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DISCLAIMER OF RESPONSIBILITY

This document was prepared by Yankee Atomic Electric Company for its own use and
distribution and on behalf of Maine Yankee Atomic Power Covporation, Vermont Yankee
Nuclear Power Corporation, New Hampshire Yankee, and the joint owners of the Seabrook
Nuclear Power Station. This document is believed to be completely true and accurate to the

best of our knowledge and information.

This document describes the computer code called STAR which is a proprietary software

product of Yankee Atomic Electric Company.

Many of the intended uses of STAK have been extensively tested and found to be performing
satisfactorily. However, not avery possible use of STAR can be anticipated and therefore
Yankee Atomic Electric Company, Maine Yankee Atomic Power Corporation, Vermont Yankee
Nuclear Power Corporation, New Hampshire Yankee, and the joint owners of the Seabrook
Nuclear Power Station and their officers, directors, agents, and employees assume no liability
NOR MAKE ANY WARRANTY OR REPRESENTATION OF ANY KIND, WHETHER
STATUTORY, WRITTEN, ORAL, OR IMPLIED (INCLUDING WARRANTIES OF FITNESS
FOR A PARTICULAR PURPOSE AND MERCHANTABILITY), with respect to the contents
of this document or to its accuracy or completeness, or with respect to the contents of the code

or to the accuracy or correctness of the calculations performed by the STAR code.
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ABSTRACT

This report presents a description of the Space and Time Analysis of Reactors (STAR)
computer code and its application to the Rod Ejection and Main Steam Line Break transients.
Volume 1 of the report provides the history and theory of the STAR code including both static
and trensient theory. Volume 1 also includes the code benchmarks with classic numeric
cases, Combustion Engineering's HERMITE computer code, and an actual rod drop transient
that occurred at Rowe. Volume 2 contains a description of the use of STAR in methodology
for the Rod Ejection and Main Steam Line Break transients. Current licensing methods are
described to illustrate how the STAR application for eacl. transient is an extension of the

current approved method. A demonstration analysis is included for each transient

applicat.on.
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1.0 INTRODUCTION

This report provides a description of the Space and Time Analysis of Reactors (STAR)
computer program, code benchmarks, and applications to the Control Rod Ejection and Main
Steam Line Break transients. The STAR based methodology is an extension of the current
approved methods used by Yankee Atomic Electric Company (YAEC) for analysis of these

transients.

YAEC currently uses a point kinetics approach CHIC-KIN'", to perform the rod
ejection analysis. The present methodology'®’ also includes an option to utilize bounding
radial Doppler weighting factors® generated by Combustion Engineering's HERMITE
computer code to simulate the spatial reactivity feedback effects in the point kinetics scheme.
The NRC has approved this methodology for application to Maine Yankee'*. The proposed
method described in Voluine 2 is the same, except the STAR computer program would replace
HERMITE in the generation of Doppler weighting factors and would allow similar factors to

be developed for other PWR's.

1'or the steam tine break YAEC currently uses RETRAN-02 and the Boron Injection
RETRAN Post-Processor (BIRP) code®®. RETRAN is used to conservatively predict the
thermal-hydraulic conditions following the steam line break while BIRP computes the overall
reactivity to determine whether or not return to power occurs. The current YAEC
methodology is limited to no return to power due to the lack of a method to account for
spatial effects on moderator feedback. The main steam line break methodology was approved

by the NRC'”, The proposed method described in Volume 2 uses the STAR code to account



for spatial effects and allow the treatment of return to power. In addition this method uses
a later version of RETRAN, RETRAN-02 MOD 05, which contains a boron transport mode!

that allows for the elimination of the BIRP post processor code to treat boren injection.

Therefore, the new method would use RETRAN point kinetics to predict the power response

and the STAR code to account for spatial effects on moderator feedback. RETRAN results are

demonstrated as conservative by comparison with STAR.




2.0 STAR CODE DESCRIPTION
2.1 STAR History

The STAR code, which is based on the analyuc nodal method of the QUANDRY
computer code®, was developed jointly by NUS Corporation and YAEC from the early 1980’s
through May of 1987. NUS withdrew from the development effort in May of 1987 and YAEC
continued with the effort to date. Since May of 1987, YAEC has added thermal-hydraulic

methods to the code and SIMULATE-3 cross section processing.

2.2 STAR Theory

The STAR code solves the three dimensional space deprs..u¢nt reactor static and
transient neutronic problem with thermal-hydraulic feedback. In performing this function,

STAR utilizes the analytic nodal method formalism with a quadratic transverse leakage

approximation®® and discontinuity factors''*'"". STAR performs its global flux solution using

a standard center mesh coarse mesh finite difference (CMFD) scheme like the CITATION
code'?. Discontinuity factors obtained from the QUANDRY equations are used to force
agreement between the CMFD solution and the QUANDRY solution. A nonlinear iteration
process is used in the solution. The derivation and formulation of the STAR equations and

logic is presented in this section. The text is predominantly extracted from Reference (8).

