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1,0 INTRODUCTION

The work summarized in this report was performed to (a) further expand
the capability for simulating incore conditions of a pressurized water reac-
tor (PWR) at BNL, (b) benchmark specific code modules and (c) compile addi-
tional nuclear data for static and transient analysis. This effort is in-
tended to provide the data-base for wide ranging on-call technical assistance
to the U.S. Nuclear Requlatory Commission., Previous efforts by BNL to sim-
ulate static core behavi?r have included core follow analyses of the H. B.
Robinson (PWR) Cycle 1, (1) and Quad Cities (BWR) Cycles | and 2, (2.3)

In three-dimensional steady state reactor analysis two basic calcu-
lational tools are used; (1) a two-dimensional fuel assembly code which
generates nuclear data (cross sections, ke , M2 etc.) for every fuel type in
the core and (2) a three-dimensional coupled neutronics/thermal -hydraul ics
code which simulates the core behavior by simultaneous solution of the power,
exposure, temperature and xenon distributions and effective multiplication
factor.

Zion Unit 2, a four loop Westinghouse (W) PWR design, was chosen bLecause
of the number of similar plants expected to be operating in the next several
years and ?h? large volume ot Zion-2 core design and operating data that is
available.(4) These refarence quality data constitute a substantial data
base tor validating any PWR core analysis methodology. Comparison of calcu-
lation to measurements of core power distributions and core responses during
certain operational maneuvers are included in this report.,

The simulation ot Zion Unit 2 operation has been carried out with the
CASMO fuel assembly code and the three-dimensional reactor code, NODE-P.
Thermal-hydraulic analysis was performed separately with THERM-P, another ARMP
code module.

Detailed core parameters have been obtained at each of the 23 state points
spanning Cycle-1, At each state point the calculated and measured relative
(axially integrated) assembly powers have been compared.

A description of the physics methodology used in the codes is brietly dis-
cussed in chapter 2. Design and measured data, operating characteristics, in-
put information and data generation are presented in Chapter 3. Results and
comparison with measured data are shown and discussed in Chapter 4, Ap-
pendix A presents a comparison of 15x15 and 17x17 (W optimized design) fuel
assemblies while Appendix B lists the "B" - constants used in the present
study.



2.0 METHODOLOGY

The simulation of PWR core operation requires the solution of the three-
dimensional coupled neutronics/thermal-hydraulics reactor equation. As is the
usual procedure, the lattice tine structure equations are solved separately
providing parametric nuclear data including few grour macroscopic and micro-
scopic data, isotopic concentrations, etc. The assembly data are then used in
the three-dimensional neutron diffusion calculation to compute core-wide
power, exposure, and temperature distributions as well as reactivity for a
given set of operating conditions. The lattice physics calculations were
performed with the CASMO code and the global reactor core analysis with the
nodal code, NODE-P, A simplified block diagram showing data flow among the
various calculational modules 1s shown in Fig., 2.1.

2.1 Lattice Physics Analysis-CASMO

The fuel assembly calculations uer? rformed with the multigroup two-di-
mensional transport theory code, CASMO(5), The code, developed by Studsvik,
analyzes fuel assemblies with cylindrical fuel rods of varying compositions
arranged in a square array. The block diagram of the calculational sequence
of CASMO is shown in Fig. 2.2.

The code uses a 69 group microscopic cross section library, which is based
on ENDF-B/III. A special module is used for the calculation of the effective
cross sections in the resonance region for important resonance absorbers. The
heterogeneous problem 1s related to an equivalent homogeneous problem through
the use of the resonance equivalence theorem. Effective absorption and fis-
sion cross sections are calculated from the resonance integrals which have
been obtained from the equivalence expressions. A correction is made for the
interaction effects arising from the presence of more than one resonance ab-
sorber and the spatial screening effects are taken into account by the Dan-
coff-factors. A 69-group infinite medium spectrum 1s calculated then, using
the method of collision probabilities, for each different type of fuel pin,
The 69-group spectra are used to obtain 12 broad-group cross sections for the
succeeding calculations. The two-dimensional transmission probablility analy-
sis performed in 12 groups, yields a detailed flux distribution in the fuel
assembly as well as the multiplication factor (eigenvalue). The average few
group cross sections and reaction rates are generated by using the final flux
distribution,

-2-
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2.2 Reactor Core Calculations-NODE-P

The global reactor analysis is performed by NODE-P(G), which computes the
core effective multiplication factor and the three-dimensional core power, ex-
posure, coolant flow and temperature distributions, The effects of partially
inserted full-length control rods and part-length rods are explicitly treated.
The code is capable of handling 13 different fuel types constituting the core
loading. Each fuel bundle is uniquely represented and divided into 12 axial
segments or, nodes,

