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1 Introduction

This manual is prepared as a document with thetiimtie of being user friendly for those
who use SCALE for FBNR calculations. Therefore, ékample of Jezebel reactor in Chapter
2 of the official GeeWiz manual TM2005_135 is sitbgéd by the FBNR. Here, KENO VI
(using CSAS 26) is utilized.

The Fixed Bed Nuclear Reactor (FBNR) is a smaltt@a(40 MWe) without the need of
on-site refuelling. It utilizes the PWR (Pressutis&/ater Reactor) technology but uses the
HTGR (High Temperature Gas Cooled Reactor) typedigenents.

The core consists of two concentric perforatedakirg tubes of 20 cm and 160 cm in
diameters, inside which, during the reactor openatthe spherical fuel elements are held
together by the coolant flow in a fixed bed confegion, forming a suspended core. The
coolant flows vertically up into the inner perfadt tube and then, passing horizontally
through the fuel elements and the outer perforaibd, enters the outer shell where it flows
up vertically to the steam generator. The resemeédhamber is a 40-cm diameter tube made
of high neutron absorbing alloy, which is directlgnnected underneath the core tube. The
fuel chamber consists of a helical 25 cm diamaibe tflanged to the reserve fuel chamber
that is sealed by the international authorities.

Note: A more detailed description of the FBNR is addedfgppendix A — The FBNR'.

Upper Part

200 cm

Middle Par |35

100 cm

Lower Par

llustracdo 1-1: Reactor FBNR
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D5= 162 cm (t=0.5cm) - Zircaloy
D6=178 cm (t=10cm) - Water

D7= 184 cm (t=1cm) - Stainless Steel
D8= 198 cm (t=10cm) - Water

D9= 228 cm (t=15cm) - Stainless Steel|

D1= 2cm - Water/Control Rod
D2= 20 cm (t=9cm) - Water
D3= 21 cm (t=0.5cm) - Zircaloy
= D4= 161 cm (t=70cm) - Core

llustracdo 1-2: Upper Part

D4= 184 cm (t= 11.5cm) - Stainless Steel
D5= 198 cm (t= 10cm) - Water
D6= 228 cm (t= 15cm) - Stainless Steel

D1= 20cm - Water
D2= 21 cm (t= 0.5cm) - Zircaloy

= D3= 161 cm (t= 70cm) - Core
llustracdo 1-3: Middle Part
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D4: 42 cm (t: 1cm) - Absorber
D5: 50 cm (t: 4cm) - Stainless Steel

D1: 20cm - Water
D2: 21 cm (t: 0.5cm) - Zircaloy
b—s D3:40 cm (t: 9.5cm) - Core

llustracdo 1-4: Lower Part
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2 GeeWiz Input — General Introduction

At the first chapters of this manual, it will beastm how to define simple geometries and
how to run them. The way to use the text file-inpotl the burnup calculations will be shown
in the later chapters.

2.1 General Input of Information
After starting GeeWiz, you will see a screen logkiike Ilustracao 2-1.

% E:\SCALERESULTSVREACTOR_KENO! 6\homogenous_reactoristandard_reactor_150.inp.
Fle Yew Edt Help Setup Import

H = 28 = | ¢ 6 =
Save

Run Output Plats Help Keno3d Javapeno

llustracdo 2-1: GeeWiz start screen

Click on theGeneral button on the left-hand side toolbar to open thedaw shown in
llustracao 2-2.
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O = H | <> 8 =\ 2 O

—i
Mew Cpen Save Run Cutput Flots Help Keno3d
General
General
Compositions
= Title: hormogenized
by |
Cell Data Application: |KENDVI - czas2h
A=1 .
= Sl |csas28 lJ =\Warhing: Geometry data exists ==
Parameters
E Pam= | Check If you change to an application that uses a
ditferent gearetry madel any exizting geometry,
Geometry Use Default +| for cross-section processing plat, start, bounds, and search data will be
(SEM deleted.
Arrays Crogs-zection Library:
Start
Bias
7 Help | E oK | | & Clear | |:ﬁ CANCEL |
Flot Data

llustracdo 2-2: General form

SelectKENOVI - csas26 and csas26 as the Sequence. For Cross-section Library,
select 238roupndf5 (see llustracdo 2-2). Click ddK, as there is no more information to
be added.

Note: It is not possible to save the current work tdeg tintil the geometry has been defined!
Therefore, the current work will be saved to a terapy file and can be saved to disk later on.

Additional information: KENO VI is a three-dimensial (3-D) Monte Carlo code for nuclear
criticality safety analyses and uses CSAS sequdnga®vide automated, problem-
dependent, cross-section processing followed byutation of the neutron multiplication
factor for the system being modeled.

2.2 Materials

This section will provide information to enter timaterial definition.

There are four ways to define a material:
Basic Composition Scale5 includes a list of materials, which aready defined as a
composition in a library (e.g. UQor H0). Those materials can be entered by using
their respective forms be it an atom or a molecule.
Fissile Solution: Scale contains a library of some fissile solutions
Alloy or Mix (Wt%): The User can combine several atoms by entering wesght
percentage of a mixture. This option will be usetha FBNR calculation to include
the burnable poison such as Gadolinium, to mixpthison with the U@for burn up
calculations. The burnup module of Scale5 STARBW@Sonly burn the poison if it
has been mixed with UQby using theALLOY or MIX definition and not if these
mixtures are defined by tHgasic Composition(it will not burn other isotopes, even
if they have the same mixture number; see Chapter 9



Page 9 of 96

Compound (atom): The user can define molecules by combining sewwmhs and
giving the number of each atom of that moleculke(IBiC,). In this way one can
include any molecule. SCLAE does not verify if tteemical structure of a molecule
makes sense!

New Composition E|

Please Select Type for Mew Composzition

| Basic Composition §

| Fissile Solution }—|
| Alloy or Mix (Wt %) i)
| Compound {atom) % |

ﬁ[ CANCEL

llustracéo 2-3: New compositions window

Select Compositions from the menu on the left-hsidd of GeeWiz to enter the material
definition. The buttorCreate opens a form for defining new materials in the eiod
(llustracéo 2-3).

Selecting the Basic Composition button will oper tBasic Standard Composition form
shown in llustragao 2-4.
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E Basic Standard Composition

=IRAN, <
help | first fares COpY n@v
=T
- isture Humb 110
™ inture Mumber it
Composition Mame | j -
Dengity Multiplier |'I
Temperature (K] |3EIEI
D enzity

+ Default [gfzc)
" User Supplied [gicc] [DEM =
" Mumber Density [atoms/b-cm] [ADEM)

Clear |§ CANCEL

Recard I— of records rn Ok

llustracdo 2-4: Basic standard composition form.

Basic Standard Composition

M By

help ‘ lazt ngt.t u:u:u‘ps.-' Q;.r
Mixture Hurnber |zotopic Digtribution i
Compozition Mame uod - = 92000

D ersity Multiplisr 0.445 92235 2wtk
92238 98wt
Temperature [K.] 590

Density

2724

" Default [gize)
f* |ser Supplied [g/cc] [DEN =)
" Mumber Density [atoms/b-cm) [ADEN)

E dit Selection
Recard I_Df I_recu:urds E Ok | | izZ Clear ‘ Ig CANCEL|

I in | 1 ~ . 5an ]
llustracdo 2-5: Basic standard Composition Form fortUranium
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Enter the data for the first materldQ} (llustracdo 2-5). The Mixture Number should alngad
be settol’. SelectUQ as the Composition Name from the list of matenalthe library,
set the temperature to 590 K and the density nligitifp 0.446.  See table 1 and Appendix
A for the calculated values coming from the fuehpmsition and geometry.

Note the density multiplier is always the mass fractad the element in the mixture.

Select'User Supplied’ in the Density section to enter the atom densthas are given in the
example problem and to specify the appropriateedin case of Uranium, entdr7241,
which is the average density of mixture ‘1’. To get enrichment of Uranium, click ofdit
selectiori. It will open the form fsotopic Distribution”, where you enter ‘5’ for U-235 and
‘95’ for U-238 (llustracéao 2-1). The notation iretipicture below i92235for U-235 (Z=92,
A=235)

)
|zatope | Wgt Percent
92232 [0.0
92233 |00 :=| Set Defaults |sotopic Distibution
92234 [0.0 =) 52000
92235 |5 %Fﬂl to 100% 92235 5wtk
o I 92238 95 W%
92237 [0.0
92238 |95
(/EditSelecti
B [ canceL| [P asetscion|
| . o OK | i Clear | |E[ CANCEL |

llustracdo 2-6: Isotopic Distribution of Uranium

Now continue to include the other materials by gdimeBasic standard compostiornform.
You will find all the necessary input data in Tab2}1.

Before starting with it, some notes will be helpful

1. Important: As the first five materials are mixed together.eyhwill all have the
mixture number ‘1’. Keno will treat them during thealculation as a perfect
homogenous mixture.

2. The moderator has to be defined three times (mast@, 6 and 7), as the cross-
sections will be calculated more precisely, if eaelgion gets its own moderator
material definition and temperature.

3. The moderator density (mixtures 3, 6 and 7) isdedined by User supplied, but by
entering thenumber density’. This ‘number density’ can be selected at tdensity
form instead of User supplied density’
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Now start to enter the material data:

Tabela 2-1: List of containing materials

Mixture N° | Material Density Number density | Mass fraction | Temperature
[g/cc] [atoms/barn-cm] [K]
N 1 022 s D0 2724 ] 0.446 590
N° 1 C-Graphite 2.7241 - 0.016 590
N° 1 C-Graphite 2.7241 - 0.011 590
N° 1 HO 2.7241 - 0.011 590
o Zird -
N° 2 (Zircaloy) 6.56 1 590
N° 3 H-1 - 0.0502932 560
N° 3 0O-16 - 0.0251573 - 560
N° 4 SS 304 7.94 - 1 300
N° 5 Cadmium 8.642 - 1 300
N° 6 H-1 - 0.044213 - 600
N° 6 O-16 - 0.0221159 - 600
N° 7 H-1 - 0.0502932 - 560
N° 7 0-16 ) 0.0251573 ; 560
0 Zir4 -
N° 8 (Zircaloy) 6.56 1 590
N° 9 SS 304 7.94 - 1 300

Note concerning the material mixture tabl&€he current calculation is

based on a

homogenized core. The real heterogeneous FBNR Witireontain thousands of small Fuel

balls in a water bed (see the FBNR documentarnappé&ndix A — The FBNR”). Due to the

computer speed limitations, the reactor is modelsda homogenous mixture of all the
materials in the core (Uranium, Water, Graphite.Hgence, there is no need to create
thousands of small geometries. To keep the reak medations of these materials, an Excel
calculation ‘calculations_and_figures.xls’ will githe data of each material. The original
heterogeneous data table can be found at the ‘Alppén— The FBNR'.

Compound composition:

SiC is part of mixture 1, but it is not found iretStandard Compositions Library. Therefore,
it has to be entered as an ‘atom composition’: iAétecking onCreate, choose Compound
(atom)’ (llustracao 2-7).
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T TIe L L, Lo O .= N L= L I O T2 |
Bl Compound Composition (A TOM) rg|
En
hEp fmt ‘ Iﬁiv cy‘ Q
Fistuire Humber E
- Composition Mame  atom Compound Cormposition
Dengity 0
- Denzity Multiplier |1
Temperature [K] 300
| |1.[nxerl MNuclide | wlete Nl.u:].iﬂ.e|
|zatopic Distribution far Muclide
n Element | 0] | Atarms/Molecule |
MHuclide haz not been selected.
Record of records E OK | | HiClear | \g CANCEL |
llustracdo 2-7: Compound Composition for SiC
These are the data of SiC:
SiC: Mixture N°=1; density= 2.7241 [g/cc]; Masadtion= 0.318; T=600 K

At first, click oninsert Nuclide, choose Si out of the pull-down menu and enterfor
atoms per molecule(asSi;C; contains one atom &i and one atom o). After clicking on
OK, enter ‘C’ the same way (see llustracdo 2-8).

7?7 |4 M| 4
help | first | last | prév | ned | copy nl.ej-:v
Misture Murnber |1
Compound Composition

Composition Mame  atom |sic

Dens

Deri Insert MNuclide

Tem

Select Muclide ta Insert |si

— Atoms Per Molecule |1|

EOK

\ |§ CANCEL‘

llustracdo 2-8: Insertion of Nuclides at a CompoundComposition
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Before finishing that part, enter the temperatunel aensity of SiC, etc. as shown in
llustracéao 2-9.

LJE By
‘Ba h%p fir =t laat | prev | next co‘py nle‘}\;\r ]
i-Ca Misture Murmber |1
Composition Name  atom |sic Compound Cornposition
Denzity 27241
I Denzity Multiplier {0,318 B
I Temperature [K] EO0 .
|1]'.nseﬂ Nuclide ‘ I)(klem Nm:].ide‘
lsotopic Distnbution for Huclide
Elemeant | 8] | AtarnsMolecule |
c B000 1
T 14000 1 Muclide haz nat been zelected.
Record of records § ox | | giclear | [§ canceL

llustracdo 2-9: Definition of SiC

After clicking onOK, GeeWiz will bring up a summary screen as showhustracao 2-10.
GeeWiz has a special window for each way, to definmaterial Basic, Solution, Atom
Comp, etc.). Even though the SiC will be placed at Agtem Comp window, it will be
inside the Mixture number ‘1’ (with Uranium, C-Gtate, etc), as only the mixture number is
deciding factor defining what is in the mixtures

llustracdo 2-11 shows all the information foclkeaf the materials, the mixture numbers,
and the atom densities. To see the informationildeihSiC again, click oltom Comp and
GeeWiz will open again th&tom Comp window...



o E:\run\standardistandard_reactor_200.inp - ATOM-Compounds

File Edit View Window Setup Help Import
= O =] = s 88 B ? ® -
Ea MNew Cpen Save Run Output Flots Help Keno3d Jawapeno
General
#% Standard Basic Compositions.
Compositions
Cell Data
= olo) ol olo) 515] Fa x o
Parameters c-graphite Basic Solution | Atom Comp | Wt3%6 Mix Create Edit Close Delete
[i=1] cgraphite W name | x| RoTH [ meL | ncza [ aem| vE |
Geometry h2o + atomsici 1 27241 2 14000 1 0.318
zirc4
&7 h1
s | o-16
IZ 55304
Start cadmium
=
T o-15
ias vt
EeeH o-16
Plot Data zircd
P 55304
Search
KIMark

llustracdo 2-10: Screen after entering SiC

# E:\run\standardistandard_reactor_200.inp - Standard Basic Compositi

File Edit Wiew Window Setup Help

Import

=P

General
Compositions

| Data

Ce

A=1
T=--

Parameters

Ly

Geometry

&

Arrays

|

Start
Bias

Plot Data

o

Search

kMark

O = =

Save

Mew

Open

A 88

Output

Run

# Standard Basic Compositions

M

Plots

Help

‘ ?

ol ki) olo) o) it

Basic Solution | Atom Comp | Wt% Mix Create Edit
Name [mx| rRomH | v | aDEN | Tempi| 178 |
+ o2 1 | 2741 | 0.436 590 92235

c-graphite 1 2.7241 0.014 590

c-graphite 1 27241 0.11 590

hZo 1 | 271 | 011 590

zircd 2 1 590

k-1 3 i) 0.0502932 5ol

o-16 3 i) 0.0251573 5a0

53304 4 1 300

cadmium 5 1 300

h-1 =] i 0.044213 o0

o-16 5] i) 0.0221159 a00

h-1 7 0] 0.0502932 Sa0

o-16 7 i) 0.0251573 5a0

zirc4 3 1 590

53304 9 1 300

llustracdo 2-11: Compositions summary screen for ,Bsic’ mixtures

Page 15 of 96




Page 16 of 96

2.3 Unit Cell Definition

“The Material Information Processor is used tepare data for creating the problem-
dependent cross-section libraries required by titeeality safety sequences. A unit cell is
typically a portion of the system containing fublt can be used to define the neutron
spectrum characteristics for part of the problem.”

