represented due

l‘ _____ the larger-than-discrete mesh description implicif in a nodal representation

of the reactor core. The homogenization is performed in a manner that
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results in one node representing each fuel assembly.

The calculation of the neutron energy spectrum and the spectrum-
weighted two-group cross sections for each supercell is described in detail
in Reference 1. Those aspects which involve calculations using the supercell

option are described below.

With the supercell option of the NULIF code, the material compositions
of the central cell and the various subcells must be homogenized together
before the fine-group neutron flux is calculated, since the NULIF code does
not perform a spatial calculation for the various subregions. Because of
this, a method must be employed to represent the heterogeneous nature of the
supercell. This is done by inputting appropriate thermal flux depression
factors for each subcell relative to the supercell. These flux depression
factors are generated by a detailed spatial calculation (i.e., a quarter
assembly discrete PDQO7 calcula;ion where each fuel rod, thimble cell, and
water channel associated with the fuel assembly is explicitly represented).
From this detailed spatial calculation, the ratios of the thermal flux in the
average fuel cell, thimble cell, and water gap relative to the thermal flux
in the entire assembly are determined. The above flux depression factors are
combined in NULIF with those rormally calculated by NULIF for the central
cell (i.e., the flux distribution in the fuel pellet, clad, and moderator
regions of the central cell) to give the overall flux depression factors to
be applied over each of the 80 thermal fine-groups for each nuclide in the
supercell,

| NULIF calculates the neutrom flux in the supercell for each of 31
fast and 80 thermal energy fine groups. The macroscopic, one-energy group
pérameters needed as input to the FLAME3 code are then determined from the

Ny
s

neutron flux and cross sections for each fine group.
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Assembly (supercell) calculations of X and M2 with the NULIF code
are performed as a function of:

1. Tnitial enrichment

2.  Burnup

3. Soluble boron concentration

4, Moderator specific volume

5. Fuel temperature

6. Xenon concentration
An assembly of each enrichmgnt used in the core is depleted with NULIF while
maintaining constant soluble boron and xenon concentrations, moderator speci-
fic volume and fuel temperature. Recovery cases are then performed at
selected burnups where these parameters are varied. Care has been taken to

vary each parameter over the range of values expected to occur during the

types of operation to be modeled with the Vepco FLAME Model.

3.2.1.1 K-Infinity

The Vepco FLAME Model uses for each enrichment a basic K, which
is a function of burnup, soluble boron concentration, and xenon concentra-
tion. This combination of independent variables was chosen for two reésons.
First, these variables have the largest effects on K, for the non-rodded
assembly (aside from enrichment which, as stated above, is represented by
generatiﬁg separate tablesets for each initial enrichment). Second, the
effects of these vari#bles are relatively insensitive to changes in other
parameters. For these reasons, the functional dependencies of K, on burnup,
boron, and xenon are represented together in the basic K.

Since K, cannot be adequately represented as a function of only
three independent variables (the limit for any table used in the FLAME3 code),
other tables (i.e., Ko multipliers) are developed to allow the incorporatién

of additional functional dependencies. The K, multiplier tables contain
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factors which are used to modify the values contained in the basic Ko tables.

These factors are arrived at by taking the ratio of K, at some nominal

condition to the K_ nenerated by the NULIF code after a change in one or two
independent variables. For the non-rodded fuel assembly, two Ko multipliers
are used to represent the effects of fuel and moderator temparatures.

The first K, multiplier represents the effects on K, of changing
moderator temperature. Changes in moderator temperature result in two
important phenomena: 1) change in moderation (neutron spectrum) and 2)
change in parasitic absorption in the moderator. For these reasons, the
first Ko multiplier is fit as a function of moderator spécific volume,
burnup, and soluble boron concentratiom.

The second Km multiplier incorporates the dependence of Ko on
fuel temperature. Changing fuel temperature causes a change in resonance
absorption. This effect is sensitivebonly to burnup. Therefore, the second

Km multiplier is fit as a function of fuel temperature and burnup.

3.2.1.2 Migration Area
The migration area, M2, is used by the FLAME3 code as a measure of

the leakage from an assembly. As such,M2 is sensitive only to moderator

specific volume, burnup, and enrichment. Therefore, Mzzcan be adequately
represented by a single table fit as a function of these three parameters.

In addition, the FLAME3 code permits the use of a M2 multiplier as

a normalization factor. The use of M2 multipliers is discussed in Section 4.1.

3.2.1.3 Input Parameters forlCalculating Xenon Concentration

The FLARE neutron source option does not allow the explicit calcu-
lation of any material concentrations. However, to accurately represent K,
it is neceésary to know the xenon concentratién at each node in the core.
Once the nodal xenon concentrationsAare found, then K, for each node may

be obtained from the appropriate tables.
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To find the nodal xenon concentrations, thé FLAME3 code solves the
differential equations for xenon and iodine based on the assumption of comstant
power throughout a burnup step (see Section 3.4 ). This solution requires
that several parameters be input to the FLAME3 code in tabular form as
functions of the appropriate independent variables. These input parameters
are listed below:

X A = (K1Zgpfy+ Kolgofo) (1/62)
YI = (y1Zg1P1+ Y1Z£202) (1/92)
YR = (rylepPi+ vyZenfo) (1/02)

czg = thermal microscopic absorption cross section of xenon,
SIGM = multiplier for oy
where: K = energy released per fission
Iy = macroscopic fission cross section
¢ = neutron flux

Y1 = yield per fission of.Iodine-IBS —

Yx = vield per fission of Xenon-135
and subscripts 1 and 2 refer to the fast and tﬁermal energy groups respectively.
The parameters are all generated by the NULIF code and are tabulated by FLAFIT
for use in the FLAME3 code.

The parameters A, YI, and YX are stfongly dependent on burnup and
enrichment. However, variations in other independent variables do not signi-
ficantly influence these parameters. For this reason; A, YI, and ¥X are fit
as a function of burnup and enrichment only.

The thermal microscopic absorption cross section of xenon is
dependent upon the neutron energy spectrum in the fuel pellet. The neutron
spectrum is, in turn.dependent upon the amounts of absorbing and fissile
material in the fuel and the moderatién which occurs outside the fuel pellet.
Therefore, 6X§ is fit as a function of burnup, xenon concentration and enrich-

a

ment. To account for the spectral effects of the moderator, the multiplier
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forcyxg,(SIGM), is fit as a function of soluble boron concentration and

a

moderator specific volume.

3.2.2 Method of Calculating Input Data for the Burnable Poison Rodded Assembly

3.2.2.1 Introduction

The input data for an assembly containing burnable poison (BP) rods
are calculated with the Vepco PDQO7 Discrete Model using a 2-D, quarter-assembiy
representation. Theoretically, these data could be obtained by NULIF supercell
calculations (as described in Section 3.2.3 above) in which one of the subcells
contains the appropriate amount of BP. However, the fact that the hetergeneous
effect of the various subcells are accounted for by applying thermal flux deprés—
sion factors determined from quarter assembly discrete calculagions must be con-
sidered. In general, for assemblies containing no BP, these flux depression
factors do not change significantly as a function of burnup, so that the flux
depressipn factors calculated at zero burnup are adequate at any stage of deple-~
tion. However, this is not the case for subcells containing BP because the
BP depletes rapidly with increasing burnup causing the flux depression factors
to vary significantly with burnup; Since a large number of quarter-assembly
discrete calculations would have to be made to calculate fhese factors for input
to NULIF, it has been decided to use the quarter assembly runs directly to
generate K, multipliers to account for BP reactivity effects. These multipliers
(in conjunction with the K, data for the non-rodded fuel assembly discussed in
Section 3.2.1) are applied to nodes which contain (or have contained) BP rods.

Four XK, multipliers are used in the Vepco FLAME Model to represent
BP rods. Two multipliers represent the presence of fresh BP in a fuel assembly.

The third multiplier accounts for the presence of depleted BP. ‘The fourth K,

3-9



= el

o TN

L Rt N

multiplier is used to represent the reactivity "after-effect" resulting from

the depletion of a fuel assembly containing fresh BP rods.

3.2.2.2 K-Infinity Multipliers For Fuel Containing Fresh BP

The presence of fresh BP rods in a fuel assembly changes that
assembly's characteristics in two ways. First, a large concentration of non-
fissile, neutron absorbing material is added to the assembly. Second, moderator
is displaced from the assembly. The reactivity effects associated with these
changes depend on initial assembly enrichment, cumulative burpup of the
assembly while BP rods are present, soluble boron concentration, and moderator
temperature. To represent these effects, two K, multipliers are used.

The first K, multiplier table for BP accounts for the dependence on
enrichment, cummulative burnup, and soluble boron concentration. To generate
this table, assemblies of various enrichments are depleted at nominal moderator
and fuel temperatures with and without BP rods using a quarter assembly repre-
sentation of the Vepco PDQO7 Discrete Model. At a number of burnup points,
recovery cases are performed during which the‘soluble boron concentration is
changed. The values of the first Ko multiplier are then obtained by ratioing
Keo in the rodded state to Ko in the non-rodded state. The PICCOLO code is
used to tabulate these values as a function of cumulative burnup, initial
enrichment, and soluble boron concentration. This procedure is followed to
construct separate tables for configurations of 8, 12, 16, and 20 BP rods per
éssembly. |

The second K, multiplier accounts for the variation in the reactivity
effect of fresh BP with changes in moderator temperature. Sensitivity calcula-

tions have shown that this multiplier is not significantly affected by enrichment

(10) b

Ay

or number of BP rods per assembly. Therefore, the second K, multiplier is

generated for an assembly of average enrichment (i.e., 2.90 w/o U235) containing

=-10n




the most commonly used configuration of BP rods (i.e., 12 fresh BP rods per
a;sembly). Again using the Vepco PDQO7 Discrete Model, a 2.90 w/o enriched
assembly is first depleted with 12 fresh BP rods present and then depleted
without the presence of any BP. At several burnup points during the above
two depletions, additiomnal cases are performed in which moderator temperature
and soluble boron concentration are varied simultaneously. The values of
the second K, multiplier are obtained in two steps. First, for each set of
conditions, the value of K _ obtained from the depletion case with BP rods

is divided by the value of Ko obtained from the depletion case without BP
rods. Then the ratios determined in the first step are divided by the ratio
of Ke with BP rods to K, without BP rods obtained for the nominal moderator
temperatﬁre (i.e., 5660F). The PICCOLO code is then used to tabulate these
values in a form acceptable to the FLAME3 code as a function of cumulative

burnup, soluble boron concentration, and moderator temperature.

3.2.2.3 K-Infinity Multipliers for Fuel Containing Depléted BP

To account for the presence of depleted BP in a fuel assembly, a
third K, multiplier is used. As the BP rods in an assembly are depleted, the
boron concentration decreases rapidly. At the end of one cycle of burnup,
the boron concentration in the BP rods may be assumed to be zero. When
these depleted BP rods are inserted in other assemblies, their principal

effects are the displacement of water and absorption of neutrons in stainless

- steel. Sensitivity calculations have shown that this multiplier is not sig-

nificantly affected by enrichment.(lo)

The only configuration of depleted BP
rods used in Cycles 1 through 4 of Surry Units 1 and 2 is 12 rods per assem-
bly. Therefore, this multiplier is generated for an assembly of average
enrichment (i.e., 2.90 w/o U235) containing 12 depleted BP rods. Using the

Vepco PDQO7 Discrete Model, a 2.90 w/o enriched assembly is depleted both

with and without 12 depleted BP rods. At several burnup points additional
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cases are performed for which moderator temperature and soluble boron concen-
tration are varied simultaneously. The values of the third Ke multiplier are
obtained by dividing K, with depleted BP by K, without BP. The PICCOLO code
is then used to tabulate these values for input to the FLAME3 code as a

function of total burnup, moderator temperature, and soluble boron concentration.

3.2.2.4 R-Infinity Multiplier for the "After Effect'" of Fresh BP

The presence of fresh BP rods in a fuel assembly during depletion
also affects the reactivity in that assembly after the BP rods are removed.
This BP "after-effect" arises from the éhange in isotopics accompanying
depletion of the fuel assembly in the harder neutron spectrum resulting from
the presence of fresh BP rods. Once the BP rods are removed, the after-effect
diminishes with continued depletion of the assembly. To represent.this effect,
assemblies of various enrichments are depleted in two ways using a quarter
assembly representation of the Vepco PDQQ7 Discrete Model. First, an
assembly is depleted without BP rods. Second; an assembly of the same enrich-
ment containing 12 BP rods is depleted to various burnups. Then, the BP rods
are removed, and the assembly is depleted further. The Valﬁes of the fourth
Ko multiplier for BP are obtained by dividing K, from the assembly which has
had BP by K, of the assembly which has not had BP. The PICCOLO code is used
to tabulate these values as a function of cumulative burnup experienced by

the assembly with BP rods present, total bﬁrnup, and enrichment.

3.2.3 Method of Calculating Input Data for the Control Rodded Assembly
3.2.3.1 introduction

The input data for assemblies containing control rods are generated
in a manner similar to that used to generate the BP data (Section 3.2.2).

Again, a quarter-assembly representation of the Vepco PDQO7 Discrete Model

is used to perform all the basic calculations, while the PICCOLO code is
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used to construct the tables for input to the FLAME3 code.

Four Ko multipliers are used in the Vepco FLAME Model to represent
control rods. Three multipliers represent the presence of control rods in a
fuel assembly. The fourth Kew multiplier is used to account for the reactivity
"after~effect" resulting from the depletion of a fuel assembly containing

control rods.

3.2.3.2 K-Infinity Multipliers for Fuel Containing Control Rods

The presence of control rods.in a fuel assembly has much the
same effect as the presence of fresh BP in an assembly. First, a large con-
centration of non-fissile, neutron absorbing material is added to the assembly.
Second, moderator is displaced from the assembly. The reactivity effects
associated with the presence of control rods depend on initial assembly enrich-
ment, cumulative burnup of the assembly while the rods are present,.total
assembly burnup, soluble boron concentration, and moderator temperature.

To represent these effects, two K, multipliers are used.

The first X, multiplier accounts for the dependence on enrichment,
moderator temperature, and soluble boron concentration. To generate the
values for this multiplier, calculations are performed for assemblies of
various enrichments with and without control rods using the Vepco PDQO7
Discrete Model. These calculations are done at zero burnup and with different
values of soluble boron concentration and moderator temperature. The values
of the first Ko multiplier are obtained by ratioing X, in theArOdded
condition to K in the non-rodded condition.

The second K, multiplier accounts for the variation in the reactivity

effect of control rods with changes in assembly burnup. The values of the

second Ke multiplier are generated by depleting assemblies of various enrichments

at constant soluble boron concentration and moderator temperature using the

Vepco PDQO7 Discrete Model. At various burnup points, separate recovery cases

=12
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are performed during which control rods are inserted. To calculate the values
of the multiplier, the ratio of K, with the control rods to K without control
rods at each burnup point is divided by'the ratio of K, with control rods to
Ko without control rods at zero burnup.

The third K, multiplier accounts for the dependence on cumulative
burnup of fuel while control rods are present. The change in isotopics accom-
panying depletion of an assembly containing control rods can result in signi-
ficant reactivity variations while the control rods are still in the assembly.
While the input data for BP include this'effect in the first K_ multiplier for
BP (Section 3.2.2.2), a separate multiplier is Qsed to represent this effect for
control rods. To generate the values for this multiplier, assemblies of various
enrichments are depleted with constant moderator temperature and soluble boron
concentration in the following manner:

1) an assembly containing control rods is depleted to various

burnups,

2) at these burnups, the control rods are removed and the

assembly is depleted further,

3) recovery cases are performed at various burnup points in

the non-rodded portion of the depletion for which the control

rods are reinserted.
The values of the third K, multiplier for control rods are obtained in two
steps. First, for a particular combinétion of cumulative and total burnup,
the value of K, with control rods is divided by the value of K  without
control rods. Second, these values are divided by the ratio of K with and

without control rods obtained at zero cumulative and zero total burnup.

3.2.3.3 K-Infinity Multiplier for the "After Effect" of Control Rods
The method by which the fourth K, multiplier for control rods is

generated is the same as the method described in Section 3.2.1.4 for the fourth
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Ko, multiplier for BP. First, an assembly is depleted without control rods
using the Vepco PDQO7 Discrete Model. Second, an assembly of the same enrich-
ment containing control rods is depleted to various burnups. Then the rods
areremoved, and the assembly is depleted further. The values of the fourth
Ko multiplier for control rods are obtained by dividing K, from the assembly
which has had cont;ol rods by K, of the assembly which has not had control

rods present.

3.3 Thermal-Hydraulic Feedback Parameters

Thermal-hydraulic feedback effects are represented in the Vepco

FLAME Model in order to more accurately calculate the power distributiom.
The thermal—hydraulic.feedback'model incorporated in the FLAME3 code is the
same as the feedback model used in the PDQO7 code portion of the Vepco
PDQO7 Discrete Model. (/) Tﬁe input required consists.of:

. 1) Coolant inlet enthalpy,
2) Heated perimeter per unit area of flow,
3) Flow area of the fuel assembly per total cross-sectional
area of the assembly,

4) System pressure,

5) Difference between average fuel temperature and moderator tempera-

ture as a function of relative power densitf.

The feedback calculation is performed in the following manner. First,
an initial estimate of the fuel and moderator temperatures is made for each
coolant channel. Based on this estimate and the function tables supplied, the
FLAME3 code calculates the K-infinity and the migration area for each node. These
parameters are then used to calculate the power density in each node. This
power distribution is used to compute new fuel and moderator temperatures for

each channel. 1In turn, the new fuel and moderator temperatures are used to
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calculate new K-infinjties and migration areas for another power distribution
calculation. This ‘process is continued until the power density for each node
in the Nth iteration differs from the power demnsity in the N—lth iteration by

less than the specified convergence criterion.

3.4 ZXenon Concentration Calculation

The Vepco FLAME Model represents the xenon reactivity effect as a

functional dependence of the basic K, on xenon concentration (refer to Section
3.2.1.1). The xenon and iodine concentrations at each node are calculated
using the parameteré described in Section 3.2.1.3 and the_assumption of
constant flux and powef throughout the duration of a time/burnup step.
With the assumption of constant power and flux, the differential equations
which describe the dependence of xenon and iodine concentration are solved
by integration over the time step interval, At.