The nodal infinite multiplication factor, k, , and migration area, Mz,
are the basis for calculating the local neutron source, power and reactiv-
ities. The core wide effective multiplication factor, keff, is computed
using the same parameters. The nodal k_ and MZ values are obtained from the
lattice physics, CASMO calculations as a function of enrichment, burnable poi-
son content, coolant and fuel temperature, boron concentration and control rod
position. The program iterates to account for the interaction between power
distribution and core nuclear properties which depend on coolant flow, coolant
and fuei temperature and xenon distributicn, For an initial distribution of
coolant temperature, fuel temperature, xenon and fuel exposure, the power and
core koff are first converged. New coolant temperature, Doppler effect and
xenon distributions are established consistent with the converged source,
This power-coolant temperature iteration is repeated until the nuclear proper-
ties and power-temperature distributions have converged to consistent values
within an input error criterion. The fuel exposure distribution 1is then ex-
tended to the end of step and the sequence of source, temperature and xenon
convergence is repeated. The block diagram showing the interaction between
power and nuclear properties in NODE-P 1s shown in Fig. 2.3, Operating con-
ditions such as thermal reactor power, core flow, inlet subcooling, core pres-
sure and control rod positions are introduced as basic input data. The chan-
rnel inlet flow as a function of assembly power distribution is obtained from
the THERM-P Program,

2.3 Thermal-hydraulics Calculations - THERM-P

The channel flow distribution required b{ NODE-P as input data, is calcu-
lated by another ARMP code module, THERM-P(7 . The program calculates the
flow, temperature, enthalpy and void distributions in a pressurized water re-
actor core and determines the thermal pertormance of the tuel. The input in-
cludes thermal reactor power level, power distribution (from NODE-P), flow
channel configuration, total coolant flow, pump head and loss coefficients.
To establish the final channel flow distribution some 1teration is needed be-
tween THERM-P and NODE-P, because of the core thermal-hydraulic feedback.
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3.0 CALCULATIONAL MODEL AND DATA GENERATION

The principal source of information necessary for carrying out our calcu-
lation has beer. Reference 4, Fuel assembly data and certain operating char-
acteristics were the main input required for CASMO. Core design and operating
data as well as data generated by CASMO and processed by SUPERLINK-P consti-
tuted the input base for NODE-P, The channel flow distribution obtained from
THERM-P was also input.

3.1 Design And Operating Data

Nuciear design parameters for the Zion Unit 2 Cycle | core consisting of
thermodynamic data, core component description and operating characteristics
including measured core physics parameters and detziled operating histories
with corresponding power distributions have been cacefully documented in
Reference 4,

3.1.1  Fuel Assembiy Data

The Zion 2, cycle-1, core contained 193 fuel assemblies. The bundles are
in a 15x15 rod array and can be grouped in three distinct categories based on
the U235 enrichment (Region 1, 2 and 3), Table 3.la and 3.1b describe the
fuel types and also lists assembly design data. In two of the three fuel
types (region 2 & 3) further classification may be made based on the number of
burnable poison rods (BPR's) contained in the bundle, The fuel assembly con-
sists of 204 fuel rods and 21 water holes. Assemblies with BPR's contain the
same number of fuel rods (204) but in place of some of the water holes are
borated pyrex-glass rods. Figures 3.1 through 3.3 describe the layout of
these assembly types.

3.1.2. Reactor Core Data

As indicated earlier, the Zion Unit-2 contained 193 fuel assemblies. The
various design chare-teristics of the core are shown in Table 3.2, Figure 3.4
shows the reactor co.e map and the location of the tuel assemblies by regions.
The locations of fuel bundles containing burnable poison rods are indicated 1n
Fig. 3.5. Fiqure 3.6 ‘hows those assemblies where movable detector access has
been provided.

The movable detec .ors play an important role since their responses and the
power map which can te derived from these signals, establish the standard
which must be matchec by the calculation.
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TABLE 3.1a

Fuel Assembly Data

Regqion+ ] 2 2 2 2 3 3 3 3 3
Fuel Type 1 2% 3 4+ 5 6 7 - 9 10

# Of Assemblies In Core 65 24 24 12 4 8 - - 12 28
Enrichment (W/o U235) 2,25 2,79 2.79  2.79 2.79 3.29 3.29 3.29 3.29 3.29
Geometry 15x15 15x15  15x15 15x15 15x15 15x15  15x15  15x15  15x15  15x15
# Fuel Rods 204 204 204 204 204 204 204 204 204 204
Fuel Rod Pitch, In. .563  .563 .563  .563 .563 .563 .563  .563 563  .563
Assembly Pitch, In. 8.466 8.466  8.466 B8.466 8.466 8.466  8.466 B.466 8.466  8.466
Instrument Location 1 1 1 1 1 1 1 1 1 1
Water Rods 20 0 4 # 20 0 8 12 11 20
Burnable Poison Rods 0 20 16 12 0 20 12 8 9 0

*Including Special Source Assemblies

+ See Also Fig. 3.4.