Now, start to enter the cell information: By selegtCell Data from the toolbar on the left
hand side, GeeWiz will open the unit cell inforneatiscreen. As the homogeneous model of
FBNR contains a huge cylinder, one has to seleet MultiRegion tab to get the
MultiRegion summary form.

To enter the cell data in tidultiRegion Cell Data form, click on the buttomew cell from
the toolbar (llustracao 2-12).

Note MULTIREGION is not the same, or similar to a REIN of KENO VI. A multiregion
is just a definition for the Cross-Section calcialat A region is a 3D-Geometry.

= W = & = 88 B ? S
e Mew Open Save Run Qukput Flots Help Kenodd
General
| Da
Corpositions - =
et el Multiregion Cell Data rg|
Cell raka
EERE s N Geometry Type -
Parameters Left [Inner] Boundary Condition | Reflected -
Right [Outer] Boundary Condition  |%acuum 5
GE0metry type | 1
CELLMI= = :
&r
Arrays 29
- CELLMIX walue should nat be an
|z Insert | Delete | Edit | exizting mixture number.
Start Zone | Mixture | Radius(cm) |
Bias
Flot Data
el 7 Help 8 | | canceL|
Close
llustracdo 2-12: Multiregion Cell Data form
The Geometry Type of the FBNRaglindrical ; the Inner Boundary is set teflect

by default and the Outer Boundary wvacuum. The information should look like that in
llustracdo 2-13.
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e E:\SCALERESUL TSMINTRODUCTIOM\standard_reactor_150.inp - ATOM-Compounds

File Edit Wiew ‘Window Setup Help Import

0O = H <= &8 8 ‘ ? ® =
Tew Open Save Run Cutput Flots Help Kemo3d Javapeno
! Unit Cell Data [x]

Lattice Cell  MuliRegion | Infhommediuml

Multiregion Cell Data |z|

Geometry Tupe IEyIindricaI 'l

Left [Inner] Boundary Condition IHeflected VI :
FRiight [Outer] Boundary Condition IVacuum 'l

CELLMI = | )

- CELLME value should nat be an
Insett_| Edit_| existing rmizture number.
Zonel Mixturel Radiuz(crm |

? Hep | [ ox | [ canceL

Close |

llustracdo 2-13: Multiregion cell data form for a cylinder

Selectinsert to complete the zone information. It opens the Edihe summary screen
(llustracdo 2-14), where you can enter informafammthe first zone. The Radius (cm) should
bel0 cm and the Mixture should b8,'H-1, O-16’ (Mixture 3, containing H-1 and O-
16). Then clickOK.
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Geometry Type | Cylindrical -
Left [Inner) Boundary Condition

Right [Outer] Boundary § =
el £ it Zone X

zone | ghould not be an
Lrmber.
Zaone | Misture Radiusfem] |10
: Fisture |3 h-1.0-16 ﬂ

s B n p ey B A R O
=l

? Help | [f[oK] | f canceL|

Fox | gowe

llustracdo 2-14: Zone 1 information

Repeat the process for the next zones with theisadiand mixtures shown in the following
table.

Tabela 2-2: Material zones for the Multiregion cellcalculation

Zone Mixture Radius
1 3 — Water 10

2 2 — Zirkaloy 10.5

3 1 — Uranium 80.5

4 8 — Zirkaloy 81

5 6 — Moderator 89

6 4 — Ss 304 92

7 7 - Moderator 99

8 9 — Ss 304 114
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D5= 162 cm (t=0.5cm) - Zircaloy

D6=178 cm (t=10cm) - Water

D7=184 cm (t=1cm) - Stainless Steel

D8= 198 cm (t=10cm) - Water

D9= 228 cm (t=15cm) - Stainless Stee|

D1= 2cm - Water/Control Rod
D2= 20 cm (t=9cm) - Water
D3= 21 cm (t=0.5cm) - Zircaloy
= D4= 161 cm (t=70cm) - Core
llustragdo 2-15: Data of Upper Part

Lomnositinns

Unit Cell Data

A Multiregion Cell Data

IThH

1 ftm I [Coindical =]

b4 | EECTRISCE Geometry Tope | Cylindrical -

124 Left (Inner] Boundary Condition I Reflected > I

124
Right [Quter] Boundary Condition IVacuum 'I

| bpe |
e CELLMIX = | i

CELLMIX walue should nat be an

Insert_| Delete | _Ed't_l_, exizting mixture number.
Zonel Mixturel F adius(crm]

10
105
205

a1

29

92
a9
114

=R = BRI
[T REN SN p e w R O N

? hep | [GLOK] | [f cancer]

Close |

llustracdo 2-16: Unit cell summary data with zonenformation

Clicking on OK will bring up the summary screen of the multiregianit cell as shown in
llustracéo 2-16. Click on Close to finish the Ua#ll Data input.
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2.4 Geometry Input - Upper Part [using KENO 6]
The FBNR is divided into three parts: The uppeg,iddle and the lower part (llustracéo
2-18).

Note: Before starting entering the geometry of the FBMR,following note will be an
important advice: A Geometry is called ‘region’| Aégions (geometries) of Keno are
embedded in units. Each unit can be filled by asmegions the user wants to (llustragao
2-17).

Each unit is independent from the other units. Uiber has to define ONE unit as the global
unit and only this unit will be taken by Keno fas icalculations. To combine units, the user
has to work withArrays andHoles (see Chapter 3.1 and 3.2). In this case, Kencalulate

a “larger” unit (array) built from several units.

Click on the Geometry button on the left-hand saepen the Geometry input form.

b E:\SCALERESUL TSMINTRODLICTIONAstandard_reactor_200_centered_wersion.inp - [Geometry Form]

.%. File Edit Wew Window Setup Help Import

-
(=) O & H <= e = 7

[ : Mews Open Save Run Output Plats Help Keno3d
Gener al

x
close

™

de‘T;‘te
reset

uzat

>

next

Ny

L
first lzst

Compaositions
5

Celata Select unit |1 - ™ Global Urit .
B Unit 1

Unit 1 Geometry

Comment: |upper_part

[

Parameters

cylinder 1 10 200 0

- \ Region 1

®

G

@
=}
=4

ME

4

p=J
=

=)

=
W

W

Stark

4

Contents
Bias

boundary

Plot Data

i
llustracédo 2-17: Definition of Regions

The FBNR is divided into three parts: The uppdre iiddle- and the lower part. Each part
will be designed in its own unit (unit 1=upper pamit 2=lower part; unit 3=middle part). To
combine these three units to one global unit, thaye to be arranged by using Array
(Chapter 3.1).
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H B
Upper Part

Middle part

Lower part

llustracao 2-18: Standard Reactor

Clicking on the buttofseometry opens the Geometry-window (llustracéo 2-19)

. E:\SCAL ERESULTS\REACTOR_KENO6\homogenous_reactor\standard,_reactor_150.inp - [Geometry Form] 5
.ﬁ. File Edit View Window Setup Help Import = | &Y X
=a O E & = &8 EH ? = =
i Tew Open Save Run Cukput Flots Help Keno3d Javapeno
General
M| M | AERE I E P
£ 8 first last | prev | onest E\f Tt | d | close | reset
Conmpositions I
m Comment: @ ﬁ
Cell Data Select unit |1 vl Cuboid | Hopper | Hex P
A=l
Tz Unit 12 Geametry RHxP| Penta | Cone
Parameters
&5 29|83
Geametry 6)
” Tyl D%a Plane

Kl
m
2

Rhomb S@e %dia
bl AL
Plok Data

llustragdo 2-19: Geometry window

The Comment form can be filled by a name. Entarpper part ", as the first unit will
create the upper part of the reactor.
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The input of regions in a “unit” is divided intorde steps. At first the Geometry for each
region has to be chosen and its dimensions haveetdefined. The second step is the
specification of the materials for each region #mallast point is the boundary definition for
the whole unit.

1.

Geometry:
On the right hand side you will find buttons, whgm can choose the geometry you

want to add. As the FBNR is designed with a cylcalrcore, click on Cyl”. This
opens a new form, where you can enter the geordetayls (label, radius, etc.).

&

delete
rotate

&

insert
rotate

e

delete
trans

@ -
insert
trans

qd

ingert
chord

delete
chord

CvyLIMDER LEL R 2t Zb 1@
f il

Label o 0 0

Ok Cancel

llustracdo 2-20: New geometry

Note: At llustracdo 2-20 GeeWiz shows a coordinate systs an orientation how the
new geometry will be placed. The standard O-poiititlve x=0, y=0, z=0. This point
can be set up by activating the button “insertdtan

In general, Keno arranges all geometries in onecogrdinate system. Each geometry
has to have a definition of an origin. E.g.: If theer wants to arrange several
geometries above each other, one has to definecabedinate position of these
geometries, so that they are arranged the wayhbaiser wants to. To arrange several
units together, one has to use an array. Thisifumc explained below.

The Options to be changed now are
label: number of each geometry. The smallest regionn(gty) gets ‘label 1’,
next bigger ‘label 2’, etc.lgbel is NOT equal to the mixture numbktX of
the material definition)
R: Radius of the geometry.
Zt: Height of the cylinder (position of the upper bduof the cylinder) in z-
direction,Zb: position of the base of the cylinder, in z-dirent
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At first, enter the geometry values for the smalledinder (inner cylinder) of the
FBNR, the central water tube. It has the radiusl@m and the height of 200cm

(R=10, Zt=200, Zb=0; llustracéo 2-21).
Zb=0: The bottom part of the cylinder is placedh&t O-point.
Zt=200: Height of the cylinder (starting at 0).

| Cylinder
q | & |@- e
insert | insert | insert | delete | delste | delste
chord | rotate | trans chord | rotate | trans
i
i CvLIMDER LEL R £t Zhb
: G@
E.
X ~ .
" Zh
‘ R 2t Zh
Label 10 200 0

Ok | Cancel |

llustracdo 2-21: Values for the smallest cylinder

After finishing the input for the smallest cylindeick onOK. Continue with entering
the other geometries of the upper part. A listibff@ometries is added below.

Tabela 2-3: Geometry data of upper part

Region Radius or x/y-coordinat¢Z-coordinate
Cylinder 1 (already added)| 10 Zt=200, -Zb=D
Cylinder 2 10.5 Zt=200, -Zb=0
Cylinder 3 80.5 Zt=200, -Zb=0
Cylinder 4 81 Zt=200, -Zb=0
Cylinder 5 89 Zt=300, -Zb=0
Cylinder 6 92 Zt=300, -Zb=0
Cylinder 7 99 Zt=300, -Zb=0
Cylinder 8 114 Zt=300, -Zb=0

One has to enter as the last geometry (number @)baid. This cuboid has to
surround the cylinders those have entered befoce has therefore the following
values (equal or larger than the largest cylinérstracéo 2-22).
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1 & |@-| & @
ingert | ingert | delete | delete
rotate | trans rotate | trans
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XL+Y ....... +X
|z
¥
+ - H + Bd + -z
Label |E 114 114 114 114 300 1]
OF.

Cancel |

llustracdo 2-22: Geometry values for the outer cubid

This cuboid will be necessary to arrange all u@itgoer, middle and lower parts) into

one array. Keno only allows to arrange units intays if they have the same surfaces

and dimensions. Therefore, each unit will be surdad by this Cuboid with a
constant size (see chapter 3.1). The Cuboid ofrtluidel has the size of 228 cm in x
and y direction. To center the cylinder at the thpmne defines it in +/-X direction
and +/-Y direction(x=+/-114, y=+/-114). Hence, alsbe small lower part is
surrounded by this cuboid (which also will have diensions (x=+/-114, y=+/-114).

After all geometries have been entered, the sordletook like llustracdo 2-23

p=

—

ELLTLT

[=3
Help

e Qpen Save Run Qutput Ploks keno3d
General
M (M | B |addee | B0 | X
first | last nest E\v frat |~ | close
Compositions
e Enmment:|upper_part
Cell Data Selact unit |1 j [ Global Unit
A=1
Uit 1 Geomety
Paraneters
E cylinder 1 10 200 O
cylinder 2 105 200 0
Geometry cylinder 3 805 200 0
cylinder 4 81 200 0
(‘EM cylinder 5 83 300 0O
Arravs cylinder & 92 300 0
cylinder 7 99 300 0
V] cylinder & 114 300 0
Start cuboid3 114 -114 114 114 300 0

llustracdo 2-23: Summary of included geometries
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2. Material:
At first, the user will be told how to define theetha record (where one defines the
material within a geometry) for the first two regg(Area 1 and 2).

Area ‘1’

llustracdo 2-24: Example of two regions (geometrigs

KENO always sees the full solid areas. l.e. redios the red ‘area 1’ and region 2 is seen as
the area 2 and area 1 together (red + blue). Tdrereto define region 2 we should define
region 2 as what is inside the areas 1 2ifthe whole area) minwea 1 (red). Thusegion

1 is defined as area 1 (red) aiedion 2 as areas 1 & 2 minus area 1 (blue)..

In practice:

1. To define region 1: Click on the button media, maegion one and click on
‘inside’. Then chose the material for region 1 out of dne@p-down menu and click
on ok. Note: You have to open a new media formefagry region you want to
define (see llustracao 2-25).

2. Click on ‘media’. Mark the region 2 and click orethutton inside’. Then click on
region 1 to mark it and click omutsid€. In this example the material of region 2
is defined. Choose the material for region 2 ouhefdrop-down menu.

