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AESTRACT

This report describes the methods of the PRESTO-B computer code and the basis
for confidence provided by comparison with measured data and higher order methods.
PRESTO-B is a three-dimensional BWR nodal core simulator, describing the coupled
neutronic and thermal-hydraulic phenomena under specified operating conditions.

The code can be used for detailed core inalysis, fuel management, reload design,

operations support, or generation of safety-related core parameters.
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INTRODUCTION

This report describes the methods of PRESTO-B and provides documentation
on jits basic and general verification. It has been prepared for Carolina
Power & Light Company, in support of their submittal to the US NRC to
establish reload design capability for the Brunswick steam electric plants,
Units 1 and 2. A detailed evaluation of the code performance for the

specific plants considered is given in a supplementary report.

The code was developed by Scandpower A/S (ScP), in cooperation with the
Institute for Energy Technology (I.F.E), Kjeller, Norway. PRESTO-B is
intended for application by BWR Utilites in performing various core
analysis tasks, including :

- Multicycle Fuel Management Analysis
- Reload Core Design Analysis
- Core-Follow Calculation

- Current Cycle Operations Support Calculations.

PRESTO-B is part of the ScP Fuel Management System (FMS) code package,
and is usually run with lattice data generated with the code RECORD.
RECORD is described in a report complimentary to this report. PRESTO-B
has also been successfully run with lattice data generated by codes
other than RECORD (e.g., CASMO). The code is written in FORTRAN IV and

has been implemented on the following ccmputers

CDC - CYBER 74, 175, 176, 170
cbCc - 7600

IBM - 370

UNIVAC - 1110

NCR = 8450
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SUMMARY OF MODELING AND CODE PERFORMANCE

PRESTO-B is a three-dimensional BWR core simulator with integrated
neutronics and thermal-hydraulics models. The neutronics model of
PRESTO is based on an approximation of two-group diffusion theory,
utilizing a special coarse mesh prescription originally developed for
this code (Ref. 1 ). The thermal-hydraulics model is a steacy-state
version of the hydrodynamics model developed for the RAMONA codes
(Ref. 2).

The BWR core is modeled as a three-dimensional array of near cubical
nodes, each having homogenized internal properties. The nodal structure
coincides with the fuel assembly array, horizontally, and with an axial
subdivision giving approximate cubical shape.

The neutronic properties of a noude are described by a set of ccnventional,
two-group, homogenized macroscopic cross-section data, represen ed as
polynomials in fuel exposure, exposure-weighted void and instant aneous
void. The thermal-hydraulic properties are described by geomet:ric data
such as in-channel flow area, hydraulic diameter, etc. Hydrauli: throt-

tling is described by pressure loss coefficients.

Simulation of the reactor operation may include the following reactor

conditions :

cold subcritical

- cold critical

- hot, zero power critical

- hot, operating steady-state

- hot, operating - transient Xenon

- hot, operating - fuel burnup increment

The following special calculational modes are also available :

- Baling burnup calculation

- Criticality search calculation on flow or power
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- One stuck-rod shutdown margin calculation

- rReflector albedo generation

Each reactor state point is specified by giving the following data as

input :

- total thermal. power
- total coolant flow rate
- core inlet subcocling (or feedwater enthalpy)

- contiol rod insertion pattern

Consistert, three-dimensional distributions of power and steam void

are then determined by iteration between the neutronics and the thermal-
hydraulics models. Efficient numerical solution methods are employved to
ensure ‘ast calculation. The f£:.luwing local effects are accounted for

in calculiating the nodal poweé¢: distribution :

instantaneous void (hydraulics feedback)

- fuel “xposure

- exposure-weighted void

- control rod insertion

- equilibrium or transient ¥Yenon concentration
- Samarium concentraticn

- fuel temperaturs (Doppler)

- control rod history

- control rod depletion

The following simulated core performance data are derived on the basis

of the calculated distributions :

- Evaluation of margins to various thermal limits (Maximum Linear
Heat Generation Rate, Fraction of Limiting Power Density, Fraction
of Average Planar Power with respect to Emergency Core Cooling Design
Limits, Minimum Critical Heat Flux Ratios, and various power peaking

factors.



Predicted in-core detector readings (LPRM and TIP)

The ccde may determine the development of the reactor power level with
time in a Xe-transient period, or determine the total coolant flow rate
required to keep the power level constant during the period. Local power

ramp raies are also evaluated under simulated operating transients.

Cycle length estimates for a complete reactor cycle, or for remaining

parts of a current cycle, may be performed.

Fuel assemblies are individually labeled, allowing easy simulation of

core reloading, including options for

insertion of new fuel
fuel shuffling
reinsertion of fuel from an earlier cperating period

discharge of spent fuel to a simulated fuel storage

An extensive evaluation program has been carried out to verify the code,
hoth against reference calculations and against special data, such as BWR
gamma scan data and measured void loop data. In addition, the accumulated
experience gained in application of the code since 1971 has yielded a
large number of comparisons with reactor data, such as TIP traces, com-

parisons with other codes, and with process computer results.

The special diffusion thecry approximation of PRESTO has been independently
evaluated by comparison with fine mesh diffusion theory benchmarxs (Ref. 3).

In summary, the following results were obtained :

Eigenvalue Bundle Power
% Diff. STD Dev. (%)

0.28 0.63
0.33 0.65

The thermal-hydraulics model of PRESTO-B has been verified against the
FRIGG void loop data (Ref. 4 ). The standard deviation (RMS) in per cent

void between calculated and measured veoids was 2.1%, which is almost




within the experimental uncertainty of 2.0%. The detailed results of the

benchmark calculations are presented in Chapter 11.

Gamma scan data, measured following EOC-1 of the Edwin I. Hatch BWR (Ref. 12),

has been used to qualify the combined thermal-hydraulics and neutronics core
models of PRESTO.

Comparisons between calculated and measured La-140 distributions were per-

formed for :

Bundlewise axial distributions

Bundlewise average (radial) distributions

Pin-wise axial distributions

Bundles adjacent to partially inserted cortrol rods

Bundles in the core boundary versus those in the interior of

the ccre

The total standard deviation between calculated and measured nodal La-140

distributions was 6.4 per cent.

The total standard deviation in the bundlewise comparison was 2.5 per cent.

An overview of the results, showing plots of the bundlewise axial distri-
butions for all bundles in a complete core octant, is presented in

Section 11.3.

In general, very good agreement was obtained between calculated and measured
La=-140 distributions. This demonstrates the accuracy in results of the

coupled neutronics and thermal hydraulics models of PRESTO.
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CORE DESCRIPTION

A BWR core is made up of a number of fuel assemblies arranged in a regular
lattice grid. The fuel assembly array constitutes a physical subdivision
of the core, which is maintained in the simulator model. Each assembly is
further subdivided axially, usually 24 or 25 axial segments. The geo-
metrically identical unit cells thus obtained are called nodes. The water-
gaps associated with each fuel assembly are included in the node.

The main nodal variables (such as power density, void fraction, etc.)

calculated by PRESTO, represent average values within the node.

Core Gecmetry

The geometric shape of the core is described in a Cartesian coordinate

system with integer coordinate values (I, J, K), as shown in Figure 3.1.

The I, J coordinates for the nodes along the core periphery are given as
input, thus defining the core shape. Each fuel assembly location is

identified by its coordinates or, equivalently, by a channel number.

The core model may describe the entire, physical core, or a fraction of
the core, depending on core symmetry assumption. 1/8, 1/4 or 1/2-core
models may be represented, in addition to the full core representation.

Various symmetry options based on either rotational or reflective symmetry

are available.
The physical size of the core is determined by the nodal dimensions speci-
fied in input, together with the definitiocn of the core periphery and

number of axial nodes.

Fuel Designation

Fuel assembly images are "loaded" into the core by specifying the fuel

assembly identification number corresponding to each channel.
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The fuel assembly identifications are 5 or 6-digit integer numbers,
iijkkk, where :

ii = fuel type designation
3 = identifier for fuel batch number or core quadrant

kkk = jidentifier for individual assrmblies

Data characterizing the state of the fuel (i.e., exposure, exposure-

weighted void and other nodal arrays) are stored on a data file maintained

by PRESTO. The data are labeled by the associated fuel assembly number,

thus allowing complete freedom for simulation of fuel shuffling, discharge

and reinsertion. Core reload simulation simply consists of redefining

the relationship between core location and fuel assembly identification.

Nuclear Data Assignment

A nuclear data library, consisting of precalculated group coirstants and
other data characteristic for each type of fuel design is made available
to PRESTO on an input data file (so-called POLGEN file). Each unique
data set on the file is identified by a nuclear parameter set number.

The correspondence between the nuclear data sets and fuel assembly types
is established by input data relating fuel type identification to nuclear
parameter set number. In the case of fuel designs with axially zoned
burnable poison or axially varying enrichment, each axial zone is related

te a specific nuclear parameter set.

Control Rod Designation

Control rods are labeled by individual identification numbers and with
the locations specified through the input data.

For BWR cruciform reds, each rod usually controls the four surrcunding

assemblies.

The model allows shuffling and replacement of control rods (since control

rod depletion is meonitored by PRESTO).
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Hydraulics Data Assignment

General data needed for the thermal-hydraulics model are given in the form
of a set of library data on input cards.

Data describing the in-channel flow area, heated perimeter and hydraulic

diameter are given separately for each fuel type and will thus enable the
simulation of mixed (i.e., 7 x 7 and 8 x 8 fuel) cores.

Since BWR cores usually feature coolant flow restrictions for channels
near the core periphery, each such hydraulic throttling zone is labeled

by a unique index and characterized by specified core inlet and outlet

pressure loss coefficients.
The thermo-hydraulics parameters are thus represanted as either general
data characteristic for the whole core, fuel type-dependent data or as

data related to the core location.

Spacer Grid Locations

The axial location of the fuel spacer grids are specified in order to

account for the neutronic effect of the spacers.

In-Core Detector Locations

Two types of in-core detectors are included in the PRESTO model :

- Fixed (LPRM) detectors

- Travelling (TIP) detectors.

LPRMs and TIPs are assumed to be located inside detector tubes (strings),
positioned adjacent to the corner (narrow-narrow gap) of selected fuel

assemblies. Thus each string will be surrcunded by four fuel assemblies.

Detector string locations are specified by defining the four channels sur-

rounding each detector.
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The axial locations of the fixed detectors are specified by the elevation

of the detector centerline for each of the {our detectors in a string.

Radial Core Regions

The core may be subdivided into a number of radial regions for the purpose

of output editing of volume averaged quanties like void, power, etc.
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4. REPRESENTATION OF NUCLEAR DATA

4.1 Polynomial Representation of Two-Group Data

Basic, two-group, assemtly averaged cross-section data and peaking
factors are assumed available from RECORD or from a corresponding
lattice physics code. These basic parameters must be generated

under the following conditions :

- The power density must correspond to the core average nodal

power at rated total rore power.

- The fuel temperature is the core average effective Dcppler

temperature for unexposed fuel at rated total core power.

- The Xenon and Samarium isotopic concentrations must correspond
to the equilibrium concentrations at rated power, at any core
burnup. Equilibrium concentrations are also assumed at zero

burnup.

- The moderator temperature used in RECORD must correspond to

the saturation temperature at rated core pressure.

- The basic cross-sections must be generated as functions of
burnup and given in discrete burnup points (about 20 points),
covering the range from zero to the expected maximum nodal
burnup. Separate burnup calculations must be performed for
three void fractions (i.e., 0, .40, .70), and for each type
of fuel assembly cross-section (segment) encountered in the
core. (If axially zoned fuel is used, one fuel assembly type

may contain several cross-section types.)

The basic cross-section data sets are input to PRESTO in the form

of polynomial coefficients generated by the auxiliary program POLGEN.




POLGEN subdivides the burnup range into intervals, each consisting
of five burnup points. Fourth order polynomials are laid through the
given points. Polynomial coefficients are thus given for each inter-

val, each void fraction (exposure-weighted) and for each fuel segment

type.

A basic cross-section for an arbitrary node in PRESTO is calculated

by first locating the exposure interval of the node, then evaluating
the cross-section at the actual nodal exposure-weighted void, using a
second order interpolation between the three void values used in the

RECORD cross-section generation.