TABLE 3.1b

Fuel Assembly Data

Fuel Rod
Fuel Pellet Material/Density Region |  sintered U0,/10.28 g/cm3
Region 2 sintered U05/10.17 a/cm3

Region 3  sintered U0,/10.32 g/cm3

Cladding Material/Density
Cladding 1.D., cm
Cladding 0.D., cm

Guide Tube
Guide Tube Material

Guide Tube 1.D., cm
Guide Tube 0.,D., cm

Burnable Poison Rod (BPR)

Rod Material

Natural Boron Loading

Cladding Material (Inner-Outer)
Inner Clad I1.D., cm

Inner Clad 0.D., cm

Outer Clad I.D., cm

Quter Clad 0.D., cm

Rod Cluster Control

Rod Material
Clad Material
Clad Thickness, cm

Zircaloy-4/1,284 g/cm
0.9486
1.072

Zircaloy-4
1.308
|.384

Borosilicate Glass
0.0603 g/cm

SS 304

0.568

0.601

1.0:7

1.116

5% Cd-15% In-80% Aqg
S 304
0.124
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TABLE 3.2

Reactor Core Data

Rated core thermal power, MW 3250

Total core flow, kg/hr 6.67x107
Volumetric Power Density, KW/ 99.9

Linear Power Density, W/cm 226.4

Reactor Coolant Pressure kg/cm? (PSIA) 158.23 (2250.)
Total Number of Fuel Assemblies 193

Number of Fue! Assembly Types (Region) 3
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3.1.3 Operating Data Measurements

The primary data representing each operating state of the reactor core
consisted of:

Core thermal power (including power level changes)
Control bank positions (Bank "D" and “part length")
Reactor coolant pressure

Reactor coolant borun concentration

Core average exposure

Flux maps (Power Distribution)

The scope of our calculations was essentially limited to simulating three
major groups of compiled measured data:

1. Relative region-wise reaction rate integrals (Detector Responses)

2. Inferred relative assembly power distribution

3. Core average axial power distribution

A sample of typical data sets showing the radial detector and power core
distributions are shown in Fig, 3.7 and 3.8 respectively. A sample of the
core average axial conditions is shown in Fig. 3.9. There are 23 data sets
representing the initial conditions and subsequent operating history of
Cycle-1.

3.2 Fuel Assembly Model and Calculations

CASMO calculations have been perfomed for all initial fuel types with
symmetrical fuel rod arrangements (types | through 7 and type 10). The BPR's
in type 8 and 9 fuels were non-symmetrically loaded (Fig. 3.3), and therefore
could not be modelled in the present version of CASMO, These assemblies
(Region 3) are located on the periphery where the power is low. Errors made in
model1ing the asymmetries in these assemblies will not significantly affect
the calculational results. In the CASMO calculations, type 8 and 9 fuels were
replaced with a symmetric fuel assembly containing 2 BPR's in such a way that
the infinite medium geometric arrangement approximated rather closely the
non-symmetric configurations.

I & g
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TABLE 3.3

Zion Unit-2
CASMU State Points

MOD Borcn
Temp Concentr, Coett. Exposure in MWD/kg U
Ok ppm o .5 1 2 3 &5 7. 10 12,5 15 20 25 30 35
535 0/1400 - X
535 0/1400 Control X
535 700 - X X
560 700 tq. Xenon X X X ¥ X X X X X Y X X X
560 0 Eq. Xenon X X X X
560 0 - X X X B X X X
560 1400 - X
560 700 X X
560 0/700/1400 Control X
560 700 Centrol and Eq.
Xenon X X X
560 1400 Doppler X
600 0/1400 - X
600 0/1400 Control X
600 700 - X X
Notes:

—
-

Controlled cases for Lype | and 5 fuels only
2. Some of the bianch points were used for hand calculations (not input to SUPERLINK-P)
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of the optimum set of leakage factors and albedos required an extensive series
of calculations. The deviation between BOL calculations and measurements was
minimized with a preliminary set of normalization factors. Since the reactor
core power level was relatively low through the first 5 state points, the
final selection of these parameters was made at state point 6 with 80%
power. The optimum set was chosen so that the calculation/ measurement
root-mean-square (RMS) errors of the radial detector reponses and the core
average axial power distributions were minimized. In order to correct for
interasssembly power sharing discrepancies, the assembly M2 values may also

be adjusted. This is required in the present application since unlike the
4-bundle PDQ calculations, the CASMC calculations are limited to single as-
sembly representations and cannot properly account for interassembly coupling
when the neighboring assemblies are different. For checkerboard core load-
ings, such as Zion Unit 2 (see Fig. 3.5), this limitation may lead to signifi-
cant errors in assembly nower sharing between poisoned and unpoisoned assemb-
lies. The power in fuel assemblies containing BPR's was found to be under-
predicted by ~8%. Decreasing M2 by 7% for type 2 and 5% for types 3 and 6
and increasing M2 by 7% for type 1 assemblies reduced the power sharing dis-
crepancies to a few percent,

The calculated critical boron was adjusted to match measurement by apply-
ing k, multipliers. A relatively large (1.014) ko adjustment factor was re-
quired to obtain good agreement. It 1s krown that CPM underpr igts the re-
quired PDQ,NODE-P k_ by 0.7-0.9% at high boron concentrations.(9) Since
CASMO produces almost identical results as cpm( 10 , it is believed that of
the 1.4% adjustment in k., about 0.7% can be attributed to the above mentioned
effect, This slight discrepancy will be further discussed in Chapter 4.