3. Click on ‘media’. Mark the region 3 and click orethutton inside’. Then click on
region 2 to mark it and click omutsid€. In this example the material of region 3
is defined. Chose the material for region 3 ouhefdrop-down menu. There is no
need to define region 1 as outside, as regiors@ri®unding region 1.
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CETOdig D EECT TR | T J T OO ar o
A=1
= rit 1 Geometry
Parameters
cylinder 1 10 200 0
@ cylinder 2 105 200 0
Geometry cylinder 3 8005 200 0
T e | cylinder 4 81 200 0
P d cylinder 5 89 300 O
Arrays cylinder 6 92 300 0
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7-r Select Geometry
10 200 0
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llustracdo 2-25: Media for Geometry 1

Media for Unit 1

Select Geometny

3
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cylinder 2 105 200 O

cylinder 3 805 200 O

cylinder 4 81 200 0

cylinder 5 83 300 0

cylinder 6 92 300 0

cylinder ¥ 99 300 0

cylinder 8 114 300 0

cuboid 9 114 114 114 114 300 0
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& b Ouiside
|ﬁRemmremeMedial

Geometry ‘1’ is outside: “-1”

Geometry ‘2’ is inside: “+2”

edia |2 zircd

[=

Biaz 1D = |1

gox

llustracdo 2-26: Media for Geometry 2
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After these two examples, the user should be abldefine the media for the rest
of the Cylinders using the table below.

Note The curious point in KENO VI is that to definestmaterial in a region, one
has to say what is not in the inner part of theareg Therefore, the nexmaller
Geometry has to be defined as “outside” (see Hgéiv 2-26)

Tabela 2-4: Geometry and material data of upper par
Region Radius or x/y-coordinates Z-coordinate Media
Cylinder 1 (already added)10 Zt=200, -Zb=0 | 3-}D
Cylinder 2 10.5 Zt=200, -Zb=0| 2 - Zirkaloy
Cylinder 3 80.5 Zt=200, -Zb=0| 1 — Uranium
Cylinder 4 81 Zt=200, -Zb=0| 8 — Zirkaloy
Cylinder 5 89 Zt=300, -Zb=0| 6 —B
Cylinder 6 92 Zt=300, -Zb=0| 4 - SS 304
Cylinder 7 99 Zt=300, -Zb=0| 7B
Cylinder 8 114 Zt=300, -Zb=0| 9 - SS 304
Cuboid 9 X=114, -X=-114, Y=114, -Y=-114 Z=300, -Ab= | 0 - Void

4. The last point is obligatory fagach unit: the_boundary recordseeWiz includes

the boundary option automatically in the Bogofitents. After defining all
geometries and their materials, double-click boundary” and choose the outer
Geometry asifiside’ (in this case ‘Geometry 9', llustracdo 2-27). Bamit must
have one and only one boundary record.

Note: Boundary can be explained as a room. You have fioejevhat isinside
that room. Therefore, you have to define the ogeametry asnside, as it is the
largest geometry that will be inside that boundary.
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llustracdo 2-27: Definition of the Boundary conditon
The finished Geometry record for the upper parughtook like llustragao 2-28.

Note: Now, you will be able to save the current work foe first time! But before
saving the file you have to define a global unhisTglobal unit is the unit, Keno will
use for its calculations. The global unit is alke ONLY unit, Keno will run. To
insert other units into the reactivity calculatiprisey have to be connected to the
global unit, by using Holes or Arrays (See Cha@téand 3.2). Click on “Global unit”
(llustracéo 2-28), as unit 1 is the only unit umidw. Then, you can save the current
work to file, using the save button. After defining the global unit, you cals@a click

on the Keno 3D’ Button at the top of the window. Keno 3D will ette the 3D model
of our current example (llustracdo 2-29).
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Click on ‘Global unit’

llustracdo 2-28: Summary of the Geometry of Unit 1

llustracao 2-29: Half cut of a Keno 3D plot of Uppe-part

2.5 Geometry Input - Lower Part [using KENO 6]
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llustracdo 2-30: Keno 3D plot of the Lower Part

The Geometry of the lower part is very similar be upper part. Therefore, the user
can take the data for the regions out of Tabelada® should be able to enter the new
geometries and the materials, using the informagigan in chapter 2. At first, a new unit has
to be created for the lower part, by clicking oa thew’ button at the geometry window.

N

llustracdo 2-31: Create a new Unit

Tabela 2-5: Geometry data of lower part

Region Radius or x/y-coordinates Height Material
Cylinder 1 10 Zt=100, Zb=0 3-8
Cylinder 2 10.5 Zt=100, Zb=0 2 — Zirkaloy
Cylinder 3 20 Zt=100, Zb=0 1 — Uranium
Cylinder 4 21 Zt=100, Zb=0 5 — Camium
Cylinder 5 25 Zt=100, Zb=0 4 — SS 304
Cuboid 6 X=114, -X=-114, Y=114, -Y=-114| Z=100, -Z=0 | 0 - Void

After entering a name of that new unit (‘lower pParhe user can start entering the regions;
the material information and he can define the blamy conditions ljoundary 6 ). The
final screen should look like llustragao 2-32.
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llustracdo 2-32: Summary lower part

2.6 Geometry Input - Middle Part [using KENO 6]

The middle part is divided in two parts: Part ltlaes connection to the upper part of the
reactor and Part 2, the connection to the lowet. Gdmis differentiation into two parts was
necessary because of the changing geometry gtahisPart 1 has an outer water tube, while
part 2 does not have such a water region.

In KENO VI it is possible to avoid this splittingto two parts but not in KENO V. The way
to enter the middle part using two pats will bevghan Appendix B. Chapter 2.6 will explain
how to define the middle part as ONE part.



Page 32 of 96

Middle part -
Part 1

Middle part -

\

Part 2

llustracao 2-33: Standard reactor

To enter the geometry, one has to define a newamditenter the following geometry data:

Tabela 2-6: Geometry data of Middle Part

Region Radius or x/y-coordinates Height Material
Cylinder 1 10 Zt=35, Zb=0 3-8
Cylinder 2 10.5 Zt=35, Zb=0 2 — Zirkaloy
Cone 3 Rt= 80.5; Rb=20 Zt=35, Zb=0 1 — Uranium
Cone 4 Rt= 92; Rb=65 Zt=35, Zb=20 4 - SS 304
Cylinder 5 99 Zt=35, Zb=20 6 —B
Cylinder 6 114 Zt=35, Zb=0 4 - SS 304
Cuboid 7 X=114, -X=-114, Y=114, -Y=-114| Z=20,-Z=0 |0 - Void
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v

Region 1
Region 2 /
Region 3

Region 4 Region 5 Region 6 Region 7

llustracao 2-34: Middle Part

The definition of the media record will be a lithé different to the chapters above:

If each new region is larger than the prior regaod if each region only gets in contact to one
prior region, the media record just has to getitii@mation that the new region IBISIDE

this material, and the prior material@JTSIDE (see chapter 2.4). In case of the middle part,
‘region 6’ will have contact to the inner regior, “4’ and ‘5’ (see llustracédo 2-34). As the
regions ‘3" and ‘5’ will have different material® tregion 6’, both have to be defined as
outside (see llustracéo 2-35). ‘Region 4’ does not haveaspecified in the media record of
“region 6’, as both have the same material (SS.304)
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llustracdo 2-35: Material input of middle part

llustracdo 2-36: Summary Unit 3: Middle Part
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After this work is done, the Input file consiststbfee units:
Unit 1: Upper Part
Unit 2: Lower Part
Unit 3: Middle Part
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3 GeeWiz Input - Detailed Introduction

Chapter 3 will give information how combine sevaualts into one (Arrays) and how to
create holes to integrate one unit into anothere Tird part of this chapter will be an
explanation how the control rods have to be inaude

3.1 Arrays — Combining of Units

In general, KENO can combine several units to aayaif these units have the same
dimensions and the same surface (they have tocbhbeor a cuboid). As the constituents of
the FBNR units are cylinders, they will need toemelosed by a cuboid to become part of the
array (Therefore, auboid of void is placed around all units; see Chapter 2). Theadsions
of the cuboid are usually determined by the X-, afig Z-pitch dimensions. For an array of
single elements, the cuboid will have an X-dimensegual to the pitch in the X-direction, a
Y-dimension equal to the pitch in the Y-direction.

For the geometry of the FBNR three regions havgetaombined by the array (upper, middle
and the lower part).

Note An array is build of units that already exist! ©has to define those units at first and
arrange them into one array afterwards.

llustracdo 3-1: Combining of units to one array [Sarce: Keno VI script]

At first, click on the Arrays”-Button on the left hand side of the GeeWiz winddwwwill
open the Array form (llustracdo 3-2).
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llustracdo 3-2: Arrays screen

To create a new Array, click oBreate and choose Type ‘Square’, Nux=1, Nuy=1 and
Nuz=3. Therefore, Scale will create an array whiohtains one Unit in x- and y-direction
and three in z-direction. This is caused by thenggtoy of the units created in the previous
chapters. The cylinders, defined in each unit leazeorientation. Therefore, they have to be
combined in z-direction. Choose ‘1’ at the ‘Selewit to initialize...” menu. The array will be
filled completely by unit 1.

llustracao 3-3: Create a new array
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After clicking onOK, the screen will look like llustragcédo 3-4.

llustracdo 3-4: New array (X-Y-orientation view)

Scale opens at first the x-y-orientation view. Todifly the z-coordinate of the array, click on
the pull-down menu on the top of the pageY() and choose the ‘X-Z’ view (llustracao 3-5).
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llustracdo 3-5: X-Z-orientation view

GeeWiz filled the whole array is filled by unit To change this filling, click on the hand
symbol on the right hand side. Then, click on thé name, which has to be replaced and at
the new place for the unit. Unit 1 has to placethattop of the array (first place), Unit 2 on
the bottom (third place, as Unit 2 contains thedowart), Unit 3 will have the second place.
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D 1. Click on the

unit, which has
to be placed

2. Click on the
place, where this
unit has to be placed

llustracdo 3-6: Arranging of units
The array is finished now and the form can be ddseclicking onclose

To integrate the array into a unit, create a neiwvatrfirst.

An Array can be placed in a unit by placing it deia geometry. Therefore, create a new
geometry (unit 4), which has the same dimensionthasarray (Cuboid; x=114, -x=-114,
y=114, -y=-114, +z=435, -z=0). Instead of definmgnaterial record for the new geometry
click on ‘array’ on the right hand side. Select ‘1’ at the dropwdomenu $elect existing
array), click on ‘cuboid 1" and choose it &sside (llustracdo 3-7). After this, the new array
has been placed inside the Cuboid.
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llustracdo 3-7: Integration of a new array

Note The Keyword PLACE’ is not important for the current problem. It isad to define
the place, where the array has to be inserteceairiti. X, Y and Z can be specified to change
the origin of the array relative to the origin dfetsurrounding unit. ‘Nx’, ‘Ny’ and ‘Nz’
defines, which unit of the array has to be pladetiia new defined origin.

The final step will be, to define ‘Unit 4’ as thglobal unit’ (the unit, where you integrated
the array). If you define the ‘Array unit’ as théolgal one, Keno will include the complete
reactor for its reactivity calculations.

If you just want to run one part, activate this q@agt as thedlobal unit’. (The global unit is
always the executed unit)

Note When activating a unit as the ‘global unit’, yoan click on a new buttotnoundary
conditions (right beside theglobal unit’-button). There you can define the global boundary
conditions for each of the 6 sides of the cubok (Hustracdo 3-8). You can decide if the
global boundary will be simulated as a Mirror, @& \dacuum, etc. In our case we use the
standard mode (vacuum), as the neutrons will nehioered if they leave the reactor.
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llustracdo 3-8: Set-up of the global boundary condion

3.2 Holes — Integration of a Unit into another

The hole function is used to insert a unit withiausrounding unit. Each hole must be
entirely contained within the surrounding unit andy not intersect other holes

To include a unit A into unit B, the user does hate to create an (1,1,1)-array filled with
unit A and include it into unit B. Keno offers tipossibility of using holes. The following
example will explain the use of that possibility:
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Unit 5: Top
Cover of Core

llustracdo 3-9: Standard Reactor

The core contains of a top cover made of StainBesl (llustracdo 3-9). Create a new unit
(Unit 5) to design the Steel cylinder, using TaBié. You should be able to create the unit,
the region and the material definition by the kneage of the previous chapters.

Table 3-1: Top Cover

Region Radius or x/y-coordinates Height Material

Cylinder 1 81 Zt=5, Zb=0 4 - 5SS 304

As this Cover has to be placed on top of the cargt 5' will be added to ,unit 1’ by using
the hole function (llustracdo 3-9).

Open the Geometry of ,unit 1’ and click twole on the right hand side. Choose ,Unit 5" out
of the menuHOLE Unit number. The cover has to be placed on top of the coregtbsy it

is needed to modify therigin definition of the hole. The Core of the currentdabhas a
height of 200 cm (see Chapter 2.4), so the Covertbabe placed at the point (x=0, y=0,
z=200; see llustracao 3-10).

Note The hole definition means: You build a hole imitul’ and put ‘unit 5’ into it.
Therefore, the hole is filled by material (unitaéijer this definition! The hole is never empty!
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llustracdo 3-10: Data of hole 5

After clicking on ok, the hole has been placed ihboit 1’

Now, the Input file consists of five units:
Upper Part
Lower Part
Middle Part
Top Cover
Array

3.3 Control Rods of the FBNR

The FBNR reactor contains of 5 Control Rods tovalfime reactivity changes. One Rod is
at the centre of reactor. Four rods are arrangédromly inside the Core regionl{stracao
3-11).. Each Control Rods contains 5% Cadmium, 15%uimdand 80% Silver and has a

radius of 1cm.
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Inserted Control Rod.
Current depth: 200 cm

llustracdo 3-11: Rodded reactor

Material:
At first, the material of the control rods has ®defined:

Click on Compositionsand enter the material &asic Compositions(See Chapter 2.2) for
the Control rods as shown in Tabela 3-2 and llgayeB-12. One has to create two mixtures:
Mixture 10 has a temperature of 560K. This mixtizaised for the central rod inside the
centred water tube (water temperature of centré&mia 560K). Mixture 11 will be used for
the 4 in-core rods, but they will have a tempeatir590K (temperature of core region). All
mixtures are entered by using the standard dengitygen by SCALE at theBasic
Compositionslibrary.

Tabela 3-2: Material Composition of Control Rods

Mixture Material Density multiplier Temperature
10 Cadmium 0.05 560 K
10 Indium 0.15 560 K
10 Ag (Silver) 0.8 560 K
11 Cadmium 0.05 590 K
11 Indium 0.15 590 K
11 Ag (Silver) 0.8 590 K
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llustracdo 3-12: Summary of Composition list includng Control Rod materials

Geometry:
In order to be able to change each control rod paddent from other rods, each rod is

defined in a particular way as in table 4.3. Thae create five units using the data of
Tabela 3-3.

Tabela 3-3: Data of Reactor Control Rods

Unit Radius Z-coordinates Material

6 — 1. In-core rod 1 Zt=0, Zb=-100 1 — Uranium

7 — 2. In-core rod 1 Zt=0, Zb=-100 1 — Uranium

8 — 3. In-core rod 1 Zt=0, Zb=-100 1 — Uranium

9 — 4. In-core rod 1 Zt=0, Zb=-100 1 — Uranium
10 — Centre rod 1 Zt=0, Zb=-100 3 — Moderator

Note: The control rod is treated as a hole filled withts@rber materials. The Z-coordinate
(Zb) describes how deep each control rod is put ihto reactor. As the rods have to be
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inserted top-down, the zero point is set at theimalkheight point of the core (at the current
example 200cm, see chapter 2.4). If the rods haeetinserted deeper, the user just has to
modify theZb value. At Tabela 3-3, the rods have been insatedit 100cm4b=-100). The
material has been defined as Uranium for Rod 1eé4\&ater for the central rod. In this case,
the rods are inactive, as they do not contain &esonaterial. If there is a need to use a rod to
reduce the reactivity, one just has to change taeemal of a rod to Material 9 for the central
rod or 10 for the in-core rods and a rod will béwated as an absorber. It is much faster, to
change the material, than taking a rod out of g@naetry (by deleting the hole, etc).

