SERPENT Cross Section
Generation for the RBWR

Andrew Hall
Thomas Downar
9/19/2012
e
~ MichiganEngineering

P



2% MichiganEngineering

Outline

« RBWR Motivation and Design

* Why use Serpent Cross Sections?
* Modeling the RBWR

» Generating an Equilibrium Cycle

« RBWR Benchmark

« Conclusions



Py | MichiganEngineering

Outline

« RBWR Motivation and Design
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Motivation

LWR Fuel
Enrichment Fabrication
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Introduction

« Advantages of Light Water Fast Reactors

— Light water technology and infrastructure is well
established

— TRU burning is most efficient in fast spectrum
reactors

« RBWR Advantages:

— RBWR-AC (Breeder Reactor)
« Conversion ratio of 1.0 (or 1-2% above 1.0)

— RBWR-TB2 (Burner Reactor)
* Low conversion ratio of ~0.5

— Closed Fuel Cycle
— Uses ABWR Technology
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DOE NEUP Project w/ UCB/MIT
Michigan Tasks

« Generate Equilibrium Cycle for both the RBWR-
AC and RBWR-TB2

« Perform Reactivity Coefficient Analysis
— Doppler Reactivity Coefficient
— Void Reactivity Coefficient

 Stability and Transient Analysis for both cores

— Recirculation Pump Failure is of interest since this
could lead to an asymmetric reduction in cooling

— Events such as Turbine Trips and Main Steam
Isolation Valve Closures are not expected to be as
significant due to a smaller void coefficient and larger
Doppler coefficient
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RBWR Design Characteristics

[tem RBWR-AC ltem ABWR
Themal Power MWV 3926 Thermal Power VWi 3926
Electrical Power MiWe 1356 Electric Power MWW e 1356
No. of Fuel Bundles 720 Number of Fuel Bundles 872
Core Height mm 1200 Core Height mim 3710
Configuration for Height Parfait '
Coolant Flow Fate kt'h ' Coolant Flow Rate  KUh 58
Core Exit Quality % 41 Core Exat Quality o 13
WVoid Fraction Yo 6O Void Fraction %o 36
Fressure Drop MPa 0.11 Core Pressure Drop MPa 0.21
HM Inventory t 131 Uranium [nventory 1 151
PuffHM in Fissile Zonaw/o 18 Uranium Enrichment wi® 3.8
Puf Inventory t 8.9
Burnup GWd/t 45 Burnup GWdlt 45
MLHGR KWVt 14 4 MLHGR KW/t 12
MCPR 1.3 MCPR 1.3
Void Coef. Akk/%void 2X10° | Void Coefficient  —e | -12X107
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RBWR Design
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RBWR-AC

 The RBWR-AC Is a

tight pitch, boiling
water reactor with a
high core average
void (~55%) / hard
spectrum

Parfait style assembly
with

Internal blankets
Features a

conversion ratio
of 1.0

Void Fraction (%)

100
« 280 mm-f{ L93 mme——520 mm—-}kzggpr;rﬂi
Lower oWer iasi
Bianket legﬂlee Internal Blanket Ilegs;:ga
80+ ]
Core-Averaged /
Void Fraction53 % —— B
.,—/-"_",
60+ t
RBWR-AC ABWR
Core-Averaged
L Void Fraction 36 %
40
20+
D | 1 1
0 0.25 0.5 0.75 1.0
Bottom Relative Distance from Bottom of Core Top

70 mm

Upper
Blgrﬁ)ket
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normalized neutron spectra per unit lethargy
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Comparisons of Neutron Spectra

In RBWR, SFR (ARR), and LWR (PWR)

03"
0.25+ — RBWR
—— ARR
— PWR
0.2
015+
0.1
0.05 -
_-_.—-N'I
0 A :
10 10 10° 10" 10

Neutron Energy (eV)

Hydrogen

.
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111
LRI
Energy (Met)
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Coupled Code System for RBWR

Lattice Code:

HELIOS/

Neutron Flux

SERPENT

GENPMAXS

4
Cross Section

Library
(PMAX)

Isotopic Number

Density

Solver
PARCS

Equilibrium
Search

EC Burnup and
History Data
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MCNP

T/H Code
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* Why use Serpent Cross Sections?
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Monte Carlo XSEC Generation

 Motivation:

— Current methods use 12 group, homogenized cross sections
from the traditional 2-D lattice physics code.

