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Bu ¢aligmada GELS kodu, alt programlari ile birlikte detaylx
olarak incelenmistir. Bu kodu kullanarak yamma (burn up)li veya
yanma olmaksizin basingli su sofutmali bir reakttrde (PWR) yakit
hiicre hesabi ve kontrol gubugu bdlgesi hilere hesaplari yapilarak
boyle bir reaktoriin gegitli hiicrelerinde Toryumdan Uranyum-23%3
iretim olanaklari arastirilmistir. Bu amac¢la Uranyum bilegeni fark-
11 zenginlikte degisik UO2 - Th02 karigimlarini: ihtiva eden yakit
hiicrelerinin reaktivite degerleri ve , ayni zamanda bu hilic-
relerdekl Ozellikle Xenon~135 ve U-233 olmak tizere izotoplarin
konsantrasyonlarl hem baslangi¢ degerleri hem de yanmanin bir

fonksiyonu olarak ayrintilari ile incelenpyigtir.



ABSTRACT

In the present work the computer code GELS has been examined
in detail together with its subroutines. Using the GELS code fuel
cell calculation, super cell calculation with and without burn-up

were performed in a PWR.

'he possibility of U-23% production from Thorium in a PWR
is investigated. l'or this purpose fuel cells consisting of varying
mixtureg of UO2 - Th02 with the Uranium compOnent enriched to
different levels are examined for their ks, values. Also, for
these cells, both initially and as a functien of burnup isotopic
compasitions,e¢sdpecially Xenon-1%5 and U-233 goncentrations,are

traced depending on exposure time.
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CHAPTER I

INTRODUCTION

The malin object of this work is to investigate the possibility
of 1h conversion in a PWR of the type considered for the AKKUYU

plant whose specifications are given in reference (1).

In the denatured Thorium fuel cycle, fuel is comprised of =a
mixture of Thorium and moderately enriched Uranium. During irradiation,
Plutonium and U-233 will be produced from the fertile U-2%3 and

Th-2%2 isotopes present in the fuel;

238 1 , 239 23.54h min 239 2.32% days 239
92[} $ ON — 92U _.._B._:.....__ 93Np m?m.? 91, Py

. 258 1 e 33 2%.5 min. 233 87.4 days _ 2%3%
Qoih FON ey 90Ph ’lea - 92 g

p- P-

U-25% is used in subsequent cycles to supplement the need
for U-235 enrichment, thus reducing the enrichment cost. Presently
the Plutonium produced from the fertile U-23%8 is not used in later
cycles but stored for later use in fast breeder reactors. ''he reactors
which use the mixture of Thorium and Uranium as fuel would be converters,
Cproducing energy and significant amounts of fissile isotope U-23>

at the same time,.



Thorium fuel cycle provides an alternate path toward.a solution
of the present energy requircments. ''he most significant advantage
of h - UEBB cycle over the U258— Pu259 cycle in thermal reactors
is the potential of a higher convemsion ratio (CR). In a converter or
bréder reactor Cﬁ units of fuel is producéd for each unit of fuel
consumed. ‘he higher conversion ratio leads directly to a lower

depletion charge in the fuel cycle cost.

So far, thorium has not been used extensively in nuclear reactors
but Lh conversion may be feasible as a secondary aim in nuclear power

production.

Advantages of the ''horium - Uranium-23%3 cycle are,

1- U~23%% has the excellent{ neutronic characteristics and deposits
of Th in nature are known to be abeut two to three times as abundant

as those of U.
2« It can be used for breeding fuel in thermal reactors

3~ The melting point of Thorium (1842 %Y is higher than uranium
(1130 °¢). UOP - Th02 rods in reactors can therefore be operated at
temperatures of 1130 % or greater, whereas Uranium rods are limited

]

to 660 °C.

L~ Uranium-235 is much less to_xic than Plutonium.

5~ 'he denatured ghorium fuel cycle has been suggested as an
alternative which would allow the use ofbred fissile material while
mitigating the potential for nuclear weapons proliferation present
with rlutonium utilization. No nuclear fuel cycle can be made complcectely
free of proliferation risk. the objective of proliferation resistant
fuel cycles is to increase the diffuculty, cost, detectability and the
time required to obtainla nuc lear weapom so that nuclear power becoues

an unakractive path to nuclear weapons.



In the denatured Thorium fuel cycle, the uUranium component of the fuel
mixture would be enriched to £20 W/0 U-235. ihe 20 W/0 U-235
enrichment level is sufficiently low as to effectively preclude the
construction of a nuclear weapon. vhe enrichment limitation of J=-2%3%
enriched Uranium is 12 W/0; the 12 W/0 U-233 limit results in
a similar unsuitability for weapons use as does 20 W/O U—235.2

6~ The most advantageous mode of utilization of the Thorium fuel

35

cycle is to recycle the generated U2 .

But the Th fuel cycle has a longer doubling time, which is one

of the drawbacks of this cycle.

there are similarities and differences in the two fuel cyclesg

7,
a major differenee being the intermediate formation of Pan} which

is a strong neutron absorber, and decays slowly. Since the decay of

pa253 35

yields fissile U2 , reactivity control during shutdown is'
.complicatéd. In tne thermal-neutron spectrum, U233 has a much lower
alpha ((Z/C%) and therefore a higher eta [€V?L+«ﬂ than IH?Bg.

This difference in eta, however, is not as large as the difference in
alpha might suggest, because Pua39 has a large MV or a largsr number
of neutrolls produced per fission. Im the thermal and epithermal energy
regions, Ua33 has the potential for a higher conversion ratio than
obtainable through the U-~Pu fuel mixture when averaged over a burnup

period. Therefore reactivity lifetimem can be larger and a greater

return of fissile material at the end of the fuel cycle may be possible.

InThorium systems the radiocactivity of the daughter products of
U232 in recovered Thorium and in U235 after the removal of fission
products is a challenging problem. In less than a week after high-level
decontamination, the gamma activity becomes sufficiently great so that

fabrication by direct methods can be permitted only on a scheduled-

radiation dosage basis.



232
The magnitude of this problem is directly related to the U“B“

concentration buil&up that occurs throughout the exposure lifetime
of the fuel. This, in turn, is a function of the integrated fuel
exposure, including the neutron energy level incident upon the fuel

D
U722 the Ot

materials since the principal reaction that producés R
(n,2n) Th251 reactidn, does not Occug with neutrons with an energy

below 6 pjev. 'l'he recovered fuel can be dealt with in several WAYS .
The T horium product can be stored for a long time to allow for the decay
of Thgag (1.91 vear half-l1ife) or Uranium could be chemically purified

just before the fabrication step.

this work constitutes the first part of a study investigating the
possibility of U-233 production from Th232 as one of the aims in a dual
purpose commercial PWR. It is assuméd that the fuel in some regions
of the core 1s a mixture of Uranium and Thorium dioxide. Initially
the § ranium component of the fuel mixture would be enriched to £20 W/0O
6255' he enrichment limitation of U-233 enriched pranium is 12 W/0.
he ratio of moderately enriched Uranium to Thorium in d&fferent fuel
regions can be varied according to the nuclear and engineering

gspecifications and adjusted to achieve the desired fuel burnup.

For this purpose, the integral transvort code, GELS is used to
prepare the inputs for different cells for the reactor analysis as
a whole.GBLS,is a one-dimensional, multigroup, integral transport
theory code which produces few-group libraries for use in diffusiom
theory codes for pressurized light water reactor analysis. 'The whole
range of possible temperatures is covered and the treatment of strong

lumped absorbers as control or burnable poison pinsg is included.



Further, provision for burn-up is provided. ''he code has good accuracy
and a fairly h;gh computational speed. ''he code 1s furnished with a
cross-section library of 15 fast and 30 thermal groups, suitable for
general PWR applications, those cross;sections being dependent

directly upon fuel or moderator temperature are obtained for the actual
case by sguare Lagrange interpolation from data resources prepared for
several temparatures. Using the computer code GELS ; normal fuel cell
calculation, control supercell calculation, burn-up fuel and supercell

calculations can be made,

‘the PWR spectral code GELS consists of a MAIN program and several
subroutines, First two subroutines reads only data from cards or tape.

In six subroutines, transport calculation are performed.

MAIN program and all of the subroutines will be examined in great

detail during the later chapters.

Analysis of the GELS codewill be presented in chapter II.
In chapter III, an application of this computer code will be
presented and using the GELS cell calculationswill be made

for different UO -THO2 fuel mixture in a PWR.,

2
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TABLE1: =« General Approximate Flow Diagram for GELS

( <TART | ﬁ

l Initialize values

# A
/" REWIND (ogical 1/0 Units,”
S ‘
/ READ Title and First Option Card,/ 1
Calculate Array Sizes g

}

CALL INPUTA
Read of fuel and moderator temperature and determination of
library correct for these values using library values on
logical 1/0 unit 17.

}

CALL INPUTH
Read of special data : aeometry, etc.

it 58

A R e s

i T s A e S
i e

JAN.EQ.1 TRUE - o

FALSE

CALL MALRO
Macroscopic cross section calculation

'

CALL CP
Collision probabibilty calculation

used

T

. CALL TRANS
Transport equation solution; double precision matrix inversion

W
CALL DEPRIN
Integral output: k_, masses of materials, neutron balance




A (3&) " TABLEL.- continued.
7 ‘

CALL SYNOPS

Broad group constants calculation and writing to files

CALL BURNUP
Burn-up calculation

N ‘ ]

{’f

CALL SYNOPS
Broad group constants calculation and writing to files

»TRUE

CALL ORDO
Burn-up dependence of cross section Tibraries

v )

&

el S




:%) ©)  TABLE 1- continued. (:;)
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c

B 7203 _;:>
IA « 1, IEND

> <

- CALL COBES

-W:east squares fit of burn-up dependence of self-shielding
lﬁsing double precision orthogonal polynomials technique.

G203)

TRUE

IEND.EQ.NLB

FALSE

ISTO.NE. 1

TRUE _AND.