The nodal iodine concentration; I,(t) (atoms/barn-cm), is cal-

culated with Equation 3.1:

YIl'Gl YIQ'GI
Iz(t) = — - | - Iz(t—At) . exp(-lIAt) (3.1)
AI XI
where : SQ°P .10724
Gl = core
Al.vcore : t=t-At
Az, YIl are given in Section 3.2.1.3,
Pcore = core power (watts),
= core volume (cm3),
core
Sz = relative power density at node 2,
AI = decay constant of Iodine-135.
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The nodal xenon concentration, Xz(t) (atoms/barn-cm), is cal-

culated with Equation 3.2:

(YI2+YX2)'G1 AI YIL'Gl
Xz(t) = - . - Il(t—At) . exp(—AIAt)
G2 GZ—AI AI |
(YI,+¥X,) -Gl
- - Xl(t-At)
G2
Ap | et . ,
- - - - Il(t—At) * exp(-G2-At) (3.2)
G2->\I AI
where G2 = A + oxe(t—At)'Gl
X ag ?
Xe _ Xe

cra2 —,ca2£'SIGM2 = thermal microscopic absorp;}on cross section

of Xenon~135 (barms), -
Ax = decay constant of Xenomn-135,

sz’ °§§z’ SIGME are given in Section 3.2.1.3, and other para-

meters are as previously defined for Equation 3;1.
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SECTION: 4 - CALCULATIONAL TECHNIQUES

4.1 Power Distribution Normalization

The FLAME3 code proﬁides two means by.which the predicted power
distribution may be normalized to the results of either measurements or
another calculational model (e.g., Vepco PDQO7 Discrete Model). The two
normalization factors which may be used are 1) leakage parameters (radial
and/or axial albedoes) and 2) migration area multipliers.

For FLAME3 calculations, all the nodes modeled.are insidé the

core. The presence of the reflector is represented bylleakage parametefs

. (albedoes) which may be input for peripheral nodes.

The migration afea mﬁltiplier is intended to correct a limitation
in the FLARE neutron source option. This limitation arises from the inability
of the FLARE option to account for spectral effects in assemblies containing
bufnable péison or control.rods. The result of this liﬁitafion ié-that the
power may be somewhat underpredicted in these assemblies. The migration
area multiplier may also be used to "fine-tume" &he radial power distribution
§f iﬁterior located assemblies that do not necessarily contain burnable

poison.

4.1.1 Radial Power Distribution

The radial power distribution calculated with the Vepco FLAME Model
is normalized to the radial power distribution calculated with the Vepco
PDQO7 Discrete Model. This normalization is generally accomplished by
using a combination of radial albedoes and migration area multipliers. Radial
albedoes are chosen so that the desired in-out po&er sharing and peripheral
powers are given by the FLAME3 code. The migration area multipliers are

used to "fine tune' the radial power distribution at interior assembly locations.



The radial power distribution is normalized for two sets of condi-

tions. The first set of conditions consists of cycle depletion calculations

- -_. ~

where normalization is performed for the all rods out (ARO), hot full power

(HFP) condition. The design objective is to maintain less than a 5% dif-

ference between the assemblywise radial powers computed by the Vepco FLAME

and PDQO7 Discrete Models throughout each cycle. The reason for this 5%

limit is to insure that acceptable burnup distributions will be calculated

during depletion. TFor "short" (e.g., annual) cycles in which relatively

little fresh BP is used, the normalization factors for beginning of cycle

Rt

(BOC) generally yield acceptable radial power distributions throughout the

cycle; However for "long' cycles (i.e., 18 month cycles) which contain

large numbers of fresh fuel assemblies and BP rods, it is necessary to

renormalize the in—out'power sharing (i.e., change radial albedoes) at

approximately the middle of cycle (MOC) to maintain acceptable agreement in

radial power distribution.
The second set of conditions at. which the radial power distribution

is normalized is BOC, HZP with control banks C and D inserted in the core. The

primary purpose for this normalization is to find the proper M2 multiplier
l" for control rodded assemblies. For cases at less than full power and with
coﬁtrol rods inserted, the radial albedoes for HFP, ARO provide acceptable
periphefal powers so that changing the peripheral albedoes at HZP is usually
not required. The acceptance criterion of 5% difference between the Vepco

FLAME and PDQO7 Discrete Models is relaxed for rodded cases in which no

radial power distribution have been demonstrated to have little affect on the

axial information calculated with the FLAME model.(ll)

l‘f depletion is required (e.g., HZP and HFP rod worths), because variatioms in
I 4-2
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4.1.2 Axial Power Distribution

Normalization of the axial power distribution calculated by
the FLAME model is required only for zero or part power cases of annual
cycles containing little fresh BP. In these cases, a generic value of
the axial albedo gives close agreement between measured and calculated
axial power distributions for HZP. For part power situations, the axial

albedo is taken to be a percentage of the HZP value.

4.2 Differential and Integral Control Rod Worths as a Function of Bank Positiom

Differential and integrai control rod worths are calculated
with the Vepco FLAME Model in two steps. First, a series of cases is run
with the FLAME3 code in which all reactor parameters are held constant
except fér the position of the rod bank(s) whose worth is to be determined.
For example, 1if the differential and integral worths of control bank D
are required, the following set of cases is analyzed:

1) all rods out

2) D bank inserted in the top node of the appropriate assemblies

3) D bank inserted in the top 2 nodes of the appropriate assemblies

n+l) D bank inserted in the top n nodes of the appropriate
assemblies

~last) D bank fully inserted into the core.

The change in core reactivity resulting from each movement of the rod bank(s)
is a direct measure of the control rod bank(s) differential worth. The second
step in the procéss of calculating bankvworths is normalization to results
from the Vepco PDQO7 Diécrete Model. The discrete model is the production

calculational model for determining total integral control rod worths. There-
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fore, a normalization factor is applied to the results obtained with the

FLAME3 code to assure that the total integral worth predicted by the Vepco

FLAME Model is the same as that predicted by the Vepco PDQO7 Discrete Model.
Based on the methodology outlined above, the following equations

are used to compute the rod worths:

Differential Worth at _ WLl 100 < N (4.1)
Node 'i' (pem/step) gy i-1 x i = SPN
Integral Werth at - k° - k% < 105 < N (4.2)

Node 'i' (pcm) K© x it

where ko = eigenvalue given by FLAME3 for the control bank out,
i -
k = eigenvalue given by FLAME3 for the control bank inserted
in the ith node, ‘

SPN = number of steps of control rod movement per node,

N = total integral worth from Vepco PDQO7 Discrete Model divided
by total integral worth from Vepco FLAME Model.

b=4
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SECTION 5 - RESULTS

5.1 Introduction

The purpose of this section is to demonstrate the predictive
capability of the Vepco FLAME Model foi calculafions of axial power dis-
tributions, axial offsets, and differential and integral control rod
worths. As explained in the previous sectiomn, the radial power distribution
calculated with the Vepco FLAME Model is normalized to a 2-D (x, y) dis-
crete power distribution calculated with the Vepco PDQO7 Discrete Model
prior to initiating axially dependent calculations. Therefore, this section
presents 1) typical radial power distribution comparisons between the Vepco
FLAME Model (after normalization) and the PDQO7 Discrete Model, and 2)
comparisons to measured data taken a£ the Surry Nuclear Power Statioms for
axial power distribution, axial offset, and differential and integral rod

worths. The specific types of results compared are presented in Table 5-1.

5.2 Radial Power Distribution

As discussed in Section 4.1.1, radial power distributions calculated
with the Vepco FLAME Model are normalized to 2-D (x, y) discrete model
power distributions calculated at the ARO, HFP condition as a function of
burnup. The power distribution comparisons given in Figures 5-1 through
5-4 for Surry 1, Cycle 1 and in Figures 5-5 through 5-38 for-Surry 1,
Cycle 4 are representative of the agreement obtaine& between the Vepco
FLAME Model (after normalization) and the Vepco PDQO7 Discrete Model.
Normally, it is desirable to maintain the assemblywise agreement
in radial power distribution to less than a 5% difference, but this "administra-
tive" limit is usually relaxed if violatious only occur infrequently in a
small number of fuel assemblies. The reason for this limit is to ensure that
the accumulated assemblywise burnup obtained during a cycle depletion will be
acceptable. This limit may also be relaxed for power distributions associated
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with non-depletion types of calculations (e.g., rod worths), since it has

been demonstrated to have little impact based on sensitivity studies. (11)

5.3 Axial Power Distribution

Axial power distribution and axial offset comparisons between
the Vepco FLAME Model and measurements are presented in this section for
core conditions ranging from beginning-of-cycle (BOC) to end-of-cycle
(EOC) at hot zero power (HZP) and hot full power (HFP).

In general, the Vepco Flame Model predictions attempted to
simulate the actual core conditions in terms of power level, core burnup,
and control rod position. However, for reasons of increésed calcula-
tional efficiency,vthe Vepco FLAME Model‘does not explicitly represent
the effect of spacer grids, nor can the control rod position be exactly
specified (due to the limitations of the axial mesh spacing). However,
the accuracy that is compromised for the increased calculational effi-

ciency is not significant.

Representative axial power distribution comparisons are presented

for Surry 1, Cycle 1, Surry 2, Cycle 3, Surry l,‘Cycle 4 and Surry 2,
Cycle 4. figures 5-9 and 5-10 give the Surry 1, Cycle 1 core average
axial power distribution at BOC, HZP for D-Bank pértially inserted and
near fully inserted, respectively. The axiél power distribution of an
individual éssembly (B-8) containing a partially inserted control rod
(same core conditions as for Figure 5-10). is provided.in Figure 5-11.
Surry 2, Cycle 3 axial power distribution comparisons are presented in
Figures 5-12 and 5-13 at BOC, HZP conditions for ARO and D-bénk inserted. .
Additionally, comparisons at HFP, ARO at approximately BOC, MOC, and EOC
conditions are given in Figures 5-14 through 5-16. Similar comparisons
for Surry 1 and 2 Cycles 4 are providéd in Figures 5-17 through 5-20 and

5-21 through 5-23, respectively. Measured and predicted axial

5-2
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offset comparisons are also indicated on Figures 5-9 through 5-23,

as appropfiate.

5.4 Differential And Integral Rod Worths

Results of the Vepco FLAME Model predictions and startup physics
measurements for differemntial and integral control rod bank worths for
the first four cycles of Surry Units No. 1 and 2 are presented in this
section. It should be noted that Surry 2, Cycle 1 results are not
given, since they are essentially identical to Surry 1, Cycle 1.

Figures 5-24 through 5-27 provide the Surry 1, Cycle 1 indivi-
dual differential and integral bank worths for Banks D through A, respec-
tively. Also worths for Banks D through B moving in 100 step overlap are
given in Figure 5-28. For Cycles 2 and 3 of both Surry Units 1 and 2,
only banks D and C control rod worths were measured during startup physics
testing. These results for Surry 1, Cycle 2 and Surry 2, Cycle 3 are
compared to Vepco FLAME Model predictions in Figures 5-29 through 5-32.
Measurements taken for Banks D through A during the startu§ of Surry i,
Cycle 4 are compared with Vepco FLAME Model predictions in Figures 5-33
through 5-36 and in Figure 5-37 for the 100 step overlap mode. Similar
comparisons for Surr& 2, Cycle &4 are displayed in Figures 5-38 through

5-42.




,

TABLE 5-1
SUMMARY OF COMPARISONS

Reactor Condition At Reference To
Type of Comparison Which Comparision Is Made Figure

Radial Power Distribution

Unit 1, Cycle 1, HZP, ARO, BOC 5-1
Unit 1, Cycle 1, HFP, ARO, BOC 5-2
Unit 1, Cycle 1, HFP, ARO, MOC 5-3
Unit 1, Cycle 1, HFP, ARO, EOC 5-4
Unit 1, Cycle 4, HZP, ARO, BOC 5-5
Unit 1, Cycle 4, HFP, ARO, BOC 5-6
Unit 1, Cycle 4, HFP, ARO, MOC 5-7
Unit 1, Cycle 4, HFP, ARO, EOC 5-8
Axial Power Distribution
Unit 1, Cycle 1, HZP, D@ 204, 70 HWD/MTU 5-9
Unit 1, Cycle 1, HZP, D@ 26, 70 MWD/MIU 5-10
Unit 1, Cycle 1, HZP, D@ 26, 70 MWD/MTU ©5-11
Assembly B-8 : : ‘
Unit 2, Cycle 3, HZP, D@ 202, O MWD/MTIU 5-12
Unit 2, Cycle 3, HZP, D in, O MWD/MIU 5-13
Unit 2, Cycle 3, HFP, D@ 219, 150 MWD/MTU 5~14
Unit 2, Cycle 3, HFP, D@ 221, 3920 MWD/MTU 5-15
Unit 2, Cycle 3, HFP, ARO, 7740 MWD/MTU _ 5-16
Unit 1, Cycle 4, HZP, D@ 220, O MWD/MTU 5-17
Unit 1, Cycle 4, HFP, D@ 215, 150 MWD/MIU - 5-18
Unit 1, Cycle 4, HFP, D@ 206, 7715 MWD/MTU" 5-19
Unit 1, Cycle 4, HFP, D@ 220, 12585 MWD/MTU 5-20
Unit 2, Cycle 4, HZP, ARO, O MWD/MIU 5-21
Unit 2, Cycle 4, HFP, ARO, 204 MWD/MIU 5-22
Unit 2, Cycle &4, HFP, D@ 210, 6986 MWD/MTU 5-23
Differential and Integral Rod Worths
Unit 1, Cycle 1, HZP, BOC, D-Bank 5-24
Unit 1, Cycle 1, HZP, BOC, C-Bank 5-25
Unit 1, Cycle 1, HZP, BOC, B-Bank 5-26
Unit 1, Cycle 1, HZP, BOC, A-Bank 5=-27
Unit 1, Cycle 1, HZP, BOC, B through D 5-28
in 100 step overlap mode
Unit 1, Cycle 2, HZP, BOC, D-Bank 5-29
Unit 1, Cycle 2, HZP, BOC, C-Bank 5-30
Unit 2, Cycle 3, HZP, BOC, D-Bank 5-31
Unit 2, Cycle 3, HZP, BOC, C-Bank 5=32
Unit 1, Cycle 4, HZP, BOC, D-Bank 5-33
Unit 1, Cycle 4, HZP, BOC, C~Bank 5-34
Unit 1, Cycle &4, HZP, BOC, B-Bank 5-35
Unit 1, Cycle 4, HZP, BOC, A-Bank 5-36
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TABLE 5-1
SUMMARY OF COMPARISONS (Continued)

Reactor Condition At Reference To

l” Type of Comparison Which Comparison is Made Figures
L .

Differential and Integral Rod Worths (cont.)

Unit 1, Cycle 4, HZP, BOC, A through D 5=-37
in 100 step overlap mode

l Unit 2, Cycle 4, HZP, BOC, D-Bank 5-38
: Unit 2, Cycle 4, HZP, BOC,  C-Bank 5-39

Unit 2, Cycle 4, HZP, BOC, B-Bank 5-40
I‘f Unit 2, Cycle &, HZP, BOC, A-Bank 5-41
. Unit 2, Cycle 4, HZP, BOC, A through D 5-42

in 100 step overlap mode
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FIGURE 5-1

RADIAL POWER DISTRIBUTION COMPARISON
FOR SURRY 1, CYCLE 1, HZP, ARO, BOC
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- FIGURE 5-2

RADIAL POWER DISTRIBUTION COMPARISON
- FOR SURRY 1, CYCLE 1, HFP, ARO, BOC
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FIGURE 5-3

RADIAL POWER DISTRIBUTION COMPARISON
FOR-SURRY 1, CYCLE 1, HFP, ARO, MOC
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FIGURE 5-4

RADTAL POWER DISTRIBUTION COMPARISON
FOR SURRY 1, CYCLE 1, HFP, ARO, EOC
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FIGURE 5-5

RADIAL POWER DISTRIBUTION COMPARISON
FOR SURRY 1, CYCLE &4, HZP, ARO, BOC
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FIGURE 5-6

RADIAL POWER DISTRIBUTION.COMPARISON
 FOR SURRY 1, CYCLE &4, HFP, ARO, BOC
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FIGURE 5-7

RADIAL POWER DISTRIBUTION COMPARISON
FOR SURRY 1, CYCLE 4, HFP, ARO, MOC
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FIGURE 5-8

RADIAL POWER DISTRIBUTION COMPARISON

FOR SURRY 1, CYCLE 4, HFP, ARO, EOC
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FIGURE 5-24

Control Rod Worth Comparison
for Surry 1, Cycle 1, BOC,

HZP, D Bank
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FIGURE 5-27

Control Rod Worth Comparison
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Figure 5-28

Control Rod Worth Comnarison
for Surry 1, Cycle 1, BOC,
HZP, Banks B - D moving in

100 Step Overlap
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FIGURE 5-31

Control Rod Worth Comparison

for Surry 2, Cycle 3, BOC,
HZP, D Bank
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Figure 5-33
Control Rod Worth Comparison
for Surry 1, Cycle 4, BOC,
- HZP, D Bamnk
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Figure 5-34
Control Rod Worth Comparison
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Figure 5-35
Control Rod Worth Comparison

for Surry 1, Cycle 4, BOC,
HZP, B Bank
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Figure 5-37
Control Rod Worth Comparison
for Surry 1, Cycle 4, BOC,
HZP, Banks A - D moving in
100 Step Overlap

INTEGRAL WORTH (PCM)

Q (=)
o o Q
O ™~
™ ~4

e
) T 1

e —

il

T

i 3
3
...
i
2
_ ;
1 ]
= : 3
m ] : 3
i ” ’
| = “ z
j B
] u.‘ = '
3 , ]
: <4
# -
h > pe
§— : 3
= =T
- ¥3
\\, 1 :
I~ W + ’ 4
1 = i3
.w\ - | —— -mgyr-— | — o — z -
J 4 = S — T ' 3
.n T — H
f t = én
o Y-} o~ 0 < o
~N — =

(dZLS/RDd) HI¥OM TVIINIYIIIIA

5-42

A Bank

228

228 B Bank

160

80

228 C Bank

160

80

228 D Bank

160

80

BANK POSITION (STEPS)




(WDd) HIYOM TVIDLINI

o o o o o
o o o o o
J o 0 O e
— — 0
id x N
i A 1 1 o~
il il
| :
il | .
1] L] AL =)
m \%
) 4
1L wm .x.r,\.. 1
A~
AL JULL I1/Al !
) / Pe o
LAYRAP (e 0
g . | ¥\~ \\_r i ~
&) L oy .
.mO j% | N o/
HMm “ ~
o - w)
[« TR . Py
B~ i 5]
Q H
0V O (%)
o —H g o~
| o U d ~
" Y pm i =
H O o ™
o O n t- H Kl
HZ - H ]
) N - H [T
SN 2
| FRmJH Ay
| —~ 3
7 owm M
o] o
| H 0 M
: o 0
Q W
&)
(=)
g
G o

o o \O© ~r o~ Q
—

12




(HDd) HIMOM TVYOTINI

o o o o
o S o o
o ® v =
- o0
| z | g
p (aV]
, o
il | il s
i M L | A
, 5 m !
ML — L .\‘ REERaRE
| / h 3
g | i/ A —
'S " RAGRRR NN AN ARERN"4RRNRS
m (&) f I V4 _nw —_
ik otk ~
d y o { &
Qi - ﬁ\ r =]
[SIES) L a -1 _ H
S il / { g
oV Uy { o)Al o 2
Q_J Kol d m Pd \-‘ e u =
'Y m UL / A il ] -
) L I L S rq H
vo © / gl M £ ai
" 13
u = N - p .\ \ . \\ nTD._ c\_J
S P by 1 “AM\ A S
SR L ‘_ ._._.;:.L‘Z\.\ A4
43 Wik ol m
TN Q
5 | U 2 A
(&) w ﬁ ] _: =9 L
\- i ﬁ\\\lQ ]
LU Al FL% TR
‘N \\\ . llllllll H .lJ ateg
/ / Mirea?
{ // P 3
/ LR
4.,_\ {
i 1
i
AN " ’ " . Sl > 4 ki " s (@)
o (<] -3 ~t
S .




