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ABSTRACT

This report presents a description of the Westinghouse Advanced Nodal Code
(ANC), which is a new version of the PALADON code. ANC incorporates three
improvements to the PALADON code: (1) the nonlinear nodal expansion method,
(2) the equivalence theory for cross section homogenization, and (3) a rod
power recovery mode!. ANC and its related methodolcgy were benchmarked
against present design methods using the fine mesh diffusion mode! and
measurements. The results presented in this report demonstrate that the ANC
methodology is an accurate analytical tool that can be us:d for
myltidimensional nuclear analysis in the design and safety analyses of
pressurized water reactor cores.
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SECTION 1
INTRODUCTION

The PALADON topical reportll] submitted in April 1979 doséribos the calcy-
lational models used in the PALADON code and documents the gualification of
PALADON for two-dimensional applications. Supplement 1 to the PALADON
roport,lz] submitted in September 1981, gives additional qualification data
for the purpose of attaining approval to use PALADON for three dimensional
design applications. Specifically, Supplement 1 shows that PALADON can
calculate the following in three dimensions under normal operating conditions:
critical boron concentrations, control rod worths, reactivity coefficients,
assembly average power and burnup distributions, assembly peak rod powers,
Fl (z) peaking factors, and axial power shapes. For off-normal conditions,
PALADON qualification data is civen for steamline break and rod ejection
calculations.

The PALADON report and its Supplement 1 give data which demcnstrate the
ability of the code to accurately predict assembly power, rod power, and
reactivities. To improve this prediction accuracy and to eliminate the need
to periodically benchmark PALADON calculations against more detailed
calculations, a new nodal method has been incorporated into the PALADON code.
The new version of the code, ANC (for Advanced Nodal Code), predicts
reactivity and assembly and rod power distributions for normal and of f-normal
conditions, and it includes a nodal method that consists of three parts:

(1) the non!inear nodal expansion method, (2) a procedure for reccvering rod
power distribution, and (3) the equivalence thecry for homogenization.

The objective of this tonical report is to attain approval to use this new,
advanced version of the PALADON code, ANC, for design., This report shows that
ANC is an accurate method for core nuclear design, including the prediction of
such design parameters as reactivity, assembly average power, rod power and
flux, Doppler coefficients, moderator coefficients, boron worth, control rod

93088 'n-010888 l-l



worth, burnable absorber worth, depletion, and other safety-related
parameters. This report further shows that the conclusions given in the
Nuclear Design portion of the reload methodology topical roport{3] are valid
when ANC is used for core nuclear design.

Section 2 of this report describes the improvements of the ANC code over the
PALADON code. Subsection 2-1 details the Nodal Expansion Method (NEM), which
is the first major improvement over PALADON. In NEM, the nodal! coupling
currents are obtained accurately by representing the neutron flux by the
product of three fourth-order polynomials and by representing the feedback-
induced cross section variation by the product of three second-order
polynomials. The reflactor can be modeled explicity or by albeds.

A new rod power recovery mode! is the second major improvement of the new
nodal method. After completing the global nodal calculation, the intrancdal
rod power distribution can be recovered by superimposing a precalculated
two-dimensional fine mesh power distribution on a form factor constructed from
the global flux distribution. The form factors are constructed from

(

]l.C

Subsection 2-2 describes the rod power recovery method.

The third improvement incorporated ir ANC is the simplified equivalence theory
for generating homogenized cross sections. The procedure is described in
subsection 2-3,

The Tevel of accuracy of ANC is established in section 3, in which ANC

calculations are compared with measured data and with results found by .ne
discrete fine-mesh two-group diffusion code now used for core design.

$I858 15 010088 1.2
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SECTION 2
THEORY

2-1 NODAL THEQRY

Modern noda! methods are characterized by rigorous expressions for the partial
(or total) currents cbtained by solving the two-group diffusion egquations for
each node. Methods for obtaining expressions for the partial currents include
the analytical method, the one-dimensional Green's Function, the two-dimen-
sional Greer's Function, nodal expansion, and group theory. The nodal
expansion method adopted in the Advanced Nodal Code offers two advantages over
other methods: intranodal heterogeneity induced by burnup and feedback can be
easily accounted for without rehomogenization, and the coupling coefficients
are simple to calculate.

Subsection 2-1-1 describes the Noda! Expansion Method. A brief description of
the various boundary conditions allowed in ANC is given in subsection 2-1-2.
The noniinear method used to account for the intranodal heterogeneity induced
by burnup and feedback is presented in subsection 2-1-4,

2-1-1 Noda)l Expansion Method

In the Nodal Expansion Mothod,[4] the spatial domain of a reactor core is
divided into a set of contiguous rectangular parallelepipeds, called nodes.
Their edges are perpendicular to the »-, y-, or z-axis, The average nodal
flux and nodal surface currents are governed by the nodal balance equation and
a set of auxilliary one-dimensional equations that couple average nodal flux
to surface currents., [n NEM, the auxilliary one-dimensional equations are
obtained by approximating the one-dimensional flux by a polynomial expansion,
The average noda) flux and nodal surface currents are found by solving these
equations iteratively.

93680 15010808 2-1



equation

e i e e
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The nodal balance equation is obtained by integrating the two-group diffusion

(2-1)

(2-2)
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where the total current is defined as above with the replacement of u = 0 with
u s l:. The following sketch clarifies this notation:

|
' | n, m
It —T" | - Jor
w'. ' w‘,m
| »
i
——— - —— L—————.u
-~ 7
II m
/w
- .'3 —l

No approximations were made to obtain the noda’ balance equatior, equation
(2-2). HMowever, tc obtain a clcsed set of equaticns, an expression must be
obtained relating partial currents and the nodal flux. In NEM, this
expression is found, as described in the following section, by integrating the
diffusion eguaticn in the two transverse directions. This integration results
in a one-dimensional diffusion equation., Here, physical parameters, such as
cross sections, are assumed to be constant across a node. As described in
subsection 2-1-2, spatia) variation across & node induced by burnup and
feedback s allowed.