3.4. Thermal-hydraulics

The reactor core coolant flow distribution was calculated by using THERM-P
with an initial quess for the power distribution. An iteration was pertormed
using an improved power distribution calculated by NUDE-P. It was tound that
the relative flow distribution has converged rather rapidly and did not signi-
ticantly change with varying power level. Theretore, the calculated flow
distribution at BOL was considered adequate and was not changed during the
cycle simulation.

-26-



4,0, RESULTS AND MEASUREMENT COMPARISONS

A description of the codes used in this evaluation is presented in chap-
ters 2 and 3. Table 4.1 lists the exposure intervals during which operating
data were collected. The principal parameters including power, expcsure, neu-
tron multiplication and temperatures have been calculated at every exposure
level (state point) in each of the nodes comprising the Zion Unit 2 core,

The most important results of this work, the core average radial and axial
power distributions and the boron let-down curve (core eigenvalue) are
discussed in the following sections.

4.1 Boron Let-Down And Start-up Measurements

The soluble boron concentration as a fun?tion of burnup for Cycle-1 is
also reported with the Zion-2 measured data.(4) The tracking of the mea-
sured boron concentration is an important test of the methods used in these
calculations. Figure 4,1 presents the comparison of measured and predicted
boron concentrations versus core average exposure. The general agreement is
reasonably good with the end-of-life accurately predicted. The core react-
ivity 1s initially somewhat underestimated, but as the core average ex-
posure increases this discrepancy diminishes. The behavior of the boron let-
down curve can be qualitatively understood in terms of the following factors.

a. BPR worth - The BOL calculations have indicated (see below) that the
core mode! overpredicts BPR worth by~1%. As a consequence the solu-
ble boron requirements are underestimated in the early Ii1te of the
core.

b. Assembly k. - There is also some indication (9) that the CASMO
assembly k_ values are siightly lower (.3 -.7%) than the
corresponding PDQ/NODE-P values and the deviation 1s dependent
on the amount of soluble boron present. This effect tends to
reduce the core reactivity.

It should also be noted that the ARMP procedure recommends(|') an in-
crease in the Xenon microscopic cross section by ~50% ("g"-factor) in order to
produce Xe worths comparable to CPM. However, since the Zion-2 calcula-
tions were based on CASMO (which is almost identical to CPM ), the Xe
absorption rates were not adjusted.
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TABLE 4.1 Operating State Points

Core Burnup Power Level Bank D Position
Flux Map Date ~ (MWD/MTY) (% of 3250 Mwth) (steps withdrawn) State Points
CYCLE 1
2-1-6 2/19/74 53 25 191 1
2-1-7 2/25/74 128 35 181 2
2-1-9 3/18/74 273 50 208 3
2-1-26 9/21/74 753 48 203 4
2-1-27 10/07/74 1036 73 210 5
2-1-29 11714774 1602 82 200 6
2-1-31 3/01/75 3363 83 188 7
2-1-32 4/19/75 4229 85 193 8
2-1-33 5/22/75 5253 85 193 9
2-1-34 7/18/75 6242 85 191 10
2-1-35 8/22/75 7269 85 193 1
2-1-37 10/18/75 8188 81 196 12
2-1-38 11/18/75 9099 84 199 13
2-1-42 11/24/75 9246 84 195 14
2-1-47 1/09/76 10376 74 196 15
2-1-48 3/04/76 11132 84 218 16
2-1-51 3/23/76 11736 o1 220 17
2-1-53 6/16/76 12814 94 212 18
2-1-60 7/19/76 13856 98 214 19
2-1-61 8/19/76 -~ 14785 ag 220 20
2-1-62 11/04/76 15831 92 212 21
2-1-63 12/07/76 16989 97 219 22
2-1-65 1/04/77 17784 73 219 23
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In order to determine the validity of the NODE-P model various selected
reactor physics parameters were calculated. A comparison between these par-
ameters and similar FSAR values(12 is presented in Table 4.2, The agree-
ment 1s reasonable with the BPR worth slightly overpredicted (~1%). This BPR
worth overprediction is believed to be associated with the M2 adjustment
required to match the measured power sharing in assemblies containing ?P?'s.
As a further test of the present methods various start-up measurements! 4
have been simulated and in Table 4,3 and Fig, 4.2 through 4.4, the results are
presented. All the measurements were done at BOL, hot zero power (HZP) condi-
tions except for the Doppler-only power coefficients, which were done at 23|
MWd/MT. The overprediction of the differential control rod worth at the top
of the core can in part be attributed to the localized effect of the spacers
which were neglected in the NODE-P model. The maximum differential rod worth
as well as the integral worth is underpredicted. The underestimation of the
control rod worth can also be seen in Table 4.3 and Fig. 4.3, where the
critical boron concentrations for various control rod bank endpoints are
indicated. The Doppler-only component of the differential power coefficient
is accurately predicted as shown on Fig 4.4,