The user has to add the control rods to 'Unit 1’ using the hole function. With the
knowledge of Chapter 3.2 one has to be able emeevalues for the holes by using.

Tabela 3-4: Data for Control Rods Holes

Hole X-Coordinates| Y-Coordinates Z-Coordinates
Hole 6 (Unit 6) 0 45 200
Hole 7 (Unit 7) 0 -45 200
Hole 8 (Unit 8) 45 0 200
Hole 9 (Unit 9) -45 0 200
Hole 10 (Unit 10) 0 0 200

The result will be like in llustracdo 3-13

llustracdo 3-13: Insertion of Control Rods at Unitl

SCALES is able to run several input files consa@iyi. Therefore the user is able to prepare
several input files and run them e.g. over the mig§ke section 0.



Page 48 of 96

4 GeeWiz Output

4.1 Running SCALE 5/KENO VI

Before being able to run the code, check agaiypouf have defined a unit as thgidbal
unit’. (In general it should be the unit containing Areay). To start run the program, click
on the RUN button on the toolbar. This opens a DO&mand line window, where the
calculation will run (see llustracao 4-1).

llustracdo 4-1: DOS window showing completed run

After the job is finished SCALE5 prints a final nsage (in the example

“standard_reactor_200_centered_version is finished "). And prints
where the output has been saved (e.g.
standard_reactor 200 centered_version .out). In general, the output will be

saved in a file called the same a the input file,aith the .out extension

4.2 SCALE Output

Go to windows explorer and open the .out outpet filhe output file consists of the following
sections:
CSAS control module is the primary criticality sgfecontrol module for the
calculation of the neutron multiplication factoragystem.
BONAMI performs resonance shielding through theligppon of the Bondarenko
shielding factor method.
NITAWL data uses the Nordheim Integral Treatmentpgrform neutron cross-
section processing in the resolved resonance emange. NITAWL also assembles
group-to-group transfer arrays from the elastic aredastic scattering components
and performs other tasks in producing the problemeddent working library.
KENO VI is a 3-D multigroup Monte Carlo code empayto determine effective
multiplication factors Kef) for multidimensional systems.

The first section of the output file is a printtbe input echo as shown in llustragéo 4-2.
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llustracdo 4-2: Input echo

Some output information will be explained now:
Keno message number k5-123 . (Use the search function of the editor to find k5
123). This message indicates the termination of RENie to completion of the specified
number of generations (in this case 500). Below riessage are listed the neutron
lifetime, generation time, nu-bar, average fissignoup, and energy of the average
lethargy causing fission. Following the neutrongmaeters table is a table providing the
calculatedkert of the problem versus number of initial generatiskipped. For the used
input file, the calculatedett after skipping three initial generationsli497 + or -
0.0010 , as shown in llustracdo 4-3. Your results of ka#fy be different, as the model
of the standard reactor has been changed (seeschagfore).



llustracdo 4-3: Result table of Keno
Parts of the KENO output will contain the followingormation:

Print of all containing nuclides.
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R $ $ % & &
HUS # S "H S HS #HS( & )" (x| ##
HHOo# ' H W HH# $  #+# -/"0,.1+-""2"-3-, 4%5!
#1#
KENO output of keff calculation:
generation average avg k-eff matrix matrix k-eff

generation k-effective  k-effective deviation k-effective deviation
1 1.05747E+00  1.00000E+0@.00000E+00  0.00000E+00  0.00000E+00
2 1.01081E+00  1.00000E+0@.00000E+00  0.00000E+00  0.00000E+00
3 1.05304E+00  1.05304E+0@®.00000E+00  0.00000E+00  0.00000E+00
4 1.08236E+00 1.06770E+0(L.46636E-02  0.00000E+00  0.00000E+00
5 1.04629E+00 1.06056E+0(.10738E-02  0.00000E+00  0.00000E+00
6 1.02865E+00 1.05258E+0@.11785E-02  0.00000E+00  0.00000E+00
7 1.02830E+00 1.04773E+0®.37681E-02  0.00000E+00  0.00000E+00
8 1.08173E+00 1.05339E+0(.21130E-02  0.00000E+00  0.00000E+00
9 1.04387E+00 1.05203E+0(.00203E-02  0.00000E+00  0.00000E+00

10 1.05317E+00
11 1.05666E+00
12 1.03236E+00

1.05218E+0@®.47028E-03
1.05267E+0(’'.35712E-03
1.05064E+0@5.87445E-03

0.00000E+00
0.00000E+00
0.00000E+00

0.00000E+00
0.00000E+00
0.00000E+00

Last Result: keff and its average deviation
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666 666
666 ) 666

666 666
66666666666666666666666666666CHBHBHHBHBHBEERES666666666666666666ERBH666666666666
666 666

666 666666 ( 666666 666

666 666

666  ( 7 N 666

666 666

666" & * 8 0O "/ #!"# 666

666 666

666 ) * $1" / 'I" 666

666 666

666 ( w1 666

666 666

666 7 & * % G6# * $9 & 666

666 666

666 666
6666666666666666666666666666 ARG 66666666666666666660EHHBEE6666666666
6666666666666666666666666666 CHRTRERIRERERES6666666666666666666HHEHEEH6666666666

If the input did not run successfully, the errorsseges will be listed on the screen during
execution or in the output file. In most cases, ¢n®rs are related to input data problems.
Check to make sure your input file has the sama datthe one listed in this section.”
(LKENO V.a Primer: A Primer for Criticality Calculmns with SCALE/KENO V.a Using
GeeWiz", Sec. 2.5)

4.3 Print of the Neutron Spectrum

KENO is able to print the flux spectrum of eachioag To get the flux spectrum printed
by KENO, one has to add one value atpheameter chapter of GeeWiz/input file. Click on
Parameterson the left hand side and activate ‘fIx’ on thghti hand side of thParameter
Data form.
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After running the SCLAE 5 code, the flux distribariis saved at the end of the output file.
KENO prints the flux for each energy group anddach region in each unit. To get good and
accurate results, it is recommended to run theutalon using the238groupndf5 cross-
section library (see chapter 2.1).

KENO is only printing the group number, but not #rergy value of each group. The energy
values [eV] can be found at the manual of CSAS aatd the Excel-sheet
‘calculatins_and_figures.xIs’. This Excel sheetluies a possibility to copy the flux values
out of the KENO file to get a logarithmical print ihe flux distribution. See an example in
Appendix B — Neutron energy group structure.

Note The energy groups are sorted top-down. There@rergy group 1 contains all neutrons
with the energy of about 20 Mev and energy group @mtains all neutrons with the energy
of about 0.0001 eV.



Page 53 of 96

5 Features of the current KENO Simulation

The current model of the FBNR allows some variantediversify the conditions for the
Keff calculation. The following possibilities cam Ibealized until now:

1.
2.
3.

Variation of the enrichment

Variation of the fuel (UQ MOX)

Variation of the height of the reactor: modify tRegions 1-4 of the upper part.
Core heights from 0 cm up to 250cm are realizable.

4. Variation of the depth of the Control rods andnitaterials
5.
6. Printing the flux distribution

Insertion of poison
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6 Textfile Input — FBNR standard_reactor.inp

This chapter contains a copy of the current inpatstandard_reactor_200.inp. SCALE is
a text file based program. Therefore, GeeWiz salesuser input into text files called
Filename .inp. These files can also be opened by a stan@atdeditor. At the beginning,
the GeeWiz input is much easier and faster, bubgés for some details of an input file can
be done MUCH faster by using a text editor (e.gcdpy an new material list: just open all
text-files and insert the new data BYRG+V,.). Some modules of Scale even not have a
possibility, to use them by a graphical surfacg.(ETARBUCS for Burnup calculations). In
this case the user can enter the input files ONlYubing a text editor. The following
explanation of the input file will show that itm®t very difficult to use the text editor.

Standard_Reactor_200.inp

llustracdo 6-1: Unrodded standard reactor

Each input file consists of a special form, whislvery similar to the GeeWiz form:

1.

2.

No

Initial part: The SCALE module has to be specifledy. KENO, STARBUCS) and
the Cross-section can be chosen by user-input.

Material input: The material input part has to berted by the command ‘read comp’
and will be finished by ‘end comp’. Between thesenmands, the user has to specify
the materials, the mixtures, temperatures, etc.

Cell Data: To optimize the used cross-sections, laaseto specify the cell data. This
part will be called by the command ‘read celldaaad will be finished by ‘end
celldata’

Parameter input: The user has to specify the nurmobegenerations (number of
iterations), etc. Started by ‘read param’ endetehyg param’

Geometry input: One has to enter the units ancdnsgin this part. Started by ‘read
geometry’ and ended by ‘end geometry’

Array input: Started by ‘read array’ and ended éyd array’

end: The whole file ends by the single command“end



Table 6-1: Summary of important input file commands
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Material definition
uo2 1 den=2.72 0.446 390 uo2
41
Material Mixture Density Dens. Temperature | Material
Number Multiplier
h-1 6 0 0.g44213 600 h-1
Material Mixture Dens. Number- Temperature | Material
Number Multiplier density
Geometry definition
cylinder 1 10 200 0 cylinder
Geometry Region Radius Top height | Bottom height Geometry tyy
type Number
cuboid 9 114 - 114 - 300 cuboid
114 114
Geometry Region Cuboid Cuboid Top height Geometry type
type Number length in length in
+/- X- +/-Y-
direction direction
media g 1 5 -4 mediga
Media Definition Bias ID Region 5 is | Region 4 is Media
definition Number inside outside definition
1. INITIAL PART
| 'Input generated by GeeWiz 5.01a Compiled on March- 03-2005 |

Sequence (In GeeWiz entered at the ‘General’ fOB8AS26’ will run a KENO reactivity

calculation.).

| =csas26

User-defined name of the calculation

| Homogenized

Cross-section library (also possible for standaNK calculations is 238groupndf5)

| 44groupndf5

2. MATERIAL INPUT
Start the input of materials

| read comp

All composition details (density calculations, mésgtions, etc.) can be found at the Excel-

sheet “calculations_figures.xIs”
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Definition bellow: Uranium, Mixture number=1, Detsi2.725 [g/cc], mass fraction=0.446,
Temperature 590K, 5% U-235, 95% U-238, end

uo2 1 den=2.7241 0.446 590 92235 5 92238 95 end

c-graphite 1 den=2.7241 0.016 590 end
atomsicl 1 2.7241 214000 1 6000 1 0.318 590 end
c-graphite 1 den=2.7241 0.11 590 end
h2o0 1 den=2.7241 0.11 590 end
zirc4 2 1590 end

h-1 30 0.0502932 560 end

0-16 300.0251573 560 end
ss304 41 300 end

cadmium 51 300 end

h-1 6 0 0.044213 600 end

0-16 6 0 0.0221159 600 end

h-1 7 0 0.0502932 560 end

0-16 7 00.0251573 560 end

zirc4 8 1590 end

ss304 91 300 end

cadmium 10 0.05 580 end

indium 10 0.15 580 end

ag 10 0.8 580 end

cadmium 11 0.05 600 end

indium 11 0.15 600 end

ag 11 0.8 600 end

end comp

3. CELL DATA
Definition of a cylindrical Multiregion Cell datdefinition of a half reactor:
right_bdy=vacuum: [Right hand side];
left_bdy=reflected: Centre of reactor-> Mirror to get whole reactor
‘3 10’ Mixture ‘3’ with radius ‘10’,Mixture 2 with radis 10.5, Mixture 1 with radius 80.5...

read celldata

multiregion cylindrical right_bdy=vacuum left_bdy =reflected
origin=0end 310210.5180.588168949279 99114 end zone
end celldata

Number of generations (iteration steps) is setO® en=500) and Keno will not create a 2D
plot of the current problem (plt=no). If a parammate not listed here, KENO uses standard
values. For further parameter commands read theiahah KENO VI.

read parameter
gen=500
plt=no

end parameter

Start of the geometry input. At first, definitiofiunit 1, Com="..." = name of unit.

read geometry
unit 1
com='upper_part'
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‘Cylinder 1’ — Geometry ‘1’;
'10 200 0’ radius 10, zt=200 (height), zb=0;

cylinder1 10 200 O
cylinder 2 10.5 200 0O
cylinder 3 80.5 200 O
cylinder4 81 200 0O

The Core height can be changed easily by custogihie height of cylinder 1 to cylinder 4
(in this example the core height has a value of @D The height of Cylinder 4 to cylinder 8
(300 cm, the total upper part height) has to bestzont!

cylinder 5 89 300 O

cylinder 6 92 300 O
cylinder 7 99 300 O
cylinder 8 114 300 0O

A Cuboid surrounds the geometry. The cuboid mdteridefined as void

cuboid 9 114 -114 114 -114 300 O

‘hole 6’ describes, that unit 6 will be placed hékole 6’ until ‘Hole 10’ contain the control
rods. ‘Z=xxx’ has to be changed too, when heightat has to be changed.

hole 5 origin x=0 y=0 z=200

hole 6 origin x=0 y=45 z=200
hole 7 origin x=0 y=-45 z=200
hole 8 origin x=45 y=0 z=200
hole 9 origin x=-45 y=0 z=200
hole 10 origin x=0 y=0 z=200

Definition of media: The following media contains

media311 |

material 3, Bias=1 (constant),’”! Geometry ‘1’ is inside

media21-12 |

material 2, Bias=1 (constant}1’: Geometry ‘1’ is outside 2°: Geometry ‘2’ is inside

mediall3-2
media814-3
media615-4
media4 16 -5
media717-6
media918-7
media019-8

Boundary definition: Geometry ‘9’ is the outer gestny here (boundary 9).

boundary 9

unit 2
com='"lower_part'
cylinder 1 10 100 O
cylinder 2 10.5 100 O
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cylinder 3 20 100 O
cylinder4 21 100 O
cylinder5 25 100 0O
cuboid 6 114 -114 114 -114 100 O
media311
media212-1
mediall3-2
media514 -3
media415-4
media016 -5
boundary 6

The middle Part:

unit 3

com="middle_part'

cylinder1 10 35 0

cylinder 2 10.5 35 0

cone 3 80.5 35 20 O

cone4 92 35 65 20

cylinder5 99 35 20

cylinder 6 114 35 0

cuboid 7 114 -114 114 -114 35 0
media311

media212-1

mediall3-2

media414-3

media615-4

media416-5-3

media017-6

boundary 7

global unit 4

com="array"'

cuboid 1 114 -114 114 -114 435 0

The Array number 1 is placed into unit arfay 1 1’ ) and its origin is x=y=z=0¢ 0 0’ ). unit
number 1 in x, y and z-direction is placed inta fhaint (1 1 1’
)

array11 place111000
boundary 1

unit 5

com="top-steel'

cylinder1 81 5 0
media411

boundary 1

Control Rods

‘unit 6’ until ‘unit 10" are describing the contradds (‘hole 6’ till ‘hole 10’). If media is ‘3’
[water] for ‘unit 10’ and ‘1’ [Uranium-mixture] fotunits 6-9’, the rods are inactive. Each rod
can be activated by changing the material of atoo®’[control rod material of central rod].
or ‘10’[control rod material of the inner-rods]. @hz-coordinate of a control rod cylinder
describes how deep each control rod is inside dhe. df this value is changed to ‘-200’ the
rod is inserted completely (for a core height dd 2fn).
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llustracdo 6-2: Rodded standard reactor [completeriserted rods]

6. ARRAY DEFINITION

This file contains only one Array. Array ‘1’ [arafFhas one Geometry in x and y direction
and 3 in z direction [upper part, middle part, lowart], it is defined as square (Therefore, the
Cylinder of the FBNR have to be surrounded by a woiboid]
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Array is filled by Unit 2, 3, 1 [lower, middle, upp, the definition starts with the lowest unit,

here the lower part; unit 2.