2.2.1 Formulation of The Analvtic Nodal Diffusion Equations




In the multigroup diffusion theory approximation, the set of time and space dependent
coupled partial differential equations for which the approximate soluticns are sought can be

written in a matrix form with brackets denoting the matrices as

Y« D) T (6@t)] - [T AzDNoL)
+ - 1 T
o1 B)[)c,,][-;T vEI (0] [6(zt)] @1a)

D
+ ¥ AxalCulrt) = [v]? -a—[¢(£.t)]
del ot

Bdt.)‘: VE (eT 0] - AgCulrt) = ‘%Cd(.’."t) DT e

where the notation is standard except thai the matrix [E4(r,t)] contains the macroscopic total
cross section minus scattering cross sectivns and P represents the total delayed neutron

fraction, while B, represents the delayed neutron fraction for each delayed neutron group.

The rigorous nodal balance equations are derived by integrating Equation 2-1 over the
volume of an arbitrary 8-D Cartesian node (ij,k) with x, y, and z dimensions h,, h,, and h,

to obtain

- hR A, () - W, 0 - AR, (0) - [y, (O
- hehJ(d,, 01 = W, 0D - Vi W[Eg ONF5®)
D

+ (l-ﬁ)VI.J l[Xp][‘;." vZ f&\ .]T [6“'.)' b(”] v E ldV,"j. h[Xd]Cd““(n
' del

= Vi. J, k[l’]-l-a%-[a‘__,' ‘(t)]

(2-2a)
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b Je h h Ji k ax f J‘

iy R
2°"s Y z,

L

m(t)] & 1 l]}dx yj‘ldy fdzM(xQ-,z,t)l

iy Jy k
hxhyhz X ’/ 2,

LT Yin 2,

Co 0 s—— [dx [dy fdz Colxy.2)

AN : 8k

oy L

Vi x = hihin)

T tility of Equation 2-2 is limited by the fact that without additional relationships
between node-averaged fluxes and face-averaged currents, the spati. . flux dist~bution cannot

be determined.

One method of obtaining a differential equation from which this spatial coupling can
be determined is to treat the directions one at a time by spatially integrating Equation 2-1
over the two directions transverse to the direction of interest. For example, consider the x

direction in node (ij,k) for which the following expression is obtained:
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and the approximation
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has been made.

A y-directed net leakage, L, as a function of x can be defined as

5, &)
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This leakage possesses the property that when integrated over (x,,x,,,] and divided by h,

yields

)5,/-1; A

= [aadL, , @) = 19, @) - d,,, O) = [T
h: - JE) h) (W A

which is the nodal faced-averaged, y-directed, net leakage. By defining a sum of leakages

transverse to the x direction, S,, as

S, @t = 1L @n+ 1L, @)
W h hJ MR hk WAk

Y H

Equation 2-3 can be expressed as

D &’ s ' -1
> [ "J,k] 5}-‘-2-[0,_}‘. [ T”‘(t” + [mp.,,a(t)l[,'“l

((1)[X )+ i }'dBd [X ])[lvz ’t)]T}[Q (x.1)]
Saall € W 9 R SR el
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&

To obtain relationships between the node-averaged fluxes and the face-averaged net

leakages, one need only solve Equation 2-4 for (¢,;,,(x,t)] (and the analogous equations for




the y and z directions) and integrate this "one dimensional’ flux over the node.
Unfortunately, the x-dependence of the transverse leakage source on the right hand side of
Equation 2-4 must be known or approximated if the solution is to be found. This
circumstance make s necessary the first , and only, spatial approximation in the analytic

nodal method.

Finneman''® has suggested a method for employing quadratic polynomials in order
to determine uniquely the shape of the transverse leakage in a node in terms of the average
transverse leakages in three adjacent rodes. This approximation leads to a functional form

of the y-directed net leakage as a function of x given by

(L, (@b) = (L5 O, @) + (L5 (0)p, @)

ol (2:8)

where sach of the p's is & quadratic polynomial in x . he constraints imposed on the
expansion functions, stated physically, are that the integrals of the transverse leakage
approximation over each of the three adjacent nodes preserve the average transverse leakage
of that node. This form of the transverse leakage is particularly useful since it involves only

average transverse leakages whish are already unknowns in the nodal balunce equation,

Equation 2-2.