4,2 Power Distributions

In any nodal simulation of core behavior the calculated relative radial
and axial power distributions constitute the most important elements used in
assessing the success of the code to simulate the observed conditions,

Table 4.4 lists the core average RMS deviations of the calculated and
measured detector, radial and axial power distributions. The detector RMS
values are based on the number of detectors present in the core, The number
of detectors varied from one state point to the next, averaging 40, The de-
tector signals are direct measurements of the relative flux distribution in
each axial region of the core. The calculated detector value is derived from
the NODE-P power distribution using the detector-power correlation developed
from data generated by CASMO, The approximations necessarily made in devel-
oping this correlation (model of the detector, no multi-bundle calculations)
are such that the results are less reliable than the power predictions.
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TABLE 4.2 Compa-ison of FSAR & Calculated

(NODE-P) Values of Selected Parameters

Kef

HZP, NoXe, B= 0 ppm

HFP, NoXe, B=U ppm

HFP

Bor

, Eq. Xe, B= 0 ppm

on Requirement (Kgfg=1.0)

HFP
HFP

Coe

, No Xe
, Eq. Xe

fficients

Moderator Temp. Coeff.,
(pem/°F)

(HF

Dop

P, B =0, Ty = 548.6°F)
pler-Only Diff,

Power Coeff. (pcm/%P)

(P = 95% B=0, TM = 548,6°F)
BPR Worth, %

(HFP, No XE, B= 0)

Legend

HZP - Hot Zeru Power
HFP - Hot Full Power

B - Boron

No Xe - No Xenon

Eq. Xe - Equilibrium Xenon
Ty - Moderator Temperature
BPR - Burnable Poison Rods

FSAR

1.154
1.132
1.092

1168 ppm

8580 ppm

-2.1.10-4

-8.4,10-4

9.0

=3]-

Calculated
NODE -P

1.164
1.140
1.105

1189 ppm
899 ppm

-2.3.10-4

-10.0.10-4

10.2



TABLE 4.3
CRITICAL BORON CONCENTRATION

Endpoint
Confiauration Measured Calculational
A1l Sanks Withdrawn 1350 1365
Corx\:‘;gltzgnk D 1209 1251
Cc?iggltggnks D&c 1087 1158
Corlw't‘;gltz?’nks D, C &8 943 1040
Control Banks D, C, B & A 303 1006

Inserted
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TABLE 4.4 Zion Unit 2
Predicted Boron Values And Core Average Power RMS Deviations
(At Selected Points)

State Exposure Calc./Meas. Core szrgge Power
Point GWD/MT Boron Detectors Radial Axial

PPM % % %
! 53 111771078 4.5 3.6 1.8
3 273 994 /994 4,2 2.6 4.5
6 1602 836/882 4.6 2.8 3.1
7 3363 754/819 4.0 2.8 3.5
9 5253 6497707 3.9 2.3 3.3
11 7269 555/587 3.4 2.5 6.7
13 9099 474/531 37 - 6.0
16 11132 393/416 4.3 2.5 8.0
18 12814 283/308 4.6 2.9 5.9
20 14785 177/169 4.5 32 8.1
22 16989 52/17 5.8 4.2 7.1



Figures 4.5 through 4.12 show representative radial power distributions
along with the percent differences (Diffg = (1-C/M) * 100) at BOL (BOL-
STPT 1), middle-of-cycle (MOC-STPT 6 and 13), and end-of-cycle (EOC-STPT 23).

The BOL power level was 25% of rated, which makes the prediction of bundle
powers rather difficult, since the fuel assemblies were analyzed at 100%
power. Therefore, the agreement with measurement is deemed acceptable (see
Fig. 4.6). There is a slight tendency to underpredict the assembly powers.

The MOC results, at STPT, 6 & 13 show better agreement (Fiqures 4.8 and
4,10) with core average RMS's of 2.8% and 2.2% respectively., There are no
clearly detectable tendencies except that the largest difference occured in
assemblies on or near the periphery of the core (Max. 7.7% and 5.8%).