The basic cross-sections are thus functions (g) of two parameters,
exposure (E) and exposure-weighted void (ox). Instantaneous void (a)
is accounted for by additional polynomial fits (f), as follows :

(4.1)
" g
where i
Normally, when the difference between a and ® is small, the exposure
influence on the instantaneous void dependence may be neglected, and
the functional dependence can be determined at zero burnup :
(4.2)
~N
e~
(4.3)




The simplified model (¥y. 4.3) is available as an option in

PRESTO~B.
4.2 Xencn Feedback Effect
4.2.1 Steady-State Xenon Model

Deviations in local equilibrium Xenon concentrations from the average
equilibrium concentration at rated power are accounted for in evaluating
the nodal cross-sections. Xenon influences the group constants both

by direct neutron absorption and by distorting the thermal neutron
spectrum. These effects may be taken into account by modification

of the basic thermal group absorption and fission cross-sections :

(4.4)

(4.5)

(4.6)

(4.7)

£
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L]
(4.8) “
Q = Actual full core thermal power
Qr = Rated full core thermal power
Pzel = Normalized (nodal) power density (core average = 1.0)
X = Conditions at rated power density
» = Conditions at infinite power density
The coefficients a;, a; and aj; are evaluated on the basis of RECORD
results for no Xenon condition, rated power equilibrium Xen¢an condi-
tion, and an additional calculation at off-rated condition.
Transient Xenon Model
For calculations where the local Xenon concentrations may differ
from equilibrium, a cross-section correction based directly on the
nodal Xenon number density is applied :
(4.9)
L]
(4.10) w
where
X = Nodal Xenon number density
ox = Effective microscopic absorption cross-section for
Xenon
A
‘x = Coefficient describing the influence of Xenon on the
thermal neutron spectrum
e = Coefficient describing the influence of Xenon on the

fission cross-section due to spectrum hardening
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ax and Kx are evaluated as functions of void fraction %, and Xenon
density :

(4.11)
‘N
w
(4.12)
The coefficients C; through Cs and nf may be evaluated on the basis
of RECORD calculations.
Doppler Feedback Effect
The Doppler broadening of the cross-section resonance peaks with
increasing fuel temperature causes increased epithermal neutron
absorption and reduced resonance escape probability. This effect
is accounted for in PRESTO through the following correlations :
(4.13)
(4.14)
N
-~

The nodal average fuel tomperature is obtained from a correlation

of nodal power acroriaing to Eg. 6.30 which is described in

177

ection 6.



&o
'
e i}

Samarium Effect

The basic cross-section data input to PRESTO, in the form of POLGEN

polynomials, are assumed to contain the effect of equilibrium Sm-149
aiso at zerc burnup.

The following nodal correction is performed in PRESTO to account for

deviations from eguilibrium concentration of Sm-149 :

{4.15)

(4.18)

The average number density
in PRESTO whenever a burn.p step or a time step calculaticn is performed.
The initia

ly set to zero for all

M

1 concentraticn cf Sm=i149 is automatica

€2



fresh fuel. Pssudo time steps at zero power may be included to

simulate Pm decay and Sm buildup during periods of shut down.

Control Red Model

The 2-group constants enter PRESTO's coupling euation through the

nodal gquantity 5. , defined by Equation 5.4

-

(4.19)

Therefore, correct representation of control rod insertion is assured

if the influence on k_ and (:al - :rl) is modeled properly. The

influence of control rod insertion on the fast group diffusion

ccefficient (see Egs. 5.8 and 5.14) is generally negligible. It is

also observed (RECORD) that the sum :al + Zrl is almost unaffected

by control rod insertions. Hence, it 1is sufficient to model control

rod insertion by its influence on k, This is done by adding a

control rod correction term, A:a“' to the thermal group absorption
-

cross-section. In this way, the thermal group flux (Eg. 5.24) will
be modified due to control rod absorption.

The following expression is used to evaluate ;:aﬁ

S




Jhere
= kn - control rod inserted (RECORD calc.)

This expression is obtained by requiring the controlled k, (cbtained by

adding ;:az to and solvinc Equation 4.19 for Liaz) to agree with a

“a2
reference, controlled kw (RECORD) .

The contrel rod correction term, is represented as a polynomial

L\-: ’
a2
fit where the following effects are taken into account :

- Void in the adjacent channel

- Fuel burnup in the adjacent assembly
o Depleticn of the boron absorber

- Moderator condition (cold or hot)

- Partial insertion ¢f a control rod into a ncde.

In addition, the effect of control rod insertion on the local power

peaking factor and the effect of the control rod history on the group
constants (through spectrum hardening and increased Pu production) in
the adjacent fuel are taksn into account. This is described in detail

below. The basic expression for AEa2 is :

(4.21)

(4.22)

€'
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La®]

o
[

5 fitted constant

oy
"

3 multiplier accounting for 4-bundle homogenization effects.

The following term accounts for the effect of undepleted control rods

{subscript o) in fully controlled nodes

2
:.::2 = b,(E) + by(E) *a+ b (B) +af (4.23)
E = fuel burnup
3 = in-channel void fraction

The functions bz, b3 and b4 are second crder polynomials in E.

The term CRC * B+ £(I) of Equation 2.21 accounts for a reduction in
the rod worth due to depletion of the Boron absorber (810). Detailed
analysis of Boron depletion for BWR control rods (rodded blade rods)

have shown that the rod worth, 4k, decreases linearly with increasing

burnup :
A - . (4.24)
Lk (B) = Ak(O) CRC B 2
B = burnup obtained in the adjacent fuel during the periods

of contrel rod insertion
CRc = fitted constant (different fo- cold and hot condition)
£(I) of Equation 4.21 is a function of ti s 2-group constants converting

the reduction C'R * B in k_ into a corresp.nding reduction in :a2'

C

10, . ; : -
The content of B in each segment of the contrel rod, given in
10
per cent of the initial B ~ content is

"
.15 = 100 = C. ¢+ B +C, *B° (4.25)
3 “«
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4.5.4
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where

C3 and C4 are fitted constants

Constants for the control rod depletion model have been derived for
BWR rodded blade control rods by detailed calculation of the BIO

depletion using the codes RECORD and THERMOS. These constants are

assumed to be generic for GE-type rodded blades.

Control Rod History Effect

Control rod history effects on the nodal 2-group constants are accounted
for by means of a model derived on the basis of a large number of RECORD
calculations. This model allows the nodal Taz and vEfz to increase
(second order polynomial) due to increased Pu producticon in periods

when the control rod is inserted; whereas, a corresponding decrease

{exponential decay) of the excess quantity accounts f£or burnup in periods

when the control rod is withdrawn.

Control Rod Model for Cold Condition

For cold condition analysis, where all or nearly all control rods are

inserted, the basic group constants as input to PRESTO (POLGEN-File) are

assumed to contain the effect of the control rod.
For uncontrolled nodes, a gquantity A:az' evaluated as by Equation 4.20

replacing ki with the uncontrolled k_, is subtracted. Control rod

depletion and control rod history eoffects are applied as described above.

Cross-Section Model at Reduced Moderator Temperature

The hot cperating condition, two=group data set is applicable for

analysis of reactor conditions ranging from hot, near zero power to hot

full power. Separate data sets are required for analyses of zero
power states at reduced moderator temperature. The polynomial repre-

sentation described in Section 4.1 is applied at each moderator



temperature (i.e., cold condition), thus the group constants are

functions of expnsure (E) and exposure-weighted void (Jx}. Each low
temperature cross-section set is assumed generated by branch-off
RECORD calculations based on the isotopic composition file generated
in the corresponding hot condition RECORD calculation. The branch-

off calculaticn is performed under the following assumptions :

- The power density is set to zero.

- The fuel temperature is the same as the moderator temperature (i.e.,

o %
20°C for cold cases).
- The Xenon and Iodine concentrations are set to zero.
- The Sm concentrations are kept unchanged (from the hot case).

- The control rod is inserted in cold condition (see §4.5.4).

Spacer Representation

Neutron absorption in spacer agrids is accounted for by adding an
exoosure and void dependent correction term to the thermal group
absorption cross-section in nodes defined as spacer nodes. The effect
of the spacer on the flux and power distributions is thus smeared out
over the nodal volume. The following form of the spacer correction

term is used :

(4.26)

where b, through b, are fitted constants.

9

: -
The magnitude of Sa2 may be obtained by separate RECORD calculations

-

with spacer material included, followed by a one-dimensional diffusion

calculation (MD-1l) to perf

O

rm the

W

xial homogenization over the nodal

volume.

£'7



NEUTRCHN DIFFUSION MODEL

Derivation of Equations for Calculation of Two-Group Flux Distributions

and Eigei.value

The neutronic equations of PRESTO are derived as an approximation to

coarse mesh diffusion theory (Reference 1). A constant planar mesh width
(h) is assumed. The axial mesh width (k) is usually equal to the planar
mesh width for BWRs (cubical nodes). The method is derived for non-cubical

nodes as well; however, the cubical node (k=h) formulation is described

A central mesh point finite difference formvlation is used for the

fast flux (¢) eguation (Reference 1)

Sl Ny |
a &, Zaij,j L AR R (5.1)
63
where
2D,D
e h —t d
8, B 53D, (5.2)
i3
aiis L aij £5.3)
53

i and j. are nodal indices. The summation is over the six nearest nodes
j surrounding node i (4 planar and 2 axial neighbor nodes). Ei is a
function of the 2-group nodal macroscopic cross-sections and the eigen-

value X

vy
3

0O

b



(Standard 2-group notation is used

(See Reference 1 for discussion of accuracy of this approximation.)

Equation 5.1 is tiien reduced to :

¢t .
1

9w odn &3
6

3
ot ¥
v

1

-
<

Further, the nodal average flux fi is expressed as an interpolation
between the mesh point flux ’i and the six nodal interface flux values
aij (on the interfaces between the node considered and its six nearest

neighbors) :




The interface fluxes may be expressed as

v v,
i 3
° o= - (S-ll)
3 5. B
3j i

giving

b= rer)¥ +c ]y (5.12)

63

with

= 32 (5.13)
and

r, » D § 2 (5.14)

1 3 /D_

63 J

Introducing Equation 5.12 into Equation 5.6 gives
Q¥ =1 Y (5.15)

63
with

L Pi - q (b + cri) gl
2 1 - eq, G

Equation 5.13 is the fundamental nodal coupling equation, as applied
in PRESTO. All nuclear constants are contained in a single vector, Qi'

thus Equation 5.15 lends itself to uncomplicated computer representation.

The eigenvalue i, entering Equation 5,4, must be found simultanecusly
with Equaticn 5.15. This is achieved by iterative methods (starting from

a guess of A=1.0); A is calculated as

w
-
-4

Total neutron production
Total neutron absorption + neutron leakage from core boundary

ek
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The nodal average thermal flux distribution,  is required for

calculation of the nodal power density (Eguation 7.1) and for the

thermal spectrum index entering Eguation 5.4

3,
£ = 2i
i <as (5.18)
v5
2i

. zas | . HRR - .
where :ﬂi is the average asymptotic flux defined as :

5as o Zrl s (5.19)
8. - E 14
a2

Two optional models are available for calculation of 52 in PRESTO-B :
Option 1.

The node average thermal flux is calculated by analogy with Equation

5.10 and assuming asymptotic conditions (Eguation 5.19) in the node

midpoint :

» as B as

2. = b, + = P {(5.20

g > 44§ | 6 *2i3 )
63

Under this option, the non-asymptotic thermal flux (Equation 5.20)

is only used in the calculation of the ncdal power, whereas the

spectrum index F is assumed asymptotic :

F =1 (5.21)

. -

The node average thermal flux 1s found from the thermal dgroup neutron

balance equation integrated over the ncdal volume
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(5.22)

o
ro

where L, is the net leakage of thermal neutrons per unit volume. Lz
1s calculated using the same finite difference approximation as for the
fast group flux, optionally modified by a thermal group gradient

correct.on factor, a,
-

(5.23)

(5.24)

Under this option, the non-asymptotic thermal flux is recalculated
in eacn eigenvalue iteration and used to calculate the spectrum index

entering Equation 5.4 and to calculate the nodal power.