In the original implementation of the analytic nodal method, equatious relating the
node-averaged fluxes and the face-averaged net leakages are obtained by eliminating the
homogenized surface fluxes from the equations, assuming continuity of the homogenized
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fluxes. The details of this procedure are shown in Appendix 2 of Reference (8). The
expressions resulting from this procedure as implemented in QUANDRY give excellent
results for problems where the nodes used are truly homogeneous and will duplicate fine
mesh diffusion theory solutions exactly in one-dimensional cases with homogeneous nodes.
STAR simplifies the calculations required in the QUANDRY solution by using a coarse mesh
finite difference (CMFD) scheme for the global flux iteration and forcing the CMFD solution

to agree with the QUANDRY solution by the use of CMFD discontinuity factors. These

CMFD discontinuity factors are defined as

DFCM » Heterogeneous Surface Flux QUANDR}" Equations
Homogeneous CMFD Surface Flux

for each face of each node in each group. The DFCM values are used to calculate current
voupling coefficients which are in turn used to calculate the flux multipliers for the CMFD
flux iteration. The effect of the CMFD discontinuity fectors is to force the CMFD solution to
match the QUANDRY solution. These are not to be confused with the assembly discontinuity

factors input by the user which correct for the neterogeneous nature of real reactor problems.

In real cases, the nodes used by STAR represent heterogeneous fuel assemblies by
homogenized parameters obtained by flux-volume weighting. Smith"'* has generalized
Koebke's''® work on this assembly homogenization problem by introducing quantities cailed

discontinuity factors defined by

DF = Heterogeneous Surface Flu
Homogeneous Surface Flux

for each node and each direction in each group. Smith has also shown that discontinuity

factors can be approximated by the rati s of single-assembly calculation surface fluxes to




assembly-averaged fluxes. These discontinuity factors are then known as assc.obly
discontinuity factors and can be input to STAR by the user. These factors have been

successfully applied in the LWR analysis code SIMULATE-3"'%.

The expressions relating node-averaged fluxes and face-averaged net leakages, F, subject only
to the approximation that the leakage shape can be fit by the quadratic polynomial of

Equation 2-5 are Jiven by an equation of the form

m - [F:.",-l. NI [Fau..]wt.). W (F::,l..]wvl..'- 3
¢ (G2 NS + 1G] ST (26)

r [G"u. .][ ’u"A.] i [G‘.::a][ X 0J
¢ 16 ST

X Sk

where each of the matrices is a full G x G matrix.

By combining Equation 2-6 (and the analogous equations for the y and s directions)

and the nodal balance equation, the full set of nodal diffusion equations can be expressed as
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where the submatrices are N x N, N being the total number of nodes, while each of the
elements of the submatrices is G x G, G being the number of neutron groups. (M] represents
the block diagonal prompt fission source matrix and (1) represents the identity matrix. All
of the [F,) matrices of Equation 2-7 are block tridiagonal, the (G,) matrices are block

pentadiagonal, and (F) is block septadiagonal
2.2.2 Btatic Applications

The static counterpart to the analytic nodal diffusion equations, Equation 2-7 has been
applied to the analysis of light water reactors in two groups. This super-matrix equation is

a set of linear equations in the four vector unknowns, (), ), (L), (L), ], [L,). Because of the

«11-




complicated structure of the equations, iterative methods are required to determine the

spatial flux distribution.

2221 General iterative Scheme

The static eigenvalue problem can be expressed in terms of the scalar flux v as

(H) [y) = % (P) [v) (2:8)
where
#1160 60 6] [ 101 10) 10)] 161
(F,) -l1) (G,) [G,) (0] (0] [0 [0) (L)
(H] = p , [P) ) =
) 16, - 16, [ ) o ] )
(F,) (G 16, -UN), [ (0) {0) {0 (0] i)

An accelerated fission source iteration is applied to Equation 2-8 to determine the
maximum eigenvalue and corresponding eigenvector. The convergence rate of the fission
source iteration is increased by employing "eigenvalue shifting” or Wielandt's fractional

iteration''”. That is, Equation 2-8 is modified to obtain

(H) - {. (P)) [v] = (% : Il" (P)ly) 2.9)

where A, is arbitrarily selected but subject to certain restrictions discussed below. It is easily

demonstrated that the eigenvector associated with the maximum value of (1/A-17,)" is



identical to the eigenvector associated with the maximum value of A, provided A, is chosen

to be larger in modulus than A. Naturally, the convergence rate of the fission source

iterations is maximized by choosing A, to be equal to A. Unfortunately, this choice makes the

matrix (H - (1/A)P) truly singular, and hence impossible to invert. For a wide class of 2

group light water reactor problems, a value, A, = A + .05, appears to be near optimal, w.th

respect to total iterative effort.

The iterative scheme used by STAR to solve equation 2-9 is a nonlinear iteration

scheme

1.
8

(18)

which is summarized as follows:

Evaluate cross sections from the current reactor state.

The CMFD current coupling coefficients are evaluated from the CMFD
discontinuity factors and cross sections.

Wielandt's fractional (outer) iteration is employed to determine the eigenvector
and eigenvalue. The flux multipliers for the flux iterations are updated at
each outer iteration.

Flux iterations are performed using the Cyclic Chebyshev Semi-Iterative
Method'®. Before starting the flux iterations the spectral radius of the flux
iteration matrix is calculated by the a. priori method suggested by Varga'?.
If the nonlinear iteration is not converged, use the QUANDRY equations to

generate updated CMFD discontinuity factors and loop back to Step 2.