(WDd) HI¥OM TVIHAINI

o o o o o o o o o
o o o ) o o o o
0 2 H = 0 ves < ~
—
: 00
oy bz B Ceifire ! RS ESSET e T R I N b bhad Fia n
altltian i (Tt e AR i 1 XA AT et
! ST i m i Ik
: “ | it I}
i ! | il t = \
! 1 i ! \e_ ~
; il m Ll
Jilk il 4
=] i : o
Q = y L O
RS AN -~
e i g
o 1 S|
ST ! [
8 | @
o0 o : o
F° a4 : N &
|1 o v i ~ O
W M ; [
H O i =
[( o] m : —
H= - wv
o) N - o N
29 e &y
=T WH“ o m a}
H 0
—~ 9
owm ! 1 m
H :
O H : y
[=Je] &
0 Wi
(&) e
b [ nnih o
i L : L L i = [l s
(T U i s R DR e
| 4 \\\ * i -.l..L..i.l..!.r !
M . o | T
! ' A
~ o o0 Ne) X o~ o

18
16
14

—~ -
(d9LS/WDd) HIMOM TVIINAIIAAIA

D 5 A e B B N =S S BB I B B BEE BB GEBD BEE BBE BEEE



(HDd) HIMOM TVIOIAINI

(dALS/WOd) HIYOM TVIINTYAIIIA

o o o o o o o o o o
(@] o o @] Qo o o [ew] o
™~ \O ~F o~ (@] oo O ~J o
— — — — pos
(o 0]
_h.. T o1 1M ) I ”.i o~
ittt ik 1 i HH IS 2
N AF _ a1l i i i
“ i _, _ bl
il Ll m | Hiliife =
| i JH o
! H i 1. . . L1 o N .
| | {1 M m E
1 Bl . RERER H
| il = |
+ ”.L -1 e -] - ~”
_ . !
=] ~ “ i — 1t w
m 9 1l 0 \m\i e
Hom i = AP N
5 A a Al e
<t i il i 2
- B |t o Q\M, ~
O oW i L1 i o =
hoa'o § : il s DR 8 8
¢ H Vg 199o8 —ant ' H
o5 &E A g N IR - B
H W 1 1 1
ho < It o 1 e 7
o w g0, g e
o Py | ¥ L
P O N/.Z x.m, ._\“ \ﬂ,.r\.‘x‘_‘ 1 <ﬂ\\uF\\\ /.—».
e " i “ 71 AL e vt o W 0
N | M i v
o 3 I e R Al i ° 3
o w AN I IS il e T L M
H i | . i 2 T ||
m wo.. | ! “.\__\‘lnr\mv_ AL
] L1 ]~ "
S S| L ; | T e
1 ? “ L AN I T+ Pt %2 nue
N7 rkJ (AR EHRR o
A / t /4
.wu\\. i\. | oy o AR
/ { ,
: e an o ' e ©
™~ O 3 o~ (o] o0 D ~t (o] (@)
— — — — ust




|

Figure 5-42

Control Rod Worth Comparison

for Surry 2, Cycle 4, BOC,

HZP, Banks A - D moving in
100 Step Overlap
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Section 6 -~ Summary and Conclusions

The Vepco FLAME Model is 5berational at Vepco for the purposé
of performing three-dimensional reactor physics analyses and supporting
the evaluation of core performance. The model consists of the FLAME3
code with the NULIF, PDQO7, FLAFIT, EDITQAR, PICCOLO, and FLMSHUFL codes
being used to provide either input or data manipulation. The accuracy
of the Vepco FLAME Model has been established through extensive com-
parision of calculations with measurements from the Surry Units No. 1
and 2 over eight cycles of operation. The results of these comparisions
indicate that the Vepco FLAME Model (which includes normalization tc the Vepco
PDQO7 Discrete Model) provides the capability to predict axial peaking factors
and axial power distributions as well as differential and integral control
rod worths. The comparisions also indicate an acceptablé capability to
predict axial offset trends as a function of changing reactor core con-
ditions.

Verification, as well as improvements to the Vepco FLAME Model,
will continue to be made as more experience is obtained through the

application of the model to the units at the Surry and North Anna Nuclear

Power Stations.
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o ' UNITED STATES

%

g NUCLEAR REGULATORY COMMISSION
2 : WASHINGTON, D. C. 20555
’****** _ BMAY 18 1981

Mr. W. N. Thomas, Vice President
Fuel Resources

Virginia Electric Power Company.
Richmond, Virginia 23261

Dear Mr. Thomas:

SUBJECT: ACCEPTANCE FOR REFERENCING OF TOPICAL REPORT VEP-FRD-19
"THE PDQ 07 DISCRETE MODEL"

The Nuclear Regulatory Commission (NRC) staff has completed its review of the
Virginia Electric and Power Company Topical Report number VEP-FRD-19 entitled
“The PDQ 07 Discrete Model". The PDQ 07 Discrete Model is two-dimensional
(x-y geometry), two neutron energy group diffusion-depletion model which
explicitly represents each fuel rod in the reactor. It was developed by

the Virginia Electric and Power Company (VEPCO) and utilizes the Babcock

and Wilcox developed NULIF, HAFIT, PDQO7, PAPDQ, and SHUFFLE codes. It

is used specifically to perform reactor physics analysis, fuel management
analysis, and to support the reactor startup and.cycle operation of the

Vepco Surry and North Anna nuclear reactors. The accuracy of the model
predictions is demonstrated through comparison with measurement data

obtained from the Surry reactors. Our summary of the evaluation is

attached. ‘

As the result of our reviews we conclude that the Virginia Electric and
Power Company Licensing Topical Report VEP-FRD-19 entitled "The PDQ 07
Discrete Model" dated July 1976 is acceptable for referencing in licensing
actions by VEPCO to the extent specified and under the Timitations in the
report and the attached evaluation.

We do not intend to repeat the review of the safety features described in
the report and as found acceptab]e herein. Our acceptance applies only
to the use of features described in the top1ca1 report and as discussed
herein.

“In accordance with established requirements, it is requested that Virginia
Electric and Power Company issue a revised version of this report within
three months of the receipt of this letter. This evaJuation letter is to
be included in the revised version betwéen the title page and the abstract
and the approved report will carry the identifier VEP-FRD-19A.
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Mr. W. N. Thomas

-2~ 3(1 ¥ 139 198

Should Nuclear Regu]atéry Commission criteria or regulations change such
that our conclusions as to .the acceptability of the report are invalidated,
Virginia Electric and Power Company will be expected to revise and resubmit

-the topical report or submit justification for the continue effect1ve applic-
~ability of the topical report without revision.

If you have any questions about the review or our conclusion, please contact

us.

Enclosure:

As stated

Sincerely,
/ ‘\ : ~4, -
P .
e SN B T

Robert L. Tedesco, Assistant Director
for Licensing
Division of Licensing




EVALUATION OF VEPCO TOPICAL REPORT VEP-FRD-19

Report Number: VEP-FRD-19

Report Title: The PDQO7 Discrete Model

Report Date: July 1976

Originating Organization: Virginia Electric and Power Company
Reviewed by: Core Performance Branch

The Virginia Electric Power Company has notified the NRC, by letter
dated October 17, 1980, of their intention to perform their reload
licensing in-house after late 1981. In support of this intention they
have submitted and will submit a number of topical reports for our
review. Report number VEP-FRD-19 is one of those reports. The Reactor
Physics Section of the Core Performance Branch has reviewed this report.
Our evaluation follows.

1. Summary of Report

The report VEP-FRD-19 is primarily a document which presents data to
qualify the code PDQ07 in the discrete mode for use by VEPCO per-

- sonnel to perform reload analyses for VEPCO-owned and operated
reactors: Brief descriptions of the PDQO7 discrete model and its
satellite codes are given. Since VEPCO purchased these codes from
Babcock and Wilcox (B&W) they reference reports published by B&W for
details of the various codes.

A detailed description of the Surry Unit 1 and Unit 2 reactor cores
are presented. Included are thermal-hydraulic design parameters,
and mechanical design parameters for the fuel assemblies, control
rod assemblies, burnable poison rods and core structure including
core barrel, thermal shield and side, and axial reflectors. Details
of the first and second cycle loadings of both Unit 1 and Unit 2 are
given.

A description of the manner in which the cores are modeled is given
as well as a discussion of the manner in which the various satellite
codes are used to provide input to and process the output from

PDQO7. Comparisons of calculated values of certain parameters with
measured values and with values calculated by vendor (Westinghouse)
methods are given. Comparisons are made for critical boron con-
centrations, core radial power distributions, control bank worth,
differential boron worth, and, at end of cycle, the burnup distributions.
Calculations and power distribution measurements are compared in two
dimensions only since computer size Timits the discrete model calcu-
lations to two dimensions. At beginning of cycle comparisons are
made for both hot zero power and hot full power conditions. At end
of 1ife only hot full power conditions are considered. Comparison
are also presented between the measured data and the vendors calcula-
tions which have been used to perform reload analyses up to this
time.




\

The results of the comparisons between calculation and measurement
may be summarized as follow:

1. Assembly average power distributions are typically predicted to
"~ within a two percent standard deviation. The maximum standard
deviation obtained for the first and second cycles of Unit 1 and
Unit 2 was 4.3 percent at zero power and 3.6 percent a powers
greater than 10 percent of full power.

2. Peak rod F,, values are predicted typically within 2.5 percent
with the ma§1mum difference being 4.3 percent. The VEPCO model
tends to underpredict this quantity.

3. Assembly average burnups are predicted to within 2.5 percent and
batch average burnup to within 1.5 percent.

4, Typically, critical soluble boron concentration are predicted to
within 30 parts per million and boron worth to within 3 percent.

5. Control rod bank integral worths are predicted typically within
6 percent with a maximum deviation of 9.7 percent.

Comparison of the results of the VEPCO model to those of the vendor
for the same quantities shows that the average absolute deviations
for the two models are similar with the VEPCO model tending to have
smaller average deviations.

Summary of Evaluation

We have reviewed the information presented in Ticensing topical
report, VEP-FRD-19, "The PDQO7 Discrete Model." The following
comments summarize our evaluation.

The various codes that comprise the model are described by reference
to documents that have been submitted by their developer, the B&W
Company. These reports have been previously reviewed and accepted
by the staff for reference by B&W. Their use as references for code
descriptions by VEPCO is acceptable inasmuch as VEPCO purchased the
codes from B&W. The procedures used by VEPCO to implement the codes
are described in the report. These are standard procedures in
industry-wide use and are acceptable.

We have reviewed the data presented to support the conclusions
regarding the uncertainties in the calculated results. We conclude
the sufficient examples of comparisons between calculation and
measurement to permit the evaluation of calculational uncertainties.
We concur with the particular values of uncertainties given in the
topical report and repeated in Section 1 above. We further concur
with the conclusion that the VEPCO model is an acceptable replace-
ment for the vendor models currently in use. These conclusions
apply to the calculation of



- assembly average radial power distributions;
N .
- FAH values;
- assembly average burnups;
- critical boron concentrations and boron worths; and

- control rod integral bank worths.

Evaluation Procedure

. The review of topical report VEP-FRD-19 has been conducted within
the guidelines provided for analytical methods in the Standard
Review Plan, Section 4.3. Sufficient information is provided to
permit a knowledgeable person to conclude that the VEPCO model
described in this report is state-of-the-art and is acceptable.
Sufficient data are presented to permit the conclusion that the
derived uncertainties are reasonable and are acceptable.

Regulatory Position

Based on our review of licensing topical report VEP-FRD-19 we con-
clude that it is acceptable for reference in licensing actions by
VEPCO. Such reference may be made for purposes of describing the
code and for citing uncertainties in the following quantities:
- assembly average radial power distributions;

N .
- FAH values;
--assembly average burnups;
- critical boron concentrations and boron worths; and
- control rod integral bank worths.

We further conclude that this model is an acceptable substitute for
vendor calculations of the above named quantities.

We endorse VEPCO's commitment in the report to continue verification
and improvements to the PDQ07 discrete model as more data are
obtained from the Surry and North Anna reactors.
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ABSTRACT

A two-dimensional (x-y geometry), two neutron energy group

-

diffusion-depletion model which éxplicitly represents each fuel rod
in the reactor has been developed by the Virginia Electric and Power
Company (Vepco). The model, which is designated as the PDQ07 discrete

model, utilizes the Babcock and Wilcox developed NULIF, HAFIT, PDQO7,

!

PAPDQ, and SHUFFLE codes. It is used specifically to perform reactor

physics analysis, fuel management analysis, and to support the reactor
startup and cycle operation of the Vepco Surry and North Anna nuclear

reactors. The accuracy of the model predictions is demonstrated through

comparison with measurement data obtained from the Surry reactors.
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SECTION 1 - INTRODUCTION

The Virginia Electric and P0wer’Company (Vepco) is currently
developing the capability to perform nuclear reactor aﬁalyses for the
Surry and North Anna nuclear power stations. The objective of this
topical report is (1) to describe ome of the computational models de-
veloped at Vepco for the purposes of reactor physics analyses, fuel
management evaluation, and core follow support and (2) to demonstrate
the accuracy of this model by comparing analytical results generated
with the model with actual measurements from Surry Uﬁits No. 1 and 2.

The computational model to be described is a discrete (one
mesh line per rod), two-dimensional, two neutron energy group, diffu-
sion-depletion (with thermal-hydraulic feedﬁack) calculational package
and is designated as the PDQO7 discrete calculational model. 'The

3 marrT®, and

PDQO7 discrete model uses the NULIFl, PDQ072, SHUFFLE
PAPDQ5 computer codes which are part of the Fuel Utilization and Per-
formance Analysis Code6 (FUPAC) system obtained from the Babcock and
Wilcox Company. The FUPAC system is currently used by Babcock and
Wilcox to perform production reactdr analysis and design. A detailed
description of.the input/output, functioning, and physical model of the
above cqmputer codes can be obtained from the referenced Babcock and
Wilcox computer code manuals. The FUPAC system is maintained by Vepco

and updated through contractual arrangements between Vepco and Babeock’

and Wilcox.6
The types of calculations that can be performed with the PDQO7

discrete modei include:

1. REACTOR PHYSICS ANALYSIS:

a. Two-dimensional radial power distributions, including

1-1
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relative radial peaking factors (ny) and enthalpy rise
hot channel factors (FXH), for both rodded and unrodded
planes as a function of burnup.

b. Critical ‘soluble boron concentrations as a function of
burnup. :

c. Integral control rod bank worths.

d. Nuclide concentrations for the fuel and burnable poison
rods as a function of burnup.

e. Fuel rod and assembly average burnup distributions.

2. FUEL MANAGEMENT:
| a. Batch power and burnup sharing.
b. Fuel isotopics as a function of burnup.
c. Evaluation of alternative fuel loading patternms.
3. CORE FOLLOW:

a. Input constants for determining miasured core power
distributions through use of the INCORE Code.

" b. Critical boron concentrations and control rod bank worths.

To date the PDQ07]discrete model has been used at Vepco (on the
Vepco IBM Systeﬁ 370 computers) to calculate best estimates of the power
and burnup sharing for future cycles in order to determine and optimize
nuclear fuel requirements. In addition, substantial effort has gone into
the evaluation éfvalternative fuel loading patterns for specific operating
cycles in order to optimize fuel utilization and unit operating flexibility.
The benefits obtained‘from this limited application have been siénificant.
As a result, it is now intended to uée the PDQO7 discrete médel té perform
the complete reactor physics analysis associated.with specific operating
cycles and to verify (through core follow analysis) that the reactor is
operéting in accordance with these aesign predictions. It is anticipated

that the extended use of this model will provide additional benefits to

1-2
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Vepco. through increased design flexibility, technical support of licensing
positions, andlgreater qperational freedom.

The remainder of this report describes the Surry Units No. 1
and 2 reactor core to be modeled,'the purpose and interrelationships of
the various computer codes which comprise the PDQO7 discrete model, the
processes through which these codes function, the specific modeling of
these codes to represent the reactor core, and the comparison of calculated
results with reactor measurements from Cycles 1 and 2 of Surry Units No. 1

and 2.
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SECTION 2 - CORE DESCRIPTION

2.1 INTRODUCTION

The Surry Nuclear Power Station, which currently consists of two
operating units, has been selected as the operating system to be modeled
for verification of the PDQO7 discrete model. The Surry Units No. 1 and
2 are identical Westinghouse designed three coolant loop pressurized water
reactors with thermal ratings of 2441 Mwt. Initial criticality was achieved
for Surry Unit No. 1 on July 1, 1972 and for Surry Unit No. 2 on March 7,
1973. The initial cycle for Surry Unit No. 1 was completed on October 24,

1974 and for Surry Unit No. 2 on April 26, 1975. Second cyecle operation

commenced on January 30, 1975 and June 14, 1975 and was completed on Septem-

ber 26, 1975 and April 22, 1976 for Surry Units No. 1 and 2, respectively,
2.2 CORE DESIGN

The Surry cores consist of 157 fuel assemblies surrounded by a
core baffle, barrel, and thermal shield and enclosed in a steel pressure
vessel. The pressure inside the vessel is maintained at a nominal 2250
psia. The coolant (and moderator) is pressurized water which enters the
bottom of the core at 532°F and undergos an average rise in temperature
of 65.5°F before exiting the core. The average coolant temperature is
566°F and the average linear power density of the core is 6.2 kw/ft.

Each of the 157 fuei assemblies consists of 204 fuel rods arranged
in a 15 by 15 square array. The fuel used in the Surry cores consist of
slightly enriched uranium dioxide fuel pellets contained within a Zircaloy-4
clad. A small gap containing pressurized helium exists between the pellets
and the inner diameter of the clad. For ;hg pqsitions in the 15 x 15 array

AW

not occupied by fuel rods, there are 20 guide tube locations for either
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solid burnable poison rods or control rods and ome centrally located
instrumentation tube. (See Figure 2-1.) The fuel rods in each fuel
assembly are supported by seven Inconel-718 grids located aldng the
length of the assembly. These grids are mechanically attached to the
guide tubes, which are, in turn, welded to the upper and lower nozzles,
and thus provide for assembly structural support.