The one-dimensional diffusion equations are obtained by integrating the three-
dimensiona! diffusion equation, equation (2-1), over a rectangular plare of
area 0303 normal to the direction of interest, u,

m dz oo, (vl o - - -
o IP i+ ) QP (w0 (2-3)
g du‘ tg "gu Qu Qu
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where the one-dimensional flux, source, and transverse leakage are written

m m

a a
ml - J"’ J’" 05(uv,w) dv dw
8, 9, 0 0

X
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w 0 0 ¢

&

¢ _{u,v,w) du dw

3

m

f' [Jwg (u,v,w = a:') - qu (u,v,w = 0)] dv
0

The one-dimensiona)l flux is approximated by the polynomial expansion

‘]a.c

J

where the dimensionless spatial variable is

u L




and the expansion polynomials are chosen as

\ | a,c

|
4
|
I
L |

The expansion coefficients are found by a variety of means. |

]a,c
— -
i a,C
i
1 12"5»
s J
= S
l a,c
|
|
|
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|
(2-6)
where

L _
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and

Fp

At this point, two terms, [

|
|
|
|
|

l

G

However, an additional approximation must first be made; the transverse

leakage is represented by a gquadratic polynomial

ke

93058 'p-010888
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| a,c
(2-7)
|
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r n
| | a,¢
|
where | |
I
i
5
The unknown coefficients, [ ]a.c‘ can now be found by the
weighted residual method:
—— —
] a,c
| |
(2-9)

n=1,2

|

-

Substitution of the polynomial expansion for Lgu(u) yields two matrix equations
that can be scived to find ngu and C:gu in terms of lower order coefficients,
transverse leakage coefficients, the multiplication constant, and nodal

physical properties. The flux expansion is substituted into tne definition of

Fick's Law at the left and right surfaces,

o ]
a,c
|
: (2-10)
|
{
|
L -
Solving these equations simultaneously yields the coupling equations:
a,c
| (2-11a)
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and

} * 2-11p)

The coupling coefficients are simple functicns of the node width and diffusion
theory constants. Substituting equation (2-11) into the nodal balance
equation, equation (2-2), gives an expression relating the nodal average flux
to the three sets of one-dimensional coupling coefficients, the incoming
interface currents, and higher order flux coefficients.

e —
| a,c
| (2-12)
!
!
el -
2-1-2 Boundary Conditions
Three types of boundary conditions are allowed in ANC: albedo boundary,
cyclic boundary, and diagonal symmetry boundary. The albedo boundary
condition can be applied to the fuel-reflector interface or to the outer
surface of the reflector. No upscattering is assumed, so the albedo condition
has the following general form:
in,m out,m
in,m a a ~out,m

The zero current boundary condition is represented by @y T apy T 1.0
lnd “21 = 0.0

93858 15-010888 2-9



2-1-3 Iteration Solution Procedure

Equatiens (2-11) and (2-12) are solved iteratively to find the converged
interface current distribution by the following procedure:

(1) {
13:¢
(2) [
]a.c
1a,c
(2-14a)
and ‘
- a,¢
(2-14b)
(3) [

]G.C

(4) Go to Step (1) and repeat until convergence is achieved.

The eigenvalue is found through a conventional power iteration. The following
features are incorporated to ensure that the procedure is efficient and stable:

o [ ]a,c
o |

]a.c
o [

]a,c




2-1-4 Nodal Expansion Method With Feedback Correction

Two types of intranodal heterogeneities must be accounted for in nodal

calculations. One is the structural heterogeneity, and the cother is the
burnup- and feedback-induced heterogeneity.
accounted for by the equivalence procedure described in subsection 2-3. The
burnup- and feedback-induced intranodal heterogeneity can be accounted for by

a second homogenization.

]d.C

and

93658 10-010888
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The structural heterogeneity is

1
l
|
|
5
' (2-15)
j (2-186)
|
|
it



where

I; = volume-weighted cross section
Ig = effective volume-flux weighted cross section

I (u) = area-flux weighted cross section on vw plane at u

§™(u) = correction to the transverse leakage due to feedback-
induced heterogeneity

In ANC, the nonlinear term, [ ]a,c

solution of the preceeding iteration:

]

2-2 ROD POWER RECOVERY

After the global solution is obtained, the intranodal rod power distribution
is recovered for every node by using an efficient superpesition procedure.
From this rod power distributiOG, peak rod power and hot channel factors are
obtained and edited for each assembly. The rod power distribution is a
product of the average nodal power (ﬁg). a form factor [

and a rod factor [ ) ®6
i n
| a,¢
- -

93858 10010888 2_12
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where

pANC

. AN

(6,y) = xIeg 9 homolXs¥)

spectrum

Pspectrum
g,hete

g,hete (x,y)

("y) . ‘zfg (‘:y) 2

and

spectrum

Psp‘ctrum
g,homo

g’hm (‘Q.Y)

(x,y) = ‘Ifg

]°‘C The rest of this subsection details the censtruction of
these analytical solutions.

2-2-1 Genera! Solution to the Two-Group Two-Dimensional Diffusion Equation

]"’c are found

The analytic solutions, [
by the group theory approach([5] which takes advantage of the nodal symmetry
transformations to construct the fast and thermal flux distributions.