Option 1 usually gives sufficient accuracy in hot condition applications,
whereas calculations involving larger flux gradients, such as cold,

single rod out cases, require the method under Optiocn 2.

-
&~ ’

2 .. . :
For noncubical nodes, the constant R = h™ / k" is introduced as a multi-
plier on all axial neighbor node terms in the nodal summations, as
shown in Reference 1. k is the vertical mesh width. Equation 5.15 is

then modified to

4 (5.29)
i-3xial

e~




The corstants b and ¢ are expressed in terms of a new constant, a

{(with a=b for cubical nodes) :

.

<

33 33TT15a) (Re2)

b

Corresponding expressions are emplcyed for the thermal group constant

b, of Equation 5.20.

Numercus comparisons with fine mesh diffusion theory results for
typical BWR configurations have shown that a = 0 is close to optimum
for both hot, wvoided condition and cold condition cases. Correspond-
ingly, b2 = 0 (Option 1) or a, = 0 (Option 2) is recommended for the

thermal flux model. Cold cases using thermal flux Option 2 may

require a slightly negative value of a, (i.e.

-
Examples of comparisons of PRESTO with reference diffusion theory
solutions are provided in Section 11.1. These results are the primary

basis for evaluation of the constants a and a,.

Reflector Treatment

Equation 5.15 is sclved subject ulated boundary conditions
the core reflector in n , g the reflector,

Equaticn 5.8 is modified

P B —
vD

-

1
-




A constant reflector diffusion coefficier: is used for "reflector nodes"

in Equation 5.14.

The boundary condition 31 may be expressed as

g = BN (5.29)

where

n = number of "missing neighbor" ncdes

Aeff

i = effective extrapolation length into the reflector for the

grour L flux, node i.

fruation 5.28 accounts for fast neutron leakage into the reflector.
Adequate reflector treatment also requires modeling of thermal neutron
return from the reflector. In PRESTO, the net thermal neutrons impinging
on the core from the reflector are assumed to be completely absorbed in
the periphery nodes. The increased thermal flux in the boundary nocdes

is described by :

To o bt - Tr (5.30)
a2

The "albedo" source term, Si, may be written as :

8
n i -
si - H ot Di 15:3%)
A
i
where the albedo g is defined by :
J1
si = ;; (5.33)

J, and J, are the fast group and thermal group net currents at the core

interface.

reflector




The albedo source term is added to the removal cross-section in
Equations 5.4 and 5.19 and Equations 5,20, 5.22 are replaced by
3 =,, for all nodes treated as boundary nodes.

pA

The reflector parameters Bi and S, are determined from a reference, two-

i
group, fine mesh diffusion theory scolution for the flux distributions
in a 2-D horizontal core cross-section (side reflector) and from a 1-D
solution in the axial direction for the top and bottom reflectors.

Evaluation of (Bi'si) is performed by the subroutine ALBMO in PRESTO.

Bi is determined by inserting the reference nodal fluxes into the nodal

coupling equation arnd the solution for P, , Bi is then found from

i
Equaticn 5.28. Equation 5.30 ‘s solved for Si, using the reference fast
o v

to thermal group flux ratio.

The found values of (B:,Si) are applied in a 2-D (or 1-D) PRESTO calcu-
s
lation using the same nodal cross-sections as in the fine mesh calcula-

tion.

A set of nodal correction factors, PCORRi, modifying the original Bi-
values, is determined in an iterative way by requiring improved agree-
ment in the overall power distribution (checking the power in the center

of the core as well as on the periphery).

The side reflector boundary conditions are strictly only applicable at
the axial elevation where the finec mesh, 2-D calculation was performed.

Calculations performed at different axial elevations (bottom, mid and

top of core) have shown that these parameters are slightly void-dependent.

The following linear correlation has been developed on the iasis of such

calculations to account for the variation in void content along the

channel :

Bix = B, +C: n. (D, ~ D) (5.33)
Bi,k = boundary condition, channel i axial node k (3-D)

B = corresponding boundary condition at reference elevaticn (2-D)
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- = constant (normal value = -0.067)

ng = number of missing neighbor nodes, channel i

Di,k = fast group diffusion coefficient, channel i, node k

D = reference level average fast group diffusion coefficient

The method for calculation of reflector boundary conditions is automated

in PRESTO. Thus, the following procedure is followed (2-D calc.)

1) Selec: option for Sigma-file generation -
run 3-D PRESTO case -

save Sigma-file for ccre midplane

2) Run fine-mesh code (MD-2 or PDQ-7)

using cross-sections from Sigma-file

3) Select ALBMO option -

run PRESTO case to generate albedoes and

perform checking and adjustment against fine mesh, 2-D power
distribution




THERMAL-HYDRAULICS MODEL

The large variations in coolant density in a BWR have a significant

effect on the calculation of reactivity and power distributions.
Also of some importance, is the influence of the fuel temperature
(\Dopplexr effect). Thetefore, the thermal-hydraulic analysis may be
considered »f equal importance as the neutronics analysis in a BWR

core simulator.

The average void content (or coolant density) in each volume associated
with a neutronic node is needed to account for the void feedback. This
void distribution is calculated, given the nodal power distribution,
total core mass flow and core inlet subccoling. In PRESTO, the
interior of each flow box (fuel channel) represents one flow path, and
the flow leakage outside the Loxes is represented by one single bypass
flow path. The flow in each such channel is one-dimensional and is
discretized axially into sections of the same size as the neutronic
nodes; i.e., each fuel assembly is divided into 24 or 25 axial sections.
The flow distribution among the channels is dependent on the flow
resistance in each individual channel, and is a function of geometry,
channel power, axial power shape, coolant density, etc. Obviously,

the coolant conditions are, in turn, dependent on the flow through the
channel. The flow rate in each channel and the bypass flow are deter-
mined from the requirement of equ2l pressure drop over all the parallel

flow paths.

The void distribution in each channel is calculated frcm the mass and
energy balance equations, together with correlations for steam slip,
heat transfer and evaporation/condensation rate, which are valid for

thermo-dynamic nonequilibrium conditions.

An average fuel temperature in each node is required to account for the
Doppler effect. PRESTO-B uses a lirear correslaticn between nodal power

and effective Doppler temperature.



System Heat Balance

The reactor system, as described in PRESTO-B is illustrated in

Figure 6.1.
The enercy and mass balance equations mav be written as :

FEnergv flowing . | Eneray added to the | _| Energy flowing
into the system bfluid in the system of the system

Total mass flowing | _ | Total mass flowing
into the system cut of the system

Reactor vessel energy balance :

SD SD
- ) - = {y - !
dfwhfw +w h crad + Qp ch ws~nf + (1 £

Vessel mass balance :

fw
Downcomer energy balance :
w_ h + w h + w_h

fw fw oY or DC

Downcomer mass balance

Reactor core energy balance :

' c c
w.n 4 = w . h_, + X w_h
T in QT. il gT¢€E

g

where
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core thermal power

radiative heat lcss

recirculation pump heat

cleanup demineralizer system heat removal
feedwater enthalpy

control rod drive flow enthalpy

nheat of evaporation at steam dome pressure
heat of evaporation at core pressure
saturated water enthalpy at steam dome pressure
saturated water enthalpy at core pressure
water enthalpy at the core inlet

control rod drive flow enthalpy

total core mass flow

feedwater flow

control rod drive flow

steam flow

downcomer inlet mass flow

steam carry-under fraction into downcomer
liquid carry-over fraction into steam lines

core exit steam gquality

The heat balance eguations (6.1 = 6.5) are derived under the assumdtion

of a constant pressure,

PSD' valid for the steam dome and the down-

comers and another pressure, P_, valid for the core recion. The

0

SD SO &

thermodynamic properties (h Ao, N h. ) are evaluated at the corres-

e !

-

fg* fa

ponding pressures, using a steam table function internal to PRESTO-B.

Equations 6.1 - 6.4 are combine

w and to
DC

calculate the core 1

[o%
(2l

eliminate the variables w_. , W.,
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The core inlet enthalpy is used in the r~alculation of flow and ' oid

conditions in the core, as will be outlined in sections 6.2 and 6.3.

The main components aoing into the heat balance ejquations are the core

power (ch), the total flow (wT) and the feedwater enthalpy (h_ ),

fw
which all have to be provided as inout data. Of second order

w h
cl’ “er’ ex’
specified as input. The steam dome and core pressures mav be given

importance are the parameters Qn' Q and fcu also

directly as input (in which case PC = PSD) or may be calculated by

the code (cf. Section 17.5).
As an alternative to calculating the core inlet enthalpv from the

feedwater enthalpy, etc., the core inlet subcooline may be specified

directly as input.

Basic Models and Eguations for Void Calculation

The thermal-hydraulics model is specially designed to describe the
coolant conditions in a BWR under power generating conditions. It

was originally developed at the Institute for Energy Technolocy,

Kjeller, Norway (Ref. 2). The prime source of experimental data used

for verification of the model is the FRIGG Loop Experiments (Refs. 4 and 5)
on both 36-rod and 64-rod, full-scale geometries. The basic model

has also been applied in the transient codes RAMONA and NORA (Refs.

-~

6 and 7).

Details on the model are given below :

Mass Balance

- ——————

The mass balance for section i is given by



n

(%]

r

Steam : wgi - ng’l wl = 0
(6.7)
Water : Wei “Weie ~ Wt 0
w:th
wgi = steam flow into section i
Wei = liquid flow into section i
wi e evaporation rate in section i
(correlation for wi given below)
Energy Balance
The energy balance for section i is given by :
"1 Sg1 T "1 %e1 T Mgier Sgien T Veieg Gpie T 9 70 s

with
Q = heat flux rate into section i

- &

efi'egi specific energy (index f for fluid and g for steam)

The steam temperature is assumed constant and equal to the saturation

temperature. The water temperature in section i is determined by

= - { , X
Tfi To efi/cvi (6.9)
with
To = a reference temperature
e = specific heat of water

vi



Homentum_gglance

The momentum eguation can be written as

-.%E s %% ’ %5 +gl(1-ag v o;] (6.10)
acceleration, friction static acceleration
restriction

with

P =  pressure

u = momentum flow

g = constant for gravitational acceleraticn
a = void

¢ = water density

Qq = steam density

F = friction

z = elevaticn coordinate

The momentum flow is given by

u = (1=a)p Vi + a0, v; (6.11)
with

vE = water velocity

v = steam velocity

Integrating Equation (6.10) from z, to 2z, yields



P -

(Ua = o - . D - - N =) f {
(ug= u;) + (Fa= Fy1) + VgOft&‘ z1) 9(‘5 ,g) *] o dz| {6.12)
z,
- - -
acceleration £2 10t inn . B
restTicticn ictior static head

The pressure drop over a restriction (i.e., spacer, channel inlet and

outlet) is modelled by

Apl ® i K u (6.13)

K = loss coefficient

The momentum equation is, in PRESTO-B, applied in the integrated form,

Equation 6.12, combined with Equation (6.13).

Two-Phase Flow Friction

The pressure loss due to friction is calculated using a single-phase
friction factor, based on Weisback's formula and a two-phase friction

multiplier, described by the Becker correlation (Ref. 8).
The friction loss is given by

3F we W/
—_— f - . —_‘_..
9z R A2ep2

-

,~.
(o3
.

-
-

with single-phase friction factor (Weisbach's formula)

Ga

(é6.15)

G‘\

2D, Re *
n



6.2.5

and two-phase friction multiplier (Becker correlation)

Ro=1ea - (& " (6.1
K r P
where

A = flow area

Of = liquid density

w = total mass flow

Dh = hydraulic diameter

Re = Reynold's number

X = steam quality

P =  pressure

G1,G2,A B empirical constants given in Table 6.1

The calculation of Reynold's number, Re, is based on total mass flux G

and liquid properties

where

hf = dynamic viscosity

Slig Correlation

To account for differences in cross-section averaged steam and water

velocities, a modified Bankoff slip correlation is applied.