There afe 48 full-length Rod Cluster Control Assemblies (re-
ferred to as control rods) used to control core reacti;ity as well as five
part-length rods for axial power‘shaping. (It should be noted that the
part-length control rods are Physically present but are not currently allowed
to be inserted into the core). The absorber material of the control rods
is an alloy cousisting of 80% silver, 15Z indium, and 57 cadmium. The

various control rods are arranged in and moved in symmetrically located

-groups, or banks, as depicted in Figure 2-2. Banks D, C, B, and A are de~

noted as the control banks and are moved in a fixed sequential pattern to

control the reactor over the power range of operation. The remaining rods,

Banks SA and SB, are denoted as shutdown banks and are used to provide shut-

down margin.

In addiﬁion to the control rods, a chemical (boric acid) shim is
used to control excess core reactivity and to facilitate operational fle#i—
bility.. Above cértain concentrations of chemical shim, burnable poison

rods are also used to control excess reactivity. Fresh and/or depleted

burnable poison rods can also be used to shape (i.e., improve) the core

power distribution. - The burnable poison rods contain borosilicate in the
form of Pyrex gléss clad in a stainless steel tube. Burnable poison rods,
which‘may be used in any fuel assembly not under a control rod bank loca-
tioﬁ, consist of clusters of either 8, 12, 16, or 20 rods which are inserted

into the Zircaloy-4 control rod guide tubes.

2-2
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Specific values of the principal mechanical and thermal-hydraulic
parameters of the Surry core are provided in Table 2~1. A complete descrip-
tion of the Surry units is given in Reference 7.

2,3 FUEL_LOADING

The initial and reload quarter core fuel loadings (i.e., initial
enrichments and density, previous cycle location if appropriate, beginning
of cycle burnup, and number of fresh or depleted burmable poison rods pre-
sent) for both Surry units are provided in Figures 2-3 through 2-8. It
should be noted that the fuel loadings for Cycle 1 of both Surry units are
identical. The fuel management strategy employed in the initial cycle of
operation of each unit was the cheékerboard loading of the two lower enriched
fuel batchesvin the center of the éore and the highest'enriched fuel batch
around the periphery of the core. In the second cycle of 6peration, this
strategy was adhered to by loading fresh fuel around the periphery of the

core.

2-3



Table 2-1
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SURRY CORE DESCRIPTION

THERMAL AND HYDRAULIC DESIGN PARAMETERS

Total core heat output, Mwt 2441

Heat generated in fuel, 7% 97.4
System operating pressure, psi 2250
Total coolant flow rate, 1b/hr (gpm) 100.7 x 10 (265,500)
_ Coolant Temperatures, °F (@100% power)
e Nominal inlet 532
I Average rise in the core 65.5
' Average in the core 566
. Nominal outlet of hot channel 642
';, Average linear power density, Kw/ft 6.2

MECHANICAL DESIGN PARAMETERS

Fuel

Fuel

Fuel

Assemblies

Design

Number

Rod pitch, inches

Overall dimensions, inches

Number of grids per assembly (material).
Number 6f instrumentation tubes

Rods
Number
Number of rods/assembly

Outside diameter, inches
Diametrical gap, inches
Clad thickness, inches
Clad material

Pellets
Material
Density (% of theoretical)

Outer diameter

Control Rod Assemblies

Neutron absorber

Cladding Material

Clad thickness, inches
Number (full length)
Number of rods per assembly

Canless 15 x 15
157

0.563

8.426 x 8.426

7 (Inconel-718)

1

32,028

204 ,

Batch 1, 2, 4 Batch 3
0.422 " 0.422
0.0075 . - 0.0085
0.0243 0.0243

Zircaloy-4

Sintered U0y
See Figures 3-4 through 3-
Batch 1, 2, 4 Batch 3

0.3659 - 0.3649

5% Cd-15% In-80%Z Ag
Type 304 SS-Cold worked
0.019

48

20




Table 2-1
(Continued)

]

Burnable Poison Rods
Material
Content B203 (w/o) -

Core Structure
Core barrel I.D./0.D., inches
Thermal shield I.D./0.D., inches
Core diameter, inches (approximate)
Reflector thickness (approximate)
and composition
Top - Water plus steel, in,.
Bottom - Water plus steel, in.
Side - Water plus steel, in.

. : H
. . . . [ ! .. .

Ty WS N T s

Pyrex glass
12.5

133.875/137.875°
- 142.625/148.000

119.5

10
10
15



FIGURE 2-1

CROSS SECTIONAL VIEW OF SURRY FUEL ASSEMBLIES
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FIGURE 2-2

CONTROL ROD BANK LOCATIONS
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‘SURRY UNITS 1 AND 2 -- CYCLE 1

Figure 2-3

2-8

——-Previous Location (If applicable)

FUEL LOADING
- 08 09 10 11 12 13 14 15
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- -3
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Fresh Fresh Fresh Fresh! Fresh Freshi Fresh Fresh
0 0 0 0 0 0 0
Fresh Fresh Fresh Fresh Fresh Fresh Fresh
0 0 0 0 ) 0 0
Fresh Fresh Fresh Fresh{|{ - Fresh Freshi| Fresh
0 0 0 0 0 0]
Fresh Fresh Fresh Fresh| Fresh Fresh
2 o
: Batch Enrichment . Density
0 0 0 0 0 No. w/o Z
Fresh Fresh Fresh Freshj Fresh '
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0 0 0 0 '3 3.10 92
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SURRY UNIT 1 -- CICLE 2

Figure 2-4

41

——~Previous Location (If applicable)
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SURRY UNIT 2 -- CYCLE 2

Figure 2-5

FUEL LOADING
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' ‘ Figure 2-6

. SURRY UNITS 1 AND 2 — CYCLE 1
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Figure 2-7

SURRY UNIT 1 -- CYCLE 2
BURNABLE POISON ROD LOADING
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Figure 2-8

SURRY UNIT 2 - CYCLE 2
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SECTION 3 - MODEL DESCRIPTION

3.1 INTRODUCTION

The PDQ07 discrete model performs a two-dimensional (x-y) diffu-
sion-depletion calculation in which each fuel rod, burnable poison rod,
control rod, control rod guide tube and the instrument tube within each fuel
assembly as well as the core baffle and radial reflector in onme quarter of-
the reactor core are represented explicitly, and in which thermal-hydraulic
feedbaﬁk effects are considered. Since a detailed simultaneous calculation
of the neutron flux as a function of both energy and position is impractical
for large power reactor cores (due to the computational time that wouldabe
required),-the neutron flux for each material composition in the reactor is
first calculated as a funétion of neutron energy, and then this flux spectrum
is used to prepare diffusion theory cross sections by collapsing the spectrum-
weighted chSS‘sections into two neutron energy groups (denoted as the fast and
thermal energy groups or simply two groups). Thexmaterial compositions repre-
sented in these calculations consist primarily of either a fuel rod, a control
rod guide or instrumentation tube, a control rod, or a burnable poison rod, and
the moderator-coolant associated with the rod. These material compositions are
denoted as unit cells, since a lattice of appropriately chosen unit cells can
be used to represent the geometry and material compositioﬁ of the reactor.core.
The heterogeneous effects of the unit cell on the neutron flux are represented
through the use of Dresner's method in the fast energy range and the ABH
(Amouyal, Benoist, and Horowitz) approximation to transport theory in the ther-
mal range. Fine energy muiti-grqup cross sections (31 epithermal and 80 ther-
mal) are réquired for the calculation of neutron flux in the unit‘cell as a
function of energy prior to éollapsing into two-group cross sectioms.

The spectrumrweighﬁed two-group cross sections associated with each

unit cell as well as the core baffle and reflector are then used in an
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iterative diffusion theory calculation of the neutron flux as a fumection
of radial position. From the néutron flux and cross sections the core
power distribution is determined, and subsequently, the fuel and moderator
temperature distributions are calculated. Thermal feedback effects are
included in the diffusion theory calculation by recalculating the neutron
cross sections, power distribution, and fuel and moderator temperature
distribution iteratively until both the required nuclear and thermal con~
vergences are achieved.

The neutron flux in a reactor is not only a function of energy and
position but is also a function of changes in the nuclide concentrations
which vary with burnup. A nuclide depletion calculation is performed based
oﬁ the two=-group fluxeé and microséopic absorption and fission cross sections
representing each fuel rod in the reactor core; gggxneutron flux is then
recalculated in the diffusion theory calculation for the new nuclide concen-
trations.

Several interrelated computer codes are used to perform the calcﬁ-
lations outlined above. The.computer codes comprising the PDQO7 discrete
model and theif.iﬁterrelatonships are presented in the flow chart of Figure
3-1. The PDQO7 computer code itself is the principal reactor analysis -
calculational tool in the PDQO7 discrete model and is used to perform the
two-group, two-dimensional diffusion theorf calculations. The other codes
provide either input data, data manipulation, or use the PDQO7 code outﬁut.
As indicated in Figure 3-1, the NULIF éomputer code is used to calculate the

required two-group spectrum-weighted cross sections. The HAFIT computer

- code formats these cross sections for use in the PDQ0O7 code (as HARMONY

table sets). The PDQO7 code calculates relaﬁive radial power distributions

based oﬁ the neutron fluxes at each corner of each fuel rod. These values

3-2




€-€

FINE ENERCY

GROUP NEUTRON

CROSE SECTION
LIBRARY

DESCRIPTION
OF UNIT CELL
(FUEL, CONTROL,
BURNABLE POISON)

l

TWO ENERGY GROUP
CROSS SECTIONS

AS A FUNCTION OF

BURNUP, XENON, BORON,

FUEL TEMPERATURE,
AND MODERATOR
TEMPERATURE

Figure 3-1

FLOWCHART FOR THE PDQO7 DISCRETE MODEL

DESCRIPTION - NUCLIDE .
OF REACTOR. DEPLETION ggggi‘g;
* 1)
GEOMETRY DESCRIPTION DESCRIPTION
 MATERTAL
CONCENTRATIONS
AT BEGINNING
OF CYCLE
. PDQO7 " A
i A W/ 14
- ASSEMBLY AVERAGE CRITICAL BORON MATERIAL
?gk@ggﬁ goggns POWER & FLUXES CONCENTRATLONS CONCENTRATIONS
ACH FU AT INSTRUMENT AND CONTROL ROD AT END OF
TUBE LOCATIONS WORTHS CYCLE
PAPDQ PEAK FUEL ROD

POWER FOR EACH

CROSS-SECTION
TABLES IN THE

FORMAT REQUIRED
BY _PDQO7

ASSEMBLY




g KN B4 WS

N A S IE e g I ESE BN W

are averaged by the PAPDQ code to determine the relative power density in
each fuel.rod. PAPDQ is then used to survey the relative power density
in each fuel rod within the fuel assembly to determine the peak fuel

rod rélative power density. The SHUFFLE computer code is a data manipu-

lation code that takes appropriate end of cycle nuclide concentrations from

the PDQ07 computer code and shuffles this data in the reactor core according

to a specified scheme which duplicates calculationally the actual replace-
ment and movement of fuel assemblies in the reactor core as the result of
a refueling.

The details of the calculations performed by each of the computer
codes in the PDQO7 discrete model are described in the remainder of this

section.

3.2 NOLIF AND HAFIT

3.2.1 FINE ENERGY GROUP CROSS SECTION DATA:

The source of basic nuclear cross section data for the NULIF
computer code calculations is the standard fine-group cross.section 1i-
brary used at Babcock and Wilcox (see Reference.l). This cross section
library was supplied by Babcock and Wilcox as part of the FUPAC system.

The 1library contains cross sections for 31 fast and 80 thermal
energy groups with a therﬁal energy cutoff of 1.85 eV. The fast library
contains smooth cross sections; résonance parameters, and an (n, 2n)
inelastic scattering matrix for each nuclide. The thermal library con-
tains teﬁperature—dependent cross sections for each thermal energy group
and temperature-dependent thermal scattering'kernels (both isotropic and
anisotropic kernels for the bound atom model). The contents of the files
in the cross section library are listed in Table 3-1.

The standard fine-group cross section library contains cross sec-

tion data for all structural materials, fissionable isotopes, fission pro- .
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Table 3-1

CONTENTS OF FINE-ENERGY GROUP CROSS SECTION LIBRARY

. s . . N . . . “!-l - -l!!!

FILE 1

FILE 2

FILE 3

GENERAL LIBRARY DATA

TAPE LABEL

MATERIAL CONTENTS

EPITHERMAL GROUP STRUCTURE -
THERMAL GROUP STRUCTURE
DELAYED NEUTRON PRECURSOR DATA
FISSION SOURCE DISTRIBUTION DATA
GENERAL MATERIAL PARAMETERS
TEMPERATURE LIST

FISSION PRODUCT YIELDS
RESONANCE ISOTOPE DATA

FISSION SPECTRUM DATA

DELAYED NEUTRON DATA

FAST CROSS SECTION DATA

GROUP DATA

GENERAL MATERIAL PARAMETERS
GENERAL UNRESOLVED RESONANCE DATA
UNRESOLVED RESONANCE PARAMETERS
RESOLVED RESONANCE PARAMETERS
SMOOTH CROSS SECTION DATA

THERMAL CROSS SECTION DATA

GENERAL MATERIAL PARAMETERS
SLOWING-DOWN SOURCE DATA
SMOOTH CROSS SECTION DATA
ISOTROPIC SCATTERING KERNEL
ANISOTROPIC SCATTERING KERNEL




ducts, and moderator-coolant (water) used in the reactor core. The con~-
stituents of the library are listed in Table 3-2.

The NULIF code is used to galculate coﬁpositioﬁ—dependent energy
speétra and then céllapse the fine-energy group cross secﬁions to produce

two-group cross sections for each unit cell.

.3.2.2 NULIF:

The NULIF cﬁmputer code is used to calculate two-group spectrum~
weighted neutron cross sections for each unit cell type in the reactor core.
A unit cell consists of either a fuel rod, a control rod guide tube, a control
rod, or a burnable poison (BP) rod, and the moderator-coolant (water) asso-
ciated with the rod.

The neutron energy spectrum for each unit cell is computed using a
Pl multi-group approximation to the neutron transport equation. The slowing
dowm treatment for hydrogen is exact, the Fermi age model is used for heavy
elements, the Grueling-Guertzel model 1s used for light elements, and (n, n),
(n, 2n), and (n, 3n) reaction effects are included. Resonance absorption is
computed by Dresner's method using Sauer's approximation to compute the Dan-
coff correction for close—paéked pin léttices; spectrum reduction corrections
are applied for groups containing multiple resomances. .The ABH approximation
to-transport theory is used to éalculate the thermal (below 1.35 eV) neutron
flux spatial distribution. In the upscattering or thermal energy range, bound
atonm scattefingvkernels are used for the principal scatterérs and Doppler-
broadened group cross sections are used for resonancé absorbers. Two-group
cross sections for each isotope of each unit cell are obfained by spectrum=-
weighted integrals. (See Reference 1 for a more detailed discussion of the
above assumptions.) M

The 1.85 eV energy cutoff is used in NULIF for the thermal energy

group so that the low energy resonances of the plutonium isotopes will be
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Table 3-2

FINE ENERGY GROUP CROSS SECTION LIBRARY CONSTITUENTS

. . “ .

e R R NS WS W ...

HYDROGEN-1
BORON-10
BORON-11
CARBON-12
NITROGEN-14
OXYGEN-16
SODIUM-23
NATURAL MAGNESIUM
ALUMINUM~27
NATURAL SILICON
NATURAL CHLORINE

NATURAL POTASSIUM

NATURAL CALCIUM
NATURAL CHROMIUM
MANGANESE-55
NATURAL IRON
NATURAL NICKEL
NATURAL ZIRCONTIUM

NATURAI MOLYBDENUM.

SILVER-107
SILVER-109
CADMIUM-113
IODINE-135
XENON-135

PROMETHIUM-149

SAMARTUM~149

URANIUM-234

URANIUM-235

URANIUM~236

URANIUM-238

NEPTUNIUM-237

NEPTUNIUM-239

PLUTONIUM-239

PLUTONIUM-240

PLUTONIUM-241

PLUTONIUM-242

AMERICIUM-241

AMERICIUM~243

BURNABLE POISON (B1O)

NON-SAT U233 FISSION PRODUCTS
RAP-SAT U233 FISSION PRODUCTS
SLOW-SAT U233 FISSION PRODUCIS
NON-SAT U235 FISSION PRODUCTS
RAP-SAT U235 FISSION PRODUCTS
SLOW-SAT U235 FISSION PRODUCIS
NON-SAT PU239 FISSION PRODUCTS
RAP-SAT PU239 FISSION PRODUCTS
SLOW-SAT PU239 FISSION PRODUCTS
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included in the thermal group. Reactor cores containing significant quan-
tities of plutonium are represented more accurately when these low energy
resonances are included in the thermal group.

NULIF calculates the neutron flu# in the unit cell for each of 31
fast and 80 ﬁhermal energy fine—groups; Macroscopic and microscopic cross
sections are then determined for ome fast and one thermal energy group by
collapsing these 111 fine-groups based on the neutron.flux and cross sec-
tions calculated for each fine-group. Cross sections are collapsed into two
groups for use in PDQ07 calculations because it has been dztermined that the
use of two groups 1s adequate for large thermal reactors (such as the Surry
reactors) and the use of more energy groups in PDQO7 would resulﬁ in sub-
stantially 1dnger computer execution times.

The neutron enérgy spectrum calculated by NULIF for a unit cell

~ depends on the material concentrations (i.e., the nuclide concentration or

number density) in the unit cell. -The material concentrations change during
the operation of the reactor as a result of:
1) Depletion of the material

2) Changes in the soluble boron (chemical shim) and xenon concen-
trations

3) Changes in material temperature
The neutron spectrum is also dependent on the temperature of the fuel due
to Doppler broadening of the resonance absorption peaks. The NULIF code is
used to calculate the effect of-both changes in material concentrations and
in fﬁe fuel and moderator teﬁperatures on the neutron spectrum and spectrum-—
weighted two-group cross section.

NULIF calculatés the depletion of unit cells based on the spectrum-
weighted neutron cross sections and the neutron flux. As the material is de-
pleted, the material concentrations change. This change in concentrations
affects both the neutron flux and the.neutrdn'spectrum and, therefore, requires

the frequent recalculation of the sbectrum—weighted cross sectioms.
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3.2.3 HAFIT:
The BAFIT computer code is a data ﬁanipulation code which is

used to prepare HARMONY cross section taﬁle sets for input to PDQO7. The
HARMONY cross section interpolation and depletion routines have been incor-
porated into the PDQO7 computer code to represeﬁt spectrum-weighted cross
sections and to perform material depletion calculations. The input to the
HAFIT program consists of a magnetic computer tape containing the spectrum-
weighted cross sections calculated by-the NULIF code, and a description of
how these cross sections are to be used to create a set of HARMONY tables

for input to PDQO7. An automated data processing code like HAFIT must be

~used to prepare the HARMONY table sets for PDQO7 because of the substantial

volume of data involved.
The HARMONY system used in PDQO7 for representation of neutron
cross sections is based on the following equation:
. ' : m
z = Zt + £ {N.G g }

it t.
g g 1i=1 i,g i,g

where t = type (transport, absorption, removal, fission) of cross
section

g is the neutron energy group:
N is the material concentration for nuclide i
G is the self-shieldiﬁg factor
'm is the tofal number of nuclides
L and ¢ are the macroscopic and microscopic cross sections

i' is either a fixed value or interpolating table for the .
g macroscopic cross section

The HARMONY system is designed to represent cross sections as a function

of several independent variables. The macroscopic, microscopic, and
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G-factor terms in the above equation can be input either as fixed values
or in tabular form as a function of up to three independent variables,
such as fuel burnup, Xenon concentration, and soluble boron concentration.
The G-factors are not currently used in the PDQ07 discrete model, since
the self-shielding effect is already represented in the cross éections
obtained from the NULIF code.