The two-group diffusion equation can be written in the following matrix form:

0.9 - ¢ 0 * vigy vig\ /%
1 tl . 1 2-19
Z . keff \ 0 0 b

v ot Bvmin/ A\ ef *
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The eigenvalues of the above equations are

(R s

Z
2.1l L\ ) 4 (x-1
Bep (k) g k) R
: 2 1 L2 1 L2
wWhere
3. > 4
iy
L.
< U
L2
= Ii J““Z
L1 Lap Kess
and

S

I o —

Iiq ® 3 vl
tl tl keff fl

The diagonalized two-group diffusion operator has the following form:

(fz + LZ 0 . .
s (2'20
0 VZ o vz ¢, }
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where N represents the asymptotic mode solution and , represents
the transient solution of the two-group diffusion equation.
mode is the solution present away from the boundary.
decay length approximately equal to the thermal group diffusion length and
exists only near the material boundary.
obtained by combining the asymptotic and transient solutions:

3 +
L% "%

02 = ccu * Bov

where
01 = fast flux
2 = thermal flux

2

c = XR/(Eaz * Dzh )

- 2
IR/(ICZ DzV )

w
"

To complete the specific solution of equation (2-19) in an arbitrary region,
V, a boundary condition along the border, a3V, must be specified.
solution provides such a boundary condition for each node in terms of the
average surface partial currents:

£ 2 (Jout,m & Jin.m

o
gsu gsu gsu /

where

U = x, y direction

¢ =T: right surface
1: left surface

J = Average incoming (or outgoing) surface currents

The asymptotic
The transient mode has a

The fast and thermal fluxes are

The nodal

(2-21)

(2-22)



P

where

93658 15-010886

]l.C

]..C

l.C

2-16

The solution to equation (2-20) is a linear combination of terms of the form

C.C

(2-23)



el el A

and

-—

p—

2-2-2 Construction of an Irreducible Representation

-

93658 15-010888
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2-17

(2-24a)
.

(2-24b)




a,c

(2-25)

(2-26)

(2-27)

(2-28)




p— L R N

a.c |
|
|
|
i
|
|

(2-29) |
ke . |
[
The following diagram shows the symmetry of these integrals. |
|
- a,c

93658 15-010888 2- 19




R i B

]&.C

2-2-3 Decompositior of the Boundary Conditions

The two-group surface fluxes (or currents) are first projected into the
asymptotic and transient modes.

_—_ -

where
=Xy Y
and
1 = left
sl
r - right

93658 1n-010888 2_20
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The asymptotic surface flux and the transient surface flux can be further
decomposed into symmetry components. For simplicity, we consider only the
average nodal surface flux

B B

i
|
i
|
l
{
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"

where ﬁj . has the same symmetry properties as xJ and can be calcuiated as

— -
‘ | a,¢
|
|
l
|

(2-32)

Because the symmetry components are orthogonal, the components of the
analytical solution are uniquely determined from the corresponding component
of the boundary condition. That is, given a continuous function m, u(v).

at the boundary, Ugs
e -

i | (2-33)
L |
the weighting function, ij(e), can be obtained by a | ]a,c
However, in ANC, only an approximate shape of the boundary flux is expressed in

terms of a lower-order polynominal. [

]a.c Therefore, only one base vector,

defined by e(“), is necessary:

[ i (2-34)
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18

&8
(2-35)
(
]a.c
For the transient flux, it was found that because of [
1%:€ and the following expression is
chosen:
a,c
(2-36)
a,c
L -
. —
a,c
(2-37)
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and

(2-38)

L -

where ¢ is an empirically determined small distance approximately equal to a
rod pitch.

a.c
]

2-3 CROSS SECTION HOMOGENIZATION

In ANC, as in other nodal codes, each node is assumed to be homogenecus and is
represented by a set of diffusion theory constants. In nodal methods,
neutronic parameters are traditionally cbtained by simple volume and flux
weighting; that is:
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This equation for volume-flux weighted diffusion theory constants guarantees
that in the homogeneous global calculation if the average flux is predicted
correctly, the reaction rate, and therefore the power distribution and
reactivity, will be predicted correctly. However, there are no a priori
reasons that the average flux found in the homogeneous calculation will be the
same as that found in the heterogeneous case.

As an example, we examine the homogenization of the steel baffle and
reflector. In figure 2-1, the solid curve is the thermal flux for a problem
of two full assemb’ies and one reflector assembly, with the baffle refle =r
explicity represented. Using fluxes for the heterogeneous problem, the
volume-flux weighted diffusion theory constants are computed for the
baffle-reflector. The dotted curve is the flux sclution using these
homogeneous diffusion theory constants,

Figure 2-1 shows that both the total flux and core boundary current are
incorrect. The direction of the neutron flow is wrong as well. In the
discrete representation, neutrons are leaking out of the core intc the steel
baffle; in the homogenecus representation, current leaks intc the core. This
is not unexpected because the homogenization procedure, in effect, replaces
the steel baffle with a mixture of steel and water. This figure shows the
need to improve upon the volume-flux weighted cross section.

To ensure that the global calculations will reproduce the nodal average
reaction rates, eigenvalues, and so forth, the noda)l boundary currents of the
homogeneous node should be forced to agree with the heterogeneous node. This
can be achieved by introducing a flux discontinuity factor in the global
calculation as proposed by Koebkefe] and detailed in the next paragraph.