#
#

end

end of the file.

6.1 Alternative Fuel
It is possible to modify the used fuel for the FBNR the moment, the following
combinations are planned:
Standard UO2 fuel
MOX fuel (5% Pu + depleted UO2)
5% Pu + 95% Th-232
50% TH-232 + 50% UO2 (10% U-235)

To include those different fuel types, the follogisteps have to be done:

The density of the new mixture has to be calculatsdt will not be he same sensity like for a

standard UO2 fuel type. Create an input file ofstendard reactor and enter only the new
fuel mixture as mixture 1:

read comp
th 1 0.95 590 end
pu 1 0.05 590 94239 93.62732 94240 5.8770 89 94241

0.3968 94242 0.09878938 end
zirc4 21590 end

h-1 3 0 0.0502932 560 end
0-16 3 00.0251573 560 end
ss304 41 300 end

cadmium 51 300 end

h-1 6 0 0.044213 600 end
0-16 6 0 0.0221159 600 end
h-1 7 0 0.0502932 560 end
0-16 7 0 0.0251573 560 end
cadmium 8 0.05 580 end
indium 8 0.15 580 end

ag 8 0.8 580 end

cadmium 9 0.05 600 end
indium 9 0.15 600 end

ag 9 0.8 600 end

zirc4 10 1 590 end

ss304 111 300 end

end comp

Run this calculation and open the output file. & fines before KENO is printing the keff
calculation it is printing a summary of the usecitumie:
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Copy the calculated density to thalculations_and_figures.xlExcel sheet into the field of
UO2 (there are already prepared fields for therraditeve fuel calculation). You will get new
mass fractions (density multiplier) and a new tatahsity. Enter these values into an input
file and run the calculation for the new mixturedsexample for new input file below).

7 Textfile Output — FBNR standard_reactor.out

DOS-prompt

Open run SCALES” at the Start-menu (iniciar-menu). Change to tineatory where
to find the input-files (using dos-commanet“name_of directory  ”). To run just one file
use the command “SCALHEdenameinp”. It does not matter if it is a KENO inputédil or a
STARBUCS inputfile, or whatever. SCALES detectsomudtically which sequence has to be
started (see llustracéo 7-1).
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llustracdo 7-1: Running the standard reactor by ugig the DOS prompt

It is possible to prepare a batch file to run manycases together
For running all input files inside a directory, uge command “$ $ ”. SCALE will
perform all input-files it could find inside thairelctory (see llustracéo 7-2).

llustracdo 7-2: Run all input files of one directoy

8 Poison

8.1 Boron

Boron is a neutron poison and is used at the FB&IR mixture with the Water (maximal
1000ppm). The following part of an input file shothe way, boron has to be included in the
composition data. The values (density, etc.) carcdleulated by “calculations_figures.xIs”
chapter ‘mass fraction’ and ‘boron’.

Tabela 8-1: Material details for Boron

Water temperature Material Number density




H-1 0,0502932
560 K 0-16 0,0251573
0 ppm Boron B-10 0
B-11 0
H-1 0,0502932
560 K 0-16 0,0251573
1000 ppm Boron B-10 0,00000833778
B-11 0,0000335608
H-1 0,0476055
580 K 0-16 0,0238129
0 ppm Boron B-10 0
B-11 0
H-1 0,0476055
580 K 0-16 0,0238129
1000 ppm Boron B-10 0,00000789221
B-11 0,0000317673
H-1 0,044213
600 K 0-16 0,0221159
0 ppm Boron B-10 0
B-11 0
H-1 0,044213
600 K 0-16 0,0221159
1000 ppm Boron B-10 0,00000732978
B-11 0,0000295035
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Note If there is a need, to use 500ppm Boron, jusiddithe number densities for Boron by
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For a burnup calculation Boron has not to be inetugh the mixture Number 1, as it will be
refilled during the burnup period.. Boron gets tiexture Number 101 to be part of the
KENO calculations.

8.2 Gadolinium

In contrast to Boron, Gadolinium being a burnaldespn, has to be included in the fuel
matrix. In this example, to reach a keff=1, Gadatmhas to be inserted as a fraction of
0,0134% of mass Uranium

wtptuo2 1 2.7242 3 92000 72.7044 8016 27. 2756 64000 0.02
0.4459 600 92235 4.99 92238 95.01 end wtptuo2
1 — Mixture number

2.7246 — Density

3 — mixture contains 3 different materials

92000 72.7044 — 72.7044 % of mixture is UO2

8016 27.2756 - 27.2756% of O-16

64000 0.02 — 0.02% of Gd

0.4459 - density multiplier

600 — temperature of mixture

92235 4.99 — 4.99% of U-235

92238 — 95.01% of U-238

8.3 Boron + Gadolinium

A 5% enriched reactor has a reactivity of keff=1h2dore starting the burnup cycle. Hence, it
has to be reduced by k=0,24. Boron (1000 ppm) reslitcto Keff= 1.12. A higher boron
concentration can produce a positive moderatorficteit, so there is need for the burnable
poison Gadolinium. A typical burnup input file fdrat mixture is printed below:

STARBUCS

PWR 17x17 Fuel Assembly - uniform axial burnup rods

44groupndf5

read comp

wtptuo2 1 2.7243 2 92000 99.999 64000 0. 001 0.445977 600

92235 4.99 92238 95.01 end

c-graphite 101 den=2.724 0.016 600 end

atomsicl 101 2.724 214000 1 60001 0.318 600 end
c-graphite 101 den=2.724 0.111 600 end

h2o0 101 den=2.724 0.11 600 end

boron 101 den=2.724 0.00011 600 5010 19.8999 5011 80.1001 end
zirc4 2 1600 end

h-1 300.044213 580 end

0-16 300.0221159 580 end

b-10 30 7.32978e-06 580 end

b-11 3 0 2.95035e-05 580 end

ss304 41 300 end

cadmium 51 300 end

h-1 6 00.044213 580 end

0-16 6 0 0.0221159 580 end

b-10 6 0 7.32978e-06 580 end

b-11 6 0 2.95035e-05 580 end

h-1 7 00.044213 580 end

0-16 7 00.0221159 580 end
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b-10 70 7.32978e-06 580 end

b-11 7 0 2.95035e-05 580 end

end comp

read celldata

[...]

read geometry

unit 1

com='upper_part'

cylinder 1 10 200 O origin x=114 y=114 z=0
cylinder 2 10.5 200 0 origin x=114 y=114 z=0
cylinder 3 80.5 200 0 origin x=114 y=114 z=0
[...]

media 101 1 3 -2

media214 -3

[...]

end KENO

end

8.4 Future Prospects

The current maximal lifetime of a 5% enriched reaatith a height of 250 cm is about
1100 days. Gadolinium is burned up after 100days.thfe keff after that period reaches
keff=1,1 Boron can reduce the needed reactivitgrathiat time. One new poison has to be
found for higher enriched versions of the reactor.

9 Burnup [STARBUCS]

9.1 Introduction

The STARBUCS sequence combines two modules of $calalculate the reactivity of a
spent fuel inventory (Origen + Keno). At first, SRBUCS calls the ORIGEN ARP module
to perform the cross-section preparation and toaudepletion calculation. It results in a
spent fuel isotopic inventory for the fuel regiofhe spent fuel isotopic inventory is used to
generate the resonance self-shielded macroscopgs csections by CSAS code. The
criticality calculation is performed by KENO VI.

Therefore, the layout of a STARBUCS input file wikkve the following order
1. Material definition (KENO)
2. Unit Cell definition (KENO)
3. OrigenArp input (ORIGEN)
4. Geometry definition for the reactivity calculatiGENO)

Note: STARBUCS has no graphical interface to genergtatifiles (like GeeWiz). The user
has to be able to understand the SCALE input ited &ind he has to be able to manipulate
them. Therefore, it is recommended, to read andaik with the examples given in chapter
6 and 7.

1. Material definition:
The material definition (list) can be copied outtbé Keno standard input file. But
there are three importachanges
The fuel material has to be named the mixture nunobe, as OrigenArp only
takes mixture 1 for its burnup calculations.
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In the case of the FBNR the fuel region has todfendd as a homogenous mixture
of UO2, Graphite, SiC and Water. Even though theyall in the mixture number
1, OrigenArp only takes UO2 out of this mixture gmwsition and runs the burnup
only for UO2. The other materials would not beliwied for the burnup and
reactivity calculations. [For example, when usmgnable poison such as Gd, one
has to mix it with UO2, thereby using “Alloy Congition” in GeeWiz]

After running the burnup, OrigenArp code, the ORNEhanges the mixture
number of UO2 and its fission products frdnto 101 Therefore, to include the
materials of the homogenous mixture (C, SiC, HaXlie reactivity calculations,
they have to become mixture number 101 in the nadtéefinition part. For this
one should change their numbers from 1 to 101 mnua

2. Unit Cell definition:
This part is the same as the standard KENO”s Uelitt d&finition and can be copied
from the input file of KENO, to the starbucs ingilet without any modifications.

3. OrigenArp commands:

At this point some comments are in order. SCALEt@ms a graphical user interface
similar to GeeWiz to create ORIGEN /ARP input filebhis is used only for zero dimension
calculations, that is the burnup of the whole mateéaken as a lump. Unfortunately, their
results can not be used in the Starbucs calcutatierthe formats of the input of ORIGEN is
not compatible with the input required by starbuis incompatibility is due to the
intention of the authors to simplify the starbugstit file.

The user has to specify the details for the burcalpulation. At first he has to decide how
long the burnup period has to be and he has ta éméeburnup rate , defined as Thermal
Power of the reactor divided by the Total Mass abrium [MWth/MTU]. Another
important part is the choice of the cross-sectitmaty. To enable a realistic burnup
calculation, OrigenArp needs to use an optimizeabl@m dependent cross-section library.
The included standard libraries will provide aniowed burnup for standard PWR reactors
and for standard AGR reactor types. As the FBN&nsixture of both rector types it does not
match perfectly with either of those types, bugéwese of the similarity to the behavior of a
PWR (in case of temperature, the moderator anddbkant material) the cross section library
of the better may be used as a first approximatiém.the present date (January 2007) we
assume that for present evaluations, FBNR be a&irtol the Westinghouse 17 x 17 . In the
future we will produce a cross section library opoed for FBNR. (See SCALE Manual
Chap.D1.A.3)

4. Geometry definition:
The geometry part just has to be copied out ostardard FBNR KENO input files.
Only one detail has to be changed: As OrigenAgsuke UO2 with mixture number 1, thus
for its burnup calculation we must change the arxihumber 1 to 101. The “media”
definition used in the KENO geometry model has #&dsbe customized. (media 1 has to be
changed to media 101).

9.2 Input

9.2.1 Short Introduction in Building a STARBUCS Inp  ut File:

Note:A detailed explanation is added in the followingpters and a summary table of all
input file commands can be found at section Appe@h- Input files...)
1. Create a new file simply by renaming the KENO infilet[i.e. Starbucs_keno.inp]
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2. Open it

3. Change the line “=csas6” to “=Starbucs”

4. In between of “=Starbucs” and the cross-sectioratip definition, one has to enter a
name for the calculation. If this name is not ezdiethe calculation will not run.

5. Change the mixture number of all mixture 1 material 101 (excepting UO2J0O2
has to have mixture number 1)

example:

uo2 1den=2.7241 0.446 590 92235 4.99 92238 95.01 end
c-graphitel den=2.7241 0.016 590 end

atomsicl 1 2.7241 2 14000 1 6000 1 0.318 590 end
c-graphitel den=2.7241 0.11 590 end

h2o 1den=2.7241 0.11 590 end

has to be changed to

uo2 1den=2.7241 0.446 590 92235 4.99 92238 95.01 end
c-graphitel01den=2.7241 0.016 590 end

atomsicl 101 2.7241 2 14000 1 6000 1 0.318 590 end
c-graphite101den=2.7241 0.11 590 end

h2o0 101den=2.7241 0.11 590 end

6. Change the enrichment to less than five perce@®¥4.will work). OriginARP should
be able to work with exact 5% enrichment, but ieslmot. There is no information
why only 4.99% enrichment is working, and it ishexta rule than a fact.

7. Celldata: At the moment you have to use the latteEleinstead of a multiregion cell,
as the Multiregion definition is not integrateddrthe burnup modules of SCALE 5 at
the moment. Therefore, add

latticecell squarepitch pitch=89 3 fueld=80.5 1dda81 2 end

instead of the multiregion command!
8. Add to following texts betweenehd celldatd and ‘read geometry int the input
file:

read control
arp=17x17
nuc= all
axp=2 end
end control
read hist
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
end hist
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read kenovi

9. Change the media definition of Keno for materiahfr‘l’ to ‘101’
The media record of Unit 1 has to be changed thewmg way:

media311
media212-1
mediall3-2
media514-3
media4 15 -4
media016-5
boundary 6

to

media311
media212-1
media 1011 3 -2
media514 -3
media415-4
media016-5
boundary 6

This has to be done for all geometries containingture number one (the units for
upper, middle, lower part and the units for theame-control rods)

10.Fill “end keno” into the file after the command ‘temlata” Therefore the last three
lines look like this:

end geometry
end data

end keno

end

11. It should work now. Run it by using the prompt ¢coand: “Scale5 FILENAME.inp”
(see llustracdo 9-1)

llustracdo 9-1: Run the STARBUCS calculation
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9.2.2 Example of a Complete STARBUCS Input File:

=STARBUCS

PWR 17x17 Fuel Assembly - uniform axial burnup rods
44groupndf5

read comp

Since STARBUCS can handle only ONE uranium mixtdin@t uranium mixture has to be
defined as the ‘mixture number 1’. Only this uranimixture will be taken by STARBUCS
for the burnup-calculation. After this calculatiddTARBUCS gives this mixture the name
101. This new mixture 101 includes Uranium andfiggon products after the burnup.