. For fuel réd cells, it is necessary to represent cross sections
as a function of five independent variables - burnup, boron concentration,
xenon concentration, average fuel temperature, and average moderator
temperature. Since only three variables (i.e., burﬁup, xenon concentration,
and boron concentration) can be represented in the HARMONY system, a mechanism
for extending this representation (i.e., to include fuel and moderator
temperaturé) is necessary. This is accomplished through the use of "pseudo"
cross sections_which are actually partial derivatives of the macroscopic
cross sec%?on as a function of either moderator temperature or the square
root of fuel temperature. These "pseudo" cross sections are treated in the
séme way as normal cross sections except that the nuclide number density
for these cross sections is either the difference between the moderﬁtor
temperature for the fuel cell and the nominal averagezmoderator temperature
or the.difference between the square root of the average fuel temperature
for the fuel cell and the square root of the nominal average fuel temperature.
The macroscoéic cross sections are determined fbr the nominal average fuel
and moderator temperature and then corrected to the actual values through
use of the appropriate "pseudo™ cross sectioms.

For each type of table used in the ﬁARMDNY system, a table-

(referred to as a "mask") must be generated which gives values of the

independent variables (for example - burnup, boron, and xenon concentration)
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for each dependent variable d;ta entry. The dependent variables in the
HARMONY system, which are the macroscopic and micrascopic cross sections

and G-factors, are determ;ned for independent variable wvalues which do not
appear in the mask by interpolation between the values which are represented
in the mask. A detailed description of the HARMONY system can be found

in Reference 2.’

3.2.4 GENERATION OF FUEL UNIT CELL CROSS SECTIONS:

The input to the NULIF computer code for a fuel unit cell consists

1) Fuel cell dimensions (pellet diametér, clad inside diameter,
clad outside diameter, and fuel rod pitech)

2) Material concentration for the fuel pellet, clad, gap, and
moderator ’

3) Average temperatures for the fuel, clad, and moderator
4) Average power density

5) .Depletion description including the burnup values at which
NULIF calculates the neutron spectrum

NULIF calculations are then made for the unit fuel cell to detefmine the
dependence of the two-grouﬁ, spectrum~weighted cross sections for each fuel
enrichment bn: |

1) Burnup

2) Soluﬁle boron concentration

3) ZXenon concentration

4) Moderator temperature

" 5) Average fuel temperature

Sets of HARMONY cross section tables based on these NULIF caiculations

are prepared by the HAFIT code. These tables represent:
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1) Microscopic fast and thermal energy group absorption and
fission cross sections as a function of burnup, soluble-
boron concentration, and xenon concentration

2) Macroscopic fast transport and removal, and thermal trans-
port cross sections as a function of burnup, soluble
boron concentration, and xenon concentration

3) The effect of fuel and moderator temperature changes on
the macroscopic cross sections

3.2.5 GENERATION OF BURNABLE POISON (BP) UNIT CELL CROSS SECTIONS:

The input of the NULIF computer code for the burnable poison
(BP) cell consists of: \

1) BP cell dimensions

2) Material concentrations for the stainless steel clad, Zir-
caloy-4 guide tube, pyrex glass, and water ' ‘

3) Average temperatures for each of the materials above
The~&ependence of ‘the neutron spectrum of the BP unit cell on the depletion
of the Boron-10 in the pyrex glass is determined by performing calculatioms
for a number of Boron-10 concentrations. A set of cross section tables
based on these NULIF calculations is prepared by the HAFIT computer code for
use by the PDQO7 (HARMONY) code. These tables represent:

1) Microscopic fast and thermal energy group absorption cross
sections as a function of Boron-10 concentration

2) Macroscopic fast transport and removal, and thermal trans-
port cross sections as a function of Boron-10 concentration

AnAadjustment to the cross sections iﬁput to PDQO7 for the BP
unit‘cell‘is made to correct for an under-prediction of the flux depression
in the BP unit cell (i.e., over-prediction of the flux) in the PDQO7 com-~
puter code calculations. The high thermal absorption cross section for a
BP unit.cell compared to a fuel unit cell causes a depression of the thermal
flux in the BP unit cell aﬁe consequently, diffusion theory under-predicts this

flux depression when only one mesh block is used to represent each BP unit cell.
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To correct for this, an adjustment factor is determinéd by (1) comparing
PDQO7 quarter assembly calculations with 36 mesh blocks (6 x 6) for each
unit cell with calculations using one mesh blﬁck per unit cell and (2)‘
correcting the under-~prediction of the flux depression with the one
mesh block per unit cell representation by reducing the thermal absorption
cross sections in the BP unit cell, so that the thermal neutron absorption
rate in the BP cell is the same for both the one mesh block per unit cell and
the 36 mesh blocks per unit cell representatioms. -
3.2.6 GENERATION OF CONTROL ROD UNIT CELL CROSS SECTIONS:

The input to the NULIF-computer code for a control rod unit
cell consists of:

1) Control rod cell dimensioms

2) Material concentrations for the control rod (Ag, In, Cd), stain-
less steel clad, Zircaloy-4 guide tube, and water

3) Average temperatures for each of the above materials
The NULIF calculations for a control rod determine the macroscoéic two~
group croés sections for the control rod cell which are input to the PDQO7
computer code.

An adjustment to the control rod unit cell créss sections 1is
calculated. in the same way as the édjustment to the BP unit cell cross sections
in order to account for a>similar'under-prediéfion of the flux depression.
3.2.7 GENERATION.OF CONTROL ROD GUIDE TUBE UNIT CELL CROSS SECTIONS:

The input to the NﬁﬁIF'computer code for a control rod guide
.tube unit cell comsists of: |

1) Control rod guide tube cell dimensioﬁs

2) Material concentrations for Zircaloy-4 guide tube, and water

3) Average temperatures for each of the above materials
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The neutron spectrum for the control rod guide tube unit cell is calculated
for‘several soluble boron concentrations to determine the spectrum~-weighted
cross sections as a function of soluble boron concentration.

A set of cross éection tables based on these NULIF calculations
is prepared by the HAFIT code to represent the control rod guide tube unit
cell cross sections as -‘a function of soluble boron concentration.

3.2.8 GENERATION OF BAFFLE CROSS SECTIONS

The cross sections for_the stainless steel baffle surrounding
the core are calculaﬁed by NULIF. The neutron spectrum and spectrum-
weighted cross sections for the baffle are more difficult to calculate
due to the three very different material compositioms in the baffle area
(i.e., fuelvcells, stainless steel, and water). In addition, the baffle
has a relatively high thermal absorption cross section, and as pfevious;y
discussed, diffu#ion théory will not accurately calculate the neutron
flux at material interfaces or in highly absorbing media even with correct
spectrum-weighted cross sections. Therefore, the cross sections calculated
by NULIF for the baffle have to be adjusted to give more accurate calcu-~
lations éf the power density for peripheral assemblies. |

The adjustment to the cross sections for the baffle is based on
calcﬁlations of relative power distributions with the PDQO7 computer code.
The power distributionl(as calculated éy the PDQO7 computer code for the
beginning of life condition of Cycle 1 for both Surry units) was compared
with the corresponding measured power distriBution. The cross sections

for the baffle were then adjusted to improve the power distribution com-

parison for this situation. These adjusted baffle cross sections have

provided accurate power distribution calculations for Surry Units 1 and 2,

.Cycle 1 and 2 as demonstrated in Section 4.



I? ' 3.2.9 GENERATION OF REFLECTOR.CROSS SECTIONS

- The cross sections in the reflector region for the Surry reactors
are cglculated by NULIF. The reflector region of the'Surry cores extends
from the outside of the core baffle to the reactor vessel wall, including
the thermal shield and core barrel. The stainless steel and water in this
region of the reactor are homogenized (volume-weighted) in NULIF, and a
neutron spectrum and spectrum-weighted cross seétionS‘are calculated for
‘this region. These calculations are performed for several soluble boron-
concentrations, and tables representing the cross sections of the reflector

region as a function of soluble borom concentration are prepared for use

in PDQO7.
3.3 BDQO7

3.3.1 INTRODUCTION:
The PDQO7 computer code, as used in the PDQO7 discrete calcula-
tional modél, is a two-dimensioﬁal, fwo-group diffusion-depletion program
which is used to calculate the neutron flux, power, an& nuclide concentra-
tions as a fuﬁction of radial (x-y) position and burnup. The PDQO7 computer
_ codé utilizes the appropriate microscopic and macroscopic éross sectioné
- calculated by NULIF (and as properly formated by HAFIT) along with the initial
descriptibn of the reactor (i.e., geometry and material compositién description)
to calculate the neutron flux.distribution at discrete spatial mesh points
(aﬁd for two energy groups) at the desired core power. The spatially

dependent neutron flux is then combined with the appropriate nuclide concen-

trations and cross sections to obtain the spatially dependent power distri-
bution. Once the initial spatially dependent flux and power distributioms

- are obtained, the depletion of the nuclide concentrations is calculated.
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3.3.2 GEOMETRY DESCRIPTION:

A detailed description of the geometry input and terminology
for the PDQO7 code is given in Section 3 of Reference 2. fhe geometry
description for the discrete PDQO7 computational model is summarized
in this section.

One quarter of the Surry reactor core is represented in two
dimensidns in the discrete PDQO7 model. Only omne quarter of the core has
to be represented, because of the quarter core symmetry of the fuel loading
for the Surry core.

The boundary conditions used in the solution of the diffusion
equation in the PDQO7 code are:

1) Zero neutron current for the boundaries located alomg the core
axes

2) Zero neutron flux for the boundaries located at the reactor vessel
- wall.

The PDQO7 code uses one mesh line and therefore, one mesh block,

for each unit cell (i.e., fuel rod, burnable poison (BP) rod, control rod,.

. and control rod guide tube).in the Surry core. The small water gap between

assemblies is also represented with one mesh line, so that the increased
flux peaking that takes place in the water gap will be calculated .
correctly. The sﬁainless steel baffle at the outside edge of the fuel

in the Surry core is represented with two mesh liﬁes, because the baffle

is apéroximately two fuel rod pitéhes_in thickness. The reflector region
outside the baffle of the Surry core is represeﬁted with nine mesh

lines which extend the region of solution of PDQQ7 ouﬁ to fhe reactor
vessel wall where the zero neutron flux boundary condition is applied. This
geometric descriptiqn results in a total of l7,424>mesh blocks fof the

quarter core representation, including one for each fuel rod, control rod,
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BP rod, and control rod guide tube.
This detailed two-dimensional representation is required so that
the relative radial power dénsity of each fuel rod can be calculated in

order to determine the radial peaking factor and the enthalpy rise hot

channel factor.
3.3.3 DEPLETION EQUATIONS:

Each mesh block in the PDQO7 ;ode contains a single homogenous
composition., The volume-weighted nuclide concentrations for each mesh block
in the Surry core are input to PDQO7 for beginning of life core conditioms.
In addition, a set of equations, which is used by PDQ07 to calculate the
chanée in nuclide concentrations with burnup, is input to PDQO7 for each
different composition in the Surry core. | |

| The appropriate set of material (nuclide) depletion equations is V
assigned in PDQO7 to each mesh block. These equations are used by PDQO7
ﬁo deplete the nuclide concentrations in each mesh block based on:

1) The average fast and thermal emergy group neutron fluxes
calculated by PDQO7 for the mesh block

2). The spectrum-weighted fast and thermal group absorption

cross sections determined by PDQO7 from the cross section

table set assigned to the mesh block
The depletion chains described with these depletion equations in the discrete
model for each unit cell type are shown in Table 3-3. A detailed description
of how the dépletion equationé are input to PDQO7 describing these depletion
chains is given in Section 5 of Reference 2.
3.3.4 THERMAL-HYDRAULIC FEEDBACK PARAMETERS:

The input to PDQO7 required fér therﬁal—hydraulic feedback consists
of: ' | w

1) Coolant inlet enthalpy

2) Heated perimeter per unit area of flow

3-17




Ny Sy e

T N L e NPy R oo & a4 M coanhar-

l.

Table 3-3

Depletion Equations used in PDQQ7

Neutron Absorptions Not Leading to Fission

a. U238, Pu depletion'chain

U238 Dy N§39

Pu239 o} 240 n EbPu24l n

=» Pu
szu

242 n 243

> Pu = Am

b. U235 depletion chain

Neutron absorptions which produce fission are represented with the

following fission products:
135 135 149 149

a. I , Xe , Pm 7, and Sm-_ which are represented explicitly
b. Two groups of fission products which eventually build up to an
equilibrium concentration (since they are created by fission
reactions and destroyed by decay reacﬁions). One group is
characteristic of fission reactions by uranium isﬁtopes and the
other group is characteristicrof fission reactions by plutonium
isotopes.
c. Two groups of non-saturating fission products which are either
.stable isotopes orvhave half-lives greater than a few years.
- Again, one group is cﬁaracteristic of fission reactioms by
uranium isotopes and the other group is charactgristic of fis~

sion reactions by plutonium isotopes.
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3) Hydraulic diameter of the channels
4) Flow area of the fuel assembly per total area of flow
5) System pressuré

6) Difference between average fuel temperature and moderator
temperature as a function of relative power denisty

The strategy used in the feedback qalculation consists of first
making an initial estimate of the fuel and moderator temperature for each
coolant channel. Based on this initial estimate and the cross section
tables for each fuel cell, the PDQO7 code calculates the two-group, spec-
trum~weighted Eross sections for each mesh block. These cross sections
ére used in a diffusion theory calculation of power denmsity in each fuel
rod cell. This power density is then used in a calculation of the fuel
and moderator temperature for each fuel cell. In turn, the new fuel
and moderator temperatures are used to calculate new two-groué, spectrum~
weighted cross sections for anothef diffusion theory power distribution
calculation. This process is continued until the power density for each
fuel rod in the yth iteration differs from the power demnsity in the N—lth
iteration by less than the convergence criterionm.

Thermal-hydraulic feedback effects are represented in the

PDQO7 model in order to more accurately calculate the power and burnup

distributions.
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SECTION 4 - COMPARISdN OF MODEL PREDICTIONS WITH MEASUREMENT DATA

4.1 INTRODUCTION

The purpose of this section is to present aicomparison between the
analytical predictions determined with the PDQO7 discrete model and measﬁre-
ment data obtained from the Surry reactors. Measured reactor data encompassing
an initial and teload cycle operation are used in these comparisons to demon-
strate both the accuracy and flexibility of the PDQO7 discrete model. A
summary of the comparisoms is given in Table 4-1. |

In addition to comparisons between the Vepco model and reactor
measurements, comparisons_are made between vendor model predictions and the
same-measutementadatax ‘For these comparisons, oqu the average absolute valge-
of the percentage differehce between the vendor predicted an& measured data
is given.: The comparisons are given so that the aceuracy of the Vepco pre-
dictions can also be compared With‘the accuracy of the predictions from an
accepted and verified vendor model which hae been used inAthe design, licensing,.

and core-follow of the Surry reactors.

4.2 ANALYTICAL CALCULATIONS

Calcﬁlatione presented in this eeetionAcan be conveniently divided
into power distribution calculations and reactivity calculatioms.

The power. distribution calculations include fuel assembly average
and peak fuel rod (within each fuel assembly) relative radial power distri-
butions representative of both initial and reload cycle operation, batch burn-
up sharing, and assemblywise bornups during cycle operation. (it should be
noted that the peak fuel rod relative power distribution in the core is con-

sidered to be equivalent to the enthalpy rise hot channel factor (FﬁH) for
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~Table 4-1

" SUMMARY OF COMPARISONS FOR BOTH THE INITIAL AND RELOAD CYCLES

cpe %
Core Condition

HZP-BOL

HFP-BOL~-ARO

HFP-BOL -to EOL-ARO

Parameter Compared

Critical boron concentrations for
various control rod bank config-
urations (i.e., inserted or not
inserted)

Core radial power distributions
for various control rod bank
configurations

Control rod bank worths

Differential Boron Worth

Critical boron concentrations
Core average radial power
distributions

Critical boron concentration
Core radial power distributions

Burnup sharing distribution

*4ZP-BOL: Hot zero power - beginning of 1life
HFP-BOL-ARO: Hot full power - beginning of life - all rods out

HFP-BOL to EOQOL-ARO:

4-2

Hot full power - deplétion from beginning of
life to end of life - all rods out = equilibrium



average core conditions.) The power distribution calculations_for ;ycle
operation are calculated at various core operating conditions and burnup
intervals. Between these intervals, the core is depletéd using the
power distribution calculated at éhe beginning of the depletion step.

Reactivity calculations presented in this section include cri-
tical soluble boron concentrations, differential boron worth, and integral
control fod bank worth. The critical soluble boron concentration is that com-
centration of boron which maintains the reactor just critical and is
obtained by determiﬁing the core eigenvalue (or Kéff) from a calculation
using a best-estimate boron cdncentration and then correcting this boron
concentration to a value which corresponds to the just critical conditiom.
Differential boron worth is obtained by varying the soluble boron concen-
tration about the crifical boron concentration and then determining the re-
sultant impact on Kefff Since the only change made between calculationé
is in the soluble boron concentration, the change in reactivity due to
changes in boron cpncentration (i.e., the differential boron worth) can
be directly calculated. Control rod worths are calculéted in similar
manner except that the soluble boron concentration is held constant
while specific.control rod bank positibns (e.g.; all rods out, D bank -
fully inserted, C and D bank fully inserted) are changed. ' The control.
rod bank change produces a corresponding change in core reactivity
which is directly correlated to control rod worth.

The reactivity and power distribution calculations were per-
formed for the following reactor conditioms:

l) ‘Hot (547 F), zero power with all rods out, no xenon, D-Bank in,
and C and D-Bank in

2) Hot (566 F), full power (2441 Mwt), no xenon and equilibrium
Xenon, zero and 150 MWD/MIU burnup with all rods out, D—Bank in,
and C and D-Bank in
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3) Hot (566°F), full power (2441 Mwt), equilibrium xenon, depletion
from 150 MWD/MTU to end of life with all control rods out.

4,3 MEASUREMENT DATA

Measurement data is obtained for the Surry units from routine
physics testing conducted during the startup of each cycle of operation
and from routine core performance monitoring conducted during the depletion
of each cycle.