Let us first examine the two-group one-dimensional diffusion equation

2
d ou(u)

- 69 T + ftg v, (u) - Ogu(u) + Lgu(u) =0
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where qu(u) is the neutron source in group g and Lgu(u) is the transverse

leakage. As mentioned before, the homogeneous :olution will agree with the
heterogeneous solution if the diffusion theory constants are obtained from equation
(2-39) and the boundary current of the heterogeneous solution is imposed on the

equation.

Given boundary currents, the solution to the differential equation is uniquely

defined. The surface flux of the solution, ohomo

, generally does not

agree with the heterogenecus flux. As shown in figure 2-2, to force the

homogeneous current at the boundary to agree with the average currrent from

the heterogeneous calculations, the thermal flux of the homogeneous solution

at the core-reflector interface is about five times the heterogenecus result.
Conversely, if the thermal flux of the homogeneous solution at the

core-reflector boundary is increased by a factor of about five, then the

core-reflector currents cf the homogeneous and heterogeneocus sclutions, as

well as the reaction rates, will agree.

The above-mentioned flux discontinuity has been implemented in the ANC code.

(

12:¢
for the humogeneous flux |
factor is defined:

.hote

fg':s-ﬁ

This discontinuity factor is input to ANC [

93658 '5-010888 2'26
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Equation (2-1) is then solved

a,

f
19
€ A

]a.c

discontinuity

(2-40)
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SECTION 3
ANC QUALIFICATION

Verifying and improving the PALADON code is an ongoing effort at Westinghouse,
and this effort results in continuous improvement in the quality of the
PALADON prediction. References 1 and 2 provide many benchmark comparisons of
PALADON calculations with calculations performed with the Westinghouse
discrete, fine-mesh, finite-aifference, two-group diffusion theory design code
and with plant measurements. This two-group diffusion theory code, TORTISE,

is an updated version of the earlier TURTLE code.[7]

This section documents a similar set of benchmark comparisons of TORTISE
calculations and measurements with calculations made using the ANC methodology
which has been incorporated into PALAUON. These comparisons severely test the
ability of each component of the ANC methodology -- namely, the polynomial
expansion representation of the one-dimensional flux and transverse leakage,
the group theory rod power recovery procedure, and the equivalence theory of
homogenization.

The polynomial expansion representation is tested by comparing measured data
and predictions of fine-mesh diffusion codes for axial and radial power with
ENC predictions. The comparison of TORTISE and ANC predicted rod powers given
in subsection 3-1-3 provides a measure of the accuracy of the rod power
recovery procedure in ANC and, it follows, that of the thimble flux
prediction. The magnitude of radial power tilts or of any biases in rodded or
burnable absorber assembly power predictions and the accuracy of predictions
of critical boron concentrations are reported in this section to demonstrate
the adequacy of the homogenization technigue.

In all ANC calculations reported here, the baffle-reflector is [
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The data base for normal and off-normal conditions comprises three
Westinghouse plants for a total of five cycles and includes first cores and
reload cores. These plants are designated plant A, cycle 8; plant B, cycle I;
and plant C, cycles 1, 2, and 3. Data from this data base are presented in
figures and tables which are grouped at the end of this section according to
the number and title of the subsection in which they are discussed.

3-1 - CORE DESIGN APPLICATION: NORMAL CONDITIONS

In this subsection, ANC predictions for normal operation conditions are
compared with measurements and TORTISE predictions. Included in this
subsection are comparisons of eigenvalues and critical boron concentrations,
assembly average power distributions, axial power profiles, and reactivity
coefficients.

3-1-1 Eigenvalue and Critical Boron Concentration

Comparison of eigenvalues and critical boron concentrations calculated by ANC
and TORTISE verifies the capability of ANC to predict reactivity. Although
the [AEA benchmark prob1em[8] shown in figure 3-1 is not part of the data
base mentioned previcusly, it provides an opportunity to test the ANC
eigenvalue predictive capability alone. This problem, which is used
internationally to benchmark nodal codes, consists of three homogeneous
regions and homogeneous control rod zones. Because the cross sections of
these regions are completely specified by the problem, homogenization
procedures are not an issue. Calculated differences, therefore, are due only
tc approximations of the method. The K“1Ff predicted by ANC is

[ ]b.c which, when compared to the benchmark value of 1.02959, differs
by only [ ]b.c pcm. The power distributions agree well, as shown in

figure 3-2.

For actual heterogeneous cores, an additional homogenization step is reguired
in ANC to produce nodal! cross sections from discrete rod cell and fuel
assembly structure cross sections. (This step is not required in TORTISE.)

If performed incorrectly, this homogenization step will introduce a deviation
between ANC and TORTISE predictions of critical boron concentration calculated
as a function of core 1ife for plants in the data base.

93658: 1b-010986 3-2



No significant deviations were found (table 3-1). For [ ]b.c data points,
the critical boron concentration predictions of ANC and TORTISE differ by only
S i 1€ pom
indicates the small variability of the data. A similar comparison of critical
boron concentrations calculated by PALADON and TORTISE for a different data
base yielded a mean difference of [ ]b.c ppm and a standard deviation of

[ ]b’C ppm.[zl Figures 3-3 through 3-7 and tables 3-2 through 3-6
illustrate the excellent agreement between ANC and TORTISE for all the cores
in the data base throughout cycle life.

ppm, on tha average. The standard deviation of [

The excellent critical boron concentration prediction of ANC (compared with
TORTISE) demonstrates the accuracy of the eigenvalue predictive capability of
ANC. The nearly undetectable deviation of the calculated eigenvalue for the
1AEA problem further supports this conclusion.