NDOW.EQ. 1

<0 %>0
KSER

7 S

R R T i s B 5
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SIMPLIFIED FLOWCHART
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| INPUT Al
. |
7 | INPUT B
> MACRO
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AN
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< |
TRANS IMATINY |
< T 1
<
DEPRIN
|
|GRUPVE]
] ,
SYNOPS <
L ~ |GRUPVEB
] ‘ i SPLIT
!LMRNUP ULURN — VT
< ] > BBB
2 ORDO [SUSDEP |
. < |
— . |ORTHLD]
T COFES Fw*%-——usgu3ﬂﬁ>ﬁuoaquk::;f:rj‘ r
<
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CHAPTER II

ANALYSIS QF THe GELS CODE

IT- 1. MAIN PROGRAM

The integral transport code GELS prepares the microscopic broad
group cross sections and homogenized number densities for different
cells within a reactor for use in diffusion theory codes making
criticality searches. ror this purpose each cell is divided into a
number of regions. The densities of all isotopes, cell geometry and
microscopic cross section library are given as input to this code via
the subroutines INPUT A :nd INPUT B. Integral transport calculations
are performed by using the collision probability method. the discretizz

form of the multigraup integral transport equation is given by

N
3 .
7 Tj—¢;\9 = E P’..S;.V} Je 1,..0.0.N (number of regions)

oy
(2.1}

where the right hand side of this equatien gives the total number of
natrons born in region j and that make their first collisions in region i
The left hand side gives the total interaction rate in region j. 'the
total macroscopic cross sections appearing in this equation faor all
energy groups and regions are computed by the subroutime MACRO
while the collision probabilities ij_’,. are calculated by the
subroutine CP, The source term is calculated by making use of an initial
flux guess. 'then, the guantities obtained are inserted into the above

equation which is then converted into matrix form. rinally the equation

is solwed for the fluxes by matrix inversion in subroutine TRANS.
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As a result, the fluxes tor each energy group and region are obtained.
These fluxes are then normalized to specified power level in subroutine
DEPRIN., Using the normalized fluxes, self shielding factors are calcu-~
lated and all of the cross sections and number densities are homogenized
in the subroutine SYNOPS so as to preserve the actual reaction rates.
These homogenized number densities and normalized fluxes are then used
in burn-up equations to obtain the time dependent changes in the
concentrations of fuel isotopes and fission produects in subroutine

BURN UP. The MAIN program achieves this large task by making references

to the subroutines mentioned above in the order of this presentation.

The theorical details of this qualitative outline will be presented

in the analysis of related subroutines in the following chapters.
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II~ 2. TERMINOLOGY AND DEFINITIONS

ELEMENTARY CELL~-ENLARGED CELL-SUPER CELL

In PWR's the'non-cell water in the in.esrassembly gaps can be
added to the lattice dueto the following reasons; the gaps are small
in comparison with the thermal transport lenght of neutrons, these
dissappear almost completely under operating conditions due to thermal
expansion of the fuel assemblies. So, one can get a pure lattice at
the rcactor with a unique lattice constant (= enlarged pitch).

A cell of this enlarged pitch is called an elemantary cell.

Not every elementary cell has the same content. In order to
achive a straight forward one-dimensional treatment of the whole micro
structure, one can add one species of clementary cells to the cylindrized
elementary cell of another species forming out of it one or.more

additional cylindrical regions.

If the species added does not have a peculiar structure of the
nentronic flux density we call it an enlarged elementarv cell.An example
would be unrodded RCC-Cells added to fuel pin cells taking into account

the numerical relation of both species.

It the species of elementary cells have a space dependent
structure of neutronic flux density we call the whole a super-cell.
For cxample rodded RCC-Cell or burnable voison pin cell surreunded by

a pumber of fuel pin cells would constitute a supercell.
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ZONE-MODERATOR ZONEL-REGIONS

In the cylindrized (Super-) cell the term zone refers toevery
part which has a homogeneous material composition and which is bounded
by parts of other material compositions. Due to cylindrization, thesnapeof
every zone is either Cylindrical or a cylindrical annulus.Every zone
can be divided into a number of cylindrical annuli (of the same
thickness within each zone).The elements of a such a subdivision we call

regions.

A1l wones which contain the same moderator, ie. the same moderating
isotopes of the same atomic densities are gathered to a '"moderator
zone' . The non-moderating materials of zones belonging to the same
moderator zone may be different. Zones without a moderator are neglected

in the g6gouht of moderator zones.

In this version of GELS there is only one moderating isotope;
the isotopic mixture U - 1/2 0. The only distinction between different

moderator zones is the atomic density of this mixture.
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II- 3. FUEL CELL AND SUPERCELL MODEL USED IN GELS CODE

Following calculations are performed by usiong the integral

transport code, GELS :
Fuel cell calculation with and without burn-up,

Control supercell calculation ,

Buper cell calculatlion with burn-up

In the fuel cell calculation, it is assumed that the fuel is
divided into four zones:

1 st zone: fuel+s gas gap

Mo

nd wone: Cladding

% rd zone: Cell water & interelement water s spacers (inconel)

4 th zone: Cell waters interelement water 4 spacer s guide tubes

(stainless steel}

‘ 1 ruel pin
3

2 4ircalloy can
%3 HModerator

Fig IT—- 1. Fuel pin cell

roison “super" cell calculation:

lst zone: Ag-In-Cd absorber (usually divided into @{regiuns}

2nd zone: Stainless steel cladding 4 gas gap between rod and cladding

53rd zone: Water gap between cladding and guide tube,

Lth wmone: Stainless steel guide tubes.

S5th zone: Cell waters interelement water < spacer (inconel) present
(the radius of this zone is equal to the radius of the
4rd zone at the normal cell.)

6tn zone: Water < spacer+ cladding 4 fuel
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(+2+j’

1 moderator
2 wzircalloy can

fuel pin

£~ W

stainless steel guide tube and
control rod can

5 Ag - IN - Cd absorber

Figure (II-2): Super cell

Due to the one dimensional chéracter of the code, the fuel assambly

with wCC inserted has to be represented by a supercell.

In the case of supefceil the UELS code provides for two different
schemes of generating broa%—group constants whiph differ in the
homogenization procedure. In the first scheme, called bgrn-up supercell
the set is produced for the supercell as a whole. and in the second
case two sets are formed ; one for the cylindrized poison cell another
one for the fuel/moderator mixture namely control supercell calculabion.
The group cross section library represen®ing the fuel/moderator mixture
will be formed by a run of the code homogenizing the fuel cell before

the supercell caleulation which follows as a second run.

During the fuel cell burn-up caleculation the code produces a sel
of polynomial coefticients which correlate the self shielding or the
disadvantage factors in each energy group with the U-23% concentration.
l'hese coefficients are then used in subsequent calculations of burn-up

in poison cells namely in the burn-up supercell calculation.
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II- 4. SUBROUTINE INPUT A

Input A is referenced from MAIN to read the data from cards or tape

file so as to return to back to MAIN

In this subroutine microscopic cross sections are read from the
file NUX or NUY for fuel isotopes, fission products, lumped absorbers,
non burnable isotopes (structural materials) and moderator isotopes for

L5 energy groups respectively.

Fission products are presumed to have absorption cross sections
only. In control supercell case, the lumped absorber isotopes are not
burnable, so that the cross éections of lumped absorber isotopes are
hompgenized by the self shielding factors in the preceding case
(i.e fuel cell calculation with ISTO = 4 option) and writtem into the

NUY file.

Thus in the case of control supercell (ISTO=5). the microscopi
library belonging to lumped absorber isotopes are read together with

non burnable isotopes from file NUY.

Transfer cross-sections are presumed to exist only for moderator

isotopes.

Thorium=-23%2, Uranium-23%8 and Plutonium-240 isotopes have resonance
absorption cross scctlons. These cross sections are calculated by

extrapolation depending on the fuel temperature.

This subroutine calculates the in-scatter cposs sections fop

fuel isotopes, non burnable isotopes and lumbed absbrbers and the

scattering cross section for the moderator isotope.

It also determines the fission yield of each fission product from

N . . . .
the 6 fuel isotopes and prints the microscopic cross sections for fuel

and moderator isotopes respectively and returns to the MAIN program.
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This subroutine reads the following set of data from tape file
NUX for all isotopes and 45 energy groups

In the case of ISTO = 5 NUX = NUY

CL 1 (IL), CL 2 (IL): Isotope name

TOSIG (IR, IL) : The microscopic transport cross section for

isotope IL, for group Ib

ABSIG (IE, IL) : The microscopic absorption cross section for

isotope IL, and group IE

OUsIiG (1Ik, 2,IL) : The microscopic out-scatler cross scction for

isotope IL and group IE

FISTG (IE, IT) ¢ The microscopic nu fission cress section for

IL th fuel isotope in IE th enerpgy group

XNU (IE, IT) : The number of neutrons produced per fission

for ITLth fuel isotope for group IE

SIGFT (IR, 1) = FISIG (IE,L) / ¥NU (IE,L) : The microscopic fission
cross section for ILth fuel isotope for

group IE

CHE (I8) : Spectrum for group LK
YIE (X, L) : The fission yield of K th fission product

isotope from Lth fuel isotope

QUSIG (In , IT) : Microscopic in-scatter cross section for
isotope Il and group IF. This is found by
subtractig the absorption and outscatter cross
section from total cross section.

ousic (Ik, 1, IL)= 1USICG (IE, IL) - ABSIG (I, IL) - OUSIG (IE,IL)

ousIGw (Il,IJ, ILM) : The microscopic transfer cross section for

moderator igsotope from group Ik to group IJ



1

8

symbols used in this subroutine

of burnable isotopes

absorber specification

of energy groups, N26 = 45

of fast energy groups, N2% = 15

of fission products

of fuel isotopes« number of fission products

r

e

zZones
declaration,specified in MAILN

17

22

of nonburnable isotopes

Iist of

IPOIS : Number

NEURB Tumped

N26 : Number

N23 : Number

NLB : Number of nuclides
N1LM Humber of moderators
NLT : Number

N2 O : Number of regions
N7ZM : Number of moderato
ISTO : Number of case typ
NUX 'ile name : NUX
NOY #ile name : NUY
NFT Number

NOBB Tumber

Liv tnergy index IE
17 Enerrsy index 1J
L isotope index L
IR Region index IR

1,....0N26
1,“..N26

1, 6.0 NLB

g ®

1,....820

U6
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II- 5., SUBROUTINE INPUT R

This subroutine is called from the MAIN program to read a set
of data from cards and a set of polynomial coefficients from tape
file 2 for burn-up supercell calculations. Recall that these polynomial
coefficients are computed and written to file 2 during the fuel cell
caleculation (i.e IST0 = 1), and for burn-up supercell calculation

(L.e (870 = 2} these coefficients are read from file 2.

the macroscopic transfer cross section of moderator isotopes in

each wone is computed as follows

SIG (I®,IJ,I7) = Q = OUSIGM (Lik,IJ,LTM)

Where, N

Q= DFENM (ILM, 17} ; Density of moderator in IZ th =zone

The atomic density of Baron attachment to moderator in each

regionis calculated
DEN (NBOk, IR) = PPMS %-DEN (NWA,IR)

PPMS = 1.01845 . 1.631978.10—7x PPM is a convergénce factor

1The volume of each region and the total valume for the cell considersg

are computed as follows,

VoL (IR} = x (RDR - RDRM) (RDR+ RDRM)

VOL(IR)

N
VGE=Z

20
R-1

=

Figure (IT~3): - e 5
VOL({IR)= xj (RDRF=( Humﬁj

Where, RDR= RD(IR} : the radius of IR th region
RDRM= RD(IR-1) :the radius of (IR-1)th region
In the output, region, region radius, volume for region IR and

‘total volume values are printed.