The steam velocity is given by

o



B is a flow

correlation

At very hig
< — L~ -5
describe t
YT

Steam velocity

water velocity

bubble rise velocity

void fraction

dependent parameter given by the following empirical

(6.19)
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i Voids, the Bankoff slip correlation is modified to better
€ fT.low uncer annular flow conditions. Therefors Bove a
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o=11

(6.20)

(6.21)

-

The boiling model describes evaporation at the heated cladding surface
as well as bulk flashing/condensation. The surface term is based on

a mechanistic approach, describing the formation of void bubbles and
the "pumping" effect from the bubbles leaving the wall. This describes
the process, when first the formation of a steam bubble pushes hot wate
out from the hot boundary layer into the colder bulk fluid, and then,
how the steam bubble detaches from the wall and the occupied volume is

refilled with colder water. For details, see Ref. 2.

Steam Generation on the Heated Surface :

Q

" - B & o
VSF Df of c (6.22)
hfq*Cp(Tg-Tf)S; + (TCA-Tg)(E- - 1) EE

Flashing/Condensation in Bulk Fluid :

- -

ih = '; 'I'- - .’ - !
Vg = F1 (@) LT 1) + wolm-r |

- -

fi(a) = Rg + R1ax (1=
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€-12

wheze

'I'f = water temperature
T = steam temperature

TCA = cladding surface temperature

hfg = heat of evaporation

Cp = spec. heat capacity of water

pf - density of water

Dq = density of steam

QB = heat fiux to the coolant (under boiling conditions)
Ry

R, = correlation coefficients given in Table 6.1

K

a = void fraction

The surface evaporation term (5.22) applies only under heated surface
boiling conditions. If no boiling occurs on the surface, it is set

1] = .
equal to zero, Yop 0
The two evaporation terms are additive to give the total evaporaticn
rate
V=9

s¢ T ¥s (6.24)

Heat Transfer from Fuel to Coolant

-~ .

The heat transfer from the cladding surface to the coolant is des-
cribed by Jens-Lotte's Correlation for boiling heat transfer and by

the Colburn Correlation for nonboiling heat transfer.

Boiling Heat Transfer

Q. = A ixB(T -7 (6.25)
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with

-7
K 51,286 % oy HLP

Non-Boiling Heat Transfer

Qe = As * Kyg Ty = T¢) (6.26)

with
vain'o.a C;'“ ‘12.5 .
KNB = (.023 P (6.27)
Dc nf
and
AS = heated surface area
TCA = cladding surface temperature
TE = water temperature
TS = saturation temperature of coolant
P =  pressure
vm - core inlet water velocity
Cp = specific heat capacity of water
\f = thermal conductivity, of water
nf = viscosity of water
DC = hydraulic diameter

Under steady-state conditiocns, the heat flux, Q, from the cladding
surface to the coolant is given directly by the power producticn in
the fuel. By setting QB = Q and QVB = Q, and applying Equations

{
o)

and (6.26), respectively, two different values on the cladding

temperature, TCA' can be evaluated. The minimum value,
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i g
TCA = Min [?CA :

(s .18) (s.u)’i (6.28)

will be utilized.

Or, expressed differently, of the two heat transfer correlations,
Equation (§,2%) and Eguation (6.26), the cne giving the maximum heat
flux will always be selected and used for calculating the surface

temperature.

The energy produced in the fission process is mainly conducted as heat

through the fuel into the coolant. However, a small part is deposited

directly in the cooclant by means of neutron slowing down and gamma heat:

= > -8
Qcond inss (2e81)
(6.2%)
Qin-chn N inss (1-82)
with
inss = power produced by fissior

Qcond = power conducted through the cladding into the
coolant

Lt @ total power abscrbed in the in-channel coelant

$1,82 = constants given in Table 6.1

The total power abscrbed in the bypass channel 1s given by

"

2

"

Qbypass fiss
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Optionally, the bypass heat generation rate in the interchannel
volumes, mav be assigned different values depending on whether or

not a control rod is inserted.

Fuel Temperature Model

The temperature distribution in a fuel pin is primarily a function of
power density and gap conductance. The latter varies strongly with
irradiation due to pellet expansion, cracking and fission gas release.
The dominating effect, especially for unpressurized BWR fuel, is the
decrease in gap conductance due to the fission gas release into the
gap. The buildup of crud on the clad surface may significantly affect

the heat transfer properties and thus the fuel temperature.

These burnup effects of the fuel are typically very difficult to pre-
dict since they cannot be correlated solely to the accumulated irradia-
tion but are also very much dependent on the operating history of the

fuel.

Due to rescnance self-shielding effects, the volumetric average fuel
temperature can not be used directly as the parameter describing the
Doppler effect. Instead, an effective Doppler temperature, averaged over

the fuel pin with a higher weight on the outer regions of the pin, has
to be utilized.

Fortunately, the Doppler effect is of relatively small importance in
static BWR analyses, and the temperature calculatiocn can be considerakbly
simplified. Roughly estimated, the Doppler reactivity effect is of one
order of magnitude less than tiie void reactivity effect for a given

power perturbation at operating BWR conditions. The influence on the

power distribution i{r alsoc much less from the Doppler effect tisn that
from the void effects.

PRESTO-3 correlates
density. Burnup-derpendent terms are included ta

the variation of gap



T, = T‘f’ * Copp * =P ) (6.30)
'r;’ =d +d,E+ 531-:2
Cpop * (T? = 8g)  Paet
with
Tf = actual Doppler temperature
T? = Doppler temperature at rated power density
p = actual power density
pRef = rated power density
E - fuel exposure
dl'dz'dB'dS = input parameters

The parameters dl' d d, and d_. have to be determined from independent

2" 73 5

fuel temperature calculations, and are specified individually for each
fuel type. A rule of thumb for estimating the effective Doppler
temprature is to reduce the volumetric average fuel temperature by

10 - 15% at rated power conditions.

Calculaticnal Procedure

The calculation of the coolant conditions in all the parallel channels

can be visualized as a two-step procedure

1) calculation of flow distribution

2) calculation of axial woid distribution

However, the first step, the flow calcul

o
ot
o
O
S

is dependent on the
results of the second step, the veid distribution in the channel.
Numerically, the complete problem can be sclved by, e.3., iteraticn

between the two steps.



o))

The calculaticnal method applies in PRESTO-B is based on the

following observation :

The pressure drop over a channel, which will determine the
flow, is not so much dependent on the detailed void distri-
bution in the channel, but can be calculated with relatively

good accuracy, knowing the elevation of the bulk boiling
boundary and the total steam production in the channel.

To reduce the computing time, PRESTO-B uses a special procedure with
a =simplified void model for the calculation of the flow distribution.
Once the flow is determined, however, the void distribution in the

channel is calculated with the detailed void model.

Calculation of Flow Distribution

- ————————

For a specified total core flow rate, each individual channel flow

is determined by equalizing the pressure drops across all flow paths.

The channel flow, or equivalently, the channel inlet velocity, Vin'

is related to the pressure drop by the following relationship

AP = A*v® +Bv. +C (6.31)
in in

which is solved iteratively for all channels.

The constants A, B and C can be evaluated by integrating the momentum
balance equation (Eg. 6.12) over the height of the channel, and com-
bining it with the expressions for friction (Eg. 6.14), acceleration

and restriction losses (Eg. 6.13).




with

Kxn'xout = Restriction loss coefficients at channel inlet
and ocutlet, respectively

uin'uuut = Momentum flow at channel inlet and ocutlet,
respectively

Fout‘Fxn = Friction forces integrated over the channel

g = gravity acceleration constant

Jf';g = density for water and steam, respectively

“ - channel height

X = void fraction

This formulation assumes restriction losses at the inlet and the

sutlet of the channel only, which then should also include the effect

of the spacers.

Equation (5.32) will require information on steam quality, slip and
void locally throughout the channel. For these parameters, the

following approximations are made :

E the slip has a constant value, 8.

o the steam quality varies linearly petween zero at the bulk boiling
boundary and xexxt at the core exit. The bulk boiling boundary,
as well as the exit gquality are calcilated assuming thermo-

dynamic equilibrium :

(6.33)
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(6.35)
The void distribution is now given by
alz) = r’“z’_ - (6.3€)
X(2)+ 1-X(2)|-5. =L
L o pf

Introducing Equations (6.35) and (6.36), together with the expression

2l

or the momentum flow, Egquation (6.11), and the friction correlation,

Equation (6.14) into Equation (6.32) will yield




(6.37)

0

The exponent, » within the integral is now approxirated by ! and
the expression within the bracket (containing the logarithm) is
approximated by a second order Tavlor expansion around a given point

o

in®
Equation (6.37) then takes the gquadratic form associated with Egquation
(6.31) and the inlet velocity can be calculated, given the pressure
drop. In the iteration process, several channels are first lumped
together into larger cgroups. After a few iterations, the problem

is solved for individual channels until the pressure drop over all

channels is egqualized.

ggigulatlon of Void Distribution

———————— -

The detailed veoid calculation starts after the flow calculation, des~
cribed in .1 above, is finished. There is no return path from

6.3
the void calculation t he flow calculation.

O
o
4




The mass and energy balance equations (Eqs. 6.7 and 6.8), are appliied
to each sectin~ “n the channel, and are combined with the boiling
model (Egs. 6.22 and 6.23); the slip model (E3. ©.17) 4nd the heat
transfer mcdels (Egs. 6.25 and 6.26). All material chermo-dynamic
properties are assumed constant in the reactor core and corresponding

to the specified system pressure.
The inlet mass flow and temperatures for both stesm and water are
known from the solution in the previous section. The set of equations

may then be condensed to

] = f(Tf,a)

*3
"

£ g(y)

% = h(y)
or alternatively,
v =g, hew)] = P (6.33)

Equation (6.29) is solved by an iteration procedure.

The results of the calculations are the flows, temperatures and void

fractions on the volume interfaces. The mean void fraction in section i,

given by
_ Q. ai*
3. 12 k (6.39)
|
where
ai = yvoid fraction on the inlet to section 1

is being used as the feedback parameter to the neutronics sclution.
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Treatment-of Void _in_the Bypass Channel

- ——————

In the flow and void calculations outlined above, the bypass flow
is modelled as one flow channel, repres¢uoting all flow paths not
encountering any heat conduction from the fuel pins. The nuclear
cross-sections are normally generated with no void in the inter-
charinel flow area or in the internal water holes, sc any ve:id
appearing in the bvpass flow channel will therefore have no

nuclear feedback.

As an option, PRESTO-B may calculate the bypass void fraction
individually for each fuel assembly, and by adding this void volume
to the in-channel void for that bundle, account for the nuclear
fcedback from the bypass void. These calculations include the

following simplifications :

- the single ( lumped) bypass channel flow is distributed
between the fuel channels, accounting for interchannel

area differences and the presence of control rods

- the heat generation rate is affected by inserted control

rods

- the axial void distribution is calculated in the individual
bypass flow volumes assuming a homogenecus equilibrium

model with constant flow

- the calculated bypass void is spread out over the corres-
ponding in-channel flow area to yield an effective in-

channel moderator density.



TABLE 6.1 Thermal Hydraulic Mcodel Parameters

| EQUATION

PARAMETER ACRONYM | NO

RECOMMENDED
VALUE

|
|
|
-—
|
|

A

Two-Phase Friction Coefficient -

Fanning Fricticn Factor

Slip Coefficients

Boiling Model Coefficients

Direct Heat Fractions

2400.




POWER DISTRIBUTION AND FUEL DEPLETION CALCULATION

Nodal Power Distribution

The relative nodal power is calculated on the basis of the nodal two-

group flux distributions :

rel
P =C(lg -8 + 1, ?3) (7.1)

5

where C is a normalization constant such that :

NMAX . NMAX
( ] BV 2v>=1.o (7.2)
n n n
n=1 3 n=1
where

NMAX = number of ncdes

Vn = nodal volume

The nodal average linear heat generation rate (APLHGR) is calculated in

W/cm as follows :

QTH 0 QCOND rel

APLHGR = NTOT'NP‘I)'Dz * P (7.3)
where
QTH s full core thermal power (w)
QCOND fraction of power conducted through cladding (796%)
NTOT = total number of nodes in a full core

N (I) = number of fuel pins - depends on fuel typs (I)

ncdal height (cm)



The nodal maximum linear heat generation (MLHGR) rate is calculated

as :
MILHGR = APLHGR °* ppin (7.4)
Ppin is the relative pin-power peaking factor in the node :

Pin ® PI(E,ax,a)[l + C(1) * cf] (7.5)
with

PI(E,cx,a) = peaking factor, Fuel Type I (obtained from RECORD),

represented as polynomial fit in fuel exposure (E),
exposure-weighted void (ux) and veid (a) in the same

way as the basic cross-sections (see Eq. 4.1).