3-1-2 Assembly Average Fower Distribution

Assembly average power distribution comparisons were made between AN( and
TORTISE at the burnups and boron concentrations tabulated in subsection 3-1-1
for the five cycles. A statistical summary of the comparisons is presented in
table 3-7. Beginning-of-life, end-of-life, and cumulative total cycle data
have been averaged over the five cycles. In addition, to identify any
possible bias in the prediction of assembly power caused by the location of
assemblies in the core or by the presence of burnable abscrbers (BP), analysis
of five subsets of the entire data base is presented. The five subsets of the
data base are (1) assemblies that neither contain burnable absorber nor are
located on the periphery of the core, (2) assemblies without burnable
absorbers, (3) assemblies containing burnable absorbers, (4) assemblies
located on the core periphery, and for completeness, (5) assemblies located
away from the core periphery.

Over the entire data base comprising [ ]b.c assemblies, a mean difference
of only [ ]b.c percent from ANC data to TORTISE data is revealed, with a

}b.c percent., This small difference indicates

standard deviation of |
that no systematic bias exists between the two methods. No significant bias

is seen in any subcategory. The peripheral assembly comparison shows the
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]b.c

largest mean difference ([ percent) and the largest standard
deviation ([ !b,c percent). In general, peripheral assemblies operate
at significantly lower power levels than do other assemblies in the core.

This slight mean difference is attributed to |
j8.¢

Comparisons of TORTISE and ANC assembly average power distributions are
presented for the three cycles of plant C at beginning and end of life in
figures 3-8 through 3-13.

The IAEA benchmark problem was also used for power distribution comparisen.
The comparison of assembly power predicted by ANC and the reference solution
is shown in figure 3-2. These results indicate good agreement with maximum
deviations of [ ]b,c percent.

The good agreement between ANC assembly average powers and TORTISE-predicted
values demonstrates the accuracy of core power distribution prediction of

ANC. The excellent predictions established for the I[AEA benchmark problem and
the results discussed in subsection 3-1-1 verify the adequacy cf the Noda!
Expansion Methodology and the cross section homogenization precedure used in
the ANC methodology.

3-1-3 Rod Power Comparison

As explained in subsection 2-2, after making the global nodal calculation, ANC
recovers the rod-by-rod power distribution by superposing form factors on the
assembly average power. These form factors are constructed from the surface
fluxes obtained during the global calculation and from precalculated rod
factors. The rod with the maximum power in each assembly is determined from
the assembly rod power distribution. Its power is known as the assembly peak
power. The adequacy of this approach is demonstrated in this subsection by
comparing the ANC and TORTISE assembly peak powers and detailed rod-by-rod
power distributions of selected assemblies.

Table 3-8 is a statistical comparison of the ANC and TORTISE assembly peak

powers., For a data base of | ]b'C assemblies, the mean difference in
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]b.c

assembly peak rod power is | percent, and the standard deviation is

[ ]b.c percent, compared with the ccrresponding " ‘DON values of
{ B¢ percent and [ ]b.c percent. [nr the p. pheral assemblies,
the mean difference and the standard deviatior are [ ]b'C percent and

( ]b,c percent, compared to the corresponding PALADON values of

( ]b,c percent and [ ]b.c
data are greater than that of the assembly average power data, which indicates
the greater difficulty of predicting rod power. For both average and peak
powers, ANC compares more favorably with TORTISE than does PALADON.
Comparisons of TORTISE and ANC assembly peak power distribution are presented
for the three cycles of plant C at beginning and end of life in figures 3-14

through 3-19.

percent. The average and spread of these

Table 3-S summarizes the deviation between ANC and TORTISE in the prediction
of the power in the rod that has the greatest power of all the rods in the
core -- the core peak rod power. For the [ ]b‘C data points, which
represent the total number of burnup steps analyzed for the five cores, the
mean relative difference between ANC and TORTISE is only [ ]b.c
percent. The spread in these data is also very small, as indicated by the
standard deviation of just [ ]b’C percent.

The rod-by-rcd power distribution comparisons of ANC and TORTISE given in
figures 3-20 and 3-21 for two assemblies of plant C, cycle 3, further
illustrate the level of accuracy of the ANC rod power recovery. The
assemblies are located near the core periphery at location (€,6) and adjacent
to the baffle at location (8,2). In general, as seen in assembly (6,6), the

largest deviation occurs at | ].b‘C In this case, these

errors never exceed |[ ]b'c percent, and therefore no attempt was made to
reduce them.
At [ 1P5€ of . assembly, the disagreement between TORTISE and ANC

rod powers is |

].b'c Assembly (8,2), which is the location of the
core peak rod power, exhibits a different power distribution. Because this
assembly is located on the periphery, a large flux gradient is present because
the flux decreases near the baffle. This gradient provides a severe test of
the rod power recovery procedure. As evidenced by the small deviation

93658:1b-010986 5
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everywhere but the cutermost edge of the assembly, the ANC rod powers are in
excellent agreement with the TORTISE values. At the edge, where rod powers
are relatively low (about 0.6), larger differences are observed.

An additional verification of the ability of ANC to predict rod power
distribution is presented in figure 3-22. Shown is the measured integral
reaction rates in instrumented thimbles of plant C, cycle 2, at a burnup of
11,000 MWD/MTU. Also presented are the percent differences from measurements
of TORTISE and ANC predictions. These results indicate that ANC predictions
are of comparable accuracy to TORTISE reaction rate predictions. ANC can be

(8]

consistent predictions of rod power show.

used to generate constants for INCORE, as this good agreement and the

3-1-4 Axial Power Distrib.tion

To verify the ability of ANC to predict three-dimensional! power distributions,
measured and ANC predicted core average axial power profiles are compared.
Excellent agreement is shown in axial power shapes for the unrodded condition
at various values of burnup (figures 3-23 througr 3-27) and for a rodded
configuration at beginning of life, hot zerc puwer, with D-bank almost
completely inserted (figure 3-28).