The EOC power distribution shows (see Fig. 4.12) an overprediction of
assembly powers in general and underprediction on the periphery., The
relatively large deviations (max. 11.6%) on the periphery indicate that the
BOL albedos are not fully compatible with EOC conditions. Fig. 4.13 through
4.20 show the detector responses with the percent differences at the same
state points. The general behavior is the same as the above described core
average radial distributions.

Fig. 4.21 through 4,24 show the core average axial distributions. There
is generally very good agreement between measured and calculated values.

a3]w



5.0 CONCLUSIONS

It may be stated in general that the CASMO/NODE-P code system adequately
predicts the operation of Zion-2 throughout Cycle-1. The results indicate
that the soluble boron cuncentration is underestimated in the early l1ife of
the cycle, but EOC 1s correctly calculated. Comparisons of measured and
predicted core average radial and axial power distributions as well as
detector responses indicated good agreement,
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Fig. 4.9 Measured Calculated Radial Power Distribution
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Fig. 4.12 Difference In
Measured /Calculated Radial Power Distribution

Exposure 17.784GWD/ MT
Boron 7.1 ppm
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fig. 4.13 Measured /Calculated Detector Response Factor
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Fig. 4.14 Difference In
Measured /Calculated Detector Response Factor
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Fig. 4.17 Measured/Calculated Detector Response Factor
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APPENDIX-A

Comparison Between 15x15 and 17x17 Fuel Assemblies

In this Appendix a comparison is presented between the 15x15 and 17x17 W
optimized fuel assemblies. The purpose of this analysis was to compare the
important assembly parametsrs required for the three-dimensional NODE-P
calcualtions, such as k_ M¢ and various spectral coefficients. In summary
one can conclude that based on the very similar neutronic behavior of the
15x15 and 17x17 fuel assemblies, the validity of the results presented in this
report for the Zion Unit 2 core can be extended to other reactors loaded with
17x17 fuel types.

For simplicity two 15x15 fuel assembly types from the Zion Unit 2 core
were compared with similar (17x17) types from the Byron & Braidwood units.
Table A-]1 lists the various characteristics of these fuel assemblies. Both
reactor cores contained other types of bundles, mainly differing in the number
of BPR's present. Peripheral bundles were not analyzed. The assembly burnup
and BOL calculations were performed with the transport theory code, CASMO,
Figures A-1 through A-4 show the essential results of the analysis, k, and
¥ ys, exposure. For both fuel types the k, and MZ values are very
similar with the maximum deviations of less than ~2 percent,

For completeress Fig., A-5 and A-6 show the ratio of 61/¢2 indicating
the similarities in the spectrum with the maximum deviation of less than ~10%
at 40 GWD/MT,

Table A-2 lists the Doppler and boron coefficients in the form of the
corresponding “B"- constants, and the k_, and M< temperature dependence is
also indicated. It can be seen that both fuel types (15x15 and 17x17) have a
very similar neutronic behavior with respect to parameters essential for the
three-dimensionai calculations.
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TABLE A-1 - Comparison of Fuel Assembly Data

Fuel Type 1 Fuel Type 2

Zion Unit 2 Byron & Braidwood Zion Unit 2 Byron & Braidwood
Enrichment w/o0 2.25 2.10 2.79 2.60
v235
Geometry 15x15 17x17 15x15 17x17
# Fuel Rods 204 264 204 264
Fuel Rod Pitch, in. .563 .496 .563 L4906
Instrument Location 1 1 1 1
Water Rods 20 24 0 0
BRPR 0 0 20 24
Fuel Pellet Mat./
Dens. g/cm3 U0,/10.28 U05/10.41 U0,/10.17 U0,/10.41
Clad Mat./Dens.,
g/cm Ir-4/1.284 Ir-4/* Ir-4/1.284 Ir-4/+
Clad 0.D./1.D, cm 1.072/.9486 .950/.836 1.072/9486 .950/.836
Guide Tube Mat. Ir-4 Ir-4 lr-4 lr-4
Guide Tube 0.D/
I.D., cm 1.384/1.308 1.224/1.144 1.384/1.308 1.224/1.144
BPR Material - - Borosilicate Glass Borosilicate Glass
B,0~> W/0 %
(E-?O) - - 17.0 12.5
Clad Mat. - - S$S304 $S304
Inner Clad 0.D/
1.D., cm - - 0.601/.568 .458/*
Quter Clad 0.D./
[.D., cm - - 1.116/1.017 .968/*

* Data Unavailable
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Figure A-1 Comparison of k_ vs. Exposure - Type 1 Fuel

v



o —————— . it o

K - INF

0.85 0.90 0.95 1.00

0.80

0.75

COMPRRISON OF 1S=15 AND 17x17 TYPE-2 ASSEMBLIES

K=INF VvS. EXPOSURE

LEGEND
+= |5»]S - ZION-2

o= 17%]17 - BYRON & BR.