Finally the data depending on burn-up supercell calculation is

written into the file WNUS (12) at the end of the routine.
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List of symbols used in this program:

IR : Region index

NBOR : Fuel isotopes+ Fission products+ 1

NWA = NLB Number of nuclides

DBN (L, Iw) : vensity of isotope L for region IR

DENM (IL, I%) : Density of 1L th moderator isotope tor zone lZ

S1GS (IE,IJ,1I%2): The macroscopic transfer cross section of
moderator isotope from group IE to group IJ fér
zone L4

(= DENM (IL, I%)

DEN (NIOR, IR): Density of Boron isotope for region IR

17 : Moderator region index

NLFM= NLR - NILM : Number of nuclides except moderator isctopes
VOL (IR) : The volume of IR th region

"VCE : Total volume of the cell

CO (K, IE): Polynomial coefficients
K= 6 Number of cocefficients
ik : Number of enefgy groups

I : Isotope index
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IT- 6. SUBROUTINE MACRO

It is called from the MAIN program to calculate the macroscopic

cross sections a:  roturns to the MAIN,

At first, the program calculates the self shielding factors for
burn-up supercell calculation, as will be expldined in detail in the
subroutine GRUPVE. If the case under consideration is not of burn-up
supercell, the value of self shielding factors will be taken as unity.
Using the self shielding factors, the program calculates the macroscopic
cross gections such as g

The macroscopic absorption cross gsection of all isotopes for
group 1E and region IR,

NLB
S a(Ik, IR)=  N(L, IR) %N a(If,L) % SSP (2.2)
L=f

Where SS5P is the ss8lf shielding factor.

IFor fuel isotopes macroscopic VD Zf, macroscopic in scatter cross
sections and macroscopic out scatter cross sections are computed
respectively as

NFuEL

v 2 E(TE,TR) = 2 N(L,IR) x YNy (IE,L) x SSP
f=f

N FUEL —
7 An(IB,IR) = 2 N(L,IR)% N5, (IE,L) x SSP (2.3)
[
NfueC
Zcout(IE,IR): 7 N(L3IR) ® N . (TE,L) = 8SsP
t=1

Macroscopic in scatter and out scatter cross sections for lumped

absorber and non burnable isotopes are found as;

SLBag
ZZ:Sin (IE,IR) = ;E: N(L,IR) = v sin (IE,L) = SSP
(=ML

NLBrA e
> sout (IW,IR) = 2 N(L,TR) % N s out (TE,L) = SSP

LoMx



The total macroscopic cross section for group IE and region IRis

N26

TOTL (IE,IR) :Z Z  4(IE,1J,IR) 4 Za(IE, IR) (2.4)
13-4

STIGD (1J,IR) =Z sin (IE,IRHZ Zose (IM,I1J,IR) (2.5}

1€: 17

Then, a return is made tc the MAIN program,

Pigst of symbols used in this program:

MYz LE : FPuel « fission products

JIL

]
AN
e

Number of fisslon products
DIPCO (I,IR): Polynomial coefficient, 1I=1,.6, IF= 1 e, N2e(hs)
DT = DEN(ICON,IR) : Atomic density of 5th isotope for region IR
DENN(IE,IR) = Iﬂ?: The ratio of the average fuel to moderator
flux. It is found in Lurn-up fuel cell calculation
(ISTO = 1)
NTR : Number of nuclides
Q= DEN (T,IR) : The atomie density of Lthisotope for region IR
S5 Self shielding factor
MOGT = NFFEL + NLT 4 Number of fuel and fission products
MOGIP = NFULL 4 NLT4 Lumped absorber
FISIG (IE,IL) : Microscopic nux fission cross section of fuel isotope
for IE th micro groun.
YRIC (IE,IR) : Macroscopic nux fission cross sectlon of fuel
isotopes for IW thmicro group
sIGA (T13,IR) : Macroscopic obsorption cross gection for group I
and region IR
QUSIG(IW, 1, L): Microscopic in-scatter cross section of L th

isotope for IE th micro group.



253

ToUs (IT,1,TR)

Macroscopic in-scatter cross section for [B th

micro group and IR th region

OuUsSIG (IE,2,L) : Microscopic out-scatter crouss section of
isotope L for IEth micro group

10US (IN,2,IR) : Macroscopic out-scatter cross section for I th

micre group and IR th region

7%= IVC (1IR)

oo

Moderator region index

0 no maderator

i

IR = Region index 14 IR4 N20
ASG = SIGS (IR,IJd,IZ2) : The transfer cross section of moderator
isotope from IE th group to IJ th group.
TOTL (IE,IR) : Total macroscopic cross section for IRth group
and IRth region.
ALPHA : The fraction of the fuel volume to tLotal volume
of the cell

ALPHA

f

\Ji./ Vf+ Vm



II- 7. SUBROUTINE CP

1This subroutdne is called from the MAIN to ecalculate the first
collision probability matrices P?j’ the quantity P?j ig the
probability that a neutron born in region i1 will have its first

collision within the region j for energy group 8.

Diffusion theory (or other PN approximation: of low order) fails
whenever the angular dependence of the flux 1s complicated. Llnstead of
utilizing approximations of higher order in such situations, some
special methods based on the use of collision probabilitikes in pureiy

absorbing media are frequently useful.

Consider a common situation in which reactor fuel, lecalized in
the form of lumps, e.f. rods, is surrounded by moderator. It is then
sometimes useful to formulate the problem in terms of the probability
that a neutron which appears in & region makes its next collision
in that region. In a lattice structure, for example, fission neutrons
may bq born more-or-less uniformly in a fuel rod, then for the
computation of the fast multiplication, it is required to determine
the pﬁobability that these neutrons will undergo collisions in the rod
before escaping. the neutrons which escape will be slowed down in the
moderator and for resonance absorptiaen calculation, the probability

that the moderated neutrons will make their next collision in the fuel

may be determined.

Collision probabilities have also been incorperated into widely

used diffision theory calculations inveolving thermal neutrons.



In the typical one-speed collision probability calculation, the
space is considered to be divided into a finite number of reglong and
it is assumed that neutrons are produced uniformly and isotropically

in one of these regions. The problem is then to determine the probability

iy

nentrons make their next collision in the source region or one

5 ) L4 - . 0y - . ) a £
©reglons., lhe first collision probability matrices Pi.

. Jth region

§ 5 7 2 &

[ nor .
3 3 L \\? ith region

rigure (II-4}
C:: is the optical path in zone i
Z}: the optical path in zone j
the optical path between zone i and zone j

~: the optical path through the interior.

1 2 , T i
@2 - Z—:; I(fjig'.-r;_') Al” ]: L/ég (t)- K;; (’Zgi—T)" gis(tjf )+ Kis(@j+ZL*T)
° *KH<T*ZL+%?—KU(T+th+6)
- Ky (CiaT+ Civtr) , Kis (" +T+L T +9)}
Where |
Yo (2.0)
k-i,3 = ©3 COSZ-Q“C/—@a

37% order BICKLEY Function

__I/z

# ) I. Carlvik, " A Method for Calculating Collision Probabilities in
General Cylind®ical Geometry etec.'™ A/CONF. 28P/681

(1964}
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To(h) = Zg, (emid _ )
T - 5 .

k:i*\

J-i
"9"”4) :Z" /\Cf,k rkm 71’\
ke kmin Qmén_; < L‘

Collision probabilities Pij for each energy group are computed

through the use of the above equations.

IT~ 8., SUBROUTINE TRANS

This is called from the MAIN program to solve the multigroup

transport equation and returns to MAIN.

The set of equations used to describe the transport problem is . to
the well known multi-group integral form, the two basic assumptions
made are

- flat flux and source as computed by equation (2.8)

- isotropy of scattering as indicated in equation (2.9}

Reaction rates in the Jth region (j=1,....N) are then described by;

<& & .
K g _ ,
Y S z P, 5.V, = 1,...8 2.
ZTJ 52(3 5 < Piy 8 Wy j=1, (2.7)
Where [
& g2y a3 -
Ble = dnF0E (2.8)
G g , ,
8o = x¥ g s-;] 5
Ch g»__l[z.z“)z‘»”k + s | g

3/'3“ 99
- & )
25 =4 X _ZS (/D)J/Q (2.9)
-{
Eq.(2.7) is solved as usual by replacement of g€he one eigenvalue

by an auter iteration mede. This is done by splitting from the source
(2.8) the scattering mate belonginﬁ Broup f£.

,Qf V, = ZP SV, Z%Z[ (e S ﬂ’ﬁfj\/[

JB ’:L,QOOG.PI
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% N G ' ;
PARVE TS X ]Q; ]f* VI 2 7 0T 2 oV, +
izt gt '
7 s
Zha NI
il

The in_homogenous lincar systems are solved by matrix inversion

izt

(2,10}

rather than by imner iterations for the fluxes.

Approximation (2.9) however, is more serious and a consistant Pl

represatation could be worthwhile. Instead of this however, only

Lransport correctlion of the diagonal elements of the scattering

Lrix amd, o oh?QU“ﬂ §yg of the tal macroscopic group constant is made,

s,

,Zgb —&;{Z /“"'QL \/0)&/[0 .
o 8 (2,117

o, & + I
3 -9 7 < $7% - = <J 77
750 ~¢>Z 2_}5{ - QAJ(/ZS (//0)&//" ‘Z% /‘OZS Vm)‘i/ﬂo
= 9 % g ] B
<Zi.T s §;Q_1¢§LJ *nZZS{
Jhc?egz, iz the absorption and‘Z is the scattering cross section.