One very important property of the static nodal diffusion equation and the numerical

methods that are employed to solve them is that convergence to the exact solution of the two-

group diffusion equations is guaranteed in the limit of infinitely fine mesh spacing. Since the

.18



only approximation in the analytic nodal method is in the shape of the transverse leakages,
the method is gxact in one-dimensional problems for any mesh spacing, provided equivalent
homogenized parameiers which are spatially flat within each node are available.

2.2.3 Transient Applications

STAR solves the transient nodal diffusion equations by breaking up the transient into
time domains, each of which contains one or more time steps. The solution in each time step
is as follows:

1. Changes to cross sections and discontinuity factors because of external
perturbations (i.e., control movements) are applied.

2 Nodal fluxes are extrapolated exponentially to the end of the present time step.
The thermal hydraulic boundary conditions are updated.

Coupling coefficients are updated based on the latest cross sections and CMFD
discontinuity factors.

5. The right hand side of the flux iteration equation is updated using a fully
implicit backward difference and a flux iteration are performed to advance
fluxes to the end of the time step.

6. If non-linear iterations were specified for this time step, QUANDRY equations
are used to update CMFD discontinuity factors.

A Update the thermal hydraulic variables.

8. Update the cross sections using the latest thermal hydraulic conditions.

9. Update the precursor concentrations and prompt and delayed neutron

frequencies.

.14-
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The prompt and delayed neutron frequencies (w's) of Equation 2-4 are

calculated for the time step N from the expressions

1 b,
N - ‘s;.i
w"l.‘;,l ‘N L] t}".l ln( ;N-l )
B (2-10)
N
N - 1 ds;‘b
@, ey In( f" )

(e

where \" is the time at step N.
10 Perform edits, then start next step.
The coupling coefficients used in the flux iterations are dependent on omega as well
as the cross sections, and change with each time etep. In practice, the changes occur over
a long enough time scale that it is not necessary to perform a non-linear iteration at each

time step.

In order to incorporate thermal hydraulic feedback effects, STAR incorporates a
number of optional thermal hydraulic models. These include the lumped heat capacity model,
WIGL®Y, the LRA adiabatic feedback model*"’, COBRA-111C**, and VIPRE-01*®" The LRA
models are used in some of the numerical benchmark cases. The WIGL model is used in
some of the numerical benchmarks and as a closed channel model for rod ejection problems.
COBRA-IIIC was used in the development of open channel steam line break models and has
been superseded by VIPRE-01, which has been applied to the EPRI HERMITE comparison

(a rod ejection) and to steam line break problems.

.15



3.0 STAR BENCHMARKS

This section describes a series of test problems run to validate the STAR Code for use
on steady-state and transient physics problems with and without thermal and hydraulic
feedback. All these problems use defined sets of cross sections and feedback parameters w0
remove the effect of ditferences in cross section generation and hydraulic modeling on the
results; and all these problems have also been solved by other methods which serve cs
reference solutions. The problems used for this test series are the IAEA PWR Benchmark
Problem™”, for Tests 1 and 2; the LRA BWR Kinetic Benchmark™, for Tests 3, 4, and 9, the
TWIGL 2D Kinetic Problem™, for Tests 5 and 6; the LMW LWR Transient Problem®", for

Test 7; and a variation on the LMW problem™, for Test 8.

A further verification of STAR was performed by duplicating & comparison
commissioned by EPRI of their 3D nodal kinetics code, ARROTTA® (o the Combustion
Engineering licensed code, HERMITE®", Finally, a comparison to an actual vperational
event was performed by analyzing a Yankee Rowe rod drop which occurred on February 18th,
1987.

3.1 Classic Numeric Cases

8.1.1 The IAEA Benchmark Problem

This problex psents @ rather difficult PWR neutronics problem, and is analyzed

in its original 3D form from Reference (21) and as a 2D problem representing the midplane

«16.



of the 3D problem.

Test 1 is the 2D analysis with axial buckling incorporated as a DB-squared term
added to the absorption cross sections. The analysis was performed with 20 cm (assembly
sized) and 10 cm radial mesh size. Excellent agreement can be seen in the results shown in
Figures 3.1.1 and 8.1.2 with the worst assembly power error iess than 1% even with the

coarse 20 cm mesh.

Test 2 is the full 83D problem with 20 em radial and axial mesh (Figure 3.1.3) and with
10 cm radial meshes and 20 em axial fuel mesh and 10 em axial reflector mesh (Figure 8.1 .4).
Again, excellent agreement is seen in both cases, with the worst assembly power error less

than 1% in the 10 ecm mesh case.