C(I) = factor accounting for modification of peaking factor
for rodded nodes, Fuel Type I

& = effective nodal contreol fraction

The following for:ula is used to account for 3-D effects near the tip

of a control rod :

X = (Tp - k + 1}/2 (7.6)

T is the control rod inserticn depth (nodes)

k 1is the axial ncde index (starting from K=1 for the bocttom node)
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T2 Stepwise Burnup Calculation

After calculation of the steady-state power ‘istribution, the calcula-
tion may optionally continue with a so-called burnup step calculation.
A new steady-state calculation may, again cptionally, take place upcn
completion of the burnup step calculation. In this way, core-follow
or predictive analysis may be performed through the operating cycle.

The following are involved in a burnup step calculation :

- The nodal fuel exposure and exposure-weighted void distributions

are integrated throcugh the ztep.

~ The fuel type dependent average Sm-143 and Pm-149 concentrations
are integrated through the step.

- The nodal concentration cf one (Ba-140) or two fission product

isotopes (used for y-scanning) is integrated through the step.

The nodal exrosure distribution En at the end of Burnup Step n is calcu-

lated as :
n n=1 m -5
E =E + JE e P = (7.7)
-
-
where
n

LE = Length of Burnup Step n (MWD/TU)

e . . 3 .
¢ = Nodal, homogenized Uranium density (g/cm”) provided as
input data for each fuel type (for fresh fuel)
= L . . 3
O = Core average nodal hcemogenized Uranium density (g/cm”)

P = Nodal relative power averaged over time through Step n

Noermaily, P is taken as the beginning of step relative power distributicn;

however, optionally the following formula may be used

= n n+

P=p"eR +p 1-R 7.3)
“nere R_1s an input constant (i.e D« 3
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+1
Since Pn depends on En, an iterative sclution is employed.

The exposure-weighted void distributic: .s calculated as follows

ok
o = — (7.9)
X £h
with
Ve v 4 o? . ag® (7.10)
X =

Cycle Burnup (Haling) Calculation

Let P of Equacion 7.7 represent the average power distribution over an
operating cycle, AEn the cycle length in MWD/TU, and En-l the beginning
of cycle exposure distribution. The end-of-cycle power distribution, Pn,
will then be a function of the end-of-cycle exposure distribution, En,
and the end-of-cycle operating conditi - n. The following relationship

is assumed :

where

Fi is a fuel type (i) dependent correction factor

(normally : Fi = 1.0 for all i)

Starting from a guess for Pn(spn_l), a first estimate of Rn is calculated
from Equation 7.7. With this exposure distribution, a new " distribu-
tion may be calculated. The iteration is continued until certain con-
vergence criteria on E" are satisfied. The resulting exposure distri-
butien, En, represents the end-of-cycle state which would be obtained
with a cycle average power distribution ¥ related to the end-of-cycle
distribution Pn through Equation 7.11. The correction factor Fi may be
used to account for known power sharing characteristics among different

fuel types.
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The cycle length A" may either be input or calculated by the code from

a given end-of-cycle k‘ff-value :

0Ey = (%%)-1 (kf‘f"; - ke“'j) (7.12)
where
(35\-1 = given (input) cocefficient =(3§:)-l
3E, JE
i = jteration index

Haling calculations way be performed for one, two or three-dimensicnal

problems.

Integration of Sm-149 and Ba-140 Concentrations

Certain fission product isotopes are tracked as functions of time in a
simulated reactor operation. The fuel type average concentrations Pm-149
and Sm-149 are followed to account for the influence of nonequilibrium

Sm-149 on the calculated ke (the influence on the power distribution

££
is negligible). Equations are given in Appendix A2.

The nodal concentrations of Ba-140 and <f one additicnal isotope (User
specified) are treated to enable direct comparisons with distributions

measured by y-scanning of exposed fuel.

Each fission product concentration is integrated throuch one or more
time steps per burnup step. Each cime step is characterized by its
length in days and by the reactor total power.

The equations for integration of the y-scan isotopes are given in

Appendix A3.



PREDICTION OF CORE PERFORMANCE PARAMETERS

Mcdel for TIP and LPRM Calculation

Fixed, in-core, local power monitors (LPRMs) and travelling, in-core
probes (TIPs) may be included in the PRESTO core simulation. The instru-
ment ctubes (TIP strings) are assumed to be located in the watergaps
between the fuel assemblies, each string being surrounded by four assemb-
lies. The string locations are specified by giving the channel numbers
for each of these four assemblies. TIP strings located outside the
modeled core fraction (if not full core model) may be included by folding
into symmetric pcsitions within the modeled fraction. Four LDRMs are
assumed to be located at different axial elevations (Levels A, B, C and
D) within each string. The axial height (cm) of each detector level is
specified as input. The calculated TIP or LPRM signal, at a given axial
height, is a function of the local conditions in each of the four assemb-

lies surrounding the string :

mog :k § (8.1)

where

Tk = calculated signal, axial node k

mog = instrument factor, axial node k, assy. no. i
’

Pk i = relative nodal power, axial node k, assy. no. i

. !

The instrument factor (m-factor) is obtained by interpolation in data
given as input for various values of fuel exposure and exposure-weighted
void. The m~factors are also given for both control-rod-in and control-

rod-out conditions.

The m-factor is defined as the signal generated per unit nodal power.
Such m-factors are calculated in RECORD. The nocrmalization of the m-
factors is irrelevant; however, it is recommended to use wvalues around

unity.



The calculated TIP signal is obtained from Equation 8.1 with k = 1,

2, .... KMAX. The calculated LPRM signal at a given axial level is
obtained by interpolation between the two nearest (axially) axial nodes

of the TIP calculation.

Measured TIP data may be provided as input for comparison Letween calcu-

lation and measurement.

The total area under all measured curves is calculated and compared to
the total area under the corresponding calculated curves. The measured
TI? values are then normalized, using the ratio of calculated-to-measured
total area as a normalization factor. Thus, the ratio of calculated-to-
measured area for each curve (after normalization) serves as a comparison

between the calculated and measured radial power distribution.

The difference between calculation and measurement in each of the KMAX
points for each s'ring is used to calculate the statistical standard
deviation (RMS). Standard deviations are also calculated for each string,
for each of four axial core regions (KMAX divided into four equal regions),

and for "rodded" and "unrodded" regions, separately.

The calculated LPRMs are normalized to an average value of 100 - CALPRM,
where CALPRM is a User-specified (input) calibration constant. LPRMs

are printed out in a special map format, similar to the usual BWR process
computer format. The LPRM map format may be specified as &« full-core map,
even if only a core fractional (e.g., l1/4-ccre) model is used. TIP
strings located outside the modeled fracticn will then be shown in their

real positions.

Results of TIP calculations and comparisons between calculated and
measured TIPs may be plotted as lineprinter plots by PRESTO, or plotted
externally by the TIPPLOT Program.

Measured LPRM readings may be provided as input data. whenewvar such data
is input, the ratio of measured-to-calculated signal of each detector is

calculated and stored for use in subsequent runs.
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8.2.1

Predicted LPRM readings at time points where no measured readings are

given are defined as :
ESTPRM(I,K) = COFPRM(I,K) + PLPRM(I,K) (8.2)
where

ESTPRM(I,K)

predicted LPRM reading, String I, Level K

FPLPRM(i,X) calculated LPRM signal, String I, Level K

COFPRM (I ,K)

I

ratio of measured-to-calculated signal,
String I, Level K, from last time point

with measured data
These predictions represent best-estimate predictions of expected LPRM
readings and are recommended for use in reactor operations support

applications.

Ca.culation of Marcins to Thermal Limits - BWR

Critical Heat Flux Ratio (CHFR)

The ~ritical heat fiux. which is the value of the heat flux at the onset
of nucleate boiling, is calculated for each node by applying the Hench-
Levy Correlation /kRef. 9). The flow quality and the mass flow rate, as
calcu.ated in the thermal-hydraulics module, are input to the correla-

ticn < Juations.
Subsequently, the critical heat flux ratio is found as the ratio between

the critical heat flux (Qc) and the maximum actual cladding heat flux
(Qm) within each node :

CHFR = QC/Q!r (8.3)

with
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Qs * S1 "
el
Q = S?EL___ . p . (8.4)
S,ToT
where
QTH = Total core thermal power (w)
8 = Fraction of power appearing as heat transferred
through cladding
AS,TOT = Total heated surface area (cm )
rel
= = Nodal relative power (see Eq. 7.1)
ppin = Pin-power peaking factor within node (see Eg. 7.5)

Fraction of Limiting Power Density (FLPD)
A linear power density, considered as limiting with respect to vital
fuel performance parameters, such as clad integrity, may be given as

input to PRESTO. 'Different values may be given for each fuel type.

The ratio between the actual maximum linear heat generation rate
(MLHGR) , as calculated by Equation 7.4, and the corresponding limiting
value (HGRLIM) is calculated for each node :

MLHGR

FLPD = SGRLIM

(8.5)

- — - ———

Fuel type and exposure-dependent values of average linear heat gener-

ation rates (EXPECC), considered as limiting with respect to the

LOCA behaviour, may be given as input to PRESTO.

The ratio between the actual average linear heat rate (APLHGR) and the

limiting value is calculated €or each node



APLHGR

ECCSR = EXPECC

(8.6)

APLHGR is calculated by Equation 7.3.

8.2.4 Thermal Limits Summary Table
The 12 most limiting positions in the core with respect to maximum
linear heat generation rate and the three limiting ratios described
above, are compiled and edited in a special output table for User

conveience.



XENON DYNAMICS MODEL

Reactor operations involving slow transients, such as reactor startups,
power cycling and control rod pattern exchange maneuvers, may be siuu-
lated with PRESTO-B, using the Xenon transient, multi-time-step mode of
calculation. Under conditions involving transients in local or global
power, the local Xe concentration will be out of balance with its pre-

docessor I-135.

Since Xe has a strong influence on the local neutronics properties
as described in 4.2.2, both reactivity and power distribution will be

influenced under transient Xe conditions.

The time-dependent nodal Xe concentraticon is calculated in PRESTC,

starting from a state of equilibrium or from X:-free conditions.

Analytic solutions of the differential equation for the time-dependent I
and Xe nodal concentration equations are used to find the concentrations
at time t + At, starting from the concentrations at time t. The assump-
tion of constant local power and neutronic properties during the

time step At is assumed. The equations, as programmed in PRESTO-B, are

given in Appendix Al.

The reactor o.erating period to be simulated is described by the User
by specifying the reactor operating data (power, flow, subcooling and

rod pattern), characterizing the reactor state for a number of time points

through the period. A 3-D converged power-void calculation is obtained
at each time point. The interval between two successive time points is
subdivided into a User-specified number of substeps for the purpose of

Xe-integration.

The relative power distribution as calculated at time point i is used
for the interval i to i + 1; however, the total reactor power and,
thereby, the absolute nodal power values are adjusted at each substep,

as illustrated in Figure 9.1.
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Criticality search options on reactor power level or coolant flow rate

may be exercised in the Xe-dynamics mode of calculation. The calcula-
tion at each time point will then include an ocuter iteration to deter-
mine the power level (or flow rate) required to maintain a given, critical
k value. The iteration is terminated by a convergence criterion,

eff

which is a factor of 2 larger than the ke -criterion applied within

ff
the power-void loop.