0.0 6.0 12.0 18.0 24.0 30.0 36.0
EXPOSURE, GWO/MT

Fig. A-2 Comparison of k_ vs. Exposure - Type 2 Fuel

«§3=



M-SOURRE

COMPARISON OF 1515 AND 17x17 TYPE-1 ASSEMBLIES

- M-SOUARE VS. EXPOSURE

48.80

LEGEND
+= 15%15 - ZION-2

48.45

48.10

47.40 47,75

47.05

46.70

46.35
1
//

a2

/

46.

o= 17«17 - BYRON & BR.

0.0 6.0 12.0 18.0 24.0 30.0 36.0 42.0
EXPOSURE, GWD/MT

2

Fig. A-3 Comparison of M° vs. Exposure - Type 1 Fuel
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Figure A-5 Comparison of ’1 / QZ Exposure - Type 1 Fuel
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TABLE A-2
Comparison Of 15x15 And 17x17 Fuel Assembly Coefficients

Fuel Type 1 Fuel Type 2
Coefficient Equation Zion Unit 2 Byron & Braidwood Zion Unit 2 Byron & Braid
Doppler Bi7 = ltuel .15474-02 .16620-02 .18722-02 .19803-02
Boron Worth By = Np .24762+05 25118405 18637405 18745405
k! (T; = 535°%) 1.25434 1.23103 1.00950 1.00519
Ko vS. Temp. k2 (T, = 560°K) 1.24887 1.22717 .99898 .99541
k3 (T3 = 600°K) 1.23371 1.20928 L9751 .97306
M2 (T, = 555%) 43,948 44,095 46.042 45,574
M2 vs. Temp. M2 (T, = 560°K) 47.316 47.435 49,250 48, /30
56.130 56,154 57.580 56.894

Note:

M2 (T3 = 600°K)

Calculations were done at BOL, HZP, 0 PPM

Boron



APPENDIX-B

The B-Constants

Lists of the B-constants for the nine different fuel types are given in Table
B-1 through B-3.

The change in k, due to burnup,as (E) is fitted as a function of exposure
with coefficients By3, Bag, B3, B3z, and Bgg. We have found that
a 4th order polynomial fitted through the whole exposure range would give
rather large errors at low exposure, Therefore, two intervals were chosen
(0-3 Mwd/kq U and 3-30 MWd/kgl) anda® (E) was fitted with two separate
polynomials. Each of the polynomials were valid in their respective intervals
only. Table B-i through B-3 list the coefficients of the polynomial valid in
the range 0-3 MWd/kgu., Table B-4 lists the coefficients for the interval 3-30
MWd/kqU.

It was also found that Xe dependence on exposure was rather weak and by
setting B|?=O the maximum error in Xe through the whoie exposure ranjge is
less than 1.8%. Bg3 was determined by hand calculations using extra CASMO
runs not required for SUPERLINK-P (moderator temperature reactivity). ihe
control rod worth is represented by a polynomial with coefficients Bg
through Bgg. These constanis were also hand calculated, since SUPERL?NK-P
generated only first order dependence of aprod (B3 and B3j).
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TABLE B- 1 "B"-Constants for Region 3
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TABLE B-2

FUEL-TYPE-2

"B"-Constants For Region 2

"gn ENRICHMENT = 2,78%

CONST, 8M0e OF-RAPR-=—20 —_— - - - e

1=5 «10919€403 =,31144E«03 360345.03 0, 0.

4.4 +B89662E400° 04—~ 04 © WT1BR5Fs00 0,
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36=40 9 11089E=0]1 " =416995F=02— 8546?5 03 0, ey - Qg —
41«45 0. 1.0 -,2139?E -01 1 00953=‘oo 1.0
46=50 - 0s — et i 2.0, - - R rre———
51=55 0,0 0,0 0,0 0.%5511?-16 0,

—‘56-60 0. >0. ’_—0. Vs . 0.

—— FUEL—TYRE— ) e

wan ENRICHMENT = 2,78%

CONGT ,—— = NO g—OF— RP R ] e e e e e e e e

1-5 «11198F403 =,32180E+03 .37208E+03 0, 0,

60— 9364TE00 05— 03— G TPP68F400 0o
11=15 0e -,91855F+%0 0, .12139F4+08 J14186E407
(B0 =i TR =02 JS4R60E+03 —,12030Fe04 0
21=25 «19084E405 =,1322¢E=N]1  ,12R24E402 «13709F+00 =,65072E=02

~Fhe YO | SSEHE 400 27 "6bE=) 2 “10640F-03 12193 00—=,52747E=01"
3l=35 0. 0.0 «149330E=-01 0, -,23298E«0]
36=40 =4 11083F=0] " =41696U0E=02 — ,T7061€=03 0 — 0,
41=45 0, 1,0 -.189965-01 1, oonsar‘oo 1.0
sba8 00—y 05—
51"55 000 0.0 0 0 011102"-15 0.