Differential and integral control bank worths are measured by
maintaining the reactor approximately critical and monitoring reactivity
changes during exdhanges of boron concentration with control rod bank
position. Specifically, folloﬁing the establishment of a constant boron
dilution/boration_rate, one of the control rod banks is periodically
inserted/withdrawn in order to provide reac;ivity compensation for the
changing primary coolant system boron concentration. The reactivity
changes resulting from the control bank movements are recérded on a
continuous basis by the reactivity computer at the reactor. The
differential control rod bank reactivity worth is defined as the ratio
of the ﬁhange in reactivity to the corresponding change in bank position
about an-average bank position, and the integral worth is then obtained
by summing the individual reactivity changes between measurement endpoinfs.

The primary coolant critical boron concentration is monitored

&uring startup physics testing when the control rod banks reach'their fully

inserted (or withdrawn) endpoints during the control rod bank worth measure-

ments. For this measurement, thé reactor conditions are stabilized, and the
base just critical boron concentration is determined. To this base value,
a slight adjustment for control rod position is made in order to obtain a

just critical boron endpoint at the exactly desired control rod bank




configuration. The critical boroﬁ concentration is also monitored frequently
(i.e., several times a day) dufing cycle operation. The FOLLOW 8 computer
code is used to normalize measured critical boron concentrationé obtained
during cycle operation to design conditions. (See Appendix A for a more
detailed discussion of the FOLLOW computer code.) The normalization

process takes into consideration actual control rod configurations, xenon

énd samarium concentrations, reactivity coefficients, and power levels.

The differential boron worth measurement is also made concurrent

-with the control rod bank worth measurements. For this measurement, fre-

quent (i.e., every fifteen minutes) primary coolant boron concentrations are
obtained and control rod bank positions are noted during the dilution and_

boration phases of the control rod bank worth measurement. Since the

" control rod bank positions as a funtion of time can be related to integrated

reactivity, a relationship (graph) can be constructed of boron COncentration.
as a function of integrated reactivity. The slope of this relationship is
the differential boron worth.

The core power disﬁributions are measured through the use of the
movable detector flux mapping system.. This systeﬁ consists of five fission
detectors which can traverse assembly instrumentation thimbles in 50 core
locations. For each traverse, the detector outbut is continuously recorded.
on a strip chart and is also séanned for 61 discrete axial pqints by the
on—si;e process computer. -Two ;nd.threefdimensional core power distribu-
tions are then determined using the INCORE 9 computer code. (See Appendix A
for a moreAdetailed discussion of tﬁe INCORE code.) INCORE couples the

experimental flux map measurements from the on~site process computer with

~analytical power-to-flux ratios and power diétribution'data for each measured

and unmeasured location to determine the power distribution for the. entire
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cbre, including assembly aﬁerage ana peak rod (F§H) relative power distri-
bution for each assembly.

The analytical power~to-flux ratio and power distribution data
used in the INCORE computer code are determined by the PDQO7 discrete
model. The PDQO7 discrete model calculates radial power distribution on
a quarter core basis and stores the results of these calculations dn mag-
netic tape or disk (in addition to printing out tﬁese results) for use by
several data handling codes which prepare the analytical data decks for the
INCORE computer code. These data handling codeé: |

1) Expand the radial power distribution calculations for each rodded
configuration from quarter core to full core representation

2) Determine the relative power density of the peak rod in each
fuel assembly

3) Prepare input for the INCORE code by giving the predicted radial
power for each fuel assembly for each rodded configuration used
in normal plant operation ‘ '

4) Prepare input for the INCORE code by giving the predicted relative
radial power for the peak rod in each assembly. When the peak
rod changes with control rod bank configuration, the peak rod for
each configuration is represented ‘

5) Prepare input for the INCORE code by giving the predicted fast
and thermal group neutron fluxes for each instrument tube location

The INCORE code then uses the above analytical data and the incore flux
maps obtained from the movable detector flux mapping system to determine
power distributions and peaking factors.

The TOTE!® code is used along with the IﬁCORE code to
burnup distributibns; (See Appendix A for a more detailed discussion of
the TOTE code.) Burnup rate information for each fuel assembly, which -
is obtained from the INCORE code, and core energy generation rates, which
are obtained from heat balances between the hot and cold legs of the

secondary coolingvsystem, are inputed into the TOTE code for the burnup




distribution calculation.
4.4 RESULTS

Thg résults of the comparison between the power distribution and
réactivity predictions and measurements obtained from the Surry units are pre-
sented below. In addition, comparisons between the vendor model predictions
and the same reactor measurements are presented.

For all of the power distribution comparisons, which are obtained
from the incore movable detector flux mapping system, analytical INCORE data
decks have been prepared with both the Vepco PDQO7 discrete model and the vendor
model. The accuracy of calculated assembly average power distribution compared
to fhe measured distributioh is determined with the INCORE code by calculating
the standard deviatioﬁ (o) between measured and predicted assembly averége

radial power distributions with the following equation:

157

I (% - X)2bs
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156 1

=l
Where: : Xg is the calculated assembly average power for the ith

‘assembly:

aﬁd

Xf is the measured assembly average power for thg>ith assembly
The standérd deviation of the assembly average power distribution provides
a mathematical basis for evaluating the accuracy of the model.

" The specific types of results compared are.delineatea in Table 4—2..

qu all cémpariséns, Soth the measured ;nd the Vepco model predicted values
are presented in addition to the staﬁdard deviation or percentage difference
in these values. Fdr cbmpariséns with the vendor model, only the average
absolute value of the standard deviation or percentage difference for all

measurements 1is given. Representative INCORE output comparing the Vepco

PDQO7 discrete model predictions and measurements is provided in Appendix B.
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' Tabie b2

TYPE OF COMPARISONS : REACTOR CONDITION REFERENCE FOR COMPARISONS

Power Distribution:

Assembly Average Cycle Operation for Unit 1, Initial Cycle Table 4-3
Cycle Operation for Unit 1, Reload Cycle’ Table 4-4
Cycle Operation for Unit 2, Initial Cycle Table 4-5
Cycle Operation for Unit 2, Reload Cycle Table 4-6
. Peak Rod Fgﬂ ' Cycle Operation for Unit 1, Initial Cycle Table 4-7
Cycle Operation for Unit 1, Reload Cycle Table 4~8
- Cycle Operation for Unit 2, Initial Cycle Table 4-9
Cycle Operation for Unit 2, Reload Cycle Table 4-10
Assemblywise Burnup and Cycle Operation for Unit 1, Initial Cycle ‘ Table 4-11 °
Batch Burnup Sharing Cycle Operation for Unit 1, Reload Cycle Table 4-~12
' Cycle Operation for Unit 2, Initial Cycle Table 4-13
Cycle Operation for Unit 2, Reload Cycle Table 4-14
o~
® Reactivity:
CriticalABoroh Concentration Startup forUnits 1 & 2, Initial Cycle Table 4-~15
For Various Control Rod Con- Startup forUnits 1 & 2, Reload Cycle Table 4-16
figurdtions : '
, Critical Boron Concentration Cycle Oberation for Unit 1, Initial Cycle Figure 4-1
/ * vs. Burnup : Cycle Operation for Unit 1, Reload Cycle Figure 4-2 -
: Cycle Operation for Unit 2, Initial Cycle Figure 4-3 -
Cycle Operation for Unit 2, Reload Cycle Figure 4-4 "
Differential Boron Worth -Startup forUnits 1 & 2, Initial Cycle Table 4-17
T Startup forUnits 1 & 2, Reload Cycle Table 4-18
Control Rod Bank Worths _ Startup for Units 1l & 2, Initial Cycle Table 4-~19

Startup forUnits 1 & 2, Reload Cycle Table 4-20
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Table 4-3

COMPARISON OF PREDICTED AND MEASURED ASSEMBLY AVERAGE POWER DISTRIBUTIONS
'FOR SURRY UNIT 1, CYCLE 1

M/D Map . Power Control Rod Cycle Burnup Vepco Model Vendor Model
Number Level (%) Configuration (MWD/MTU) o (% g (%)
6 0 ) ARO 71 2.4 h
7 0 ~© D-Bank In ' 71 2.1
11 - o 0 . *C and D-Bank In 71 2.3
28 75 - ARO 339 2.1
35 75 - ARO 620 1.5
40 75 ARO 1150 1.5
43 92 ARO : -7 1900 1.8
45 88 . ARO 2380 1.5 CoT
48 ' 90 . ARO 3175 1.6 Average
49 90 ARO 3550 2.1 absolute
51 91 ARO , 4190 1.8 value -
55 95 ARO 5275 2.4 2.0
57 95 . ARO ' 5975 1.9 '
59 94 : ARO ~6790 1.9
62 95 ARO : 7540 1.2
65 94 “ARO . 8435 1.4
66 100 ARO 9150 1.3
68 100 ARO ' 10100 1.3
69 92 . ARO 10820 1.3
70 - 100 ' ARO 11875 - 2.8
71 100 . ARO : 12670 2.5
73 60 . ARO ' 13415 2.1
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M/D Map

Number

1

9

9
10
12
13
16
17
18
19
20

Table 4-4 o )

COMPARISON OF PREDICTED AND MEASURED ASSEMBLY AVERAGE POWER DISTRIBUTIONS
FOR SURRY UNIT 1, CYCLE 2

Power - a Control Rod Cycle Burnup Vepco Model Vendor Model

Level (%) Configuration (MWD/MTU) o (%) o (%)
3 ‘ D-Bank In 0 3.0
-3 ARO 0 4.3
99 ARO . 127 3.1
100 - ARO : 307 3.6 Average
98 ARO 1103 3.0 ahsolute
100 ARO . 2043 2.8 value
99 ARO - 3102 2.1 2,8
99 ' ARO 4015 2.1 '
100 ARO 4899 1.8
100 ARO : "~ 5612 1.5
100 ~ ARO 6569 1.4




11-%

. B . , : s . . s R . ) i . K .

Table 4-5

COMPARISON OF PREDICTED AND MEASURED ASSEMBLY AVERAGE POWER DISTRIBUTIONS
FOR SURRY UNIT 2, CYCLE 1. '

M/D Map Power - Control Rod , Cycle Burnup Vepco Model Vendor Model
Number Level (%) Configuration (MWD /MTU) . ' g (%) a (%)
1 0 ARO 0 2.7 A

2 . 0 D-Bank In 0 2.1
9 : 0o C and D-Banks In 0 2,2
23 90 ARO _ 365 2,2
27 88 - ARO 630 3.0
31 90 ARO 1300 1.3
34 . 88 . ARO ' 2030 1.3
38 92 ARO 2950 2.9
40 ‘ 92 ARO 3780 1.0 .

] 42 : 94 ) ARO 4670 1.8 Ave rage
45 . . 83 » ARO ' _ 5940 1.2 value -
48 91 ~ ARO S 6780 1.5 2.0
50 : 91 ARO 7725 1.9 .k
52 98 ARO : 8580 1.4
54 98 ARO 9310 1.4
59 - 100 ARO 9890 1.1
61 100 ARO - 11025 1.3
62 100 ARO 11740 1.5
63 100 ARO 12770 2.1
64 98 ARO ) 13650 1.6
65 100 : ARO 14520 2.0 ¥
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M/D Map
Number

Table 4-6

COMPARISON OF PREDICTED AND MEASURED ASSEMBLY AVERAGE POWER DISTRIBUTIONS
o FOR SURRY UNIT 2, CYCLE 2

Power = . Control Rod - Cycle Burnup Vepco Model Vendor Model
Level (%) ~ Configuration (MWD /MTU) g (%) o (%)
2 . ARO 0 4.3
2 D-Bank In 0 4.2
100 ARO 170. 1.7
100 ARO 730 2,2 Average
100 ARO 1875 2.5 ahgolute
97 ARO 2790 1.6 value -
100 : ARO 3750 1.2 1.7
100 . ARO 4520 1.4 '
100 ARO 5650 1.4
100 ARO . 6875 1.3
100 ARO 7125 1.5
100 ~ARO 8040 1.6
1.5

99 . ARO - 8850
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Table 4-7

COMPARISON OF PREDICTED AND MEASURED an
FOR SURRY UNIT 1, CYCLE 1

Vepco Model

. : Measured Predicted
M/D Map Power Control Rod Cycle Burnup FN FN Vepco Model
Number Level (%) Configuration (MWD/MTU) "AH AR % Difference

6 0 ARO 71 1.363 1.331 -2.3

7 0] D-Bank In 71 1.418 1.406 -0.8
11 0 C and D-Bank In 71 1.752 1.734 ~1.0
28 75 ARO 339 1.362 1.329 ~2.4
35 75 ARO 620 - 1.373 1.345 =2.0
40 75 ARO 1150 : 1.377 1.364 -0.9
43 92 ARO - 1900 1.389 1.354 -2.5
45 88 ARO 2380 1.375 1.345 -1.5
48 90 ARO : 3175 N 1.360 1.325 -2.6
49 90 ARO 3550 1.367 1.317 -3.7
51 91 : ARO 4190 1.347 1.304 -3.2
55 95 ARO 5275 1.313 1.285 =2.1
57 95 ARO 5975 1.315 1.273 -3.2
59 94 ARO 6720 - X 1.271 1.260 -0.9
62 95 ARO 7540 1,277 1.251 -2.0
65 ' 94 ARO ' 8435 1,256 1.241 -1.2
66 100 : ARO 9150 1.254 1.233 ~1.7
68 100 _ ARO 10100 ' 1.228 1.277 -0.1
69 92 ARO 10820 1.232 ©1.223 -0.7
70 100 : ARO 11875 1.250 1.214 -2.9
71 100 ARO 12670 ©1.218 1.207 -0.9
73 60 ARO 13415 1.208 1.200 -0.7

Vendor Model

% Difference

A

Average
absolute
value
3.6
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Table 4-8

COMPARISON OF PREDICTED AND MEASURED FXH
FOR SURRY 1, CYCLE 2

Vepco Model

- M/D Map Power Control Rod . Cycle Burnup Measured Predicted Vepco Model Vendor Model
Number Level (%) Bank Location (MWD /MTU) FRH F Z Difference % Difference
1 3 ' D-Bank In - 0 1.653 1.675 1.3
2”7 ‘ 3 . ' ARO o 1.439 1.480 2.9
9 99 ' ARO 127 1.394 1.386 -0.6
10 _ 100 ARO - 307 1.408 1.383 -1.8 ~ Average
12 98 ARO 1103 1.430 1.368 -4.3 absolute
13 100 ARO 2043 1.416 1.371 -3.2 value
16 99 ARO _ 3102 1.417 1.361 -4.0 1.4
17 99 ARO 4015 1.390 © 1.350 -2.9
18 100 ARO - 4899 1.390 1.340 -3.6
19 100 . ARO 5612 1.373 1.337 -2.6
-2.3

20 100 ARO 6569 1.363 1.332
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Table 4-9
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COMPARISON OF PREDICTED AND MEASURED Fiﬂ
’ FOR SURRY UNIT 2, CYCLE 1

Vepco Model

: Measured Predicted
M/D Map Power Control Rod Cycle Burnup FN FN Vepco Model Vendor Model
- Number . Level (%)  Bank Location~ (MWD /MTU) A AH % Difference % Difference
1 0 : ARO 0 - 1.350 1.331 -1.4 IT
2 o D-Bank In 0 1.406 1.405 0.0 :
9 0o C and D-Bank In 0 1.704 1.734 +1.8
23 .90 ARO . 365 1.366 1.330 ~2.6
27 88 ARO 630 1.354 1.345 -0.7
31 90 ARO 1300 1.367 1.363 -0.3
34 88 - ARO _ 2030 1.379 . 1.355 -1.7
38 92 - ARO - 2950 1.350 1.329 -1.6
40 , 92 . ARro 3780 1.341 1.312 -2,2
42 94 ARO 4670 1.331 1.295 -2.7 Average
43 92 _ . ARO 5240 1.331 1.285 -3.5 absolute
. 45 83 - _ ARO - 5940 - 1.302 1.274 -2.2 value
48 91 " ARO 6780 1.288 1.261 ~2.1 3.5
50 91 - - ARO 7725 1.290 - -1.249 -3.2
52 98 : ARO " 8580 1.245 1.239 -0.5
54 98 ARO , 9310 1.238 1.232 -0.5
59 100 ARO 9890 1.227 1.229 -0.2
61 100 ARO 11025 . 1.227 1.222 -0.4
62 100 . - ARO 11740 1.220 1.215 -0.4
63 100 : ARO 12770 . 1.210 - 1.206 -0.3
64 98 " ARO 13650 1.205 1.198 -0.6
-0.8 A 4

65 : 100 . ARO . 14520 1.200 1.190
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Table 4-10

COMPARISON OF PREDICTED AND MEASURED Fﬁu
FOR SURRY UNIT 2, CYCLE 2

Vepco Model

o Measured Predicted
M/D Map Power Control Rod Cycle Burnup FN FN Vepco Model Vendor Model
Number Level (%) Bank Location (MWD/MTU) M A Z Difference % Difference
1 2 ARO 0 1.426 1.374 -3.7
2 2 D-Bank In 0 1.610 - 1.550 ~-3.7
6 100 ARO ' 170 1.357 1.351 0.4
) 100 ARO 730 1.372 1.352 -1.5
11 100 ARO 1875 1.361 1.341 -1.5 Average
12 97 ARO . 2790 1.331 1.332 +0.1 absolute
15 100 ARO 3750 1.325 1.321 -0.3 value
16 100 ARO 4520 1.304 1.311 +0.5 1.2
17 100 ARO 5650 ' 1.306 1.300 -0.5
20 100 ARO 6875 = 1.284 1.291 -0.5
21 100 ARO 7125 1.297 1.289 ~0.6
22 100 ARO 8040 ‘ 1.295 1.282 -1.0
99 ARO . 8850 1.276 1.275 -0.1
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TABLE 4-11

OPERATION OF SURRY UNIT 1

TED BURNUP AND BATCH BURNUP
/MTT) FOR THE CYCLE 1

CORE AVERAGE BURNUP = 13,547 MWD/MTU

Vepco Model Vepco Model Vendor Model
Measured Predicted Percent Difference Percent Difference
Batch 1 14,25 14,20 +0.4 Average
Batch 2 15.46 15.62 -1.0 absolute
Batch 3 10.93 10.81 value 1.3