The IAEA Benchmark problem shows that the Analytic Nodal Method with assembly
discontinu‘ty factors can produce comparable results to fine-mesh methods, with 20 cm mesh
spacings corresponding to the usual PWR assembly size and 10 ¢m mesh spacings

corresponding to the 2 x 2 mesh per assembly normally used in PWR analysis.

8.1.2 The LRA BWR Kinetic Problem

The problem represents a BWR rod ejection-type problem with only Doppler feedback

terminating the excursion.

Test 3 solves the initial condition for the 2D version of the problem, and Figure 3.1.5

17



shows that excellent agreement is achieved in both eigenvalue and power distribution.

Test 4 solves the 3D transient version of the LRA BWR transient with a very coarse
mesh in quarter core geometry. Figures 5.1.6 through 8.1.11 compare radial power
distributions as a function of time with a reference solution generated by QUANDRY, while
Table 3.1.1 compares some STAR and QUANDRY results for this problem. The radial power
agreement is excellent, while the overall power trace follows the shape of the reference
solution as shown by Figure 3.1.12. QUANDRY uses a model for the LRA problem which
approximates the temperature shape in the nodes to calculate cross sections, which probably
eccounts for much of the difference between STAR and QUANDRY total powers given the

very peaked radial power shapes in these problems.

Test 9 solves the 2D version of the LRA problem. Figures 3.1.18 through 3.1.19 show
the excellent agreement of the radial power solutions between STAR and QUANDRY
solutions, while Table 3.1.2 shows reasonable agreement with the powers at various times,
and Figure 3.1.20 shows that the overall power trace shape agrees well with QUANDRY.
Note that in spite of fairly sizeable disagreements in core power at some times in the
transients, the peak nodal fuel temperatures at the end of the transient agree to within 3.1%
for the 3D case and 0.3% for the 2D case.

8.1.8 The TWIGL 2D Kinetic Problem

This problem is a 2D model of a 160 ¢m square unreflected seed blanket reactor with

two neutron groups and one delay precursor family. Step and 1ump positive reactivity

18.



insertions are modeled in the corner seed assemblies. Test 5, the step perturbation, gives
power results as shown in Table 3.1.8 and Figure 3.1.21. Test 6, the ramp perturbation,

gives results as shown in Table 3.1.4 and Figure 3.1.22. The agreement is excellent in both

cases within 1% at every step

8.1.4 The LMW LWR Transient Problem

The LMW LWR transient problem represents a control rod movement in a simplified

PWR. Test 7 represents a solution for this problem vsing a 10 e axial mesh and 250 ms

time steps

Table 3.1.5 and Figure 3.1.23 show core powers versus time and Figure 3.1.24 shows

the radial power distribution at time zero, all compared to reference solutions reported by

Smith®™. SETAR assumes cross sections are always homogeneous within nodes, and simple

volume average values are used for nodes which are partly rodded. This leads to some
oscillations in power due to control rod cusping. Smith also reports the input and several

solutions to the LMW problem with thermal-hydraulic feedback added by a WIGL model.

Figure 3.1.25 is a plot of power versus time for Test 8 (Test 7 with feedback added and
a 20 em axial mesh) compared to a solution reported by Smith. There are large variations

in power due to the control rod averaging, but the general trend follows Smith's feedback

solution.




TABLE 3.1.1

Coarse Mesh 3D LRA BWR Problem

7 |
| STAR | QUANDRY |
i ] |
Time to First Peak (s) | 0.91 i 0.907 !
| | |
+ |
Power at First Peak (w/cc) [ 5277 | 5739 ‘
|
oo 1
Time to First Minimum (s) | 1.00 0.988 1
T i
Power at First Minimum (w/cc) | 1824 | 109.0 ‘
1 |
Time to Second Peak (8) } 1.60 1.44 it
Power at Second Peak (w/cc) ] 377 412 I
| |
Power at t = 3.0 sec. (w/ee) 715 71.2 |
-l | }
- —
Peak/Average Assembly Power at 3.0 | 3.62 | 3.64
sec. v
Peak Nodal Fuel Temperature at 3.0 | 4020 1148 ‘
i sec. (°K) |

«20-




TABLE 312
n of 8 Y
WR Proble

= 7 |
| STAR RO FERENCE ;
Number of Spatial Mesh Points 121 484
Initial Eigenvalue 0.99641 0.99636
|

!
Time to First Peak (s) | 143 1436 }
l
e . ‘:
Power at First Peak (w/cc) | 6363 5411 i
|
Power at Second Peak (w/ce) | 1023 784 l
- |
Power at t = 3.0 sec. (w/cce) | 55.8 96.2 ,
| |
Peak Fuel Temperature att = 3.0 ‘ 2939 2948 l
sec. (“K) | |




TABLE 3.1.3
Total Power Versus Time for TWIGL 2D Problem.
(Step Perturbation)

TIME (SEC) STAR REFERENCE % DIFFERENCE
0.0 1.0 1.0

01 2.076 2.061 +0.78

0.2 2.076 2.078 -0.10

03 2.098 2,095 +0.14

0.4 2118 2.118 +0.24

05 2.182 2131 +0.05

s b s ———————————————————
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TABLE 3.14
. .
m&wwﬂ P bat