— 3D Monte Carlo studies (e.g. MIT) have shown that there are
some deficiencies in using this approach for the axially
heterogeneous RBWR

« Challenges:

— Computational burden due to multiple Monte Carlo
calculations

» 22 burnup steps x 20 branches x 6 histories x 3 regions
» ~8,000 Serpent cases, take about 1-2 weeks to run

— Large amount of memory required to store cross sections
— Calculation of ADFs for reflector regions
— Calculation of diffusion coefficient using Monte Carlo
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Cross Sections with SERPENT

SERPENT — 3D Monte Carlo

— Produces homogenized multi-group constants for
deterministic reactor simulator calculations

— Calculates ADFs for boundary surfaces and corners

— Works for high void cases in RBWR where
deterministic approaches break down

« Benchmark 2D cross sections with HELIOS

 Use SERPENT to generate 3D cross sections for
PARCS (PMAXS)

* Bryan Herman from MIT developed SerpentXS
script to convert cross sections to PMAXS format
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* Modeling the RBWR
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Model Construction

Generate 2-D models and cross sections to
benchmark against HELIOS

— Pin Cell
— Assembly
— Reflector

Perform Equilibrium Cycle Analysis comparison
using 2-D Serpent generated cross sections

Generate 3-D models and cross sections
— Assembly
— Reflector

Perform Equilibrium Cycle Analysis using 3-D
Serpent generated cross sections
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RBWR Pin Cell Comparison

A
> A

« Single pin with water surrounding the
fuel

 Water void varied for 2 different cases
(0% and 95% void)

« Periodic boundaries applied to pin cell
surfaces

« Comparison done between SERPENT,
MCNP and HELIOS

« HELIOS calculation performed with
both 112 group and 190 group library

 HELIOS uses ENDF/B-VI data
« MCNP5/SERPENT use ENF/B-VII data
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RBWR Pin Cell Comparison

* 0% Void

Method K-inf Standard Deviation
HELIOS — 112 group 1.26381 -

HELIOS — 190 group 1.23455 -

MCNP5 1.22148 0.00019

SERPENT 1.22177 0.00016

« 95% Void

Method K-inf Standard Deviation
HELIOS - 112 group 1.47875 -

HELIOS — 190 group 1.47799 -

MCNP5 1.45308 0.00016

SERPENT 1.45224 0.00013
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Pin Cell Burnup Comparison
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SERPENT

Unit Cell

The RBWR is only 180 degree symmetric, so
a single fuel assembly model is insufficient
with periodic or reflective boundary conditions

A super cell of 6 assem
order to capture the y-s

nlies was built in
naped control rods

and preserve the bound

ary conditions

3-D model with reflective boundary conditions
on the top and bottom and periodic boundary

conditions on the sides

Models the exact geometry including the
water triangles created between assemblies
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SERPENT Unit Cell

& O
P o
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 Periodic boundaries

* Preserves ratio of fuel to moderator and
control rod
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Reflector Cross Section (2-D)

» Generating reflector cross sections is non-trivial

« Since boundary conditions must be applied on the outside of the entire
problem, conventional 2-D methods can’t be used

« Available options:

— Place reflective boundary conditions on all sides of problem. This causes the problem
to model the spectrum incorrectly

— Place black absorber on far side of reflector to simulate a black boundary condition

— For axial reflectors, use a 3-D model and place black boundary conditions on the top
and bottom while still being able to use reflective boundary conditions in the radial
direction

Reflective

Reflective

Reflective 29
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SerpentXS to PMAXS

Python script generated at MIT that
automates the cross section generation
process

Performs a burnup calculation for a specified
reference state

Generates multiple SERPENT cases for
branches along each burnup state

Combines output into a single PMAXS file
with absolute cross sections

Use GenPMAXS to convert cross sections
into partial derivatives to be read by PARCS
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PARCS using SERPENT XS

« Test case was performed by generating cross sections for a single
lower fissile region

 Cross sections from SERPENT were used in PARCS to simulate
and reproduce the eigenvalue calculated using SERPENT

« Comparison of eigenvalue between PARCS and SERPENT

Method K-eff Standard deviation
SERPENT 1.48333 0.00014

PARCS with SERPENT Cross 1.48313 -

Sections

* Results indicates Xsec interface is working
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» Generating an Equilibrium Cycle
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Equilibrium cycle search flowchart

Read Input
— Begin with fresh core and load ceload k
fuel after each burnup cycle cloa
using Hitachi specified
loading pattern
Depletion
— Explicitly model control rod (code package)
pattern at each time step of
depletion
If reaches

Equilib-
nume<

— Convergence criterion: 0.1
GWDI/T for Infinite norm of
node-wise burnup matrix at
EOC
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RBWR-AC Shuffle Pattern
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RBWR-AC Control Rod Pattern

MichiganEng

28

2.93 GWdit

(9.75 GWdlt)
All Control Rods >
- Fully Withdrawn >

EOC

0.20 GWd/t 1.56 GWd/t

4.29 GWdft
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Equilibrium Cycle K-eff

K-eff
Burnup Point Days HELIOS cross
sections (112 group)
1 0.0 0.99230
4 55.0 0.99205
8 151.0 0.99359
12 247.0 0.99582
16 343.0 0.99444

SERPENT
Cross sections

0.95213
0.94965
0.94823
0.94814
0.94564

« System is subcritical throughout entire cycle

« Recall that the pin cell calculation comparison
showed up to a ~4000pcm difference between