4-17

+1.1-

R e N M L K J H ¢ F E D ¢ B A
8.17 {10.42 | 8.17 - ’
T 8.41 |10.48 | 8.35 1
1 J+2,9 40,6 b2 o
- 1'8.37 | 12.29 14.03{12.53 | 14.03}12.22 |8.37
8.74 | 12.1§ 13.84|12.35 | 13.78{12.15 |8.67 2
+6.4 | -0.3} -1.4 |-1.4 }|-1.8 |-0.6 [+3.6
8.97 |13.33§ 14.29 13.86{15.30 | 13.8614.29 {13.33] 8.97 3
9.23 113.47| 14.44 13.81|14.99 | 13.82]14.15 |13.50] 9.46
+2.9 [+1.1 +1.01{ -0.4 [=2.0 =0.3 {=1.0 {+1.0 5.5
8.97 | 11.27}14.37| 14.19 15.92|14.69 | 15.92]14.19 |14.37] 11.27| 8.97 4
9.08 | 11.51)14.58| 14.4q 15.71|14.69 | 15.80]14.32 | 14.48] 11.48|9.18
+1.2 | +2.1 {+1.5 +1.51 -1,.310.0 -0.8 40,9 +0.8 | +1.0 112 13
8.37 [13.321 14.37|14.18| 16.09 14.98]16.45 | 14,98{16.08 |14.18] 14.37013.32| 8.37 5
8.52 |13.07 14.30{14.37 15.85 14.87{16.31 | 15.09(15.97 |14.23] 13.89/ 13.06 | 8.67
+#1.81-1.9 ! =0,5 '+1,3 ! ~1,41-0,7 |-0.0 140,72 1-07 l+0 4 } =3.3|=2.0 +3.6
12.22{14.29 14.19}16.08 | 15.04 16.61|15.25 | 16.61/15.04 | 16.08] 14.19] 14.29 | 12.22
12.36{14.17 | 14.12|15.48 | 14.5§ 16.40[15.36 | 16.44|14.76 | 15.87| 14.07| 14.07 | 12.27 6
41.11-0.8 }-0.51-3.7 | -33)-1,3!+0.7 1~1.01-1.9 }-1.3 }-0,91-1,5 |+0.4 ‘
8.17 14.03|13.86 | 15.92|14.98 | 16.61 15.31/16.77 | 15.31/16.61 | 14.98| 15.92|13.86 | 14.03| 8.17 | ,
8.54| 14.20{13.98| 15.84{14.77 | 16.2¢ 15.28]16.63 | 15.19]16.44 }15.19] 16.09]14.01 ] 13.67) 8.28 '
F4.5] +1.2 1+0.9 { -0.5 1-1,4 | =211 _0.21-0.8 | _0.8 |-1,0 {+1.4 | +3.1 {+1.1 |-2.6 | +1.4
16,44 12.53115,30{ 14.63}16.45 | 15.25 16.77|15.27 ) 16.77]15.25 | 16.45] 14.69]15.30] 12.53] 10.42 ;
10.85 12.78]15.55 14.93{16.41} 15.24 16.61]15.32 | 16.58}15.37 | 16.43] 15.00!15.44 | 12.58] 10.35
+6.51 +2.0 |+1.6 | +1.6 |-0.2 1 +0.21~-1.0 1-0,3 } 1.1 {-0.8 1-0.1 1 +2 11309 | 404 ]-0.7
8.171 14.03{13.86 | 15.92]|14.98 | 16.61] 15.31]16.77 | 15.31}16.61 |14.98) 15.92113.86 | 14.03} 8.17
8.43114.01/13.89 | 1578615.07 | 16.35 15.11{16.52 | 15.23{16.18 |14.92} 15.92{14.11 | 13.94 8.19 { 9
b+3.21-0.1 1+0.2 | 0.4 1406 {-1.6!-7.3|=1.5 5 1=2.6 1-04 100 I1+1.8 | -0.6 1202
12.22/14.29| 14.19}16.08 | 15.04 16.61{15.25 | 16.61{15.04 | 16.08] 14.19|14.29} 12.22 10
12.03{13.89 | 14.10|16.04 | 14.72 16.17}15.01 | 16.14 |14.59 {15.75| 14.22(14.17] 12.22]
-1.6 |-2.8 | -0.6 |-0.3 | -2.1}{-2.7 {-1.6 | -2.8 |-3.0 |-2,1 }+0.2 l-0.8 | 0.0
8.37 |13.32] 14.37|14.18 | 16.08 14.98|16.45 | 14.98|16.08 {14.18| 14.37{13.32 8.37 11
8.64 {13,32] 14.44{14.35 | 15.85| 14.70{15.96 | 14.61(15.83 | 14.24| 14.47(13.39( 8.69 |
+3.2 |0.0 }+0.5 {+1.2 | -1.4|-1.9 |-3.0 | -2.5 |-1.6 1+0.4 | +0.7 40,5 | +3.8
8,97 | 11.27]14.37| 14.19} 15.92{14.69 | 15.92|14.19 | 14.37] 11.278.97 12
9.41 | 11.69|14.46 | 14.18 15.53}16.44 | 15.5414.08 [ 14.35] 11.54|9.26
+4.9 | +3.7 |+0.6 | -0.1)-2.5 }-1.7 | -2.4 |-0.8 l-0.1 | +2.4 [+3.2
8.97 |13.33} 14.29} 13.86{15.30 | 13.86 |14.29 |13.33} 8.97 13
9.22 [13.15] 14.07 13.73|14.91] 13.65|14.06 |13.19{ 9.23
+2.8 J-1.4 | -1.51-0,91-2.6 ! -1.5 |-1.6 -1 +2.9
8.37 | 12.22| 14.03{12.53 14.03(12.22 |8.37 14
: 8.60 | 12.62| 14.36{12.43 | 13.62/12.15 | 8.48
: zggg;ng;fel +2.8 | +3.3)42.4 1-0.8 | -2.9 1-0.6 l+1.3
8.17 |10.42] 8.17
c % DIFFERENCE 8.75 |10.75] 8.19 15
' +7.1 1+3.2 | +0.2



TABLE 4-12

ASSEMBLYWISE ACCUMULAIED BURNUP AND BATCH BURNUP
SHARING o3 MWD/MIU) FOR THE CYCLE 2
! OPERATION. OF SURRY ONIT 1

4-18

R P N M- L K ~J H G F E D c B A
4,92 | 6.26} 4.92
5.00 | 6,16 | 4,82 1
. .61 -1i.6] -2.0 .
5.25| 7.16) 6.99 } 20.49 6.99) 7.16 | 5.25
5.47] 7.28} 6.35 | 20.19| 6.22| 7.05| 5.38 2
+4.20 +1.7] -9.2]|-1.5 | -11,0{ -1.5| +2.5
5.69 | 7.62{20.04§21.49 | 8.64| 21.49}20.04 | 7.62| 5.69
6.02 | 7.44120.19(21.57 | 8.27)] 21.41{20.03 | 7.39] 6.04 3
-10.0 | -2.4{+0.8 |+0.4 -4.3] -0.4 |-0.1 -3.0! +6.2
5.69 {6.48 | 23.26[22.75(23.16 | 22.84] 23.16{22.75 | 23.26) 6.48 | 5.69
6.02 16.85 | 23.11]22.47122.73 | 22.34} 22.92]{22.63 ] 23.14| 6.79{ 6.04 4
+5.8 {+5.7 | -0.6 {-1,2 |-1.9 1-2.2 | -1.0 }-0.5 |-0.5 | +4.8} +6.2
1 5.25}7.62 |23.26 | 23.69| 7.51}22.11| 8.60f 22.11| 7.511{23.69/23.26} 7.62} 5.25
5.48 | 7.42 {22.97 | 23.64{ 7.54121.98 | 8.25| 21.95| 7.67 | 23.53122.98} 7.43}| 5.77 5
+4.41-2.6 {-1.3 |-0.2 |+0.4 |-0.6 | -4.1 | -0,7 142,11 (~0.7-1-3,2 | -2,5 [ - 4+9.9
7.16 120.04 }22.75 7.51118.31} 7,97 | 19.64| 7.97118.31{ 7.51)22.75] 20.04} 7.16 .
7.22119.82 22,61} 7.56{18.44| 8.04 | 19.42] 8.17)18.47| 7.62}22.841{ 19.94}| 7.61 6
+0,8! 1.1 -0.6] +0.71 +0.7| +0.9) -1.1{ +2.5| +0.9| +1,5{ +0,4] -0,5] +6.3
4,92} 6.99 121.49 }23.16 ]| 22.11) 7.397|24.34 | 8.79| 24.34{ 7.97] 22.11123.16 | 21.49| 6.99] 4.92} .,
5.16) 6,48 21.29 }22.47 | 21.92| 8.11|24,29} 8.70| 24.34| 8.20| 21.96}22.93| 21.07] 6.60] S5.11 7
+4.9} -7.31-0.9 | -3,0} -0.9} +1,8! -0, 2} -1.01 ¢, 01} +2,91 -0.7] -1.0] -2.0f =-5.61 +3.9
'6.26§26.49 | 8.64 {22.84 | 8.60[19.64| 8,79 22.28] 8,79j19.64| 8.60]122.84] 8.64] 20.49] 6.26
6.48{20.60 | 8.49 |23.03| 8.41]19.86| 8.73] 22.09] 8.59}19.72| 8.50{22.99] 8.60| 20.67] 6.38} 8
+3.5¢ +0.51-1.7 | +0.8} -2.2| +1.1} -0.7} -0.8) ~2.3| +0.4] -1.2} +0.7! -0.5! +0.9} +1.9
4.92) 6.9921.49 {23.16 | 22.11| 7.97124.34} 8.79] 24.34] 7.971 22.11}23.16} 21.49{ 6.99| 4.96
5.16L 6.49 121.47 }23.04 | 21.70; 8.10}24.26} 8.53] 23.69] 7.95] 21.92]22.67} 21.54} 6.51} 5.07} 9
+4,9 -7.2})-0.1{ -0.5}{ -1.9) +1.6| -0.3} -3.0! -2.7{ -0.3}! 0.9 -2.1] +0.2! =6.9] +3.1 '
7.16 20.04 1.22.75 7.51}18.31} 7.97| 19.64] 7.97118.31| 7.51§22.75{ 20.04{ 7.16 10
7.25119.82 {22.60| 7.64}18.69) 8.09| 19.39) 7.90|18.40| 7.49{22.52| 19.94{ 7.38
- +1.3!-1.1 | -0.7}) +1.7} +2,2! +1.5} -1.3f -0.9| +0.5] -0.3| -1.0! -0.5! +3.1
5.25§7.62 123,26 | 23.69{ 7.51}22.11} 8.60| 22.11} 7.51} 23.69|23.26 7.62) 5.25 1
5.53| 7.48 }23.08 | 23.55] 7.65(21.85] 8.33] 21.76] 7.61{ 23.43{22.85 7.44{ 5.53
+5,3/-1.8} -0.8) -0.6f +1.9! -1.2| =<3.1] -1.6{ +1.3] -1.1f ~1.81 =-2.41 +5.%
15.69 ] 6.48) 23.26{22.75(23.16| 22.84] 23.16| 22.75| 23.26]f 6.48] 5.69%
6.17 | 6.95} 22.91}22.35(22.85| 22.31} 22.72} 22.25| 22.86{ 6.94| 6.07 12
+8.4 | +7.3) -1.5( ~1.8} -1.3] -2.3] -1.91 -2.2} -1.72] +7.01 +6.7
5.69} 7.62]20.04(21.49| 8.64{ 21.49 20.04) 7.62] 5.69 13
6.11} 7.42}119.97{21.63| 8.35 21.44] 19.81| 7.41} 6.11
+7.41 =2.6} -0.4{ +0.7] =-3.4] -0.20 -1.1}] -2.8| +7.4
5.25( 7.16] 6.99] 20.49 6.99 7.16]f 5.25 4
a Vepco Model 5.49{ 7.43] 6.53] 20.16] 6.71 7.46{ 5.41 1
b| MEASURED +4,6] +3.8] -6.6] -1.6] -4.0 +4.2| +3.1
c| * DIFFERENCE 4.92| 6.26] 4.92 L
5.20| 6.57] 5.28 5
+5.7] +5.0] +7.3
CORE AVERAGE BURNUP = §915 MWD/MTU
Vepco Model Vepco Model * Vendor Model
Measured Predicted Percent Difference Percent Difference
Batch 1A 19.63 19.82 -1.0 - Average
Batch 2 22,60 22.80 -0.9 absolute
Bateh 4A 7.60 7.49 +1.5 value 2.8
Batch 4B 8.40 8.19 +2.6
Batch 4C . 6.25 6.27 -0.3



ANDLG ™10

ASSEMBLYWISE AC TED BURNUP AND BATCH BURNUP
SHARING (10° MWD/MIU) FOR THE CYCLE 1
OPERATION OF SURRY UNIT 2

L J H c F E- D

4-19

B A
8.96) 11.40| 8.96
9.34| 11.50| 9.11 1
. +4.2| +0.9] +1.7
9.82 13.40 15.40{ 13.75}15.40 | 13.40] 9.82
9.57] 13.58 15.34| 13.60]15.13{ 13.31] 9.41 2
2.6 +1.3 -0.4] -1.1} -1.8} -0.7{ -4.2
9,87t 14.69 15.73] 15.21| 16.80{15.21] 15.73[14.69 | 9.87
10.09| 14.63 15.65} 15.15| 16.56{15.08 | 15.62]14.68 | 10.15 - 3
+2.2] -0.4 -0.5 -0.41 -1.4] -0.9| -0.7} -0.1| +2.8
9.87 | 12.42}15.83 | 15.59} 17.48] 16.10}17.48 ] 15.59]15.53 | 12.42] 9.87
10.06 | 12.41)15.62 | 15,42} 17.35] 16,93} 17.45 | 15.61{15.97 | 12.53]10.13 4
+1.9]| -0.1} -1.3} -1.1} -0.7| -0.4] -0.2{ +0.1] +0.9| +0.9| +2.6
9.82 [14.69 | 15.83[15.58 | 17.65} 16.40| 18.02|16.40 | 17.65]15.58 | 15.83[14.69 | 9.82
9.50 |14.56 | 15.69|15.39 { 17.28} 16.20{ 17.98| 16.43 | 17.56(15.62 | 15.76|14.79 | 9.66 5
-3.3 | -0.9} -0.9) -1.2{ =2.1 ~1.2| -0.2] +0.2} -0.5! +0.3| -0.5| +0.7 1 ~1.6
13.40|15.73 | 15.59|17.65 | 16.47} 18.19| 16.68} 18.19 | 16.47|17.65 | 15.59]15.73 | 13.40
13.69)15.71 | 15.44{17.30 | 15.98 17.96| 16.62{ 18.09 | 16.15(17.49 { 15.49]15.67 | 13.56 6
+2.2} -0.1] -1.0f -2.0! ~3.0f -1.3} -0.4 -0.61 -1.9] -0.9! -0.6! 0.5 +1.2
- 8,96 | 15.40] 15.2Y 17.48}16.40 | 18.19| 16.74) 18.35}.16.74)18.19 |16.40 | 17.48}15.21 | 15.40] 8.96
9.47| 15.57] 15.29 17.45{16.26 | 17.94 16.51] 18.21] 16.65(18.15 {16.27 | 17.26{15.24 | 15.22] 9.20] 7
+5.7 +1.1 +0. =-0.2! =-0.9 =-1. =1.4 -0.8_ =0.51 ~0;2 =0.8 -1.3! +0,.2 -1.21 +2.7
11.4d 13.75{16.80| 16.10;18.02 ! 16.68 18.35] 16.80"18.35] 16.68{18.02 , 16.10!16.80 | 13,75 11.40
11.779 13.85]16.91 | 16.17{18.10} 16.57 18.11} 16.5§ 18.22| 16.73/17.91| 16.07]17.03 | 13.90} 11.55] 8
+3.9 +0.7| +0.7| +0.4| +0.4] -0.71 -1.3] -1.3 Z0.7| +0.3] -0.6] -0.2} +1.4| +1.1| +1.3
8.964 15.40[15.21| 17.48{16.40 | 18.19 16.74} 18.35 16.74| 18.15/16.40 | 17.48|15,21 | 15.40| 8.96
9.43 15.54{15.22| 17.52]16.34 | 18.03 16.47| 18.12 16.49| 17.86/16.22 | 17.35[15.34 | 15.54| 9.25{ g
+5.9 +0.9] +0.1] +0.2{ -0.4| -0.9 -1.6{ -1.1 -1.5{ -1.8} -1.1| --0.7| +0.9| +0.9] +3.2
13.40[15.73 | 15.59}17.65| 16.47 18.19] 16.6d 18.19} 16.47{17.65| 15.59]15.73 | 13.40
13.48{15.62 | 15.52{17.48| 16.09 17.90| 16.47 17.85} 15.98{17.31| 15.34{15.53 | 13.53| 10
+0.6] -0.7|-0.15| -1.0} -2.3 -1.6f -1.q -1.9} -3.0{ ~1.9| -1.6} -1.3! +1.0
9.82]14.69 | 15.83/15.58| 17.65 16.40[ 18.02 16.40| 17.65|15.58 | 15.83]14.69| 9.82
9.58/14.82] 15.91}15.48| 17.4d 16.22| 17.9d 16.22| 17.40/15.49 | 15.9914.88| 9.60 11
-2,4] +0.9} +0.5} -0.6} -1.4 -1.1} -0.3 -1.1} =-1.41 -0.6} +1.0} +1.31 =2.2]
-} 9.87} 12.42§15.83( 15.59 17.48] 16.1d 17.48| .15.59] 15.83} 12.42]| 9.87 ' '
10.29| 12.6515.86 | 15.44 17.24| 15.93 17.28] 15.43{15.93| 12.84}10.34 | 12
+4.3| +1.9 +0.2] -1.d -1.4} -1.3 -1.1] -1.0 +0.6] +3.4] +4.8
- 9.87|14.69| 15.73 15.21f 16.8q 15.21| 15.73| 14.69| 9.87 - 13
10.10|14.51] 15.53 15.02 16.59 14.98] 15.58] 14.78] 10.37
+.3] -1.2} -1.3 -1.3] -1.9 -1.5] -1.0] +0.6] +45.1
9.82] 13.4¢ 15.40} 13.79 15.40{ 13.40| 9.82 14
. - 9.39] 13.4d 15.18] 13.43 15.08{ 13.40 9.41
a Vepco Model =4.4 0.0 -1.4 -2.3 =2.1 0.0 =4.2
b MEASURED : 8.96| 11.4d 8.96
c % DIFFERENCE g.00| 11.24 9.04 15
+1.50 -1.1 +0.9
CORE AVERAGE BURNUP = 14,870 MWD/MTU
w
Vepco Model Vepco Model Vendor Model
Measured Predicted Percent Difference Percent Difference
Batch 1 15.47 15.57 -0.6 Average
Batch 2 17.02 17.15 -0.8 absolute
Batch 3 12,04 11.88 +1.4 value 1.4




. .