Also included under the Xe-transient option is a calculation of the maxi-
mum rate of change of nodal power density with time (maximum power ramp
rate), and recording of the core location where the maximum ramp rate
occurs. The search for the maximum ramp rate is limited to nodes where
the power exceeds a User-specified limit. This feature allows User to
compare simulated ramp rates with limits recommended for fuel integrity

protection.
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ACTUAL POWER

ISUBX(i)=1

TIMEPOINT i + 1

Power Assumed for Xe-Integration

TIMEPOINT i
TIME
L —_t - >
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- — =
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~ 2
Power Assumed for Xe-Integration
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: at/2 IT At | at/2 :
FIGURE 9.1 Illustration of Substeps Used for Xe-Integration Between

Each Statepoint Calculation (i)



AUXILIARY FUNCTIONS INCORPORATED IN PRESTO-B
A number of auxiliary functions are built into PRESTO-B to aid the User
in performing specific analytical tasks. The underlying methods are

not described in this report.

Critical Control Rod Pattern Search Option

A search option is available, where the insertion of certain User-defined
control rods is determined in an iterative way, to obtain a feasible

rod pattern with otherwise given reactor operating data. The rod partern

is considered feasibie when the calculated kef

£ is close to a given
target value. The method normelly produces acceptable power distribu-
tions, however, the User may perform a manual correction to further
improve the soluticn. The cricical -od search algorithm in PRESTO-B is

based on and similiér to that described in Referesnce 10.

Shutdown Margin Evaluation

Performing a cold condition analysis with all control rods fully
inserted, the User may select an option that performs a "stuck rod
priority selection”. The control rods are sorted according to
expected rod worth, using a simplified perturbation theory methcd

or a method based on flux-weighted, average k_-values for the four
bundles adjacent to each control red. The code may also be set to
pull single control rods according to the priority list, and perform

a series of criticality calculations to determine the single stuck

rod ~hutdown margin.

Core Reload Analysis Features

All fuel assemblies involved in tre PRESTO-B Model are kept on a
separate data file and updated as to the fuel history parameters in
each PRESTO-B calculation. Fuel assemblies from the file may be
"loaded" in any core location, enabling easy simulation of fuel
shuffling and reinsertion. Freshk fuel, which may be added, will

automatically be included on the fuel file. Fuel that has been
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discharged from the core will remain on the file until it is
deliberately deleted by the User. A number of User aids, in the form
of special checking and editing routines, are available in PRESTO-B

to facilitate reload simulation.

10.4 Fuel Discharge Priority List

An option is provided for guiding the User in selecting fuel assemblies
to ke discharged at the end of an operating period. All fuel in the
core is sorted according tc certain criteria (a combination of reacti-
vity and burnup) and a discharge priority table is printed in the

Jutput.

10.

w

Functional Relationships between Heat Balance Compeonents

-

The User normally provides the process data entering the heat

balance calculations outlined in Section 6.1.

However, as an opticn, plant specific functiocnal relationships

may be specified in order to facilitate predictive calculations or
perturbation studies where process data are not available.

The following system functions are defined

Steam dome pressure vs. steam flow :

*C. | - TF *+ C,.(

pSD N psyst 1’ rat 2' rat - (10. 43
W w

Core pressure vs. core exit flow conditions
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Pump heat vs. total core flow

2 3
Qp CS + C6 Wo * C7 W + C8 W (10.3)
Bypass flow fraction vs. total core flow
"p . 2
f = . - . - |
B C9 + C10 (_zat 1) + C11 ( s 1) (10.4)
-JT w,r

Feedwater enthalpy vs. stean load

h, =gk, 8, (10.5)
£ JLas
)
where
pSD = steam dome pressure
PC = core pressure
= '"system" pressure
syst . P
Wg = steam flow
rat
We = rated steam flow
:x = density at core exit
W = total core mass flow
QD = pump heat
Wa = Dbypass flow
hfw = feedwater enthalpy
C,«..C, .= input constants
- £ 4
~TABLE . s s
£ input data table
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11. CODE QUALIFICATION

1X.1 Fine Mesh Diffusion Theory Benchmarks

A benchmark problem for 3-D neutronics code evaluation, originally
developed by the Danish Atomic Energy Commission, is described in Refer-
ence 3. Specifications for this problem, also referred to as the IAEA
3-D Benchmark, are provided in Figure 11.1. Several fine mesh solutions
have been publisked in Reference 3. At the moment, the most accurate
soluticn is considered to be the so-called "VENTURE-extrapolated”. This
was produced by extrapolating to an infinite number of mesn points, baser

on soiutions with increasingly finer mesh

17 x 17 x 19 mesh

1=
L]

2 - 34 x 34 x 38 mesh

w
I

68 x 68 x 76 mesh

F
U

102 x 102 x 114 mesh

w
U

Extrapolated

The VENTURE-extrapolated solution is taken as the reference in this

report.

Solutions for the corresponding 2-D problem (core midplane of the 3-D
problem) have also been produced with many different codes. The current

reference is an ultra-fine mesh PDQ solution, also published in Reference 3.

PRESTO results for the 2-D and the 3-D problems are given below. Option

1 for the thermal flux calculation was used. (See Section 5.1.)

An overview of the calculations performed is given in Table 11.1. Mesh
widths of 20 cm and 10 cm were used and the 3-D prcblem was run with both

cubical and strongly noncubical nodes.

Results are given in the following Figures
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Figure 11.2 2-D Bundle Power, 27 x 20 cm nodes

Figure 11.3 2-D Bundle Power, 10 x 10 cm nodes

Figure 11.4 3-D Bundle Power, 20 x 20 x 20 cm nodes

Figure 11.5 3-D Bundle Power, 10 x 10 x 20 cm nodes

Figure 11.6 Axial Power, Partly Rodded Bundle, 20 x 20 x 20 cm nodes
Figqure 11.7 Power Along X-Axis, Core Midplane, 20 x 20 x 20 cm nodes

A series of 2-D benchmark results of four-bundle power sharing and
eigenvalues were generated for six different, typical BWR configu-

rations as shown in Figure 11-8.

T™wo bundle enrichments and three void fractions were employed. A
contrel blade was inserted adjacent to one of the four bundles in

thres cazes.

The refererce data were generated by RECORD/MD-2 S-croup diffusion
theory solutions, with zero current bourdary conditions, and with
exactly the same, detailed geowetrical representation of fuel

pin cells, watergaps and contral rods as in RECORD.

PRESTO results were generated using both Option 1 and Option 2 for

the thermal flux representation. (See Section 5.1.)

Results are given in Figure 11.8. The following statistical data

were obtained

i Model Standard Deviation (PR - REF)

| Nodal Power | Eigenvalue 1
1 1 1

! _ ! ™ ' + |

| option 1 |  =1.6% | +.00040=.00114

| option 2 L *i.2s ; -.00030%.00066 |

Excellent agreement in both nodal power and eigenvalue was obtained
with Option 2 (more detailed thermal flux model):; however, the results

for Option 1 are fully acceptable.

These results are the primary basis for evaluation of the gradient

correction factors of the PRESTO neutronics model.
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Qualification of Hydraulics Mode

The FRIGG void loop experimental data (Ref. 4) were analyzed with the
thermal-hydraulics model of PRESTO. The measurements were performed
on a full-scale coolant loop with an electrically heated fuel
assembly mockup. The operating conditions of the experiment are
listed in Table 11.2. The range of the parameters characterizing

the operating conditions are given in Table 11.3. The PRESTO
hydraulics model parameters used are listed in Table 11.4. Results
showing calculated and measured axial void orofiles for 31 different
exverimental conditions are shown in Figures 11.9 - 11.39. The
overall standard deviation, RMS, cf tho difference between calculated
and mezsured void, in per cent wveid, was £.1%., This quantifty was

defined as

F N ‘.i
] l " -
2! = - oy 3 2
o N b Xy - 05 (11.1)
=] d
with
X = Q -
calc neas %)

N = Number of points

The number of points N was 243, and the total mean deviation X was 0.58%
void.

The experimental standard deviation determined from calibration measure-

ments with a plexiglass mockup was 2.0% in void.

The overall correlation between calculated and measured void is illus-

trated in Figure 11.40.

Comparison with Gamma Scan Data for EOC-1 of HATCH-1

An analysis of the HATCH-1 EOC-1 gamma scan data was performed by

Scandpower as part of a general benchmarking effort of PRESTO-B, using
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RECORD .attice physics data. The work was funded by members of the
Eurcpean FM{ User Group, the Institute for Energy Technology, Norway,

and Scandpower A/S, Norway.

The HATCH gamma scan data represents a valuable data base for evaluation

of the ability of a code system like RECORD/PRESTO to predict complicated
BWR power shapes. In particular, detailed measurements of the influence

of partially inserted control rods on the power distribution in adjacent

fuel were carried ocut. Thus, predictions of the important power shaping

aspect of BWR control rods may be evaluated.

Since the measurement covered a compiete core octant, relative bundle
puwWwer comparisons may also ve carried cut. Comparisons of rodded versus
unrodded bundles and core periphery versus core interior tundless are

also of special in%erest.

Design and operating data for Cycle ! of BEATCH-1 are given in EPRI
Report. NP-562 (Ref. 11).

The results of the measurements, as well as the gamma scan technique
and the data acquisition system, are described in EPRI Report NP-511
(Ref. 12).

11.3.1 The Gamma Scan Measurements

——————————————— -

Gamma scan measurements of 106 bundles of the initial HATCH-1 BWR core
were performed by General Electric at EOC-1, in a program jointly

sponsored by EPRI and G.E.

The 106 gamma scanned bundles are shown in Figure 11.41. Seventy-five
of these comprise a complete octant of the core. The additional 31
bundles are located in four-bundle cells, around real or psuedc instru-
ment locations symmetric to those in the octant. These cells were

chosen to evaluate any real asymmetry in the core.

All 106 bundles were measured at a minimum of 12 axial positions, as

shown in Table 11.5, which correspond to the midpoints of the odd
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numbered PRESTO-B nodes. Partially controlled bundles were measured

at additional positions in the vicinity of the control blade tip.

Six bundles were measured at 24 or 27 axial elevations to cbtain a detailed
profile of the axial La-140 shape. Four of these, located at positions
14-08/14-09/15-08/15-09, Figure 11.41, were disassembled for single-rod

scanning, to obtain local power distribution measurements.

The uncertainty in the measurements was determined from repeated measure-
ments of the standard bundle. The total uncertainty in nodal La-140
concentration, quoted in Reference 12, is !.7%. This value includes

the uncertainty associated with representing *he activity of a node Dy
the average of tlie fcur corner count ratas, as well as single measurement

reprecducibility.

11.3.2  Simulatica of the Cycie-1 Opszative
Reactor operation througn the first cycle was simulated ~ith PRESTO-E,
with the objactive of predicting the EOC La-140 distribution for compari-

son with the corresponding measured distribution.

The calculation was carried out using 33 burnup steps, as shown in
Table 11.6. Operating data, characterizing each step, were obtained from
EPRI Report NP-562 (Ref. 11).

All core dimensional data and core-specific thermal hydraulic parameters
required for the PRESTO-B core model were obtained from the mentioned

EPRI report.

A complete nuclear cross-secticn data bank was generated with RECORD,

based on the published fuel design data.
The data bank consisted of the following
Two-group macroscopic cross-sections, diffusion coefficients

pin-power peaking factors as functions of burnup, exposure=

weighted void and instantaneocus void (see Section 4.1).



A perturbed cruss-section set, assuming 15% void in the water
gaps at 70% in-channel void. (No water gap voidage at 0% and

40% in-channel void.)

Coefficients for the influence of control rods, Xenon, Doppler,
and Samarium models in PRESTC-B account for differential effects
relative to the corresponding equilibrium values. The control
rod and spacer grid effects are included as additive terms to

the thermal group-absorption cross-section

The perturbed data set was used to account for a slight water gap voidage
caused by plugging of the bypass flow holes in the core support plate.
~his data se: was vsed after the ccre-average burnup had reached

4000 MWD,TU, apgroximnately corresponging to the time when tl.e h pass
plugging waz performed. The reactivity effect of the acsumed water Gan

voidé fraction (15%) was 0.8% in Ak «t 70% in-channei vecid.