The measured and calculated values of ixial offset are presented in table 3-10
for quantitative assessment of the igreement between measured and ANC pre-
dicted data. For the rodded casz, the measured axial offset is | ]b'C

]b,c

percent; ANC calculates a value of | percent.

3-1-5 Reactivity Coefficients

The ability of ANZ to predict reactivity is discussed in subsection 3-1-1.
ANC should preuict reactivity coefficients to the same level of accuracy as it
predicted reactivity itself.

Teble 3-11 compares moderator temperature coefficients calculated by ANC and

TORTISE. For a data base of [ ]b’C unrodded cases, the mean difference is
[ ]b,c ]b,c

A -

pem/°F, with a standard deviation of [ pem/°F, For

cases with D-bank inserted, the corresponding values are
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{ ]b.c pem/°F and [ )b.c pem/°F. Table 3-12 displays excellent
agreement in boron coefficients predicted by ANC and TORTISE, within [ 1°°°
percent for all [ ]b,c cases studied.

3-1-6 Control Rod Worths

The ability of ANC to predict control rod worths is demonstrated by the data
presented in table 3-13 and summarized in table 3-14, For a data base of
{ ]b,c cases, the mean difference between ANC and TORTISE rod worths is

( 10.€ percent with a standard deviation of [ 1Bsc

percent. The
data base comprises results for four cycies and different rod patterns for

beginning and end of 1ife, and hot full and hot zero power.

32 CORE DESIGN APPLICATION: OFF-NORMAL CONDITIONS

ANC is intended to be used for all nuclear design calculations including off-
normal condition analyses. These analyses include, but are not limited to,
control rod worths and power distributions for ejected rod, stuck rod, and
dropped rod. This subsection presents comparisons of ANC and TORTISE
predictions to qualify the application of ANC to off-normal analyses.

3-2-1 Rod Ejection

Rod ejection calculations represent one of the most severe tests of a nodal
code's ability because of the presence of extreme power peaking. Even under
these severe conditions, it is evident from table 3-15 that ANC predicts
accurate ejected rod worths and power distributions.

For the four cases studied, the largest error is { ]b’C percent in the
maximum assembly power, [ ]b'c
power, and [ ]b’c percent in the ejected rod worth, On the average, the
maximum assembly peak power is predicted to within ]b’C percent with a
standard deviation of [ ]b,c percent.

percent in the maximum assembly peak

Figures 3-29 through 3-32 present assembly average powers of the four cycles
analyzed. Assembly peak powers for plant C, cycle 2, are presented in
figure 3-33. As shown in these figures, the difference between ANC and
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TORTISE is, in general, greater than thcse seen in the normal operaticn
comparisons presented earlier.

3-2-2  Stuck Red

In both the stuck rod analysis and the ejected rod analysis, the power of the
hottest rod in the core is found when the control rod with the greatest worth
is stuck (or ejected) out of the core. The two analyses differ in the
configuration of the remaining rods: for the stuck rod case, all control rods
and shutdown rods are fully inserted; for rod ejection, the shutdown rods are
fully withdrawn and the control rods are at the insertion limits. Usually,
some shutdown rods are located in peripheral assemblies, which makes it
difficult, even for fine-mesh diffusion codes, to simulate the stuck rod
condition.

The assembly average power comparison oresented in figures 3-34 through 3-36
and the peak powers of plant C, cycle 2, compared in figure 3-37, show close
agreement between ANC and TORTISE predictions for the stuck rod condition, [

]‘b.c
Table 3-16 summarizes the calculated stuck rod worths and the maximum assembly
average and peak powers. The core peak power predicted by ANC deviates from
that predicted by TORTISE by only [ ]b’C percent with a standard

}b,c

deviation of [ percent,

3-2-3 Dropped Rod

The dropped rod analysis is a calculation performed at the most limiting
condition (typically beginning of life, hot full power) with the rod of the
greatest worth fully inserted in the core. As in the previous two analyses,
the parameters of interest are the peak rod power and the worth of the dropped
rod itself. Table 3-17, which summarizes the dropped rod worth and maximum
assembly average and peak powers, demonstrates the excellent agreement between
ANC and TORTISE predictions for tre dropped rod analyses of four cores. On
the average, the maximum assembly powers are predicted to within [ ]b,c
percent, although the peak power data shows slightly more spread than the

average, as evidenced by the respective standard deviations of | ]b'C

]b,c

percent and | percent.
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Unlike the ejected rod and stuck rod conditions, where a large amount of
positive reactivity is introduced, the dropped rod analysis is one of negative
reactivity insertion, and therefore, the power distribution is skewed away
from the rod position, rather than toward it, as it is in the other two

cases. This is demonstrated in the full core assembly average power maps
presented for four cores in figures 3-38 through 3-41 and in the assembiy peak
power comparison of figure 3-42.