To include some other materials for the burnupwaton (e.g. poisons), these materials have
to be defined as a composition with uranium (sdéevie

wtptuo2 1 2.7246 2 92000 99.97325 64000 O .02675 0.446066
600 92235 4.99 92238 95.01 end

If there is a need to simulate a homogenous mixbiirdranium and other materials, these
additional materials have to be defined as mixtumbmber 101. They will not be included at
the burnup-calculation, but will mix them with thexture given by Origen

c-graphite 101 den=2.7246 0.016 600 end

atomsicl 101 2.7246 2 14000 1 6000 1 0.31 8 600 end
c-graphite 101 den=2.7246 0.111 600 end

h2o 101 den=2.7246 0.11 600 end

The following materials are not included in anyroyy part (OrigenARP), but were included
at the reactivity calculation (KENO)

zirc4 21590 end

h-1 30 0.0502932 560 end
0-16 300.0251573 560 end
ss304 41 300 end

cadmium 51 300 end

h-1 6 00.044213 600 end
0-16 6 0 0.0221159 600 end
h-1 7 0 0.0502932 560 end
0-16 7 00.0251573 560 end
zirc4 8 1590 end

ss304 91 300 end

cadmium 10 0.05 580 end
indium 10 0.15 580 end

ag 10 0.8 580 end
cadmium 11 0.05 600 end
indium 11 0.15 600 end

ag 11 0.8 600 end

end comp

read celldata

latticecell squarepitch pitch=89 3 fueld=80.5 1 cla dd=81 2 end
end celldata
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The Control definition: The ‘control’ and the ‘hisy’ definition include the input for
OrigenArp.

‘ARP’ defines the used cross-section library (Heree17x17 library)
‘AXP’ defines the number of axial zones. In thisample there are two zones: the upper and
the middle part. The lower part is not necessarptonup.

‘NUC’ defines the nuclides used for the reactiwagiculation. E.g. the user can enter ‘U-235
U-238’ to include only these Uranium isotopes foe tKkENO calculation. For the current
burnup calculation all nuclides have to be inclydsdthe command has to be ‘ALL’.

read control
arp=17x17
nuc= all
axp=2end
end control
read hist

‘History’ in General:
The user decides how long the burnup time will takd how much burnup steps have to be
taken to reach the burnup time.

If the user decides to run a burnup for about & daigenArp will divide these 10 days into

8 parts (this number is a fixed number). Therefore, itlwdlculate a burnup for every 1.25

days (10/8=1.25). If the user wants to, he canddedhat these burnup steps (10/8) will be
divided into much smaller steps to get better teswHor this case there exists the option
“number of libraries”. The user can set e.g. 2dites and OrigenArp will divide the burnup

time of 10 days into 5 days. Therefore it will rmo calculations for 5 days (so 5 days
divided into 8 parts (5/8): 0.625 days for eachnlopr step)

"Power” is defined as MW/MTU (thermal power divided byalotnass of uranium). The
calculations for that value can be found in the adasheet of the FBNR
“calculations_and_figures.xIs” (Chapters ‘BUNRUP’).

“Burn” defines the number of days a burnup step ha®t&FARBUCS always divides the
burnup into 8 parts. In case of 10 days, each lpustep = 10/8=1.25 days. In the example,
the burnup is divided in steps of 10 days to géebeesults.

“nlib” — number of libraries: The user can decide if baenup step (‘burn’) will be divided
in more detailed steps. Some example will helpnenstand the function of nlib:
‘burn=10 nlib=1": OrigenArp will calculate a burnupr 10 days. Each burnup step
will be
10/8=1.25 days
(see burn explanation).
‘burn=10 nlib=5": OrigenArp will calculate a burndpr 10days, but it will divide this
calculation into 5 parts:
10/8=1.25 steps
After this, these steps will be divided into 5 gdrtlib=5):
1.25/5=0.25
days for each step.
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If the user adds more Burnup steps, OrigenArp willrun them after finishing the prior
one but is using the new material details of the faer calculation. In this example,
OrigenArp will run the burnup step of 10 days five times. It will result in a burnup
calculation for 50 days. If there is a need to rum 10days burnup, just delete four lines of
the power command. In this example the burnup timewill be 50 days. If there is a need
to run more than this 50 days, just ad some ‘powetommand’ lines.

power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
end hist

Start of the KENO part

read KENOvi
"infinite pin cell lattice

Thkkkkkkkkkkkkkkhkhkkkkkkkkkhkhkkkkkkkkkkkx

* materials

"* 101 = uo2, uniform axial region
" 2 = Zircaloy

* 3 = Water

read param gen=500 end parm
read geometry

global unit 1

com='upper_part'

cylinder 1 10 200 O origin x=114 y=114 z=0
cylinder 2 10.5 200 O origin x=114 y=114 z=0
cylinder 3 80.5 200 O origin x=114 y=114 z=0
cylinder 4 81 200 0 origin x=114 y=114 z=0
cylinder 5 89 300 0 origin x=114 y=114 z=0
cylinder 6 92 300 O origin x=114 y=114 z=0
cylinder 7 99 300 O origin x=114 y=114 z=0
cylinder 8 114 300 0 origin x=114 y=114 z=0
cuboid 9 228 0 228 0 300 O

media311

media21-12

all material definitions have to be done as in a gular KENO simulation (the fuel has
the number 101)

media 10113 -2

media214-3

media615-4

media416-5

media717-6

media4 18 -7

media019-8

boundary 9

read bounds all=vacuum end bounds
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end data
end KENO
end

Note The example above will just calculate the burotithe upper part!

9.3 Output

After running a STARBUCS input file(( % $#$# 1) ), it will create an
output file that includes the burnup details arelrébactivity calculation.

The Output file is divided into two parts:
1. The burnup part [OrigenARP]
2. The reactivity calculation [KENO]

9.3.1 The Burnup Part

In the current example, each burnup step will thRedays (burn=10) and is divided
into 5 parts for 2 days each (nlib=5). Thereforacheburnup step will take 2/8=0.25. The
accuracy can be taken that high, as the burnuplesitlen will not take much time.

After printing the input data and the used matadath, OrigenARP will print the number of
steps that will be done and gives them a libranypiper so that the user can identify each step
later inside the burnup calculation output (seéWihg example for a burnup of 5X10 days
and 5 libraries for each step. In this case, OAgprwill run the calculation for each 2 days).

history data block
library power(w/g) time(days) down(days)
1 28.7800 2.00 0.00
2 28.7800 2.00 0.00
3 28.7800 2.00 0.00
4 28.7800 2.00 0.00
5 28.7800 2.00 0.00
6 29.3200 2.00 0.00
7 29.3200 2.00 0.00
8 29.3200 2.00 0.00
9 29.3200 2.00 0.00
10 29.3200 2.00 0.00
11 29.3200 2.00 0.00
12 29.3200 2.00 0.00
13 29.3200 2.00 0.00
14 29.3200 2.00 0.00
15 29.3200 2.00 0.00
16 29.3700 2.00 0.00
17 29.3700 2.00 0.00
18 29.3700 2.00 0.00
19 29.3700 2.00 0.00
20 29.3700 2.00 0.00
21 29.3700 2.00 0.00
22 29.3700 2.00 0.00
23 29.3700 2.00 0.00
24 29.3700 2.00 0.00
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| 25  29.3700 2.00 0.00 |

The burnup calculation is printed below. Origenfnmnts the nuclide concentration for each
nuclide included (e.g. fission products) in thertup calculation

llustracao 9-2: Output Textfile

After this work is done, KENO will take the new reaal data form OrigenArp and run a
standard reactivity calculation.

To be continued...
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Appendix A—The FBNR

The Fixed Bed Nuclear Reactor (FBNR) is a smaltt@a(40 MWe) without the need
of on-site refueling. It utilizes the PWR techrpfdout uses the HTGR type fuel elements. It
has the characteristics of being simple in desngogular, inherent safety, passive cooling,
proliferation resistant, and reduced environmeini@lact.

The FBNR is modular in design, and each modulasssimed to be fuelled in the factory. The
fuelled modules in sealed form are then transpoitednd from the site. The FBNR has a
long fuel cycle time and, therefore, there is nech®r on-site refuelling. The reactor makes
an extensive use of PWR technology.

It is an integrated primary system design. The dasodules, as shown in the schematic
figure, have in its upper part the reactor core arsleam generator and in its lower part the
fuel chamber. The core consists of two concempierdorated zircaloy tubes of 20 cm and 160
cm in diameters, inside which, during the reactperation, the spherical fuel elements are
held together by the coolant flow in a fixed bedfaguration, forming a suspended core. The
coolant flows vertically up into the inner perfadttube and then, passing horizontally
through the fuel elements and the outer perforaibd, enters the outer shell where it flows
up vertically to the steam generator. The resemeédhamber is a 40-cm diameter tube made
of high neutron absorbing alloy, which is directgnnected underneath the core tube. The
fuel chamber consists of a helical 25 cm diamaibe tflanged to the reserve fuel chamber
that is sealed by the international authoritiesgriéd is provided at the lower part of the tube
to hold the fuel elements within it. A steam getaraf the shell-and-tube type is integrated
in the upper part of the module. The control relitde inside the core The reactor is provided
with a pressurizer system to keep the coolanta@trstant pressure. The pump circulates the
coolant inside the reactor moving it up through thel chamber, the core, and the steam
generator. Thereafter, the coolant flows back ddwrthe pump through the concentric
annular passage. At a certain pump velocity, tagemncoolant carries up the 15 mm diameter
spherical fuel elements from the fuel chamber thiocore. A fixed suspended core is formed
in the reactor. In a shut down condition, the susied core breaks down and the fuel
elements leave the core and fall back into the ¢heimber. The fuel elements are made of
TRISO type micro spheres used in HTGR.

The control system is based on the inherent sail@tgpsophy that when all the signals from
all the detectors are within the design rangesptirap can operate, thus the normal situation
of pump is “off” position.. Therefore, any initiag event will cut-off power to the pump,
causing the fuel elements to leave the core andé&ak into the fuel chamber, where they
remain in a highly sub critical and passively cdot®ndition. The fuel chamber is cooled by
natural convection transferring heat to the watehe tank housing the fuel chamber.

The pump circulates the water coolant in the long at the mass flow rate of about 141
kg/sec, corresponding to the terminal velocity dd41lm/sec in the reserve fuel chamber,
carries the fuel elements into the core and forrfiseal bed. At the operating mass flow rate
of 668 kg/sec, the fuel elements are firmly helgetber by a pressure of 10 bar forming a
stable fixed bed. The coolant flows radially ie ttore and after absorbing heat from the fuel
elements enters the integrated heat exchangebefdand shell type. Thereatter, it circulates
back into the pump and the fuel chamber. The kengr reactivity is supplied by fresh fuel

addition and a fine control rod that moves in tleater of the core controls the short-term
reactivity. A piston type core limiter adjusts tbere height and controls the amount of fuel
elements that are permitted to enter the core th@reserve chamber. The control system is
conceived to have the pump in the “not operatingidition and only operates when all the
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signals coming from the control detectors simultarsty indicate safe operation. Under any
possible inadequate functioning of the reactor, gbeer does not reach the pump and the
coolant flow stops causing the fuel elements tbdat of the core by the force of gravity and
become stored in the passively cooled fuel chamibbe water flowing from an accumulator
that is controlled by a multi redundancy valve sgstcools the fuel chamber as a measure of
emergency core cooling system. The other compseradrihe reactor are essentially the same
as in a conventional pressurized water reactor.

Figure 0-1: Schematic Design of FBNR
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Table 0-1: Technical data for the Fixed Bed NucleaReactor (FBNR)

Parameter Value

Power: Maximum fuel temperature< 357
after a LOCA (°C)

Net power generatid0 Coolant temperature rise affer1

(MWe) a LOFA after 10 days (°C)

Power generation (MW1t) 134 Water needed to cool during.45
10 days after LOCA (m3)

Core power density (KWt/1if)33.7 Module dimensions:

Pump power (MWe) 3.4 Core height (cm) 200

Hydraulics: Core inner diameter (cm) 20

Coolant volume (m3) 12 Core outer diameter (cm) 160

Coolant mass flow (kg/sec)| 668 Core volume (m?3) 3.96

Coolant pressure (bar) 160 Fuel in the core (Ton) 9.6

Pressure loss in the loppO0 UO2 in the core (Ton) 4.8

(bar)

Pressure loss in the bed (bar) 9.5 Fuel element

Terminal velocity (m/sec) 1.64 Fuel element diameter (cm) 15

Thermal: SiC clad thickness (cm) 0.1

Coolant inlet temperatuj290 Number of microspheres in| 465

(°C) fuel element.

Coolant outlet tempature| 326 Number of fuel elements [1.34x10

(°C) the core.

Coolant inlet  enthalp|1284 UO2 in each fuel element (P49.3

(kJ/kg) vol)

Coolant inlet density (kg/fh | 747 Dense graphite in each fy&l7.8
element (% vol)

Enthalpy rise in the col1490 Porous graphite in each fyél.4

(kJ/kg) element (% vol)

Film boiling convective hed 454 SiC in each fuel element (P45.5

transfer coefficient at 300 9C vol)

(W/m2eC )

Fuel element avera( 30.58 UO2 density (gr/cms3) 10.5

thermal conductivity

(W/m.°C)

Fuel element avera( 802.5 PYC porous density (gr/cm3), 1.0

specific heat (J/kg.°C)

Fuel element average dend 4.041 PYC dense density (gr/cms3) 1.8

(gricm?)

Maximum fuel temperatun < 357 SiC density (gr/cm3) 3.17

after a LOCA (°C)




Page 77 of 96

Before running a d¢, calculation of the whole reactor, one single foell was analyzed to

simulate k.

One Fuel-element of the FBNR consists of spheetaihents surrounded by water. The 15
mm diameter spherical fuel elements are made ofpasted coated particles in a graphite
matrix. The coated particles are similar to TRI&@I with outer diameters about 2mm.
They consist of 1.58 mm diameter uranium dioxideesps coated with 3 layers. The inner
layer is of 0.09 mm thick porous pyrolitic carbi@Y C) with density of 1 g/cm3 called buffer

layer, providing space for gaseous fission produdtbe second layer is of 0.02 mm thick
dense PYC (density of 1.8 g/cm3) and the outerrlayé.1 mm thick corrosion resistant
silicon carbide (SiC, density of 3.17 g/cm3). Thel element is cladded by 1mm thick SiC.

Table 0-2: Fuel particle (2 mm diameter)
: . o d.outside

Material density (g/cm3)|d. inside (cm) (cm) volume (cm3) |mass (gr)

uo2 10.5 0 0.158 0.002065237 0.021684988
PYC (porous) |1 0.158 0.176 0.000789306  0.000789306
PYC (dense) | 1.8 0.176 0.18 0.000199085  0.0003583H3
SiC 3.17 0.18 0.2 0.001135162 0.003598464
Average  for g 309969 0.2 0.00418879 |  0.026431111

microsphere

Due to the computer code limitation, one fuel-elatme divided into two regions: The inner
region, consisting coated particles inside a gtapiatrix, is simulated as a homogenized
mixture of these components. The volume fractioheach material are listed HErro! A
origem da referéncia nao foi encontrada.The outer region consists the 1mm SiC cladding.