A l/4-core symmetr.c core model was set vp tc generate the refiector
poundary conditions &t EXC-1. Fiyst, an approximate FOC condition was
spbtained by running through the 33 burnup steps with a 1/4-core model,
using typical BWR reflector boundary conditions. Then, the ALBMO pro-
cedure (an option with PRESTO-B) was used to aenerate a specific set of
boundary conditions for the EOC condition. The latter data was not
significantly different from the data used in the 33 burnup steps.

These 33 burnup steps were then recalculated, using a 1/2-core model,

with the specific reflector data derived as explained above.

The 1/2-core model was used to enable exact representation of all

control rod patterns associated with each of the burnup steps.

The nodal distribution of Ba-140 was automatically tracked through the
33 burnup steps and the EOC distribution was saved on a file for compari-

son with the corresponding experimental La-140 distribution.

Detailed simulation, using an option in PRESTO-B where each hurnup step
is further subdivided into time steps, was performed for the last three

months of cperation to ensure proper integration of the Ba-140 nodal

concentration distribution. The reactor total power was given for each
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time step, clcscly resembling the actual power history; thus accounting
for, e.g., Ba-140 decay during periods of shutdown within the time

period of a burnup step. The following steps were applied :

STEP

BURNUP LENGTH NUMBER
STEP NO. (MWD/TU) NO. DAYS TIME STEPS

28 377 24 13

29 427 23 8

30 54 4 3

31 236 29 ]

32 191 12 5

33 3¢ 5 3

| L

Comparisons with plant data, such as the process computer core-average
axial power distribution, were performed at some peints during the
simulation of the operating history, to make sure the power distribution
was reasonably accurately represented. Some exauples of such compariseons

are shown in Figures 11.42 and 11.43.

Plots of calculated keff and core-average veoid fraction versus core-
average exposure through Cycle 1 are shown in Figure 11.44. The reactor
power level and control density are also shown.

The cycle-average k was 0.99715, with a standard deviation of

eff
0.00246. The EOC value was 0.99621.

Comparison of Calculated and Measured La-140 Distributions

- - ———— - - - - - - - -

The time between reactor shutdown and the actual measurement was suffi-
cient to justify the assumption that the measured La-140 intensities were
in equilibrium with the corresponding Ba-140 concentrations. Thus, the

two distributions would be proportiocnate.

In order to compare calculated and measured data, normalization was

performed as follows



. =1 (11.2)
st calc

normalization factor, c, was defined for the measured data

The nodal standard deviation (0) was found from the following expres-

r~- ﬁi
g = § (P, (I,5K) -c P (I,J,K))zl (11.4)
N & sale meas |
ocLant |
| . —
where
I1,J.K = coordinates of nodes with mezsuresd data
N = total number cf data points
c = normalization factor

The standard deviation thus calculated was 6.4%. Separating controlled

and uncontrolled nodes, the following result was obtained :

NO. STANDARD

TYPE NODE DATA POINTS DEVIATION
(%)
Controlled 182 6.4
Uncontrolled 828 6.5
TOTAL 1010 6.4

An overview of the plots, comparing measured and calculated data, is
shown in Figure 11.45. Individual bundle plots are shown in Figures
11.46 through 11.54. These plots are shown for all six bundles measured

with at least 24 axial points (Figures 11.46 - 11.50) and for typical

distributions of the following categories




Unrodded, core-interior bundle (Pig. 11.51)

- Bundle with deep control rcd insertion (Fig. 11.52)
- Bundle with shallow control rod insertion (Fig. 11.53)
- Unrodded, core-periphery bundle (Fig. 11.54)

Bundlewise ratios between calculated and measured, axially integrated
curves are shown in Figure 11.55. This representation illustrates the
average radial, or bundle power, comparison. The total standard devia-
tion in the bundlewise comparison was 2.5% (75 bundles). Three bundles
(Nos. 251, 514, 487) showed uncorrelated deviations of about 10%. Ex-
cluding these three bundles, the standir? deviation in the bundlewise
comparison was 1.8% (72 bundlas). 'The average rundle prver rautic and

the bundlewise standard deviatica was calc:laced ‘or each of the folliwlng

groups of bundles :

STAMNDAND —1
LVERAGE DEVIAT. OR

NO. BUNDLES RATIC (%)

i
Rodded Bundles 22 1.012 1.8
Unrodded Bundles 53 0.995 2.7
Core Periphery Bundles 10 1.026 2.3
Core Interior Bundles 65 0.996 2.3
TOTAL 75 1.000 29

Excluding the three "bad" bundles, the following results were

obtained :



STANDARD

AVERAGE DEVIATION
NO. BUNDLES RATIO (%,
Rodded Bundles ¥ 1.012 1.8
Unrodded Bundles 50 0.992 1.8
Core Periphery Bundles 8 1.005 1.0
Core Interior Bundles 64 0.997 1.9
TOTAL 72 0.998 1.8

Comparisons of calculated and measured axial pin-wice La-140 distr.-
buticn were performed for four different furl pins ‘the narrow-narrow

and wide-wide corner pins of Assembly Nos. 373 and 393).

The calculated pin-wise axial distriouticns were obtained by multiply-
ing the nodal distributions calculated by PPESTO with pin-to-ncde power-
peaking factors cbtained from the RECORD Data Bank. Peaking factors

for each axial node were calculated by interpolating to the nodal
exposure and exposure-weighted void among the values tabulated in the
data bank. Different sets of peaking factors were used for the rodded
and the unrodded condition. Results are shown in Figures 11.56 and
11.97;

Calculated and measured curves were normalized separately for each

pin.

In general, the pin-wise axial shapes are well reproduced. Especially
the ratio between the power levels in the "rodded" and "unrodded" por-

tions of the pins are in excellent agreement.

Discussion of Results

—————————————————— -

NODAL COMPARISONS :

An cverview of the nodal gamma scan comparison is presented in Figure
11.45. The total standard deviation was 6.4%, including 1010 data

points of the measured core coctant.
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In general, very good agreement was obtained in comparing calculated
and measured axial La-140 shapes. Although not shown in the Figure, it
was found that the calculated La-147 distribution agreed well with the
calculated EOC power distribution. Thus, the conclusions drawn are

valid for the power distribution as well.
The discrepancies seen may be grouped into two categories, as follows :

= In the center region of the core, where the power distribution
is relatively flat, the calculation cshows a tendency to double
hump, while the measurement shows a depression of the "bottom
hump". This is probably due to iraccuracies in the calculated
EOC exposure distribution resuiting from approximations in

power distribution modelling throughout the cycle.

B A slight cverprediction of the power-ueak is obzerved for some of
the sharply top-peaked distributions in the outer region of tne
core. This phenomenon does not correlate with contxol rod inser-~
ticn, and is prcbably aiso related tu exposure distribution

inaccuracies.

The following obser-rations and conclusions are made

B The influence of partially inserted control rods (both deep
and shallow insertion) on the axial power distribution in
surrounding fuel assemblies is very well predicted by PRESTO.
This is true for the four assemblies immediately adjacent to
the control blade, as well as for those located in the next
"ring" away from the blade. Both power shape and the rodded-

to-unrodded power step are in good agreement with measurements.

B The axial power shape in the throttled periphery bundles
(Fig. 11.45) 1is as good as in the unthrottled assemblies.

BUNDLEWISE COMPARISONS :

' A comparison of axially integrated distributions (ratios of calculation-

e T P g i o g =



to-measurement) is shown in Figure 11.55. These results are directly

applicable for evaluation of PRESTO's bundle power prediction.

The following observations and conclusions are made :

B  The general agreement between calculated and measured "bundle
power" is quite good. The standard deviation was 2.5%, with
all bundles included, and 1.8% with 3 of the 75 bundles excluded

from the comparison.

B  There are no systematic radial tilts.

a Periphery bundle power is calculated with the same precision

as core-interior bundles.

B  Rodded bundle powers are in good agre=ment with measurements

faverage ratio 1.012).

R Errors of about 10% in the ratio of calculation-to-measure-
ment occur in three different, uncorrelated positions :
Bundle Nos. 487, 251 and 514. The reason for this is
unexplained.

PIN-WISE, AXIAL DISTRIBUTION COMPARISONS :

Comparisons of calculated and measured distributions along the W-W
corner pin and the N-N corner pin of two partially rodded (deep and

shallow rod insertions) assemblies are shown in Figures :1.56 and 11.57.

The following observations are made :

B The axial power shape along the W-W cornmer rod is very well
predicted. Especially the power increase from the "rodded"
to the "unrodded" pesitions of the pin is in almost exact

agreement with measurements.

a The calculated axial power shape along the N-N corner rod

is also in reasocnably good agreement with measurements.



B  Figure 11.57 shows that the "long distance" effect (power
depression ending at 90 inches elevation) of the control
blade inserted to Notch 14 in a diagonally neighboring
assembly, is underpredicted in the N-N corner and over-
predicted in the W-W cormer. This is as should be expected,

since the N-N corner is closer to the next control blade.

B The results shown in Figures 11.56 and 11.57 are of interest
both for evaluaticn of the model used in PRESTO for calcula-
tion of local maximum pin-power (max. LHGR), and for evalua-
tion of models used for calculation of power shocks associated

with control rod movements.

B Control rod withdrawal power shocks are most important for
pins adjacent to the rod blade. As seen in the Figures,
power shocks seen by the W-W corner pin are very well pre-

dicted by the RECORD / PRESTO “overlay" method.

:1.4 Comparisons wita GWR Cperating Data

A list of BWR operating cycles analyzed with PRESTO since its initial
development in 1971 is given in Table 11.7.

Lattice data calculated by RECORD were used in all cases, except as
indicated in the Table.

Although the basic assumptions of the FMS - RECORD / PRESTO Model remain
valid, a number of detailed developments and improvements have been
continuously implemented. Thus, a statistical treatment of the accumu-
lated data would not reflect the current status of obtainable accuracy.
However, an overview of the experience during the ten year period is
given in Reference 13. Applications of PRESTO are reported in Refer-

ences 14 through 19.

Comparisons with BWR operating data have included :

- calculated and measured TIP traces

- calculated and measured LPRM readings
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- detectc:-inferred (process computer) power distributions
- process computer fuel exposure distributions

- predicted and actual critical control rod pa“terns and

analysis of cold, critical cores
- reactivity - core lifetime predictions with actual data

- special gamma scan data for power distribution and

exposure distribution evaluation

An extensive analysis of the past operating cycles of CP&L's Brunswick
BWRs is presented in a separate report. Examples of results obtained

from other reactors are given in the following :

DOUJUEWAARD, G.E. BWR-1, 163 MWth (Netherlands)

The ficst two operating cycles ¢f this na*ural circulation, small BWR
were analyzed wi:h early versions of RECORD / PRESTC during 1971.
Satisfactory results wece obtainred. Examples of TTP-comparisons are

shown in Figure 11.98 (Ref. 14).

MUELEBERG, G.E. BWR, 950 MWth (Switzerland)

The first three cycles were analyzed by Scandpower (Ref. 15). The
remaining cycles have been analyzed for core-follow and cperations
support by the Utility (Cycles 4, 5, 6 and 7). Gamma scan comparisons
have been performed as part of the qualification of the code (Refs. 16
and 17). Examples of TIP-comparisons and gamma scan results are shown
in Figures 11.59 and 11.60.

BARSEBACK, ASEA-ATOM BWR, 1700 mWth (Sweden)

Cycle 1 core-follow calculations and Cycle 4 startup analysis performed
with PRESTC. Results unpublished.

BRUNSBUTTEL, KWUBWR, 2300 MWth (Germany)

Cycle 1 core-follow calculations, including detailed Xe-dynamics simu-

lation of a number of operational transients, were performed. Examples
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of TIP-comparisons are shown in Figure 11.61. Results unpublished.

PHILIPPSBURG, KWUBWR, 2300 MWth (Germany)

Cycle 1 core-follow calculations performed by the Utility. Gamma scan

comparisons performed at about 4000 MWD/TU. Results unpublished.

SANTA MARIA de GARO N A, G.E. BWR, 1380 MWth (Spain)

Cycles 7, 8 and 9 core-follow and operations support performed by Utility
in extensive applications. Example of TIP-comparisons are showa in
Figure 11.62.