Further, preferable data for diffusion calculations are generated

in which the whole aniSOtropyhas to be represented hy the diffusion

¥

constant. Diffusion constant is calculated using Penoist's”™ formula

S8
3. 2 DAV
Z g,

(2.12)

which is monoenergetic but multiregional. Dy combination of (2.11)
and (2.12) the reality is approximated at least on the level of diffusion

theory.

¥ ) P, Benoist, " Theorie du Coefficient de Diffiision des Neutrons dans

un Reseau Comportant des Cavites". CEA R-2278, 1964
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This program solves multiproup transport equation by the following

procedure:
Assuming that the flux , RPII (IE,IR) = 1 , the total losses and

productions are calculated for the cell considered

N:2o N:26
}
XLOSS = E E 2. a(IE,IR) % VOL (IR) = 1
A IE:f
a2 N:2¢
XPROD = Z Z v > f(IE,IR). VOL(TR). 1 ,
IR :1 €54,
~26
SUMTRI (IR) = E :l)Z_f(I,TR)VOI.(IR)
ie-¢

Multiplicrlion factory ke 1is then,

REACT= XPROD / XI.08S

Using the value of koo,/xf/ koo 1s computed in order to find

the updated source term on the right hand side of equation.

If there is wmoderator in region IRS and no wmoderator in region IRS

respectively.

N2
SUMSIG (IRS) = V (IPS) 2 <@ghfnmxIES,£E,INS).ﬁf(IES,IRS).VOL(IRS)
Ies={
+ Z YV o,0ut(TRS,IRS) (118, TRS) LVOL{IRS 13
Ies =
nN:26
SUMSIG (TRS) = E Vs, 0ut(IRS,TRS) ¢ (TEs,1RS) . VOL(IRS)
Tes={
The left hand side and ripght hand side of equation can be
converted into matrix form
C (IRS,IR) 2i (IE,IR) - P(IRS,IL). SIGD(IE,IR) .VOL(IR)Y, TIR= IRS
¢ (IRSgIR) = « PIMRS. SIGD (I1,IR) VOL(IR) IR# IRS
NID
1 - P Ty
Bo(IRS) = [QDMSIU (TR) PIERS: X5/ SUMTRILJ .v}]
Iz
After this calculation the equation can be written as

o] @sr}z

e subroutine MATINV is called to solve the matrix equatian.
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Using these fluxes, the new losses and production rates are
calculated,

VLIR = VOL (IR)

RPUIX = (RPHI (IK,IR) ~FBE(IR). V(LIR) (MNew flux-old flux) VOL(IR)

TRIX = PRIC (IE,IR). RPHI [;LZE(IE,IR) }X(IE,IR}.VOL(IH&

26
SUMTRI (IR) = é TRIX [NZ%UZ:F(IE,IR) # (%, IR). VOL(LR)]

le:1 NZe I&:
XPROD = Ly JATE,IR) W (IR, IR). VOL(IR)
2.2 v ZfuIm IR g, ]
~N2O w2l .
X108 = a0 E Z.al(IE,IR) $(IE,IR) = VOL(IR)
IR:{ Te-{

Calculates the new reagtivity using these values

REACT = XPROD/X1.0SS

Putting these values into eq(2.10) the same progedure is repeated for
other groups. the multigroup transport equation (245} is solved for each
energy group, therefore the above procedure is repeated for all energy

groups in each outer iteration. Iterations are continued until the

. ) . . T 1 T -5 . . . . -
convergence criterion ke - Koo << 10 is satisfied in the MAILN
kT4 1 »

pProgram,

At the end of this subroutine, average diffusion coefficient is

calculated for each energy group DBg( 2.12)

N2
VILIR = 7 RPHI (IE,IR) .VOL(IR)
14
N2o
ADTP(LE,IR) = >  P(IR,IRS,IE) VIIR/TOTL (IF,L1x5)
N TRsiy N’.Lc;_:
SVLIR « > VIIR DIF (TE) = 7 ADIF
RS- | T

DIF (IB) s 06355%3535%555%% JWIF(IB}] / SVLIR

finally & return is made to the MAIN program.



Iist of symbol used in this subroutine:

JN ¢ lime step

VLIR= VOI(IR) : The volume of the region 1R

XPROD : Production rate for all energy groups and regions in
the cell
ALOSS : Total losses or absorption rate for all groups and

regions in the cell.
RPHI (IE,IR): Denotes the flux for group IE and fegion iR
YRIC (IK,IR}: Macroscopic nu= fission cross section for group LE
and region IR [LJZ}(IE,LRH
SIGA (IE,IR) : Macroscopic absorption cross section for group ib
and region IR
TRIX = v f(IE,1R) . VLIR

NZ2g

SUMIRT (IR}= J_ p3r(Ik,IR). VLIR

REACT : Deégtes the reactivity (ko)

IRS and IR: Region indicesd

IF and (FES: Energy indices

ASG = SIGS (IES,il,17) : The macroscopic transfer cross section of

modarator isotope from group [ES to group Ih
PIsrS= P (IR, IRS, IE) : Collision probability for group IE
C (IRS, IR) : Denotes the matrix on the left hand side of
multi-group transport equation (2.10)

B (IRS) : Denotes the matrix on the right hand side of eq@ «10)

SIGP (IE,IR) : (Macroscopic transfer cross-section of moderator
from group IE to IE ¢ macroscoplie in scatter cross

section of other isotopes for greoup IE} in region IR

ITERE : Iteratimn index

B LT 1 T : . .

CONEIG = Koo = Ko Convergence Criterion.
kTé 1

DIF (IE)} : Average diffuslomn coefficient for group IE.
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Ii- 9, SUBROUTINE MATINV

MATINV is called from the subroutine TRANS to solve the matrix
equation using the matrix inversion with accompanying solution of

linear equations.

Multigroup transport equation for each region was transformed to

the matrix form by the subroutine TRANS

That is  [C] ]%f =E% 52 1, 0000820

Recall that

¢ (i,§) = {;quvj- A g;g] ir i g 12 1, ....N20
jm 1, .....N20
¢ (4,3)= [ F%. Vi Zscs%giT if iF (2.14)
SRR 3 i < 879 5
B (j) = ZZ pLJvL[<é&DZ€)+ZSL )]¢L
b=l gy;fg

The transport equation is solved for each energy group over all
regions in the cell. So that the subroutine MATINV is referenced

from TRANS for each energy group.

The subroutine MATINV invertwes the matrix equation and finds
the fluxes for each region in the cell, then returns to the TRANS
to repeat the same procedure for the next energy group. This process

is continued until the encrgy group is exceed N26 (45).

Tist of symbol used in this vrogram:

ASP= C, the first term of the matrix equation
i

BSPe B, the right hand side of the matrix egualion
i i

NMAX = N20 number of regions

NSUB = NZ2O number of reglons



IT- 10. SUBROUTINE DEPRIN

DEPRIN is referenced from the MAIN to print the outputs and
calculate the weights of heavy metals, macrec group fluxes, fractional

absorptions and productions. Also, it normalizeg the fluxes to agiven

initial power level.

First items in the output to be printed are the Lime step;
reactivity and atomic densities correspondinﬁto%hepresent time step
for all isotopes. Then the weights of heavy metals {asrams){i.e fuel

and lumped absorber isotopesJ arc computed as follows ;

For fuel isotopes,

GM (1, IR) = N (I,IR}. VOL(IR). AWT(L)/0.60247  ;_4 15 IR= 1.N20

Nz2o
68 (L) = 2_N(L,IR). VOL(IR). AWT(L)/0.60247 (2.15)
TR

NFEUEL

FUEL = gzz GS(L) which is the total weight of fuecl isotopes
! in all regions.
Where, N{L,IR)th number density of isotopc L for IRth region
(in szilard), VOIL (IR) : Volume of the IRth region.
AWT (L) : The atomic weight of the isotope L

0.60247 : Avagadro number in szilards.

For lumped absorbers:

G¥M (L,IR) = N(T,IR). VOL(IR). AWT(L)/0.60°47 (2.16)
NZO
_ A o Lo 07, 0., 09
GES (L) = E,iN(L,IRi. VOL(IRY. AWT(L)/0.60207 ASRERES
IQ:{

A1l of the above guantities are printed in the output after these

calculations.
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Un the other hand, to normalize the fluxes and to calculate the

local form factor following calculations are made in the sequence shown,
First, DENOM is given by
N2& N20o wFusg

"y ‘ /*-
DENOM= > 7 N(LyIR). Y £(TE,L). B(IE, IR) .VOL{IR). 85P (2.17)
IRzl I6:{ Lof

Where the summations are over all energy groups, overall regions
and fuel isotopes and recall that SSP is equalto 1 exgept for the
burn-up supercell ealculations. For burn-up supercell calculationy

58P= DENN(IE,IR}/ (1< ALPHA,DENN(IE,LR) - 1)

Then the normalization factor is found by using the DENOM

FUNC = FIWATT. POWER, lO—ZQ/DENOM

Where FIWATT is given in MAIN as 1/¥®= 3.125. 10M°

POWER is the integral power per c¢m in watts, i.e power generation
per unit lenght of fuel elementu'it is most commonly used when the

fuel elements are cylindrical rods,units areinwatt/cm,

Recall that, normalization factors {. Power(Watt)

—

¥ Fission rate

‘Yhen all of the fluxes are normalized with this normalization
factor;
RPHY (IR, IR) = FUNC. RPHI (IE,IR)
IE= 1,...N26

IR= ].5 0o N2O

However to calculate the local form factor F(IR); the fission rate
of the fuel isotopes over all energy groups 1ln region LR and the

average fission rate for the cell are computed in the
NEVEL NZE

FUR) = 7 > N (LIR). Vg (TeL) . 0/ (I Ix) . Ssp
L-¢ 1€=t '

following way

WMEVEL pN2o M2E

ZZZ N (L.,lﬁ)“@? (1e,L). ﬂ(lép’[ﬁ)’ S5P . voL (TR)
AAA = Lz 18- 1€zt ]

vor (IR)
13-:' (2, lg )
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And then local form factor is given by

F (IR)= F(IR) (i.c,

fission rate 1M region IR/avarage fission
AAA

rate in the cell)

The program also caleulates the macro group fluxes, those mre

fast and thermal group fluxes.
15

rHI (I,IR)= IZE;RPHI(IEQIR) IR=1,,.,...N20 (2.19)
1e:1
Which is the total fast group flux for each region, and
| 4 4
PHI(2,1R) = Z RPHT (IE,IR) L= 1,...N20
&6