- 56=60 0% 0 0% —03 03

B — FUEL- TYPE 4 i i ematiia:

"wan ENRICHMENT = 2,78% ==
CONST ¢ =NO+—OF-BPR—=—12 = =

1=5 o11610E+03 =,33642E+03 3 8585.03 0, g.

he)0—— (98150E«00— 05 -0 - .710539-004
11_15 0. -,8R53cF+0p 0. . .12423F+08 .162115007
16200 — ~e16913E=02 — ,548E60E+03 J12R30F+06 0, ;E ------
21=25 .19506r.05 -,11164E-01 J12573E402  412153F400 = 633375-02

— 26=30 1525?FoOO"“‘.ZS?OJE%ﬂz——b ‘98839E=04—=,12193F+ 00— =52 15'”*‘
31=35 0. 0.0 .17830€-01 0, -,23161E=01

15‘60 5~ .108376"01 '0165096002 6991‘6 03 Oo oo
4) =t 0., 1.0 -.150415-01 l,008537+00 1,0
bb-%o 'A. (;). 0. 0.0 0.0 000
51«55 0.0 0,0 (\.0 011102"'15 0.
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Table B-3 "B" -

Constants for Fuel Assemblies

Without BPR

FUEL TYPE 6
ENKICHMENT = 3,29%

Hien

CONST, = NQ o= OF BPR~8—2 ) ——mr—— — - — — —

1=5 o11115F¢03 =431650E«03 366265.03 0, 0,

6'10 .‘73930E‘00 0. : e . = 3 - . .73@06"‘00' 0. D S— ——
11=-15 0, =.93921E+00 o. .10040F+CAR J13662E407°
16=20 05—y 11 OE 0 02— 94 860L + 03 .12R30Fs04 0, -—-
21=25 o 15G34E405 =,11529F=01 .15«335;02 «12651F400 «,72005E-0?2

—26=30- e 1B8730F 40042625 3F «N2~—2, 10974F=nN3 - =,12193Fr+00—=,52T47Ean]—
31-35 0. 0.0 .14309F-01 O, .207025 01
36=40 093519€«02——=313903F=02—,T1789Fa03~ 0y ————0; ———
41=-45 0, 1.0 -, 12481F=01 0. 99393ro00 1.0
46=50— 0 0, ———- 0,0 0,0 — - 0,0—
51=585 0,0 0.0 0.0 .27756r-16 0.0

"—“'\6-60 ’—0. "06_ 0. . -oo
. i FUEL-TYPE 7 ——— T B

“an ENRICHMENT = 3,29%

CONSTe = NGr=OP=EP =g ] o i e e

1=5 o11581E403 =,33399E403 .38585F.03 O, 0.

— 6«10 IR ISTE 00— B - sT732190600— 05—
11-13% 0 ~+904406FE+C0 O, , +10503F+08 .13707Eoo7
16e20——03——————316639FwN2— ,54R60F+03——,12R30FP¢ 06— 05—
21=25 .167n2roos -, TRO19F =02 «14R00E«N2 297733Fan] =,62450E-02
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46=50 0 it e T W - 0,0 0,0
51-55 0,0 0.0 0.0 ,55511F=16 0,

—S6=k0 0% 0% 0% . Go

! g FUEL- TV e . - ekt
"N ENRICHMENT = 3,29%

CONS TS = N0 = OP=B P g oo 2 - —————
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1«5 11624F 403 .338805.03 39108E.03 0, 0.

A= lo L OIOGR!E.Ol 0. ' o o .72‘“6“‘00 O
11=15 0 -.874T8F«+00 o. .10731F+08 ,137566.07
16=20 Py ~+14819%f w02 JO4RENF4NI —  L12R20F04 0, —
21=25 .1704as.ns -, 60977E=02 .1«5«25.02 «85112F=n1 «,58158E.02

~—-26=310 c17626F 40042007 4Fwp2—a , B891N9Falbé—=,12193Fsn0—=;5274TE=01—
31=-35 0. 0,0 .2l014F=n1 O, .20851E-o]
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TABLE B-4 "B"-Constants

Cofficients Of ar (E)
In Region 3-30 MWd/kgl

Fuel Type ] 2 3 4 . " 7 8 10
B33 .89341-02  .39298-03  .23288-02 .40247-02 .80153-02 .82975-03 .37196-02 .50897-02 .71094-02
Bas .45760-04  -.70107-03 -.59498-03 -.47997-03 .57221-04 -.37216-03 -.23393-03 -.13550-03 .72606-04
B36 -.46818-05  .38618-04  .31660-04 .24907-04 -.49370-05 .15624-04 .83624-05 .33084-05 -.53214-05
B3y .87144-07  -.50271-06 -.40478-06 -.31601-06 .96955-07 -.10826-06 -.37294-07  .24803-07 .10291-06
.38513-03  -.82813-02 -.62923-02 -.43028-02 .24196-02 -.30531-02 -.53181-03  .89943-03 .35056-02
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