FORSMARKS-=1, ASEA-ATOM EWR, 2700 MWth (Sweden)

Cycle 1 core model.iling and core-follow analysis performed by Scandpower.
Results unpublished.

QUAD CITIES - 2, G.E. BWR, 2400 Mwth (U.S.A.)

———— —— — — — —— — — —

Cycles 1 and 2 analyzed with RECORD / PRESTO by Scandpower, as part of
a fuel performance evaluation study for EPRI (Ref. 18). Examples of

TIP-comparisons are shown in Figures 11.€3 and 11.64.

BATCHR~-1, G.E. BWR, 2400 Mwth (U.S.A.)

Cycle ! core-follow and gamma scan comparison performed by Scandpower.

See §11.3.

FITZPATRICKS=1, G.E. BWR, 2400 mMwth (U.S.A.)

Cycle 1 and part of Cycle 2 core-follow performed by the Utility.
Results unpublished.



TABLE 11.1 PRESTO 2-D and 3-D Benchmark Runs - Overview

* T H . -
R NO. NODAL  |WEIGHT £.|  NO.NODES CPU (sec) o BUNDLE POWER
: NO. | [ IMENSTONS| DIMENSIONS (Core Fract.) crc ovBER-74| (—2EE_ - 1)100 [ STD.DEV. | MAX.DEV.
(cm) a, |a k (%) (%)
eff

02-01 2 20x20 0.0 0.4 52 (1/a-Core) |  4.64 | 0.40 0.93 2.3
02-02 2 10x10 0.0 {0.0| 94 (1/8-Core) 7.90 0.28 0.63 1.9
03-01 3 20x20x20 | 0.0 [0.4| 884 (1/4-Core) 18.02 0.40 1.16 2.6
03-02 3 10x10x20 [ 0.0 0.2| 1508 (1/8-Core) | 57.90 0.33 0.65 1.2

*See §5.1 for def. of a, and a,e (Recommended values of ay and a, for BWR applications (mesh width ~15 x 15 x 15 em) are
ay = 0.0, az = 0.0 - 0.2).

91-11
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TABLE 11.2 Frigg Loop Operating Data
CASE NO. POMWER FLOW SUBCOOL ING

001 Low intermediate Low
- ! Low »”
3 " " "
4 intermediate o i
5 " " "
6 " " "
7 " intermediate "
8 " " "
9 " " "
10 i high “
1 " - -
12 high - "
13 3 " =
14 = intermediate "
15 " e i
16 Low Low intermediate
17 i " "
18 intermediate " =
19 " " "
20 high o "
21 intermediate intermediate =3
22 " s .
23 high " "
24 = " "
25 intermediate high -
26 high " "
27 intermediate intermediate high
28 high " "
29 Low low e
39 intermediate intermediate low
40 high low "




TABLE 11.3
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FRIGG Locp Operating Data

TABLE 11.4

PRESTO Hydraulics Model Parameters

£z
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TARLE 11.5 Gamma Scan Measurement Positions
i MEASUREMENT LOCATIONS
MEASUREMENT!| CORRESPOND. 24-NODE | 12-NODE 14 -NODE®
ELEVATION | PRESTO NODE SCANS SCANS SCANS
141 24 X
135 23 X X X
129 22 X
123 21 X X X
117 20 X
111 19 X X X
1062 18 X
972 17 X X X
33 16 X 4
87 15 X X X
822 14 X
75 13 X X
69 12 X
63 11 X X X
57 10 X
51 9 X X X
45 8 X
372 7 X X X
33 5 X
27 5 X X X
21 4 X
15 3 X X X
9 2 X
3 1 X X X

|

'pistance in inches above bottom of active fuel.
2Measurement position moved from center of axial node to avoid spacer.

‘gxample for a bundle with blade inserted to Noteh 20. Extra
measurements are added in the vieinity of control blade ti




TABLE 11.6
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Operation Data Used in PRESTO Analysis of HATCH-1, Cycle !

wo | E W | e | B || e | TRET | oiRe | 2SR
g NO- M/ TV) NO, » (ws/kg) (kg/s) (1)
PR-HA- ) 1 308.6 75/02/13 1 A 60 53721, 6400.8 11.0
-0 2 93.8 75/03/05 2 2 5 45117, 10370. 8.1
-91 : 2.5 75/03/28 3 A 50 79536, 4347, 9.4
-92 4 1040.5 75/05/06 3 A 50 79536. 4347, 9.4
-93 5 1281.9 75/05/24 4 A 90 55582, 8568, 7.1
-94 B 1631.3 75/06/13 4 A 90 55582, 8568, 2.1
-95 7 013.8 75/07/10 s A 80 61163. 7187, 9.2
-96 8 2583.7 75/08/26 6 B 96 49070, 9929, 9.0
-97 9 3116.1 75/09/25 7 B 86 55814, 8404, 10.2
-98 10 3646, 3 18/10/24 B B 36 60000. 7673, 10.9
-99 11 1948.3 75/12/30 B E 36 60000, 7673, 10.9
-106 12 4157.7 76/01/13 k) B 80 54187, 8102, 13.7
-107 13 4204.0 76/01/18 9 a 80 54187, 8102, 13.7
-108 1" 4319.7 76/01/25 10 A 76 42093, 9891, 16.5
-109 15 4685.7 76/02/18 10 A 76 42093, 9891, 16.5
-110 16 $024.1 76/03/11 1 A 79 45582, 9337, 17.0
-111 17 5§300.8 76/04/25 12 A 80 48373, 8996, 17.0
-112 18 $793.5 76/05/25 13 B 86 48605. 9261, 16.9
-113 19 6276.3 76/07/0S 13 B £ 48605, 9261, 16.9
-114 20 6592.7 16/07/22 14 A 83 56977, 7862, 17.8
-118 P3| 6979.6 76/08/13 15 A 93 50698, 9488, 17,5
-1186 2 7161.5 76/78/23 15 A 93 50698, 9488, 17.5
-117 23 7618.3 76/09/16 16 B 92 48605, 9878, 19.2
-118 u 8059.8 76/10/12 16 B 9 48608, 9878, 19.2
-119 25 84324 76/11/03 17 B 87 48838, 9551. 19.2
-120 » °935.4 76/11/24 18 B 84 45117, 9891, 19.2
-121 27 9025.5 76/12/05 18 B 84 45117, 9891. 19.2
-122 28 9402.5 76/12/29 19 A 92 47907, 9853, 15.6
«113 29 9829.1 77/01/21 20 A 87 46512, 9916. 15.6
-124 30 9883.1 77/01/128% n A 88 51861, 8984, 18,2
-125 3 10119.0 77/02/23 u A 88 51861, 8984, 5.3
-126 n 10310.2 77/03/07 n A 91 47907, 9904, 15.2
-127 33 10399.0 77/03/12 3 A 87 47442, 9727. 1.2

* Coppesponds to notation in Feference il.




TAELE 11.7 Operating BWR's Analyzed with PRESTO

OPERATING ANALYSIS TIP GAMMA COLD
CYCLE PERFORMED COMPARISONS SCAN CONDITION
REACTOR ANALYZED BY MADE ANALYZED ANALYZED
DODEWAARD 1,2 ScP Yes
MUHLEBERG 1:2:3:85 ScP/utility Yes Yes Yes
BARSEBACK 1 ScP Yes Yes
BRUNSBOTTEL 1 Scp Yes Yes
PHILIPPSBURG 1 Utility Yes Yes
SANTA MARIA de GARONA 7,8,9 ScP/utility Yes Yes
FORSMARK-1 1 Scp* Yes Yes
QUAD CITIES-2 1,2 scp Yes
BRUNSWICK-1 $:2:3 Utility Yes Yes
BRUNSWICK-2 1,2,3,4 utility Yes Yes
HATCH-1 1 Scp Yes Yes
FITZPATRICK 1,2 Utility*

*Lattice data provided by Utility (CASMO)

1Z-11
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FIGURE 11.1 Benchmark Problem Specifications for 3-D and 2-D Core Neutronics
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Neutronics Model Verification.
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FIGURE 11.2 PRESTO 2-D IAEA Benchmark Comparison. Node Size: 20 x 20 cm
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FIGURE 11.3 PRESTO 2-D IAEA Benchmark Comparison. Node Size: 10 x 10 cm
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APPENDIX A

EQUATIONS FOR INTEGRATION OF SPECIAL ISOTOPES



aA-1.1

Xe-DYNAMICS EQUATIONS
The equations used in PRESTO to calculate the nodal concentrations of I
and Xe at the end of a time step t, starting from the krown concentra-

tions at the beginning of the time step, are given below :

The differential equation for the I concentration is :

%% e v ErT, -8 (A.1)
and
-~ = I—I- s (A.2)
I
where
I = local I- cencentration (cm™’)
\I = decay constant for I (sec™?)
YI - fission yield fraction for I
F = local fission rate (sec™?+ cm™?)
qu = local, equilibrium I- concentration (em™?)

The differential egquation for the Xe concentration is

d—t-=-)\x-x-'0'x'®2'X*)\I‘I"'Yx'? (A.3)
and

(~"‘Y‘.
X = atlE (A.4)

eq \x*osz



A-1.2

where

3

X = local Xe concentrations (cm™°)

A\_ = decay constant for Xe (sec™))

o] = effective, local microscopic absorption cross-section

for Xe (cmz)

$2 = local average thermal flux (cm~? . sec™!)

X = local, equilibrium Xe concentration (em=?)

The fission rate is cbtained from the local power density

1
F = E P (A.5)

where

local power density (weem™?)

o
"

E_ = energy release per fission (wsec)

Equations A.l and A.3 are integrated analytically through a time step
At, assuming constant fission rate (F), thermal flux (¢2) and Xe cross-

section (Ox) through the time step :

-
=1

I(t+ldt)

>
-

-A_At ¥
{.I(t) exkeple T o X—I . F (A.6)
L B I

B T - +0_$2) Lt

t((t) - Ry - Rz2le

f—

X(t+At)

(A.7)
-XIAt
+ R * e + R3






A2.

;l-2¢ l

EQUATIONS FOR INTEGRATION OF THE Pr - Sm CHAIN

The Pr-149 -+ Sm-149 chain is integrated through each time step under

the assumption of constant power and thermal flux through the step

n
a =k __*4t
: Pr Y
n+ r X
Pr 1 = pzn - X_P- . %.. e » x_pi " _E_
L Pr f_J' Pr £
s "k 7 -tog 02)8¢" -h_ at”
Sm = [_Sm = Ri -Rz_'le + R; e

. 5 X :
sm' 92" o,
R YPr P
2 - . T
0Sm 2 Ef
where
pr” =

the beginning of time step n

Sm = Corresponding for Sm-149

Yor = Fission yield of Pr-149
xpr = Decay constant of Pr-149
Yem = Effective thermal group microscopic absorption

cross-section for Sm-149

Average concentration per fuel type of Pr-149 at

(A-10)

{(A-11)

(A-12)

(A-13)



Ef = Energy release per fission

P = Average power density for fuel type g
%2 = Average thermal flux per fuel type
The equilibrium concentration of Sm-149 (Atsw) is :
sn®Tt o g, (A-14)

If power is zero through the time step Atn, the following relations

are used :
n
- At
so'! = sa” + Prn<l NP > (A-15)
SraeqUi = Smn + Prn (A-16)

The influence of the Sm-149 concentration on the nodal cross-sections is
described in §4.4.




EQUATIONS FOR INTEGRATION OF Y~SCAN ISOTOPES

The y-scan isotopes are integrated as follows

n+1 YE) n  |.n Y(E] .n| -Mt,

N = P+ [N - I . e (A-17)
\ L A J

where

n
pn - Q . prel
r
Q

(A-18)
n+l )
N = 1lsotope concentration (arbitrary units) at end of time
step n '
N = 1Isotope concentration at beginning of time step n
Qn = Reactor thermal power (w) through time step n
Qr = Reactor thermal power - rated condition
PtEl = Nodal relative power

Y(E) = Effective fission yield at the nodal burnup E, calculated

from polynomial expansions of tabular data
A = Decay constant of isotope considered (day™!)

Length of time step n, (days)