Which is the total thermal group flux for each region. 'he results
are printed in the output 1if the option NPRIN1= 0 holds. However,recall
that if NPRIN3 = 0,45 group fluxes are printed and if NPRIN3# O
2 group fluxes are printed. In the final section of the program,

fractional absorptions:-and productions are computed as follows;

NLe

ABFRAC (IR) = Q> 2 a(IE,IR) . & (e, IR)
Ig'; }5 L
w226

PREAC (12) - LZL(Te, 1R). 4 (1€ IR)
dmmnd.
IE -4 (2.20)

o

{ ..M 2
S A, . NZE

2

{2
T

Total absorptions and productions in the cell are calculated as
NZ2o mNZ6

ABSLOM = 7T oo (W18). g (16,18) . VoL (18)
iR={ 1€:l

m2n 82
PRSUNM = Zz LZL(TE,IL). & [ g IR), VoL (IR)

ie=t ZTe:! N ;
Total absorptions and productions for fast and thermal energy

groups in the cell are calculated &8¢

QBAL (IE) = N(L,IR). & = (I841) .voL(Ir). s5F
NZo 5 n2g g
ABAL - ZZ Va (1€,L). QRAL (TE) =§;Z§;(£€,L). N (LI). & (TE,TR) VoL (12), S5
IR\ TE: I8zt IEz(
Néc:i ~1(1 < (TE, L) QRAL (1
ABZ - L_SM_A Va Lis=/ . K BA £)
iR.t o=t
Mo 1D —
ol = ZZ > ¢ (re.l) w (L,1R). B (3B, IR). VoL (1g). sse
Tezt res|
N2o AN26 -

ST Y ) N (L (1€.] [
PRY - ZL ;)V{ B LN (L,TR), BOTE,TR) VoL (IR) . 5P

-y 1€~ o]



ABI= ABA fgg,

ARZ, - AB2

ABsuLA

PR - mf,\;mci

%Nb,uﬂﬁm\

PRS-

Then

er

QARL =/, Avd

r *

NAB2 - \ AB2

L=t
Where

\H
\Ut

H2lo 15

Nmﬂm:m.rv.z@na #(1e,1e) . VoL (Ir) . 5S¢

IR:| ey

Ao \(M

NRL [EL).N(LIRY. B (16,10) VoL (IR) . SS¢P

IR=1 §eed

N2z

MN Va (BN (LIR). #(Te 1R) VoL (IR). 5P
&=y TELm : '

N2o w26

MN Tmrvzmr pv,&mmmhﬁ,/\orﬁﬁ.wuw

1R:{ IE=|

N2o IS

27 V60 NLR). @ (T8, 10) . VoL (18). 557

&=

2&6 2

WHWL PY{ED N (L, 1R). & (18,1R). vou ( TR) 557
N2o w6 ‘
K.mMLMEWﬂTaS NQE 2& o (I¢, Hﬁ <or®3 5P
N2 g T T T M—
MW%ﬁQdLZAF TR & (18, 12) .voL (IR), 557 i
~lB
Qast = 7 AnT
M FuEL
QPR N PRA,  QPR2 NL PR2
'NegeL L=t
L=l

ABl' represents the fractional absorption ftor each isotope and all

energy groups

RR1 represents the tractional production for each isotope

groups

and all

QAB1 represents the fractional absorption for the fast group and

all isotopes.

QAP 2 represents

all isotopes.

QANT represents the fractional

GPRT represents

ww:gwe<, printing these results in the output,

the fractional absorption for the thermal group and

absorption for all isctope and groups
the fractional production for all isotope and groups

a Peturn is made

to the MAIN program.
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Ligt of symbols used in this progranm:

L : isotope index L= 1,...NLB

VGE : total volume for the cell

N2l = H2354 1 = 1541 = 16

NPRIN 1 ¢ Print index (outpﬁt control parameter)

specified in INPUT A

NLB : Number of isotopes

NFUEL : number of fael isotopes

JN ¢ number of time stepé

REACT ¢ reactivity for the cell considered

DEN (L,IR}: atomic density of the Lth isotope for region IR

MOGIKL {MOGIP: represents the lumped absorbers

IR : region index IR=1,...N20

IE : group index IE= 1,...0826 (45)
sSSP : self shielding factor

F (IR) . : local form factor for region IR

RPHI (IE,IP): flux .or group IE and region IR
PHI(1,IR} : fast group flux for region IR

PHI(2,IR) : thermal group flux for region IR

AWT (L) : atomic weight of isotope L

NPRIN 3 : print index

ARSUM : Total absorption rate over all regions and groups in
| the cell

PRSUM : total production rate over all repions and groups

in the cell.

AB 1 :total absorption rate over all regions and over all
fast groupsin the cell Fe 1600615
AR 2 : total absorvption rate over all regions and Ovey all

thermal energy groupsin the cell.
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PR 1 : total production rate over all fast energy groups

PR 2 : total production rate over all repions and thermal
energy groups.

AB1 = ABL/ABSUM : fractional absorption rate of isotgpe L

for fast energy groupsin the cell

A2

i

AT2/ABSUM : Fractional absorption of isotope L for thermal
energy groups in the cell
PR 1 = PR1/PRSUM : fractional production rate of isotope L for fast
energy groupsin the cell.
PR 2 = PR2/PRSUM : fractional production rate of isotope L for
thermal energy groupsin the cell
ABT= ABls AR2 : Fractional absorption for fast group < fractional
absorption for thermal group, for isotope L in

the cell.



If- 11. SUBROUTINE BURNUP

Burnup is referenced for each time step from the MAIN in order to
solve the system of burnup equations and to find the number densities

depending on the time step for all isctobes involved in the cell.

Burnup equations describe changes in the isotopie concentrations
with time at a point or a region in the reactor core. The point or
region is a unit of volume which is either homogen_ous in composition

or has been properly homogenized by volume and flux weighting.

Uuring the operation of a reactor, the fissile nuclides are consumed
by fission and about two hundred different isotopes exist in the core
afﬁer a sufficiently 1ong'period of time. Some nuclei are direct fission
products and ethers are formed through radiocactive decav. A number of
those fission products have high or moderately high cposs sections for
neutron capture, consequently they have a significant influence on the
neutron economy of the syskem. rurthermore, the conversion of fertile
nuclel into fissile nucled has of course, an important effect on
reactor life time and control, In addition, radiocactive capture of
neutrons by both fissile and fertile species leads to the formation
of such nuclei as Uranium-236, Plutonium=-240, Yrinium~-239, and so on.
These can also capture neutrons or syffer beta decay or both so that
many new heavy isotopes, i.e, isotopes of Thorium, Qrotactinium,Fjranium,
Neptunium, Plutonium, etc. are present in the fuel after a period of

reactor opcration,

Cross section libraries pertinent to the 1lsotopic chains involved

4

are needed for burnup calculations. For the scke of convenience the
avoidance of soveral nseudo fission products with different saturation
hehaviours was considéred to be desirable. Whil2 . the number of heavy
metals 1g fiwxed in some measure by the appliciations planned, the number

of figsion products has to be optimized, so that it is as small as

possible allowing at the same time for a good burnup calculation.
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Morever, the structure of the chains should be simple. kKig &S)
1 L i . g . Do
shows the heavy metal chains. The six important isotopes are equipped
with a non-saturating pscudo fission product representing the low

eross section absorbers,

‘T}zsz
NSFP . 232 £, - 233
lr 21 d
U-233 —> U234 —» V-235 —» U-236 > D-23¢F __
g X 4 654
MSFP NSTP. 225 Np-23%
U_23g%

7

NSEP_ 233 Np-23%

235&1 \

P”L -239 _‘bp"" 240 —b Pu- 24 —— ;:,Qu - 29

h AV

NSEP.239 NSFRo G TuY Aen. 243 —— —-b
\.u"\e(e
AT ,
TisEen $ : & - Decaj y o3 /’-\Lﬁ&ofpjﬁfov\

&-_ f/f\x‘oy)r?ln‘onr wstantaneous F» Dé’ca‘y

NSFP @ Non saturating fission product

Fipure (I1-5) : leavy metal chains

e assumptiondinvolved fn abbreviating the chains are the following:

1. the yields of precursors with hall lifes below the order of
magnibude of hours are cuwulated to lhat of the next longer living

successor. [n a way those precursors are presuncd to decay inslantly

~

to the longer living successor isotopes

¥
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2+ Low yield nuclides ( vield, « 1%) without strong fission
product parents are gmitted even if their ahbhsorption cross sections
are high.,

3. unstable nuclides of a sufficient lifetime are taken into
account, even 1if their absorption is small, with regaré to burn-up

effects caused by power cycling.

‘'his special choice of fission products facilitates the solution

of the system of burn-up equations-;

d N (t) g N?(tb (2.21)

d t

.N kt) - { N;(t) e e o o6 o an(t), anuﬁ l&t) ,eaaesachn(t)‘}

Where,

n : number of burnable nucled

nf : number of fissionable nuclé;
gl np : number of fission product

Ni ¢ density of nuclei

T ¢ transposition symbol

¢ : Pepletion matrix

¢ being of lower triangular form has been brought to a
more diagonal shape, by eldminating the nf. np block of clements
whieh couples the fission products with the fissionable nuclei. nlimina-
tion can be pertormed by assuming the fission products not to originate
continuously from the fissionable nuclel but from an extermal source
term of the lorm:

2 [ ] .
§o = ;i,;/ N; P

P-4

.

IN] _{L N () 47T

0 = =% 8

7 = ZW#,@/ (2.22)
34
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Where
1wk o . N .
Y : yield of fission product k from fissile isotopc i
G®™ 4Lh : number of energy groups
t-to : lenght of time step
Pi ! specific neutron production rate per isotope 1

This approximation is justified by the low share of fission
products in the total neutron absorption balance. Moreower the time step
lenght t-to, is limited by the basic assumption that the regional flux
in eq.(2.22) is constant., Bq (2.21) holds for every spatial region

seperately.