TIME (SEC) STAR REFERENCE % DIFFERENCE
0.0 1.0 1.0

0.1 1.308 1.807 +0.08

02 1.956 1.957 0.10

0.3 2.087 2074 +0.63

04 2.088 2.098 0.48

05 2115 2.109 +0.28

ISR RSN
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TABLE 8.15
(PREPCTSSET IRESN DI T ITIOS SN S DL LT S
TIME (8EC) STAR POWER (W/CC) REFERENCE (W/CC)
0 150 150
5 163.1 169.4
13
10 198.3 202.0
L
20 260.4 260.5
30 211.0 209.9
40 1229 123.9
50 74.6 76.5
60 58.0 58.6
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£
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ye 11 ETAR
. | % DIFFERENCE

Y= 10

Y= § 505 .508 .556 .681 .876 1,056 1.062
499 .504 .553 .660 .877 1.060 1,060
«.99 .88 ~+.4% ~.18 ol 19 .38

Y= 8 .B02 .744 .787 .9B4 1.368 1.893 2.196 2.248
793 ,738 .763 ,963 1,370 1.900 2.20% 2.259
1,06 ~.82 +~.,53 =.,10 W15 .37 41 .49

Yo % .886 .664 .653 .842 1.332 2.411 3,154 3,503 2,261
.887 .658 .650 .B841 1.335 2.419 3.168 3,520 2.7 4§

«1.00 «.90 =~.47 =~.12 "8 .33 .44 .49 87

Yo 6 782 546 B35 .04 1.162 2.197 3.010 3.877 2.4%53
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«1,00 =88 =, 34 =07 - | .36 .40 50 W48

Yo 5 .436 .398 .425 559 ,843 1.302 1,778 2.220 1.600
431 ,385 .423 ,558 .B45 1.305 1.785 2.228 1.607
«»1,06 =,93 +=.52 ~=.20 14 23 .39 .36 44

Y= 4 289 .296 ,335 .,434 .605 .841 1.126 1.446 1.062
286 .293 .333 .432 .605 .841 1,127 1.450 1.064
«1.14 =.,98 ~,69 ~.30 ~.10 o | .09 28 19

b
peepr—y
ol o

Y= 3 236 ,244 ,279 ,357 .,485 ,654 .8853 1.081 .786
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FIGURE 3.1.19




LOG10 POWER

STAR TEST 9 - LRA 2D QUARTER CORE TRANSIENT
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STARTEST 5 - TWIGL STEP PERTURBATION TRANSIENT
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FIGURE 8.1.21

STAR Test 5 - TWIGL Step Perturbation Transient
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STARTEST 6 - TWIGL RAMP PERTURBATION TRANSIENT
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STAR Test 6 - TWIGL Ramp Perturbation Transient
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STAR TEST 7 - LMW 3D PWR TRANSIENT BENCHMARK
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FIGURE 3.1.23

STAR Test 7 - LMW 3D PWR Transient Benchmark
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Y= §
727 708 .630 234
Y= 4§ 860 .434
.980 1,083 .982 .B64 .434
47 ~,14
Y= 3 1.123 .980 .627
1.438 1.394 1.122 ,982 63D
-.07 G 39
Y= 2 1,589 1.3%6 1.083 ,708

1,652 1,587 1,394 1.083 .,708
«.15 =14 +~,03

Y= 1 1.554 1.654 1.440 .980 .727
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“«. 21 =.18 =38 «,00 +,01
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EIGENVALUE ~ REFERENCE = .99574 STANDARD DEVIATION - .199
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FIGURE 3.1.24




STAR TEST 8 - LMW 3D PWR TRANSIENT WITH FEEDBACK
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FIGURE 38.1.25

STAR Test 8 - LMW 3D PWR Transient with Feedback




8.2 EPRI HERMITE Comparison

3.2.1 Introduction

As part of the verification for the ARROTTA®® computer code, the Electric Power
Research Institute commissioned a comparison of the results from ARROTTA to the results
from Combustion Engineering's HERMITE code®”. The HERMITE code has been approved

by the NRC and has been applied in a variety of licensing analyses.

The ARROTTA input deck™ was converted to a STAR input deck with options chosen
to make the problems as similar as possible. The layout is shown in Figure 3.2.1. The
ARROTTA cross sections were converted to a SIMULATE-3 run time library containing cross
sections for all the ARROTTA comparisons with no assembly discontinuity factors. The
VIPRE-01 code was chosen as a thermal hydraulic feedback model with no gap connections

between channels and default material properties in the fuel rod model.

STAR was run with one neutronic mesh and one thermal hydraulic mesh per assembly as in
the ARROTTA case reported. STAR uses the same mesh for neutronic and hydraulic

calculations.