Table 0-3: Mixture of Region 1

. Mass |Volume Density Mass Volume Thermal__ Specific

NETEE (ar) (cm3) (g/cm3) fraction |fraction SOMOIUBI) |25
9 9 (W/m.°C) | (kd/kg.°C)

Uo2 3.578 | 0.341 10.5 0501 | 0.193| 5.2
PYC
POrous 14 1353 | 0.130 1 0.0182 | 0.0737| 2.19 1406
(amorfo)
600K
PYC
dense 0.887 | 0.493 1.8 0124 | 0279 | 219 1406
(amorfo)
600K




Page 78 of 96

SiC 2.549 | 0.804 3.17 0.357 0,455 77.5 1300
fuel

7.145 | 1.768 4.041 1 1 30.566 1400
element

To simulate the reactor as a cylinder, filled bglfapheres and water, each fuel element is
surrounded by a dodecahedronal water region. gimgnseveral Dodecahedrons on each
other allows modelling the reactor core. The radifione dodecahedron is chosen as such, to
get a porosity of 40% (volume-fraction of waterftel). The composition of these 3 regions
(Fuel, SiC, and Water) creates one fuel unit.
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Appendix B — Neutron energy group structure

Group
238
237
236
235
234
233
232
231
230
229
228
227
226
225
224
223
222
221
220
219
218
217
216
215
214
213
212
211
210
209
208
207
206
205
204
203
202
201
200
199
198
197
196
195
194
193
192
191
190

Energy
[eV]
1.00E-04
5.00E-04
7.50E-04
1.00E-03
1.20E-03
1.50E-03
2.00E-03
2.50E-03
3.00E-03
4.00E-03
5.00E-03
7.50E-03
1.00E-02
2.53E-02
3.00E-02
4.00E-02
5.00E-02
6.00E-02
7.00E-02
8.00E-02
9.00E-02
1.00E-01
1.25E-01
1.50E-01
1.75E-01
2.00E-01
2.25E-01
2.50E-01
2.75E-01
3.00E-01
3.25E-01
3.50E-01
3.75E-01
4.00E-01
4.50E-01
5.00E-01
5.50E-01
6.00E-01
6.25E-01
6.50E-01
7.00E-01
7.50E-01
8.00E-01
8.50E-01
9.00E-01
9.25E-01
9.50E-01
9.75E-01
1.00E+00

Group
189
188
187
186
185
184
183
182
181
180
179
178
177
176
175
174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154
153
152
151
150
149
148
147
146
145
144
143
142
141

Energy
[eV]
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.10
1.11
1.12
1.13
1.14
1.15
1.18
1.20
1.23
1.25
1.30
1.35
1.40
1.45
1.50
1.59
1.68
1.77
1.86
1.94
2.00
2.12
221
2.30
2.38
2.47
2.57
2.67
2.77
2.87
2.97
3.00
3.05
3.15
3.50
3.73
4.00
4.75
5.00
5.40

Group
140
139
138
137
136
135
134
133
132
131
130
129
128
127
126
125
124
123
122
121
120
119
118
117
116
115
114
113
112
111
110
109
108
107
106
105
104
103
102
101
100

99
98
97
96
95
94
93
92

Energy
[eV]

6.00

6.25

6.50

6.75

7.00

7.15

8.10

9.10
10.00
11.50
11.90
12.90
13.75
14.40
15.10
16.00
17.00
18.50
19.00
20.00
21.00
22.50
25.00
27.50
30.00
31.25
31.75
33.25
33.75
34.60
35.50
37.00
38.00
39.10
39.60
41.00
42.40
44.00
45.20
47.00
48.30
49.20
50.60
52.00
53.40
59.00
61.00
65.00
67.50
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Energy Energy
Group [eV] Group [eV]

91 72.00 42 200000
90 76.00 41 270000
89 80.00 40 330000
88 82.00 39 400000
87 90.00 38 420000
86 100.00 37 440000
85 108.00 36 470000
84 115.00 35 499520
83 119.00 34 550000
82 122.00 33 573000
81 186.00 32 600000
80 192.50 31 670000
79 207.50 30 679000
78 210.00 29 750000
77 240.00 28 820000
76 285.00 27 861100
75 305.00 26 875000
74 550.00 25 900000
73 670.00 24 920000
72 683.00 23 1010000
71 950.00 22 1100000
70 1150.00 21 1200000
69 1500.00 20 1250000
68 1550.00 19 1317000
67 1800.00 18 1356000
66 2200.00 17 1400000
65 2290.00 16 1500000
64 2580.00 15 1850000
63 3000.00 14 2354000
62 3740.00 13 2479000
61 3900.00 12 3000000
60 6000.00 11 4304000
59 8030.00 10 4800000
58 9500.00 9 6434000
57 13000.00 8 8187300
56 17000.00 7 10000000
55 25000.00 6 12840000
54 30000.00 5 13840000
53 45000.00 4 14550000
52 50000.00 3 15683000
51 52000.00 2 17333000
50 60000.00 1 20000000
49 73000.00

48 75000.00

47 82000.00

46 85000.00

45 100000.00

44 128300.00

43 150000.00
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Appendix C — Input files

Table 0-1: Table of important input file commands

Material definition
uo2 1 den=2.72 0.446 590 922355

41 92238 95
Material Mix- Density Dens. Temperature | 5% U-235

Number Multiplier 95% U-238
h-1 6 0 0.g44213 600
Material Mix Dens. Number- Temperature
Number Multiplier density

Geometry definition
cylinder 1 10 200 0
Geometry Region Radius Top height Bottom height
type Number
cuboid 9 114 - 114 -114 3Q0 0

114
Geometry Region Cuboid Cuboid length| Top height Bottom heighg
type Number length in in

+/- X- +/-Y-

direction direction
media g 1 5 -4
Media Definition Bias ID Region 5is | Region 4 is
definition Number inside outside
Standard Reactor: KENOVI input
=csas26
homogenized
44groupndf5
read comp
uo2 1 den=2.7241 0.446 590 92235 5 92238 9 5end
c-graphite 1 den=2.7241 0.016 590 end
atomsicl 1 2.7241 2 14000 1 6000 1 0.318 590 end

c-graphite 1 den=2.7241 0.11 590 end

h2o 1 den=2.7241 0.11 590 end
zirc4 21590 end

h-1 3 0 0.0502932 560 end
0-16 3 00.0251573 560 end

ss304 4 1 300 end
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cadmium 51 300end
h-1 6 00.044213 600 end
0-16 6 0 0.0221159 600 end
h-1 7 0 0.0502932 560 end
0-16 7 00.0251573 560 end
zirc4 8 1 590 end
ss304 91 300 end
cadmium 10 0.05 580 end
indium 10 0.15 580 end
ag 10 0.8 580 end
cadmium 11 0.05 600 end
indium 11 0.15 600 end
ag 11 0.8 600 end
end comp
read celldata
multiregion cylindrical right_bdy=vacuum left_bdy

origin=0end 310210.5180.588168949279
zone
end celldata
read parameter

gen=500
end parameter
read geometry
unit 1
com="upper_part'
cylinder 1 10 200 O
cylinder 2 10.5 200 O
cylinder 3 80.5 200 0
cylinder 4 81 200 O
cylinder5 89 300 O
cylinder 6 92 300 O
cylinder 7 99 300 O
cylinder 8 114 300 O
cuboid9 114 -114 114 -114 300 O
hole 5 origin x=0 y=0 z=200
hole 6 origin x=0 y=45 z=200
hole 7 origin x=0 y=-45 z=200
hole 8 origin x=45 y=0 z=200
hole 9 origin x=-45 y=0 z=200
hole 10 origin x=0 y=0 z=200
media311
media21-12
mediall 3-2
media814 -3
media615-4
media4 16 -5
media717-6
media9 18 -7
media019 -8
boundary 9
unit 2

=reflected
99114 end
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com="lower_part'
cylinder 1 10 100 O
cylinder 2 10.5 100 O
cylinder 3 20 100 O
cylinder 4 21 100 O
cylinder5 25 100 O
cuboid 6 114 -114 114 -114 100 O
media311
media212-1
mediall 3-2
media514-3
media415-4
media016-5
boundary 6
unit 3
com="middle_part'
cylinder1 10 35 0
cylinder2 10.5 35 0
cone 3 80.5 35 20 0
cone4 92 35 65 20
cylinder5 99 35 20
cylinder6 114 35 0O
cuboid 7 114 -114 114 -114 35 0
media311
media212-1
mediall 3-2
media414-3
media615-4
media4 16-5-3
media017-6
boundary 7
global unit 4
com="array'
cuboid1 114 -114 114 -114 435 0
array 11 place111000
boundary 1
unit 5
com="top-steel’
cylinder1 81 5 0
media411
boundary 1
unit 6
com="1. control rod core '
cylinder1 1 0 -100
medialll
boundary 1
unit 7
com="2. control rod core'
cylinder1 1 0 -100
medialll
boundary 1
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unit 8

com='3. control rod core'
cylinder1 1 0 -100
medialll

boundary 1

unit 9

com='4. control rod core
cylinder1 1 0 -100
medialll

boundary 1

unit 10

com='"control rod inside'
cylinder1 1 0 -100
media311

boundary 1

end geometry

read array

ara=1 nux=1 nuy=1 nuz=3 typ=square
com="

fil231

end fill

end array

end data

end

Starbucs standard reactor.inp

The following example is the current standard bprimput file (Jan 2007). To reduce the
burnup time, just delete some lines of the ,powstany’ in this file (the relevant lines are
printed in bold letters).,

=starbucs

PWR 17x17 Fuel Assembly - uniform axial burnup rods
44groupndf5

read comp

uo2 1 den=2.7241 0.446 590 92235 4.99 825301 end
c-graphite 101 den=2.7241 0.016 590 end

atomsicl 101 2.7241 2 14000 1 6000 18580 end
c-graphite 101 den=2.7241 0.11 590 end

h2o 101 den=2.7241 0.11 590 end

zirc4 2 1590 end

h-1 3 0 0.0502932 560 end

0-16 300.0251573 560 end

ss304 41 300 end

cadmium 51 300 end

h-1 6 0 0.044213 600 end

0-16 6 0 0.0221159 600 end

h-1 7 0 0.0502932 560 end

0-16 7 00.0251573 560 end

zirc4 81590 end

ss304 91 300 end
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cadmium 10 0.05 580 end
indium 10 0.15 580 end
ag 10 0.8 580 end
cadmium 11 0.05 600 end
indium 11 0.15 600 end
ag 11 0.8 600 end
end comp
read celldata

latticecell squarepitch pitch=89 3 fueld=80.5 4dcd=81 2 end
end celldata
read control

arp=17x17

axp=2 end

nuc= all
end control
read hist
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end

Tkkkkkkhkkkhkkkkkkhkkhkkhkkhkkhkkhkkkhkkkkkkkkkkkkkx
Thkhkkhkkkkkkk 100 d ays******************

Tkkkkkkkkhkkkkkkhkkhkkhkkhkkhkkkkhkkkkkkkkkkkkkx

power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end
power=25.834 burn=10 nlib=5 end

Tkkkkhkkkkkhkkkkkkhkkhkkhkkhkkhkkhkkkhkkkkkkkkkkkkkx
'***********2 50 d ays******************

Tkkkkhkkkkhkkkkkkhkkhkkhkkhkkhkkhkkkhkkkkkkkkkkkkkx

power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
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power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end

Tkkhkkhkkhkkhkkkkkkkkhkkhkkhkkhkkhkkkhkkkkkkkkkkhkkkx
'***********5 O O d ays******************

Tkkhkkhkkhkkhkkkkkkkhkkhkkhkkhkkhkkkhkkkkkkkkkkhkkkx

power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end

Tkkhkkhkkhkkhkkkkkkkhkkhkkhkkhkkhkkhkkkkkkhkkkkhkkkx
'***********62 5 d ays******************

Tkkhkkhkkhkkkkkkkkkhkkhkkhkkhkkhkkhkkkkkkkkkkkkkx

power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end

Tkkhkkhkkkkkkkkkkkhkkhkkhkkhkkhkkhkkkkkkkkkkhkkkx
'***********7 50 d ays******************

Tkkhkkhkkhkkkkkkkkkhkkhkkhkkhkkhkkhkkkkkkkkkkhkkkx

power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
power=25.834 burn=25 nlib=5 end
end hist

read kenovi

" infinite pin cell lattice

Tkkkkkkkkhkkkhkkkhkkkhkkkhkkkkkkhkkhkkkhkkkkkkkkkkkkkk

* materials

* 101 = uo2, uniform axial region
* 2 = Zircaloy

* 3 = Water
Tkkkkkkkkkhkkkkkkkkkhkkkkkkkkkkkkkkkkkkkk
read param gen=500 end parm
read geometry

unit 1

com="upper_part'
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cylinder 1 10 200 O

cylinder 2 10.5 200 O

cylinder 3 80.5 200 0O

cylinder 4 81 200 O

cylinder5 89 300 0O

cylinder 6 92 300 O

cylinder 7 99 300 0O

cylinder 8 114 300 O

cuboid9 114 -114 114 -114 300 O
hole 5 origin x=0 y=0 z=200
hole 6 origin x=0 y=45 z=200
hole 7 origin x=0 y=-45 z=200
hole 8 origin x=45 y=0 z=200
hole 9 origin x=-45 y=0 z=200
hole 10 origin x=0 y=0 z=200
media311

media21-12

media 101 1 3 -2

media814 -3

media615-4

media4 16 -5

media717 -6

media9 18 -7

media019-8

boundary 9

unit 2

com="lower_part'

cylinder1 10 100 O

cylinder 2 10.5 100 O

cylinder 3 20 100 O

cylinder 4 21 100 O

cylinder5 25 100 O

cuboid 6 114 -114 114 -114 100 O
media311

media212-1

media 101 1 3 -2

media514 -3

media415-4

media0 16 -5

boundary 6

unit 3

com="middle_part'

cylinder1 10 35 0

cylinder2 10.5 35 0

cone3 80.5 35 20 0

cone 4 92 35 65 20
cylinder5 99 35 20

cylinder 6 114 35 0O

cuboid 7 114 -114 114 -114 35 0
media3 11
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media212-1

media 101 1 3 -2
media4 14 -3
media615-4

media4 16 -5-3
media017-6
boundary 7

global unit 4

com='array'

cuboid1 114 -114 114 -114 435 0
array11 place111000
boundary 1

unit 5

com="top-steel’
cylinderl1 81 5 0
media411

boundary 1

unit 6

com="1. control rod core '
cylinder1 1 0 -100
media 10111
boundary 1

unit 7

com="2. control rod core'
cylinder1 1 0 -100
media 10111
boundary 1

unit 8

com="3. control rod core'
cylinder1 1 0 -100
media 10111
boundary 1

unit 9

com='4. control rod core'
cylinder1 1 0 -100
media 10111
boundary 1

unit 10

com="control rod inside'
cylinder1 1 0 -100
media311

boundary 1

end geometry

read array

ara=1 nux=1 nuy=1 nuz=3 typ=square
com="

fil231

end fill

end array

end data
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end keno
end
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Appendix D — GNU Free Documentation License

GNU Free Documentation License
Version 1.2, November 2002

Copyright (C) 2000,2001,2002 Free Software Fotiodalnc.