Approximation {2.22) turns the homogeneous system (2.21) into an
inhomogeneous ane but the new depletion matrix has only three generally

non-vanishing successive elements per row:

. . . C. .
i,i-2 i,i-1 "ii

@]
i

C

Under the above considerations depletion equations at a region

have the form:

G
| ¢ S g ¥
d Wi - i a0 ‘
N (g Ve BT e, (2 ol B ) N Ve P
-iic 8-_{ gt (2.23)
Where;
Ni : the nember density (mu@lei/cmBF of the isotope i
Ml it : decay consgtant for the isotope i and i-1
R : average, power-normalized flux for energy group g
VEK,,szﬁ : capture cross sections for enerpy group g and
isotopes (i=1) , (i-2)
o F ‘ )
va; : absorption erposs secliion for group g and isotope i

G= 45 s number of energy groups.
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Then the elements of the depletion
Cii= N+ oal

matrix C becomes:

C,;‘(_4 = S':,‘ (01»1 - PL—() + Q\L-i

o
!
I\/j I
<A
Y
s
-
~0
&
hd
~
L5
n
1}

coupling indicelors,actual value due
to chain structure

In the case of a pseudo fission product the complete row vanishes

Ci,i0" Bi,11 501 7 0

By equations (2.22) and (2.23) the solution of equation (7.”°1)

has bheen simplified, that index calculations become unnecessary and the
recurrence reblations for the coefficlents of the solving sum are quite
-

short.

The change of nuclide i under burnup is decribed b

| —Cy (4 —ks)
3
N, (&) = Z; 0y e + b,
J-ia
O:- - Ciiq Qg+ Colig Qi g
[y -
C o .
i~ g
b . Clizbig tcie by g 3.
: =
| Cu (2.25)
-y
O o= Nelde) - ¥ oy by
FEYS
\9\ :O / ¢

L tENL or iyefrap (A £ A

Where 14: index of the first element in the chain,

In the casc of pseudo fission products mwﬁlﬂdegenerntes into:

Nep (£) = Nep () + ¥ (t-to) 2.26)



The subroutine burnup normalizes the fluxes and caleculates
absorption, fission and capture rates for each isotope in a region.
Also decay rates are found for the most important nuclei. Then the
lower triangular depletion matrix is established and split into a
number of indevendent fuel and fission product chains. 'the coefficient
matrix occuring in equationgbig)is computed and using these wvalues

set of equations of the formth1§)arc solved. Conseaquently, the
number densities for fuel and fission products are obtained for the

present time step. Then a return is made to the MAIN program.
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IT- 12. SUBROUTINE SYNOPS

SYNOPS 1is called 3 times independently from the MAIN according
to the value of the option NSYN to verform the cell homogenization and
to calculate the microscopie and macrosceple broad group constantse.
The option NSYN has three possible values specified in MAIN i.c,
NSYN= -1,0,1 . If NSYN is equal to 1, SYNOVS is referenced from MAIN
to print the results of burn-up calculations Ffor each time step.
When NSYN is equal to O or -1, SYNOPS calculates the broad group
constants and writes them to file NUY and IFREB with the help of its
sub-programs GRUPVE and GRUPVB. Then the program calls subroutine GRUBVE
to perform the cell homogenization and calculatés the self shielding
factors. A variety of methods have been develoved to account for the
heterogenity in a reactor lattice cell. Such homogenization techniques
are used for calculating the physical parameters for a unit cell that
may be defined as a single fuel rod together with its associated cladding
gap and moderator. fuel, water and structural materials are assumed
to be homogenizmed over the volume of the unit cell, and the characteris-
tics of the cell are computed for the homogenewus mixture. An important
problem associated with homogenization is the difference in flux levels
in different materials within the cell.iy & typhcael wager-~reactor

lattice. ''he howmogenized area is shown in figure (II-6}.

<:> <:> <i> (i) “,kf howopgenized area

e

O 0BT O
OO 000

Figure (II-6)}

\
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When the cell is homogenized the effective cross sections are
defined in such a way that the reaction rates are prescrved when
integrated over a cell, Suppose, for example, that Vo(r) represents

b'e

the cross section for a given reaction ¥, tor neutrons of a giwen

energy at position r withiun the cell. [? @B () is the computed flux

in the cell calculation, then the effective cross section Y x , may be

defined as,

== /F VXC!‘) /@’CF‘.C/K/

Sy By dV (2.27)

{or digacvantag

factors can also be defined for any

kind of neuvtron reaction s the ratie between the

actual reaction rate
and that which would be [found for the same material exposed to the
volume averaged flux, thus, the shielding factor, 8 for a reaction

of type x can be represented by,

5, LV gdv
~/Cle!( ¢C/V, I;;;Q//

Veell cell

— (2.28)
In terms of SY,»therefore, V¥ may be written as

P

Tl
) Vce[[

By using the effective cross sections or shielding factors, all
reaction rates in the homogenized cell will be egual to those in the

actual heteregeneous gell.

Using the subroutine GRUBVE, SYNOP3 performes the homogenization
and calculates the wicrozscopic broad group constants for the cell
under consideration. After this pro.cdure is completed, »VYNOPS also
calls the subroutinelﬁRUPVB to calculate the macroscopic broad constants

and writes input to lmpkB file for use in the LREBUS code.
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1f the burnup ruel cell calculation is to be considered (i.e ISIO=1,
SYNOPS does not call the subroutine GRUPVE. i‘ecause in this case it

only prepares the coefficients of the pol¥nomial for use in the burn-up

super cell calculation (i.e, ISIU = 2).

Finally, the program writes the weights of heavy metals and the
reactivity to file NU(13%) after which a return is made to the MAIN
program. un the other hand, if SYNOPS is called from MAIN with the
option NSYN = 1, the program prints as the output; time step (IN),

time (days), weights of heavy metals (grams) and burn-up{MWD/TC.U).

List of symbols used in this program:

IN : Time step
NSYN : Control index NSYN= -1,0,1
NXXX ¢ Punch index for region dependent densities for restart

from a certain time step  (NXXX= 0,1)

IR ¢ Region index

NLB : Isotope index

DEN{L,IR) : The atomic density of the isotopes for region IR
NDOW : Group cadensation control number

INSTOP : Maximum time sten

REACT : Reactivity

L : Isotope index

X c INs 1

NRSTRT : Time step number of density punch.
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II- 13. SUBROUTINE GRUPVE

GRUPVE is called from the subroutine SYNOPS to perform the

homogenization for the cell under consideration.

In this program, two different calculations are made for the option

ISTC equal to and not equal to 1,.

If ISTO is equal to 1,(i.e, burn-up fuel cell calculation), the ratic
of the average fuel to moderator flux (?g) and homogenized densily for

the U-235 are computed as outlined below.

The ratio of the average fuel to moderator flux is given by,

o B2 Vs

A/

P4 (2,29)
/%w E }gng b;
"‘:N;fu-u'qﬂ/
Where;
k , is tne region index

; ; average fuel flux for group g
ZE,- avarage moderator flux for group g
V/ . moderator volume

V; ; fuel volunme

This factor is calculated as follows;
Mrst, the program calculates the total volume of the cell, total
fuel volume. total flux times volume for the fuel regimns and average

flux for the fuel regions.

NZo

VGE =y VoL (IR)

:/2:/

JGe ¢

voLum = p VoL (IR)

2=/

ANE 2 = [

7
Z

]

&C /
> ¢ (12,7€) . VOL (IR)
2-1
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16(_'/
(Ie,12) , wvoL ( IR
GAM (18) = ANE2/ - 72.fo e ) 28)
ZNOLumM 6oy
VoL (IR)
2= 1

Note that, the summations are over all fuel regions, for ISTO=1,
the value of IGCL was found as the number of regions in the fuel
zone by the subroutine INPUTB (IGCl= MP(1) )

Also, the program follows the same procedure for the moderator

regions;

N2o
VOLUM = Z VOL(IR)
IR - £6cy
~2o
ANE2 = Z & (IE,IR). VOL(IR)

7R -71Gcq NZ
o]

7 @UEIR) . VoL (1)

1w AR 1M - Zzecy
ANIP = ANE? /VOLUM = ‘éo

VoL (7R)

2R :rcez

Where 1GC2s IGCTL 4 1

Then the ratio of the average fuel to moderator flux is given by

Fee f Prelad

> gfze,m),vm_ua%; VoL (1) |
ARGI(IE)Y = GAM(IE)/ARE2 - 23/ Je=7 \

NZo

~20

; / <
P(IE IR ) VoL (IR )/ Z oL (IR
o ’ % )

I2-TGey JB-IaC 2
1o

In the final section of this routine, the homogenized density of

5th dsotope (U-235) over all fuel regions is computed,

16c o
o AN 1= N{5,1R).VOL(IR)
2-=f fecs
N (5.1}, VoL (7R)
DENTT= AN/ VGE= 7;1 (2.31)
7 voL (IR)
a1



Due to the low heterogenity it is a rood approximation to use only
two self-shielding factors for burnup supercell calculation,

r.s 7 8

P
fox (jr®)
=% 4
e By
(2.52)

the fuel and with the moderator,

Y. o within dhin coarse representation the canning material

o

cuoadesd Lo Lhe mederator. Uho symbol g7 denotes average fuel to moderator
¥

) : . . : E—
at the beginning of the subroutine. - is the
carrier ¢l the time devendence of the above enuntions., This will be

degeribed by the 5th degree polynosial of a time dependenl density of

Pl =P (M(0) (2.%%)

e fuel cell burnup calculation (ISTO=1) preparecs only the
coefficientls of the polynomial. Using these cocfficients, the sclf
shicldiny factors are calculated in burnup supercell calculation from

two different formulag; One for fuel (¥), other for wod (M), after-

wards, the solf shiclding factors (8SP), for the burnuo supercel]
calculation are used in homosenization as explaincdiﬂiﬁ@fml1owinﬁ seclion,

These resnlts qre written ionto file MUV(15) at the end of the section.

When this roubine i1s completed a return is made to the subroubline SYNOPS,

Generation of a c¢ross section library for a fuel pin tyne

surrounding an absorber in a suvercell 1s accomplished by the following

-2
-

procedures After g fuel pin transport calcuilalbtion every cross section

has to be homogenized by the individual self-shielding factor,
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J -
7=

X,
i isctope index

by : region 47

® : dndex denoting the specics o

differential ones included,.

Usine this factor homopgenization will te

cell calculalion and control supercell

Maintalning the concept for the burn-up calculation of a supcrcell

hhowever

Library depending on flux tilwme had to be pron:

read during the buroup calenlation pushing

caloulational times and storage demands.