The results discussed in subsection 3-2 indicate the ability of ANC to
accurately predict reactivity and power distribution in the presence of strong
power gradients, as typical of stuck, ejected, or dropped control rod
configurations.
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Figures and Tables for Subsection >1~1
Eigenvalue and Critical Boron Concentratien
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TABLE 3-1
ANC AND TORTISE CRITICAL BORON COMPARISON SUMMARY

Mean Standard
Plant/Cycle Difference* Deviation N
(ppm) (ppm)

Plant A, Cycle
Plant B, Cycle
Plant C, Cycle
Plant C, Cycle
Plant C, Cycle

W A v = D

total database ,

* ANC - TORTISE
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TABLE 3-2
ANC AND TORTISE CRITICAL BORON COMPARISONS
NORMAL OPERATION, PLANT A, CYCLE 8

Step Burnup Boron Concentration
(MWD/MTU) (ppm)

TORTISE ANC ANC - TORTISE

0 b,c

150
1000
2000
4000
6000
8000
10000
12000
14000
14950
15750

bt
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— p—

Mean Difference (ppm) b.¢
Standard Deviation (ppm)



TABLE 3-3

ANC AND TORTISE CRITICAL BORON COMPARISONS
NORMAL OPERATION, PLANT B, CYCLE 1

Step Burnup Boron Concentration
(MWD/MTU) (ppm)
TORTISE ANC TORTISE - ANC
1 0 b,c
2 150
3 500
4 1000
5 2000
6 3000
7 4000
8 5000
q 6000
10 200¢
11 10000
12 12000
13 14000
14 16900
15 177580 |
— =

- -
Mean Difference (ppm) b,c
Standard Deviation (pumq_

322



TABLE 3-4
ANC AND TORTISE CRITICAL BORON COMPARISONS
NORMAL OPERATION, PLANT C, CYCLE 1

Step Burnup Boron Concentration

(MWD/MTU) (ppm)

TORTISE ANC
-

150
500
1000
2000
3000
4000
5000
6000
10 8000
11 10000
12 12000
13 14000
14 14750

WD N &) v

Mean Difference (ppm) b,c
Standard Deviation (ppm)

ANC - TORTISE

—

b,c



TABLE 3-5
ANC AND TORTISE CRITICAL BORON COMPARISONS
NORMAL OPERATION, PLANi C, CYCLE 2

Step Burnup Boron Concentration
(MWD/MTU) (ppm)

TORTISE ANC ANC - TORTISE

——

0 b,c

150
500
1000
2000
4000
6000
8000
10000

11500 L-

Mean Difference (ppm) b,¢c
Standard Deviation (ppm)

D WO WU PGP e

v



TABLE 3-6

ANC AND TORTISE CRITICAL BORON COMPARISONS
NORMAL OPERATION, PLANT C, CYCLE 3

Step Burnup
(MWD/MTU)

0

150
1000
2000
4000
6000
8000
10000
12000
14000

QW NN &R e
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Boron Concentration

(ppm)

TORTISE ANC

—_—

-

Mean Difference (ppm) b,c
Standard Deviation (ppm

ANC - TORTISE

—

b,c



Figures and Tables for Subsection 3-1-2 |
Assembly Average Power Distribution i
|
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TABLE 3-7
PERCENT DIFFERENCE IN ASSEMBLY AVERAGE POWER A4S CALCULATED
BY ANC AND TORTISE FOR NORMAL OPERATION

Mean Standard
Difference* Deviation
(%) (%)
Total Data Base

8OL
EOL
entire cycle

Non-BP and Non-Peripheral
Assemblies

—

BOL
EOL
entire cycle

Non-BP Assemblies
BOL

EOL
entire cycle

BP Assemblies

BOL
EOL
entire cycle

Peripheral Assemblies

BOL
EOL
entire cycle

—
Non-Peripheral Assemblies
BOL

EOL
entire cycle

* (ANC - TORTISE)
TORTISE
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Figure 3-10. Assembly Average Power Comparison
Plant C, Cycle 2, BOL
Normal Operation, ANC/TORTISE
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Figure 3-11. Assembly Average Power Comparison
Plant C, Cycle 2, EOL
Normal Operation, ANC/TORTISE
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Figure 3-12, Assemdbly Average Power Comparison
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Norma! Operation, ANC/TORTISE
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Figure 3-13. Assembly Average Power Comparison
Plant C, Cycle 3, EOL
Normal Operation, ANC/TORTISE
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TABLE 3-8

PERCENT DIFFERENCE IN ASSEMBLY PEAK POWER AS CALCULATED BY
ANC AND TORTISE FOR NORMAL OPERATION

Total Data Base

BOL
EOL
entire cycle

Non-BP and Non-Peripheral

Assemblies

BOL
EOL
entire cycle

Non-BP Assemblies
BOL

EOL
entire cycle

BP Assemblies

BOL
EOL
entire cycle

Peripheral Acsemblies

BOL
EOL
entire cycle

Non-Peripheral Assemblies

BOL
EOL
entire cycle

* (ANC-TORTISE)
------------ * 100
TORTISE

Mean Standard N
Difference* Deviation
(%) (%)
b.c
s b,c
. p—
b,c
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ANC/TORTISE Assembly Peak Power Comparison
Plant C, Cycle 1, BOL
Normal Operation
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Figure 3-15. ANC/TORTISE Assembly Peak Power Comparison
Plant C, Cycle 1, EOL
Normal Operation
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Figure 3-16.
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ANC/TORTISE Assembly Peak Power Comparison
Plant C, Cycle 2, BOL
Normal Operation
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Figure 3-17. ANC/TORTISE Assembly Pezk Power Comparison
Plant C, Cycle 2, ECOL
Normal Operation
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Figure 3-18. ANC/TORTISE Assembly Peak Power Compari
Plant C, Cycle 3, BOL
Normal Operation
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Figure 3-19.
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ANC/TORTISE Assembly Peak Power Comparison
Plant C, Cycle 3, EOL
Norma! Operation
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TABLE 3-9
PERCENT DIFFERENCE IN CORE PEAK POWER AS CALCULATED
BY ANC AND TORTISE FOR NORMAL OPERATION