TABLE 4-14

ASSEMBLYWISE ACCUMULATED BURNUP AND BATCH BURNUP
SHARING (103 MWD/MTU) FOR THE CYCLE 2
OPERATION OF SURRY UNIT 2

R p N M L K J H G F E - D c B A
5.74 6.98| 5.74
5.96| 7.10{ 5.93
+3.8) +1.72f +3.3
5.98| 8.50 | 10.34| 24.71)10.34] 8.50| 5.98
6.26 | 8.27 | 10.37] 24.79/10.33| 8.62| 6.18
+5.7]1-2,7] +0.3] +0.3 ~1.0! +1.4( +3.3
6.81 110.08 | 24.04f 24.39] 26.25|24.39| 26.04]10.081{ 6.81
7.07 | 9.96 ] 25.908 24.28| 26.04] 24.531 26.08{10.06 | 7.02
#3.8 1 ~1.2} -0,5 -0.5] -o0.8 0.6} +0.2! =0.2]+3.1 ,
6.81 |9.90 J25.13 |11.10/25.05] 10.91{25.05} 11.10(25.13 9.90| 6.81
7.07 10.04 }24.78 110.97}24.85} 10.84|24.86 | 11.10125.30 | 9.99] 7.03
+3.8 | +1.4 [-1.4 -1.2} -0.8| -0.6] -0.8{ 0.0 | +0.7 | +0.9] +3.0
5.98{10.08 p5.13 (11.16 |27.20(11.11} 27.17|11.11 | 27.20 (11.16 |25.13 |10.08 5.98
6.21}10.05 ps.01 {11.13 |26.81}10.88| 27.05/10.98 27.02111.10 | 24,94 10.05 | 6.34
+3.94 -0.3 | -0.5 =0.3 ~1,4! 2.8 =0,4! =-1.2 ~0.7! =0.5 =081 =031 46.0"
8.50126.04 111.10 |27.20 }25.10{26.51{ 21.82/26.51{25.10/27.20 {11.10{26.04 8.50
8.59(25.98 111.06 |26.81 |24.99/25.98 | 21.80126.24 | 24.53127.00 110.91125.83 | 8.73
+1.1§ -0.2 }<0.4 | -1.4} -0.4} =2,0] -0.1] -1,1 ! 23| 071 1.2V 081l 427
5.74} 10.34 24,39 p5.05 |11.11 |26.51}10.94] 25.48[10.94 26,51 11.11 [ 25.05 124.39 }10.34 5.74
6.07} 10.43]24.20 R4.90 [10.95 {25.98}10.78{ 25.32]/10.68 | 26.20{10.95 | 24.83 [24.48 110.32 1 5.95
+5.8 +0.91 -0.8 | -0.6 -1.4 -2.01 =1.5 -0.61 ~2.4 -1.21 -1.4 =-0,91 40,4 =0.2 ' +3.7
6.98]24.71126.25 §0.91 }27.17 j21.82{25.48] 24.08]/25.48 | 21.82{27.17 |10.91 26.25 |24.71 6.98
7.28y24.55126.07 10.85 (27.20 }22.00{25.55 23.60{25.20 { 21.93}27.02 {10.87 [26.15 {24.60 | 7.12
+.3} ~0.7} -0.7 {-0.6 +0.1 | +0.8{ +0.3 -2.0] -1.1 ] +0.5! -0.6 =0.41=0.2 ~Q.5 +2.0
5.74§10.34124.39 P5.05 {11.11 {26.51{10.94} 25.48/10.94 | 26.51|11.11 }25.05 [24.39 110.34 | 5.74
6.09{ 10.51 |24.29 R4.85 [10.88 |26.14}10.76] 25.04]10.71 26.00:10.96 |24.69 24.63 110.57 6.02
+6.}#7+1.6 =0.4 1-0.8 {|-2,11} ~-1.,4) =1,71 -1.71 —2.1 -1 9} =14} -1,4141,0 1 +2.2 1 +4.9
©.} '8.50§26.04 11.10 27.20 {25.10'26.51: 21.82126.51 | 25.10:27.20 |11.10 126.04 8.50
8.57126.03 10.97 [26.90 {24.62{26.12} 21.49126.00 | 24.91{26.67 {10.86 25.92 | 8.77
- +0.8§ -0.1 {-1.2 -1.1 =1.9| -1.5 -1.5{ -1.9 -0.81 2.0 =2,21-0.,5 +3.4
5.98110.08 p5.13 J11.16 |27,20{11.11| 27.17/11.11 |27.20{11.16 [25.13 ho.08 | 5.98
6.25110.12 p5.26 [11.04 }26.78{10.87 | 26.87/10.78 | 26.611{11.01 |25.34 N0.17 6.35
+4.,50 +0.4 1+0.5 1 -1, 11 1,81 2.2 1.4} -3. 0t -2 211,31 40,8140,9 ! 46,2
6.81 {9.90 P5.13 |11.10(25.05} 10.91/25.05 {11.10{25.13 | 9.90 | 6.81
7.19 $0.20 R25.19 }10.94{24.57 ] 10.71{24.70 | 10.94 |25.23 {10.13 1 7.23
+5.6 |+3.0 !+0.2 | -1.4} 1,94 1.8} 1.4 1 -1.4) 40,4 | +2.3!+6.2
6.81 110.08 {26.04{26.39} 26.25{24.39 | 26.04 {10.08 6.81
7.14 p0.09 |25.80]24.48] 25.95)24.58 | 25.8510.05 | 7.15
+4.9 +0.1 -0.9) +0.4 -1.1] +0.8 <0.7! -0.3 +5.0
5.98 | 8.50(10.34} 24.71|10.34 | 8.50} 5.98
6.23 | 8.70110.421 24.93{10.34 | 8.67} 6.19
+4,2 +2.41 +0.7 +03.91 0.0 +2.0f +3.5
5.74| 6.98] 5.74
. a Vepco Model 5.93} 7.09{ 5.93
b MEASURED +3.3] +1.6] +3.3
[

% DIFFERENCE

CORE AVERAGE BURNUP = 9,054 MWD/MTU

Measured
Batch 1A 23.60
Batch 2 25.79
Batch 3A 24,14
Batch 4A 10.80
Batch 4B 8.01

Vepco Model

Vepco Model

Venddr Model

Perdicted Percent Difference Percent Difference
24,08 -2.0 Average
26.00 -0.8 absolute
24.24 -0.4 value 2.3
10.91 -1.0
7.84 &4-20 +2.2

10

11

12

13

14

15
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Table 4-15

COMPARISON OF PREDICTED AND MEASURED CRITICAL BORON CONCENTRATION
FOR VARIOUS CONTROL ROD CONFIGURATIONS FOR CYCLE 1 OF SURRY UNITS 1 AND 2

Measured Vepco Model Predicted Vepco Model Vendor Model

Control Rod Critical Boron Critical Boron Percent Percent
Unit Bank Position Concentration (PPM) Concentration - (PPM) Difference Difference
1 ARO 1196 _ 1168 -2.3
, 1 D-Bank In 1077 | 1050 , -2.5
1 C and D-Banks In 957 942 -1.6 Average
‘ absolute
X value
2 ARO 1182 1168 -1.2 2.4
L 2 D-Bank In 1056 1050 ~0.6

2 C and D-Banks Tn 947 952 -0.5
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Table 4-16

COMPARISON OF PREDICTED AND MEASURED CRITICAL BORON CONCENTRATION .
FOR VARIOUS CONTROL ROD CONFIGURATIONS FOR CYCLE 2 OF SURRY UNITS 1 AND 2

Control Rod
Bank Position

Measured
Critical Boron
Concentration (PPM)

Vepco Model Predicted
Critical Boron

ARO
D-Bank In

C and D-Banks In

ARO
D-Bank In

C and D-Banks In

1033
917

800

1408
1325

1208

Concentration (PPM)

997
899

787
1401
1312

1192

Vepco Model

Vendor Model

Percent Percent
pifference Difference

-3.5

-2.0

-1.6 Average
abhsolute
value

-0.5 0-7

-1.0
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Table 4-17

COMPARISON OF PREDICTED AND MEASURED DIFFERENTIAL BORON WORTH
FOR CYCLE 1 OF SURRY UNITS 1 AND 2

Predicted Measured Vepco Model Vendor Model

Boron Worth Boron Worth Percent Percent
Unit (PCM/PPM) (PCM/PPM) Difference Difference
1 11.9 12.1 -1.7 Average absolute
2 11.9 12.2 -2.5 value 5.4
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Table 4-18

COMPARISON OF PREDICTED AND MEASURED BORON WORTH

. FOR CYCLE 2 OF SURRY UNITS 1 AND 2

Predicted Measured Vepco Model
Boron Worth Boron Worth Percent
Unit (PCM/PPM) (PCM/PPM) Difference
1 10.8 10.2 5.9
2 10.3 10.4 -1.0

Vendor Model
Percent
Difference

Average absolute

value 1.0
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Table 4-19

COMPARISON OF PREDICTED AND MEASURED INTEGRAL BANK WORTH

FOR CYCLE 1 OF SURRY UNITS 1 AND 2

Control Rod Measured ' Vepco Model Vepco Model
Bank S Integral Predicted Integral Percent
Unit Position Bank Worth (PCM) Bank Worth (PCM) Difference
1. D-Bank In 1480 1379 6.8
1 C.and D-Bank In 1330 1234 -5.1
p .
2 D-Banks In 1435 1379 -3.9
2 C and D-Banks In 1309 1234 -5.7

Vendor Model
Percent
Difference

Average
absolute
value
4.9

l
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Table 4-20

COMPARISON OF PREDICTED AND MEASURED INTEGRAL BANK WORTH
FOR CYCLE 2 OF SURRY UNITS 1 AND 2

Control Rod Measured Vepco Model Vepco Model Vendor Model
Bank ' Integral Predicted Integral Percent Percent
Unit Position Bank Worth (PCM) Bank Worth (PCM) Difference Difference
1 D-Bank In _ 1051 - 1079 C 2.7
1 C and D-Banks In 1331 1202 ' -9.7 Average
A absolute
. ' _ value
2 D-Bank In 880 931 5.8 7.3
i 2 C and D-Banks In 1244 1249 0.4 ,l,
R ,
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SECTION 5 --SUMMARY AND CONCLUSION

‘The PDQO7 discrete model, which contains the NULIF, HAFIT,
SHUFFLE, PAPDQ, and PDQO7 computer codes, is operational at Vepco for
the purpose of performing detailed reactor physics analyses and
supporting the evaluation of core performance. The accuracy of the
PDQO7 discrete model has been established through extensive compari-
sons of calculatioms with measurements from the Surry reactors. The
results of these comparisons are:

1) Assembly average power distributions are predicted typi-
cally within a standard deviation of 27, with a maximum
standard deviation of 4.3%7 for low power flux maps—(where
uncertainties in the data are greater due to the low
neutron flux level and the drift in the power level) and
a maximum standard deviation of 3.67% for flux maps at
power levels greater than 10%.

2) Peak rod F§H values are predicted typically within 2.5%

| with a maximum deviation of 4.37% between predicted and
measured.

3) Assembly average burnups are predicted tyﬁically within
2.5% and batch average burnups within 1.5Z.

4) Critical soluble boron concentrations are predicted typi-
cally within 30 ppm and boron worth within 3%.

5) Control rod bank integral worths are predicted typically
within 67 with a maximum deviation of 9.7%.

In addition, the accuracy of the Vepéo model waé verified by comparison

of the accuracy of Vepco results (i.e, comparison of predicted values with
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measurement data) with the accuracy of similar results obtained from a
vendor model. These comparisons indicated that the standard deviation
and/or percentage difference Between the Vepco PDQO7 discrete model
calculétions and reactor measurement data were within acceptable industr&
standards.

Verification, as well as improvements to the PDQO7 discrete
model, will continue to be made as more experience is obtained through
the continued application of the model to the Surry and North Amna

reactors.
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APPENDIX A

Description of the INCORE, TOTE, and FOLLOW

Computer Codes
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A-1 INCORE COMPUTER CODE DESCRIPTION

INCORE is a data analysis computer code used to process infor-
mation obtained from the movable incore instrumentation system; and is
therefore, the primary computer program for core follow analysis. Input
to the INCORE program consists of:

1) A description éf reactor conditions when the measurements were
made (such as power level, control rod positions, etc.)

2) Incore detector readings including which flux thimbles were used
and neutron cross sections of the sensor

3) Analyticaivinformation calculated by the PDQO7 discrete model

4) Options specifying which thimbles will be employed in local
power predictions and what type of calculations are to be per-
formed

INCORE corrects raw pointwise flux measurements for leakage
current, changes in power level between measurements, and relative de- -
tector semnsitivites to determine the pointwise reaction rate in the
flux thiﬁbles. The measured reaction rates determingd are then compared
with expected_values.

INCORE computes the relative local power produced by each
fuel assembly and in the peak fuel rod for each assembly. Local rela-

tive. power is computed as:

- ,
P =03 W Ry x Zed)

j=1 ch
157
where Pmi is nor?alized so that izl Pmi/157=1
A-1




'

and P , =

mj

Different ratios

PDQO7 discrete model are used depending on the control rod configura-

Measured power for the ith location (which
corresponds to an assembly for 1 < i < 157
or a fuel rod for i > 157)

Measured reaction rate for the jth thimble

Weighting factor for the jth thimble (Wj is

based on the distance from the ith location

to the ™ thimble)

Power calculated for the ith location by the
PDQQ7 discrete model

h

Reaction rate calculated for the jt thimble

by the PDQO7 discrete model

Number of thimbles used for measuring power
in the ith location

of power to reaction rate (P__./R_.) obtained from the

ci’Tej

tions at each elevation.

INCORE calcﬁlates 1) the relative power for each assémbly and
quadrant based on the assembly average local powers and 2) the twenty

largest values of F

that hot spot (peak rod) locations in the core can be determined.

N

AH in descending order with an identifying number so



" A-2 TOTE COMPUTER CODE DESCRIPTION

The TOTE computer code is an isotopic and burnup follow pro-
gram which calculates material concentrations for the fuel and accumu-
lated burnup based on measured power distributions (obtained from the
INCORE code) and tables of material concentrations as a function of
burnup. The INCORE code outputs ﬁutnup rate information for every fuel
batch and/or assembly, (the total burnup rate for the fuel regiom is
given as well as the value for each of four axial segments of approxi-
mately -equal length). ' The burnup rate is given as the megawatt-hours
generated in a given fuel quantity per 1,000 megawatt-hours ggnerated
in the core.

Inpﬁt to the TOTE codé consists of:

1) the core energy (megéwatt;hours) associated with each INCORE
burnup rate deck |

2) a descfipiion of each fuel region (including meﬁric tons of
uranium, corresponding INCORE source number, previous burnup,
isotopic depletion type, etc.)

3) tables of the change in up to ten material conéentrations
with burnup

4) the burnup rate decks from INCORE

Core average, fuel batch and/or assemﬁly, and material con-
centrations are outputed by TOTE. Interpolation for material gonéen—
trations as a functibn of burnup is quadratic (generally using the two
preceding and one succeeding table entry). A description of each fuel

region (item (2) above) is output for subsequent TOTE rums.
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A-3 FOLLOW PROGRAM DESCRIPTION

The FOLLOW computer code processes reactor operation data and

calculates nominal boron concentrations.

The FOLLOW code is designed to

describe the nearly linear relationship between available core reacti-

*
vity and cycle burnup at nominal conditions. It is most convenient to

use boron as a measure of core reactivity with off-nominal corrections

being made for power, xenon and samarium, temperature, and control rods

in terms of their boron worth. These off-nominal corrections are made

using the following equation:

corrected or measured

nominal boron = boron
concentration ‘concentration
off-nominal

+ reactivity correction
due to rod group
2 position

off-nominal
+ reactivity correction
" due to power

off-nominal
reactivity correction

inverse boron x | due to rod group
worth 1 position
off-nominal

reactivity correction
due to moderator
temperature

off-nominal
reactivity correction
due to xenon and
samarium behavior

The boron concentration in Surry Units 1 and 2 is typically

measured one to three times per day.

After proper normalization, this

. data is plotted against cycle burnup and forms the "boron depletion

curve". Since this curve is well behaved and nearly linear from the

beginning to the end of the cycle, it can provide the following infor-

mation:

1) Extrapolation to end-of-cycle life for verifying refueling dates.

2) Rate of loss of reactivity with burnup for confirmation of de-

sign predictions.




3) Best-estimate of beginning cycle, hot-full-power criticality

under equilibrium conditions.

* Nominal conditions are associated with hot full power, equilibrium
Xenon conditions, and all control rods withdrawn from the core.



APPENDIX B

REPRESENTATIVE INCORE QUTPUT USING
THE VEPCO PDQO7 DISCRETE MODEL
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FIGURE B-1.

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR INITIAL CORE AT BEGINNING OF LIFE CONDITION
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FIGURE B~-2

- INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR INITIAL CORE AT BEGINNING OF LIFE CONDITION
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| FIGURE B-3

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR INITIAL CORE AT BEGINNING OF LIFE CONDITIONS
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FIGURE B-4

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR INITIAL CORE AT MIDDLE OF LIFE CONDITIONS
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FIGURE B-5

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR INITIAL CORE AT END OF LIFE CONDITIONS
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FIGURE B-6

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR RELOAD CORE AT BEGINNING OF LIFE CONDITION
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FIGURE B-7

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR RELOAD CORE AT BEGINNING OF LIFE CONDITIONS
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FIGURE B-8

INCORE CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR RELOAD CORE AT MIDDLE OF LIFE CONDITIONS
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FIGURE B-9

CALCULATED ASSEMBLYWISE AVERAGE POWER DISTRIBUTION
FOR RELOAD CORE AT END OF LIFE CONDITIONS
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R. H. LEASBURG

Vice PRESIDENT
NucLEAR OPERATIONS

\\;’9
ftf’zi:l \_.f'%’i":}

Mr. Harold R. Denton, Director: Serial No.. 478
Office of Nuclear Reactor Regulation: FR/MLS : gmj
Attn: ‘Mr, D. G. Eisepnhut, Director " Docket Nos.:  50-280
Division of Licensing 50-281
:U.S. Nuclear Regulatory Commission. - 50-338
Washington, :D. :C. 20555 50-339
License Nos.: DPR-32
" DPR-37
NPF-4
NPF-7
Gentlemen:

- VEPCO NUCLEAR DESIGN
" .TOPTCAL REPORTS

In response to the requests in the letters from Mr. Robert L.
Tedesco dated May 18, 1981, May 20, 1981 and May 13, 1981 accepting the °
Vepco topical reports VEP-FRD-19, VEP-FRD-20, and VEP-FRD-24, respectively,
for reference.in licensing.actions by Vepco, we have issued revised
versions of these reports which include the NRC evaluation letter and
its. attachment between the title page and the abstract.  Five (5) copies
of each of these revised versions of the reports-are enclosed for your
use,

If you have any questions, please contact us.

Very truly yours,

‘R. H. Leasburg
Vice President -
Nuclear Operations -

Enclosure

cc:. Mr. Robert A. Clark, Chief’ o 0
Operating Reactors Branch No. 3 52 \\ é&
Division of Licensing v bo“ gJ

. o \:,\ \A\‘ 6
‘Mr. Steven A. Varga, Chief 59 t
Operating Reactors Branch No. 1 Q{Y
Division of Licensing \
'\t
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