8.2.2 Static Results

The same series of steady-state cases were run for STAR as for HERMITE (and

ARROTTA) and the three-dimensional transients were run for several different time steps.
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The first static case is the all rods out, hot zero power case which demonstrates consistent

modelling without control rod and thermal-hydraulic feedback efft ;. Agreement for this

case is good as shown by Figure 3.2.2.

Next an all rods out hot full power case was run to demonstrate the effect of thermal-
hydraulic feedback on the cross sections. Figure 8.2.3 shows the excellent agreement
achieved in radial power distribution and eigenvalue. The highest planar average fuel

temperature from STAR was about 1375 °F, about 85 °F lower than the HERMITE peak
value of 1460 °F.

A rodded case at hot zero power was run to represent the initial conditions for the

transient. Figure 3.2.4 shows good agreement for this case also.

Finally a hot zero power case with the ejected rod out was run. The radial power and
eigenvalue are shown in Figure 3.25 a and b. The agreement is again good. The last two
cases taken together give the static ejected rod worth. The eigenvalues and rod worths are

summarized in Table 3.2.1. The STAR rod worth is 2.0% lower than the HERMITE value.

3.2.3 Transient Results

The half core rod ejection was run with STAR using a one millisecond time step. This is the

same step length as used in ARROTTA and is typical of STAR rod ejection analyses. The
agreement between STAR and HERMITE is good. Figure 3.2.6 displays the core power from

STAR with selected points from the reported HERMITE results. Table 3.2.2 summarizes
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selected results from the transient. The major difference in the results is that the peak

| w occurs 17 milliseconds later in STAR than in HERMITE. This is probably partly due to the

2.0% lower ejected rod worth. The maximum core power differs by 2.4%, the peak power
. densities differ by 3.0% and the maximum fuel temperature at the end of the transient is

18°F (2.0%) lower than HERMITE.

Comparisons were made of the normalized radial power distributions from STAR and
HERMITE at three times during the transient, 0.20 seconds (a point before significant heat
is added and near the maximum peaking), 0.39 seconds which is near maximum power, and
\ 0.5 seconds which is the last analyzed .me in the transient. Numerical differences are
shown in the comparisons rather than percent differences because of the large variation in

power. Figures 3.2.7 a and b show the comparison at 0.20 seconds, Figures 3.28 a and b

show the comparison at 0.39 seconds, and Figure 3.2.9 a and b show the comparison at 0.50
5 seconds. The comparisons at 0.20 seconds and 0.50 seconds, where the reactor power is
insignificant or very similar between the two cases, are excellent. The agreement at 0.39
seconds is good considering that the reactor power is about 4300 Megawatts in HERMITE

and about 3500 Megawatts in STAR at this time point due to the later peak in STAR.

8.2.4 Sensitivity Studies

During the development of the STAR model for the HERMITE case, a series of runs
were made differing only in time step length. The core power versus time is shown in figure
8.2.10 and the maximum fuel temperature as a function of time is shown in Figure 3.2.11 for
four different time steps. These figures show that the one millisecond time step 13 very near

temporal convergence and that longer time steps give conservative results.
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TABLE 3.2.1

od W

k-effective k-effective Change in k-
Rods In Ejected Rod effective
Out

B8TAR 0.98554 0.99387 0.00833

HERMITE ‘ 0.986523 0.995033 0.008510

* Beta Effective = 0.00729634




TABLE 8.22

i
'
'
!
:
'
’
'
!
'
!
!
!
'

Selected Transient Results
Quantity STAR HERMITE
Maximum Total Core Power (MW) 4237 4339
ZI‘i)me of Maximum Total Core Power | 0.410 0.383
-
Peak Power Density (w/ce) 1954 2014
Time of Peak Power Density (s) 0.409 0.382
Average Fuel Temperature (°F)
0.2 seconds 857
0.3 seconds 557 558
0.39 seconds (for STAR) 571 589
0.40 seconds (for HERMITE)
0.5 seconds 602 605
Maximum Fuel Temperature (°F)
0.2 seconds 557 557
0.3 seconds 560 565
0.40 seconds 701 804
0.5 seconds 893 911
| ————— U ——
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k-infinity Fuel Type k-infinity

0.98579 8 1.21975
(98039 9 1.06780
1.01849 10 1.13931
1.16458 11 1.08233

1.03258 12 0.99579

Rod insertion expressed as %-inserted from top of core.