51 Franklin St, Fifth Floor, Boston, MA 0231801 USA
Everyone is permitted to copy and distribute varb&opies
of this license document, but changing it is riiveed.

0. PREAMBLE

The purpose of this License is to make a manushdek, or other
functional and useful document "free" in the sevisieeedom: to
assure everyone the effective freedom to copy eddtribute it,

with or without modifying it, either commercially aoncommercially.
Secondarily, this License preserves for the audindrpublisher a way
to get credit for their work, while not being catsied responsible
for modifications made by others.

This License is a kind of "copyleft”, which meahsattderivative
works of the document must themselves be freearséime sense. It
complements the GNU General Public License, wtsdh copyleft
license designed for free software.

We have designed this License in order to use if@anuals for free
software, because free software needs free docatmmnta free

program should come with manuals providing the sheexloms that the

software does. But this License is not limitegddtware manuals;

it can be used for any textual work, regardlessubiject matter or
whether it is published as a printed book. We maoend this License
principally for works whose purpose is instructmmreference.

1. APPLICABILITY AND DEFINITIONS

This License applies to any manual or other warlgny medium, that
contains a notice placed by the copyright holdgimggit can be
distributed under the terms of this License. Saciotice grants a
world-wide, royalty-free license, unlimited in dtiom, to use that
work under the conditions stated herein. The "Doent"”, below,
refers to any such manual or work. Any membehefgublic is a
licensee, and is addressed as "you". You accepicénse if you
copy, modify or distribute the work in a way redpgy permission
under copyright law.
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A "Modified Version" of the Document means any wedataining the
Document or a portion of it, either copied verbatanwith
modifications and/or translated into another lamggua

A "Secondary Section" is a named appendix or a{noatter section of
the Document that deals exclusively with the relahip of the
publishers or authors of the Document to the Doculseverall subject
(or to related matters) and contains nothing tbatc:fall directly

within that overall subject. (Thus, if the Docurhénin part a

textbook of mathematics, a Secondary Section magxmain any
mathematics.) The relationship could be a maftérstorical
connection with the subject or with related mattersof legal,
commercial, philosophical, ethical or political gas regarding

them.

The "Invariant Sections” are certain SecondaryiSestwhose titles
are designated, as being those of Invariant Segtiarthe notice

that says that the Document is released undeL.itesse. If a

section does not fit the above definition of Se@gydhen it is not
allowed to be designated as Invariant. The Docummeaty contain zero
Invariant Sections. If the Document does not ideminy Invariant
Sections then there are none.

The "Cover Texts" are certain short passages othex are listed,

as Front-Cover Texts or Back-Cover Texts, in thicedhat says that
the Document is released under this License. AtFGmver Text may
be at most 5 words, and a Back-Cover Text may bb@oat 25 words.

A "Transparent" copy of the Document means a macheadable copy,
represented in a format whose specification islalwks to the

general public, that is suitable for revising tloegiment
straightforwardly with generic text editors or (farages composed of
pixels) generic paint programs or (for drawingshsawidely available
drawing editor, and that is suitable for inputegttformatters or

for automatic translation to a variety of formatgable for input

to text formatters. A copy made in an otherwisanBparent file

format whose markup, or absence of markup, has émeanged to thwart
or discourage subsequent modification by reademnstiIransparent.
An image format is not Transparent if used for anlgstantial amount
of text. A copy that is not "Transparent” is cdll®paque”.

Examples of suitable formats for Transparent copielside plain

ASCII without markup, Texinfo input format, LaTeXput format, SGML
or XML using a publicly available DTD, and standa&ahforming simple
HTML, PostScript or PDF designed for human modtfma Examples of
transparent image formats include PNG, XCF and JB@aque formats
include proprietary formats that can be read anigeanly by

proprietary word processors, SGML or XML for whiitte DTD and/or
processing tools are not generally available, aed t
machine-generated HTML, PostScript or PDF produmesome word
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processors for output purposes only.

The "Title Page" means, for a printed book, tHe piage itself,

plus such following pages as are needed to halthlie the material
this License requires to appear in the title pager works in
formats which do not have any title page as sutitle"Page" means
the text near the most prominent appearance of/thk's title,
preceding the beginning of the body of the text.

A section "Entitled XYZ" means a named subunitref Document whose
title either is precisely XYZ or contains XYZ in igatheses following
text that translates XYZ in another language. é4¢YZ stands for a
specific section name mentioned below, such asridakedgements”,
"Dedications”, "Endorsements”, or "History".) Teréserve the Title"

of such a section when you modify the Document re¢hat it remains a
section "Entitled XYZ" according to this definition

The Document may include Warranty Disclaimers nexhe notice which
states that this License applies to the Docum&hese Warranty
Disclaimers are considered to be included by refaen this

License, but only as regards disclaiming warrantey other

implication that these Warranty Disclaimers mayenewoid and has

no effect on the meaning of this License.

2. VERBATIM COPYING

You may copy and distribute the Document in any iomag either
commercially or noncommercially, provided that thisense, the
copyright notices, and the license notice sayitglticense applies

to the Document are reproduced in all copies, hatytou add no other
conditions whatsoever to those of this Licenseu W@y not use
technical measures to obstruct or control the repdr further

copying of the copies you make or distribute. Hegveyou may accept
compensation in exchange for copies. If you tste a large enough
number of copies you must also follow the condgiomsection 3.

You may also lend copies, under the same condistated above, and
you may publicly display copies.

3. COPYING IN QUANTITY

If you publish printed copies (or copies in mediattcommonly have
printed covers) of the Document, numbering mora th20, and the
Document's license notice requires Cover Texts,mast enclose the
copies in covers that carry, clearly and legibliytteese Cover

Texts: Front-Cover Texts on the front cover, andiB@over Texts on
the back cover. Both covers must also clearlylagibly identify

you as the publisher of these copies. The fromécmust present
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the full title with all words of the title equalfyrominent and

visible. You may add other material on the coveraddition.
Copying with changes limited to the covers, as lagghey preserve
the title of the Document and satisfy these coodsj can be treated
as verbatim copying in other respects.

If the required texts for either cover are too voinous to fit
legibly, you should put the first ones listed (aany as fit
reasonably) on the actual cover, and continuedbieanto adjacent
pages.

If you publish or distribute Opaque copies of thecDment numbering
more than 100, you must either include a machiadable Transparent
copy along with each Opaque copy, or state in ¢n @ach Opaque copy
a computer-network location from which the genertivork-using
public has access to download using public-standerdork protocols
a complete Transparent copy of the Document, ffeelded material.

If you use the latter option, you must take reabbnprudent steps,
when you begin distribution of Opaque copies inrgiiyg to ensure

that this Transparent copy will remain thus acddsst the stated
location until at least one year after the lasetyou distribute an
Opaque copy (directly or through your agents ailats) of that

edition to the public.

It is requested, but not required, that you contaetauthors of the
Document well before redistributing any large numtfecopies, to give
them a chance to provide you with an updated versidghe Document.

4. MODIFICATIONS

You may copy and distribute a Modified Version loé tDocument under
the conditions of sections 2 and 3 above, provitiatlyou release

the Modified Version under precisely this Licensgh the Modified
Version filling the role of the Document, thus Inseng distribution

and modification of the Modified Version to whoeymrssesses a copy
of it. In addition, you must do these things ia Modified Version:

A. Use in the Title Page (and on the covers, if)anijtle distinct
from that of the Document, and from those ofvjmes versions
(which should, if there were any, be listedha History section
of the Document). You may use the same titla psevious version
if the original publisher of that version givaesrmission.

B. List on the Title Page, as authors, one or npersons or entities
responsible for authorship of the modificatiamshe Modified
Version, together with at least five of the pipal authors of the
Document (all of its principal authors, if ith&ewer than five),
unless they release you from this requirement.

C. State on the Title page the name of the publishthe
Modified Version, as the publisher.
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D. Preserve all the copyright notices of the Docoime

E. Add an appropriate copyright notice for your nfigdtions
adjacent to the other copyright notices.

F. Include, immediately after the copyright noticedicense notice
giving the public permission to use the Modifiéersion under the
terms of this License, in the form shown in Adgendum below.

G. Preserve in that license notice the full lidtthwariant Sections
and required Cover Texts given in the DocumdicEnse notice.

H. Include an unaltered copy of this License.

I. Preserve the section Entitled "History", Presdits Title, and add
to it an item stating at least the title, yewaw authors, and
publisher of the Modified Version as given oe fitle Page. If
there is no section Entitled "History" in theddonent, create one
stating the title, year, authors, and publisifehe Document as
given on its Title Page, then add an item dbsugithe Modified
Version as stated in the previous sentence.

J. Preserve the network location, if any, givethim Document for
public access to a Transparent copy of the Decuiyand likewise
the network locations given in the Documentdevious versions
it was based on. These may be placed in th&tdHi" section.
You may omit a network location for a work theds published at
least four years before the Document itselff thre original
publisher of the version it refers to gives pission.

K. For any section Entitled "Acknowledgements" Detications”,
Preserve the Title of the section, and presirtiee section all
the substance and tone of each of the contrilmaknowledgements
and/or dedications given therein.

L. Preserve all the Invariant Sections of the Doentn
unaltered in their text and in their titles.c@n numbers
or the equivalent are not considered part oktwation titles.

M. Delete any section Entitled "Endorsements”. Iisaisection
may not be included in the Modified Version.

N. Do not retitle any existing section to be Eertit'Endorsements”
or to conflict in title with any Invariant Seoti.

O. Preserve any Warranty Disclaimers.

If the Modified Version includes new front-mattecsions or
appendices that qualify as Secondary Sections am@io no material
copied from the Document, you may at your optiosigiegate some or all
of these sections as invariant. To do this, add tiles to the

list of Invariant Sections in the Modified Versisticense notice.

These titles must be distinct from any other sectiibes.

You may add a section Entitled "Endorsements”, idiexV/ it contains
nothing but endorsements of your Modified Versigrvarious
parties--for example, statements of peer reviethat the text has
been approved by an organization as the autheetdtfinition of a
standard.

You may add a passage of up to five words as atf@ower Text, and a
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passage of up to 25 words as a Back-Cover Tegtetend of the list

of Cover Texts in the Modified Version. Only ongsgage of
Front-Cover Text and one of Back-Cover Text maytiéed by (or
through arrangements made by) any one entityheliocument already
includes a cover text for the same cover, previoadtied by you or

by arrangement made by the same entity you anegacti behalf of,

you may not add another; but you may replace th@oé, on explicit
permission from the previous publisher that addkedaid one.

The author(s) and publisher(s) of the Documentatdog this License
give permission to use their names for publicitydoto assert or
imply endorsement of any Modified Version.

5. COMBINING DOCUMENTS

You may combine the Document with other documesitsased under this
License, under the terms defined in section 4 ali@venodified

versions, provided that you include in the comboratll of the

Invariant Sections of all of the original documentsmodified, and

list them all as Invariant Sections of your combineork in its

license notice, and that you preserve all theirfafay Disclaimers.

The combined work need only contain one copy & License, and
multiple identical Invariant Sections may be repldavith a single
copy. If there are multiple Invariant Sectionshwihe same name but
different contents, make the title of each suchiceanique by
adding at the end of it, in parentheses, the ndrtteecoriginal

author or publisher of that section if known, @esh unique number.
Make the same adjustment to the section titlekerist of

Invariant Sections in the license notice of the borad work.

In the combination, you must combine any sectiomstled "History"

in the various original documents, forming one isecEntitled
"History"; likewise combine any sections Entitleicknowledgements”,
and any sections Entitled "Dedications”. You nuedete all sections
Entitled "Endorsements”.

6. COLLECTIONS OF DOCUMENTS

You may make a collection consisting of the Docuna other documents
released under this License, and replace the shaiicopies of this

License in the various documents with a single dbay is included in

the collection, provided that you follow the rulgfsthis License for

verbatim copying of each of the documents in dieotrespects.

You may extract a single document from such a ctbdla, and distribute
it individually under this License, provided yoisart a copy of this
License into the extracted document, and follow thcense in all
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other respects regarding verbatim copying of tlaudhent.

7. AGGREGATION WITH INDEPENDENT WORKS

A compilation of the Document or its derivativesiwother separate
and independent documents or works, in or on awelaf a storage or
distribution medium, is called an "aggregate" & ttopyright

resulting from the compilation is not used to linhié legal rights

of the compilation's users beyond what the indiglduorks permit.
When the Document is included in an aggregate Lilbense does not
apply to the other works in the aggregate whichnatehemselves
derivative works of the Document.

If the Cover Text requirement of section 3 is aggdbile to these
copies of the Document, then if the Document is tean one half of
the entire aggregate, the Document's Cover Texysh@aglaced on
covers that bracket the Document within the agdeega the
electronic equivalent of covers if the Documenhiglectronic form.
Otherwise they must appear on printed covers traaikiet the whole
aggregate.

8. TRANSLATION

Translation is considered a kind of modificatiom,y®u may
distribute translations of the Document under #rens of section 4.
Replacing Invariant Sections with translations reggispecial
permission from their copyright holders, but youymaclude
translations of some or all Invariant Sectionsddition to the
original versions of these Invariant Sections. Yioay include a
translation of this License, and all the licensgass in the

Document, and any Warranty Disclaimers, provided ylou also include

the original English version of this License and driginal versions
of those notices and disclaimers. In case of agdeement between
the translation and the original version of thisdrnse or a notice

or disclaimer, the original version will prevail.

If a section in the Document is Entitled "Acknowdetnents”,
"Dedications”, or "History", the requirement (secti4) to Preserve
its Title (section 1) will typically require changg the actual

title.

9. TERMINATION

You may not copy, modify, sublicense, or distribtite Document except

as expressly provided for under this License. Ather attempt to
copy, modify, sublicense or distribute the Documismoid, and will
automatically terminate your rights under this lnse. However,
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parties who have received copies, or rights, fram ynder this
License will not have their licenses terminatediasy as such
parties remain in full compliance.

10. FUTURE REVISIONS OF THIS LICENSE

The Free Software Foundation may publish new, eeMgersions

of the GNU Free Documentation License from timérwe. Such new
versions will be similar in spirit to the presemirsion, but may

differ in detail to address new problems or conser8ee
http://www.gnu.org/copyleft/.

Each version of the License is given a distinguighiersion number.

If the Document specifies that a particular numbesersion of this
License "or any later version" applies to it, yavé the option of
following the terms and conditions either of thp¢aified version or

of any later version that has been published (a@t draft) by the

Free Software Foundation. If the Document doespetify a version
number of this License, you may choose any versi@n published (not
as a draft) by the Free Software Foundation.