In the second section of ti

homogenization for all cases (i.c, excopt the

caleulation 18TO= 1) the T[loltowing procedure

The propram calculates the velume of the

flux tor the cell, average density of all

scelf shieldinp factors for the celly
iGcy
VOLUM= E VOL(OER)
TR -1t

where, IGC L : first region participating

TGC 2 ¢ last region participating

, wountld mullipy the expenditure. Wumerous tables of

the

isotopos

2. oh)

f cross scolblons,

made for Lhe

calceulation.

the
wred beflfore and Lo

problem

e GRUPVIS, (IST0 #1), to perforen

burnun fuel cell

followed 3

145

homopenized cell,

1for the cell

in homogenization

in homogenization

normal

fuel

-y

fuel

be

Fo unacceptanle

the cell

average

and
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Jec g
ME2= 2 @ (I5,1R). VOL(IN). ssp
IR:l6cy
1g= Lieseeeal26{i5)
féc2
v ‘ Z D (16, 1R) Vo (1&) sspP
ABil (1Rj= ANE2/VOLUM = fZiiecs '
/ i £2.35)
vor. (IR)
SRz Fec o

Ssylm DENN(ITE, 1R} the self shielding factor for all fuel regions

specified in INPUTR
fecy
ANE1= 7 W(L,iRj. VOL (In)
IR: I6c 4
Ifﬁl

DENH(L) = ;ﬂ:%u N(L,Irj. vOL(Ik) |
facy, (2056)
VOL( IR)

IR: 16

;Eiz
ZAE= 2 8(L,IR). @ (IE,1R), VOL (IK).nsP

iR:16c

facy

Z N (L, TR) . ¢ (T8, 10) wol (IR) . s5p

GAM(IE,L} = ZAE/ANE 1. ABGI(IE)e “ii2 -
5 7 Z(36,1e) vo (1€). 5P

? N(L 1) Vol (IR) Lz, o

16<7
236 d 4‘7‘_‘ \/O . ( 1 K )
3¢-3¢cc A
Where,
SSP=  DENN(IE,IR)/(1+ ALPHA. DEN (IE,IR)-1 ) (2.37)

for the nuclei mixed with the fu%l
If no supercell burnup calculation is present ,SSP will be taken
as 1 ( S8P= 1 for all cases except the burnup supercell calculation)

SSP, in the divisor of the above equation is egual to DENN(IE, IR} for

burnup supercell calculations with, 1 yse0eli2h,
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All of the microscopic contants are multiplied by the self shielding

factors as follows;

For fuel isotopes: L= 1,.c.0..N FUEL, IE= 1,......N26

SIGFL (IF,L)s SIGFI (IE,L}.GAM (IE,L) [ V; aen) N7 ]

1

FISIG (I

&=

yL)= FISIG (IE,L). GAM(IE,L) [ pV; Gewy %, ]

TOSIG (IE,L)= TOSIG (IE,L).GAM (I8,1) | T; (2. gjfs]
T : . L&

OUSIG (IF,1,1) = OUSIG (IF,1,L).GAM (IE,1) [ V5, Gen) ¥, |

OUSIG (IE,2,L)}= OUSIG (IE,3, L).GAM(IE,L) [V, ,cc0 Y. ™ ]

For all isotopes: I= 1,sec0N FUEL |, IE= 1,40....N26

ABSIG (1F,1)= ABSIG(IE,L1).GaM(TE,1) [ V5 (5e0y. V7]

For lumped absorber and nonburnable isotopes, moderator isotopes

- —IE
TOSIG (IR,L)= TOSIG (IR,L).GAM (IE,L) [Vj,u.mg,t)_ Y. }

L6 {1 dNTR

For lumped absorber and unon burnable isotopem:

S S te
L Vs, (e, Vo ]
L

h6 L L SNTRM NTRM = NIB-NLM

OUSIG(TE,1,L) = OUSIG(TE,1,L).GAM (IE,L)
el T _ 1€
0USIG (IE,2,L)= 0USTG (IE,2,L).GAM(IE,L) {@MHC'L) N

A1l of Lhe above microscoplc cross sections homorenized by the
self shiclding factors are written to File HUX (225 4f the case under

congideration is pre-calculation of the control supercell calculation,

(i.e, the option ISTOT 4.
For the option ISTOZL , only homogenized library will be pgenerated

: v mmie  homosenized librarv generated by ISTO=L will
on logical file NUX, This, homogenized library & )

“ PN 7 o oy ] Tedd o ( ITF-T‘O:E
be used in control supercell calculation 1L 5,



However, the microscopic broad group cross gections for all

isotopes in the cell under consideration are computed;

MIN= ICPU (IG) . : no. of the highest small group within broad
MAX= ICP(IG) : no. of the lowest small group | OTOUP NGR

ID= MIN... ... .MAX Qw
L @ (15,52) . vou (1r), s5P

ARGIT= ABGI(TJ)= DB (1J) = el

J Vol (1R)
W.jeed
This is the average flux for each group in homogenized regions for

the cell.

rMax MAxX \
< <
SNM = 2 ARGIJ = 4/ D (1) Total average flux for IG th
U:Mi/\l Tr-mIN

broad group.

Mg X s
D P
Vg = _/_ PISIG(IJ,L). ARGIJ [Z ;Jv)z (15,1) . & (I_‘ﬂ]
I?;Mj,y T = ptlw
for L.ANTURT,
Mﬂ Viskazad
VTS = TOSIG(TJ, LY. ABGLJ f7 Vectae)  Fc1ry]
D_;N I7sramy

for L £ NF¥URL (fuel isotopes)

oy
) my B
VTS:Z T08I6(13, 1) AKLT [ 2V, (z70). @ (19)]
77 Aty bR LY

46 LLENLD

Iumped absorbers, nonburnable isotopes, mod. isotopes.

v £1A% Mmz

ysial - 2 STGPT(IT,L). mmﬁ[ Ve (120) & C”)]
. T‘YM//LI
ATz for L£NWURL
MAX rax - )_’
AS = ? ABSIG (IJ,1). ABGT ,J]ZW(J).JZCNj
174”//\/
Lr-anpst

I or TJ‘S 19 69 ae ’I\]]IL)

Using the above quantities, the program calculates the broad grouvp

constants for all isotopes in the cell.



At AX
Z Vig (m) - F (1) .
VETST (IG,L)= VFS/ SuM = 432 }i‘ I m.u]
7 @ (1T1)
1 may
L £NFUBL
MAX .
o Vo (k) 2 (17) _
VIOST (IG,T.Y= VTS/SNM = -L¥aww ; [ i UG-”]
Z (19
i3 ZM
L LNFUEL
A3 GX
V(L) @ (17 —

VIoST (IG,L)= VIS/SNM st I (77) 9 (37) . { Y. (1e u]
29X — : & !
pa 7 (17) :
Zosmnt

46 ¢ L WLE

(Lumped absorbers, nonburnable isotopes, mod.isotnver)

max
7 U (150 B (15) o
N T "t ) — 'l pu— Lt \
VARIT(TG,L) = VAS/SWM= Zmer [ o (16 .L;l
7 F(x7)
Z7 oAV
L=3,00ec0..NLB for all isotopes
Aray
[// (£3.L) @ (17)
VSIGEI(TG, L) = VSIG1/SNM= Ede — [ ¢ (IG.L)]
J. 8 (I17) ¢ f
oy

ENPURT,

VXN(IG,L) = VFISIfIG,L)/VSIGFI(IG,L)= L v ( 3Q-L‘)X
V} (IG,L)

SNFURL

VOUST(IG,2,L) = OUSIG(MAX,2,L). & (i @\)/ ,@/(IJ { (;uf(m,ax,( ﬂj

i? nafpi
Also caleulated are; The microscople broad groug in.scatter cross

sec biong for fuel isotopes,

VOUSI(IG,1,L) = YTOSI(IG,L) -~ VABSI(IG,L) = vOUSI (1G42,L)

Mhe miicroscopic broad sroup in.scatter and out-scatter cross sections

for lumped absorber and non~burnable disotopras

s
VOUST(TG, 1, L) = VUSIG(MAX,2, 1) s & ( ’*"“\?’]f Mﬁflj)
77
VOUST (I1G,1, lJ)» grosI (I6,L)- VARSI(ICG,L)-VOUSI(IG,2,L)
Vsm (16, ,,) {I6.L) - R; (1e,L) — ﬁwf (;16,\.‘{&
Where L6 L <VTL§ 1 indicating lumped absorber and non-burnable isotopes.
teo the SYNOPS,

Finally, a return iz mace o
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List of symbols used 1in this subroutine:

IR ¢ region index

ML= L6

JiL= 31

VGE : total volume of the cell

VOLUM(IR)} : the volume of the IR th region

IGC1L ¢ first region participating in homopgenization
LGG2 : last repgion participating in homogenization
IE : group index IE=1,..0...N26

RPHICIE,IR): the flux for LE&h group, IRth region

APGL (11) : the homogenized flux over all regions ror LE th group

DENN(IE,IR): the self shielding factor for IE th group and LR th region

VENH (L} : the homogenized density of the Lth isotope in the cell

DN LI : Lhe homogenized density of U-235

Gam (IE,L}: the self shielding factor for IE th group and Lth isotopes

NEFUBL : number of fuel isotopes

L )kt : represents the lumped absorber, nonburnable isotopes and
moderator isotopes

MI €I 4NLBM : represents the lumped absorber and non-burnable isotopes

NGR : number of broad groups.

uIN = ICPU €1IG) )

: :repregsents the boundary of the broad group IG

MAX = ICP (EG)'

SIGFI(IE,L): the microscopic fission cross section of the Lth fuel
igotope ftor 1Eth group,times self shlelding factor

.l
FLSIG (IB,L)6 the microseopic U-VE for Lth fuel isotope and

IE th group, times sell shielding factor. {”Vk.ﬁfl
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ABSIG (iv,L} : the microscopic absorption cross section for IEth

group and Lth isotope, times self shielding factor
[ ]
TOSIG (IE,L} : the microscopic transport cross section for IE th
group and Lt h isotope, times self shielding factor
[5er ]
OUSIG (IE,1,L): the microscopic in-scatter cross section for IE th

group and Lith disotope, times self shielding factor

OUSIG (IE,2,L): the microscopic out-scatter cross sectionm for IE th
group and L tn isotope, times self shielding

ractor



IT- 14, SUBROUTINF GRUPVE

GRUPVB is referenced from the subroutine SYNOPS to calculate the
macroscoplc broad group cross sections and to write the homogengzed

microscopic broad group constants to IFREBR file for use in the ERRBUS

code,
Firstly, the program reads data from a single card which is the
control card for writing output that will be used for EREBUS input.