Mean Standard
Plant Difference Deviation N
(%) (%)
-
Plant A, Cycle 8 B b.c

Plant B, Cycle 1
Plant C, Cycle 1
Plant C, Cycle 2
Plant C, Cycle 3

total database

* (ANC-TORTISE)

TORTISE
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Assembly Rod Power, ANC/TORTISE Comparison
Piant C, Cycle 3, Assembly (6,6)
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Figure 3-21. Assembly Rod Power, ANC/TORTISE Comparison
Plant C, Cycle 3, Assembly (8,2)
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Measured and Predicted Reaction Rate Integrals
Plant C, Cycle 2, 11,000 MWD/MTU
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Figure 3-24. ANC and Measurement Comparison
Core Average Axial Power Shape
Plant C, Cycle 1, ARO, 3,000 MWD/MTU
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Figure 3-25. ANC and Measurement Comparison

Core Average Axial Power Shape
Plant C, Cycle 1, ARD, 6,000 MWD/MTU
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Figure 3-26. ANC and Measurement Comparison

Core Average Axial Power Shape
Plant C, Cycle 1, ARD, 10,000 MWD/MTU
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Figure 3-27. ANC and Measurement Comparison
Core Average Axial Power Shape
Plant C, Cycle 1, ARO, 14,000 MWD/MTU
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TABLE 3-10
MEASUREFZNT AND ANC AXIAL OFFSET COMPARISON
PLANT C, CYCLE 1

sb¥RLB INCORE ANC
(MAD/MTU) (%) (%)

1000 -‘"‘

3000

6000
10000
14000

ar
'

wn

w
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Figures and Table for Subsection 3-1+%
Reactivity Coefficients
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Figures and Tables for Subsection 3-1-6
Control Rod Worths
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TABLE 3-13
ANC AND TORTISE COMPARISON OF CONTROL ROD WORTHS

Rod Percent ™
Condition Confiquration TORTISE ANC Difference
Plant A, Cycle 8
b,c
Plant B, Cycle 1
b,c
|
— _—
Plant C, Cycle 1
b,c
fn. = =
Plant C, Cycle 3
b,c

* (ANC - TORTISE)

TORTISE
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TABLE 3-14
SUMMARY OF ANC AND TORTISE COMPARISON
OF CONTROL ROD WORTHS

Mean Standard

Rod Difference Deviation
Condition Configuration (%) (%)
BOL-HZP I"
Total Database
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Figures and Tables
Rod E




Condition

Rod Worth (pcm)

TORTISE

ANC

Percent
Difference

Maximum Assembly
Average Power

TORTISE

ANC

Percent
Difference

Maximum Assembly
Peak Power

TORTISE

ANC

Percent
Difference

TABLE 3-15

SUMMARY OF ANC AND TORTISE CALCULATIONS
OFF-NORMAL OPERATION -- EJECTED ROD

Plant B Plant C Plant C Standard
Cycle 1 Cycle 1 Cycle 3 Mean Deviation
BOL HFP EOL HZP EOL HZP
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ANC/TORTISE Assembly Average Power Comparison

Plant B, Cycle 1, BOL, HFP
Of f-Norma! Operation -- Ejected Rod
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ANC/TORTISE Assembly Average Power Comparison
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Figure 3-33.

ANC/TORTISE Assembly Peak Power Comparison
Plant C, Cycle 2, EOL, HZP
Off-Normal Operation -- Ejected Rod
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Figures and Tables for Subsection 3-2-2
Stuck Rod
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Figure 3-34.

ANC/TORTISE Assembly Average Power Comparison
Plant C, Cycle 1, EOL, HZP
Off-Normal Operation -- Stuck Rod
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Figure 3-36.

ANC/TORTISE Assembly Average Power Comparison

Plant C, Cycle 3, EOL, HZP
Off-Normal Operation -- Stuck Rod
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SUMMARY OF ANC AND TORTISE CALCULATIONS

TABLE 3-16
OFF-NORMAL OPERATICN -- STUCK ROD

Plant C Plant C Plant C Standard
Cycle 1 Cycle 2 Cycle 3 Mean Deviation
Condition EOL HZP EOL HZP EOL HZP
Rod Worth (pcm) b,c
TORTISE
ANC
Percent
Difference

Maximum Assembly
Average Power
TORTISE
ANC
Percent
Difference

Maximum Assembly
Peak Power
TORTISE
ANC
Percent
Difference




Figures and Tables for Subsection 3-2-3
Dropped Rod
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Figure 3-33. ANC/TORTISE Assembly Average Power Comparison
Plant C, Cycle 1, BOL, HZP
Off-Norma)l Operation -- Dropped Rod
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Figure 3-40.

ANC/TORTISE Assembly Average Power Comparison
Plant C, Cycle 2, BOL, HFP
Off-Normal Operation -- Dropped Rod
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Figure 3-41. ANC/TORTISE Assembly Average Power Comparison
Plant C, Cycle 3, BOL, HFP
Off-Normal Operation -- Dropped Rod
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SECTION 4
CONCLUSIONS




condition. If all three conditions were grouped together, the average

difference would be [ ]b’C

( € percent, based on [

percent, with a standard deviation of

]b'C data points.

The results reported in section 3 demonstrate that ANC is an accurate
analytical tooi for multidimensions] nuclear calculations performed in the
design, safety analyses, and operational follow of pressurized water reactor
cores. The intended usage of the Advanced Noda! Code encompasses all
applications described in the reload safety evaluation methodology topical
roport.[3] Implementation of ANC will improve the quality of core physics
predictions.
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