HELIOS (112 group) and SERPENT
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EC Axial Power Distribution
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EC Radial Power Distribution
1'4 1.8
!;:-.:3 1 2_4|—|—l_ i I— E;; 1.6
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- _ 1 —
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® o
© 04 —BOC e
o 02 —=EQOC 0 5 10 15
| 0.0 Position of Reactor Radial Direction

A B
Position of Reactor Radial Direction

Hitachi Michigan
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Diffusion Parameters

 Transport cross section:

Ztr,g(r):Zt,g(r)_;gzs,g(r)
« Two methods to calculate the diffusion
coefficient:

— Diffusion coefficient from migration area:

2
D, = 2%

g—rg

— Diffusion coefficient from transport cross section:

1
D,(r)= 3%, (1)
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7

Group Energy (eV)

© 00 N O O &~ W DN P

e
N PO

1.0000E+7
3.67/88E+6
2.2313E+6
1.3534E+6
4.9787E+5
1.8316E+5
4.0868E+4
5.5308E+3
1.3007E+2
3.9279E+0
1.4450E+0
6.2500E-1

Diffusion Coefficient

(0 GWd/t) [cm]

HELIOS
2.92567
2.61561
2.24823
1.65494
1.17958
1.04037
0.86322
0.80535
0.72129
0.86373
0.72266
0.39563

SERPENT
3.47954
3.03804
2.54236
1.82533
1.19365
1.05894
0.91230
0.81804
0.66750
0.91504
0.69574
0.38772

Diffusion Coefficient Comparison

Diffusion Coefficient
(150 GWd/t) [cm]

HELIOS
3.16538
2.80929
2.37310
1.70925
1.21693
1.07699
0.89427
0.82236
0.72144
0.86543
0.67984
0.39331

SERPENT
3.37678
2.95044
2.45934
1.76430
1.17166

1.0443
0.89860
0.75423
0.63565
0.86503
0.63261
0.38967
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Equilibrium Cycle

Significantly subcritical system

No power spike seen in the upper blanket region for the axial
power shape

More rounded and larger relative power seen in both the upper
and lower fissile regions

EOEC radial power distribution seems reasonable but BOEC
seems to indicate a much higher relative power in fresh fuel
assemblies

At higher energies the diffusion coefficient is larger for
SERPENT than HELIOS, this points towards SERPENT over-
predicting the leakage compared to HELIOS

Larger leakage and library differences appear to account for
differences seen between Equilibrium Cycle with HELIOS cross
sections and with SERPENT cross sections

Redesign the RBWR assembly/core ®
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Outline

 RBWR Benchmark
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RBWR Benchmark

A benchmark group was created to test the ability to reproduce 3-D
Monte Carlo results with nodal codes using 3-D Monte Carlo
generated cross sections

The following issues are to be addressed:

Appropriate methodology for generating homogenized cross sections

Definition of branching cases in 3D models to be used for preparation of
homogenized cross sections

Automation of the cross section library preparation process
Appropriate number and structure of energy groups for the nodal codes

Methodology for generating diffusion coefficients for homogenized
regions using Monte Carlo codes, critical spectrum correction

Generation of boundary discontinuity factors in 3D models and
implementation of axial DF in nodal codes

Assessing the potential benefits of using SP; solvers available in
modern nodal codes for modeling RBWR-type systems
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RBWR Benchmark Model

——— ——— i —— Vacuum boundary

30 cm Upper Reflector 1
Assembly can, t.=0.24 cm — —
10 cm Upper Blanket
Coolant gap, 1, =0.0672 cm
30cm Upper Fissile zone
CR Steel sheath, T, =0.0412 cm
% CR follower/absorber, T, = 0.0825 cm
50 cm Central Blanket
20cm Lower Fissile zone
CR exists above this line T T T T T T T T T
30cm Lower Blanket
30cm Lower Reflector 1

37

— Vacuum boundary
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3-D Serpent Assembly

« 3-D Serpent
assembly was used
to calculate cross
sections for each
axial region including
reflectors

« Cross sections from
Serpent were used
iIn PARCS

* No critical spectrum
correction was used

« Benchmark work is
still being performed

Fal
230 r ‘
ng 2.5
E"‘ 2.0 #==SERPENT
‘g 1.5 =i P ARCS
10
g 0.5 @—
0.0
0] 50 100 150
AxialHeight {cm)
Code K-INF to
SERPENT 1.07776 0.00021
PARCS 1.11548

39
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 Conclusions

Outline

40
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Summary/Conclusions
« RBWR
— The Fuel Assembly will be redesigned (e.g. increase enrichment) and a
new equilibrium cycle will be calculated
e Serpent

— Advantages of using Serpent 3-D Cross Sections:

Continuous energy
Proper spectrum seen in each region
Calculation of axial ADFs to be used in nodal code PARCS

— Difficulties with using Serpent 3-D Cross Sections:

Calculation of reflector ADFs

Calculation of Diffusion Coefficients and whether to use B1 spectrum corrected
values for 3-D models

Increased computational burden in both memory and run time
Treatment of coolant region especially during coolant density branch calculations
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Questions?

42