FIGURE 3.2.1

Core rout
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632 .75 .706 .884 .823 1.000 998 1.115
-] -2.06 =1.42 -1.3 -.51 =.,48 48 71
Y= 2 639 02 771 73 911 58 1.219 1.211
624 .5 756 720 00 £S5 1.219 1.216
-2.41 -1,96 -2.02 -1.40 -1.21 ~-.40 ~-.04 40
Y= 1 .544 .63y 644 .B25 .769 ,943 ,983 1.175
532 .62 631 .811 .,760 ,936 .982 1.178
-2.17 =-2.32 -1.88 -1.73 -1.09 ~-.74 ~-.08 25
9 10 11 12 13 14 15 16 17
EIGENVALUE - REFEREMCE = 1.,00822 STANDARD DEVIATIO! =
- STAR = 1.00695 MAX POSITIVE DIFFERENCE =
- DIFFERENCE = ~,00127 MAX NEGATIVE DIFFERENCE =

FIGURE 3.2.2

STAR-HERMITE Comparison for Static Cases 1x1 VIPRE

All Rods Out, Hot Zero Power HERMITE Reference
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LEGEND

REFERENCE
Yo 9 STAR
% DIFFERENCE

Y« 8 .65 .994 1.231 1.205
.685 .999 1,250 1.230
.09 A1 1.%%¢ 2,12

Y= 7 ,180 ,915 1.079 1.599 1.812 1.426
.179 .%16 1,087 1,620 1,855 1.451
-.61 W13 78 1.33 2.40 1.73

=

Y= 6 ,698 .791 1,090 1.109 1,315 1.671 1,426
,690 .783 1,085 1.116 1.336 1.711 1.449
«1.,20 =.,92 ~=.45 .65 1.63 2.39 1.%9

Y= 5 807 .972 .872 .%22 .719 1.315 1.812
793 .9%4 .B64 919 .721 1.335 1.851
-1,81 =-1.85 =-,89 =~.31 28 1.5%. 2.7

Y= 4 .914 .776 ,864 .776 .922 1.109 1.599 1.205
,890 .759 .8.7 .766 .918 1.113 1.615 1.225
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Y= 1 .285 ,556 .674 .914 .807 .698 .1B0 .685
,247 .536 .654 .888 .788 .685 .179 .681
«3.37 =3.49 =2.98 -2.89 -2.34 -1.86 ~.61 ~-.57

9 10 11 12 13 14 15 16 17
REFERENCE = .98652 STANDARD DEVIATION * 1.745%

STAR - .98554 MAX POSITIVE DIFFERENCE = 2.396
DIFFERENCE = ~,00099 MAX NEGATIVE DIFFERENCE = ~3.492

EIGENVALUE

FIGURE 3.24

Rodded, Hot Zero Power HERMITE Reference
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STAR-HERMITE COMPARISON 1 MS STEP TRANSIENT
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FIGURE 3.2.6

TAR - HERMITE Comparison 1 MS Step Thansient
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Assembly Power Comparison at Time = 0.5 Sec
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8.3 Yankee Rowe Rod Drop

At approximately 12:02 AM on February 18, 1987, near the end of Cycle XVI1II, a high
worth group A control rod drop ped into the Rowe core during full power operation. This rod
was worth about 0.47% Ap, and is one of a group of 4 near the center of the core. This event

, did not cause an immediate plant trip

The first 16 seconds of this event were modeled using the STAR code with 4 radial

nodes per assembly, 12 axial nodes, SIMULATE-3 cross sections, and the VIPRE-01 thermal

hydraulic option. Comparisons have been made with excore detector data (mostly at 4 second
intervals) and core exit thermocouples at 8 second intervals assuming the drop took place at

00:02:04 exactly and that the rod drop time was 1.6 seconds

Figure 3.3.1 shows the STAR calculated core wer compared to the excore detectors.
Channel 6 is the nearest detector to the dropped rod. The shape and magnitude of the STAR
power are in good agreement with the measurements, considering that the dropped rod is
near the center of the core and that the excore detectors are reading the power of the outer

part of the core

Figures 3.82 and 333 compare the measured and STAR predicted outlet

thermocouple temperatures ai the time of the drop, and the measured and predicted
temperature change for sach thermocouple that responded to the transient. Figure 3.3.2
shows that the STAR and measured distributions agree well with the STAR mean being

somewhat lower. Figure 3.8.3 shows that the predicted and measured changes during the

70-



transient aleo agree well in magnitude and in spatial distribution with the STAR predicted

mean change being somewhat higher. The dropped rod location is surrounded by locations

Fb, F6, G5 and G6

This analysis shows that STAR can analyze operational events with good accuracy if

data is available at reasonable time intervals
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FAND CONCLUSIONS

Volume 1 of this report has provided a discussion of the theory of the STAR computer code
A significant amount of benchmark .aaterial was also provided, covering classical numerical

problems, a vendor code comparison, and a comparison to an actual plant transient

The results of the classical numerical benchmarks show excellent agreement with the
reference results. The comparison to Combustion Engineering's HERMITE computer code,
which STAR will replace in our current rod ejection method, demonstrates good agreement
between the two codes. The benchmark of the Rowe rod drop transient shows that STAR

compares well to actual plant transient data. Overall the benchmark work provided in this

volume demonstrates that STAR is a valid code to use in our methods which require a three

dimensional space time reactor physics code
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