Then ‘the microscopic and macroscopic broad group transfer cross

sections of the moderator isotopes, broad group diffusion coefficients

and the, macroscopic broad group constants for the ce&ll are computed

respectively.

Microscopic transfer cross section for moderator isotope is

multiniied by the gelf shielding factor.

OUSIGM (IR, 1S,71) = GAMI, OUSIGM (IRW,IJ,L) [ B gﬁ (1e am\

: ~ley . :
YWhere, the factor GAMI DL 1 is calculated in the subroutine

IB® 1, 0000e 026  TJZ 1,.....026

GRUPVE. for
If the option ISTO is equal to L4, these results are written into

the file NUY (22) so as to use in the supercell calculation.
sz section of the moderator

Microscopic broad group transfer cro
TGS to broad group IG is #ziven byg

isotope from broad group
AAY  petX
S N
O; (17,18, L) ¢ (‘_rj) B
I [ i T T W oo IE MY 1y:mv0 .
VOUSTMCTG: p L5 1) AN — . / { cheS,IG‘L)l
& (I7)
‘Z(VCZ 5?-‘/!4/}\/‘
Wi o — ) ,"/37 IR) (12) 5
Where . [ , - VoL ~) .33 ¢
’ ﬁCD)_, FR EGe /
/ A 4
ol 7",) ” M AR TR
L Vol ( A ) 6= [A, oo o NG LGS = g6 . o DGR
£:[6C ¢

&
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e

average flux over the homogenized regions for proup IJ
(o) the Y

MII= ICPU (1I¢) lower limit of the broad group IG
MA = 1CP (IG) upper Iimit of the broad proup IG

MIN= ICPU(IGS)

lower and upper limitsof the broad group IGS
MAX= 1ICP (IGS) ’ ( !

Diffusion coefficients for broad proups are calculated in the same

manner,
3 AtAX .
ATAK

DIF 1 (10) = Z DIF(TE), ATGT (IE) = Z PDIF(INY . (19
IE npn LB iy
22K _ —
DTK 1 (IG)= DIFL (IQ)/SNORMIG = 2. AIFUE) oF (17)
LB
Mt

Zi 7 (13)

]‘,7: Vi Ins

(2.33)

.

Where, DIF(IE) is the diffusion coefficient for the microgroup IR

and is computed in the subroutine DEPRIN,

Multiplying the microsconic broad aroun conslants which wore
grenerated in the subroutine GRUPVE by the homogenized densities for

the cell, macroscoplc broad group constants arc cbtained as follows ;

The homogenized density of every isotope in the cell is iven by,

iccy
_ 2. NCLIR) - Vou (T e)
N( I:) = DE‘N?I( L} = JR:IGet PR
IecT.
I2.0¢cH

The microscopic broad group cross ocectionn created in GRUDVE for

each isotope is glven by,

arAaX

J Gnl) G (17)

G; C1g uY)= 2 - — (2 459)

Sty

Fob )

T7: tajev
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STt

Where, LG : Proad group index : IG= 1, eee NGR

¥ ¢ Index denoting the type of cross sections;

—_ = —~
Q{ (Ig vy, v (el C (e, A0¥eLY) | et ClG\L>
Then, the wacroscopic broad grouyp crogs sections are computed.

MACROSCOPIC EROAD GROUP FISSTON CROSS SHCTION; J £(IG) ;

7
MNFUEL
VSIG (16) = Z LukNR(LY 67; (IG,L)
L=o

MACROSCOPIC BROAD GROUP TRANSPORT CROSS SECTION : E (IG)

NFUEC ~eg —
T0S(IGY= 7 DENH(L). (ﬁ‘ (16,137 DRENTICL) . (;é (IG, L)
' . 4:9%
[N

MACROSCOPIC DROAD GROUP ABSORPTION CROSS SECTION; QEaKIGj;

MCE —
/\
ABS (IG) = 421, DENH(L) . v, (IG,L)
e/

MACROSCOPIC BROAD GROUP IN SCATTERIHG CROSS SROTION: Zuin(IG);

NFEvel - /i(;/_"yvr /—:_\\
WIe, LY = 7 DENH(L) . v, (IG, L)« Z DENICLY . (IG, L)
L=y Laa?

Where, NLEM= NLER- NIM : number of isotopes except the moderator

isotopes.

THO CROSS SHCTTON; 2 nout(T6);

MACROSCOPIC PROAD GROUP 0OUT SCATTHI

/\/l,@uvy
AFUEC - - g
& . ' 4 NI T - " +
OUMM (IG,2)= L DENI(LY . Y (IG, L)< /  DENI(L). O sout(1a,L)
L=/ L2GD

MACROSCOPTIC BROAD GROUP TRANSFBR CROSS SWCTION, 2 s(IG,1C5);

KM .
OUM (IG,IG8) = 7 DENH(EIMY, V. (TG, 168, L)
Jerarf

NIM: number of woderator isctopes.
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MACTROSCOPIC FROAD (RCOUP REMOFAL CROSS SECTION, 2 r(IG);

SREM (IG) = OUM (IG 4 1, 1G)

On the othier hand; the microscopic broad group cross sections for

all isotopes are written into the file ILRER for use in LR

Euls code.

Recall that this cross-section, library is generated by the subroutine

GRUPVE .,

llowever, the program pfints in the output, the microscopic and

macroascopic broad group cross sections,

.

IT Lhe case under consideration is a supercell calculation the
program calculateg the effective cross sections and prints them in
the output. vhe calculation is given by,

EFGQ1= DENH(L) . VABSI(IG,L) {ﬁ(m«?};u?,m} (2.40)

where L= 4l,eee.4t9 lumped absorber isolopes.

DRKH(L) + the density of the lumped abaorber isotopes

For the same case, the shielding factors of the burnable poisons

and gell fluxes are printed.

When this program is completed, a return is made back to »YNOPS.



List of symbols used in this Program:

NIM :
IE :
IJ :
1G,1GS
vIF 1 (IG})

VuIG (IG)

-

wlSs (IGY ¢

TOS (IG)

e

ABS (IG) :
UUMM( 1G, 1) ¢

OUMM(IG,2) :

number of moderator isctopes

group index

IE=

P )

group index IJz 1,.....0N26

broad group index.

macroscopic
macroscopic
macroscopic
macroscorpic
macrosgcopic

macroscopic

broad
broad
broad
broad
broad

broad

G=1,,..86R, IGS=1,...0GK

: diffusion cross section for the broad groupe i@

group tission cross section for the cell
group nu.iission cross section for the cell
group transportcross section for thecell
group absorprion cress section for the cell
group in-scatter cross section for thecell

group oub-scatter cross section for thecell

QUM (1G,IG8):macroscopic broad group transfer cross section from IG th

broad group to broad group 1GS

SREM (IG) : macroscepic remeval cross section for broad group IG

GAMI = GAM ( IE,L)

NGR

NLB
NFURT
DENH (L)
VOLUM
NPUNC
NLBM= NLB -
ML = 46

DFL= 51

and Lth

: number of isotopes

the self shielding facter for IEth micro group
isotope.

: number of broad groups

: number of fuel isotopes

: represents the homogenized density of the isotope L.

total volume of the homogenized region.

control index for writing the input to EREBUS

NIM ¢ nuwber of isotapes exceplt the moderator isotopes



II- 15. SUBROUTINES ORDO AND CORES

hite?

If burnup fuel cell caleulation (ISTO= 1) is te be considered, the
subroutine COBES is called from the MAIN rrogram only to calculate
a set of polynomial coefficients which correlate the self shielding

factors in each energy group with the U235 concentration.
Bt -
r()vPs,(i%e(t}}

For this purpose the program COBES is ezlled from the MAIN for

U-2%5 disotope only.

If no burn-up fuel cell calculation (ISTO# 1) is to be considered,
then both COBLS and ORDO are veferenced from the MAIN together. The
subroutine ORDO reads the howmogenizmed density and self shielding factors
for all isotopes from file NUZ and writes fhem to file NUV for use in

COBES.

The subroutine COBES is called from the M/

3

=

IN for each isotope within
the cell seperately to calculate the burn-up dependence of self
the least sguares orthogonel polynomial

techniaue.

1.

The appropriate function for the least saquares fib is a sum of

. #® . e
orthogonal polynomials” which has the form,

y)zaseb (x=p)uc (x-¥)(x~¥,) s d {X“51)(XN52)(X~S§)-¥,..¢ (2.41)

Where, y: the dependent variable
a, b, ¢, d : coefficients

b

x: the independent variable

% ) Any polynomial can be written as a sum of orthogonal rpolynomials

Lo * . [
y=a + ZZ [be YREIDI with the orthogonal property
s - i} +

e Jod J
that,

SOl (%) X (e L s for 34
;14£ 3(&1/ Ah\“ﬁ)k 0 for J#k



2 . - . .
X is defined as,

27y 5 L Twn 2.42)
T e T T4 ot L}4 g ") (

Where,
Qi: the standard deviation
v \/( Zx ) - x*

N : number of observations

2 o , . .
XXX st be minimizedto determine the coefficients a, b, ¢, d, etc,
with the further criterion that the addition of higher-order terms to
the polynomial will not effect the evaluastion of lower-order terms.

This criferion will be used to determine the nirameters /B, Y., %, etc.

2. ?

~ . . . . Lo, s g
setting the derivatives of Kwith respecl to each of the

coefficlients equal to O yields n4 1 simultaneons enunations.

ZovsmNas b 20x-B) # e (-3 (g =B a4 2 (- &,)(xi- 51)(‘,;1—53)4'

v

(Z.0%)
e I N TN Yy A EIER PICIES
i 1 1= a _ih 5 \j_ Ai ] i 4 Pl ‘/ _‘L. b3 kl"./{/;)
=éd2x(>\.==0r)(x RICE 3D R
- 2 < o N o v:) . v ; BN
Zlﬁ xivy= al i»&» bLA. xi- § ) @ czni(hie-\é,)(:».lg ¥ (2.0
o)
2 <‘7L> ¥, = rw¥ L] \}“f‘ e ea @
4 da;xi(Ai &)(xi i)(xi 53, .
. . ¥ Z ) -
Z Xb?:\’li = &Z‘C; < by > )—j M, e q’ a2 'ﬂ)(?fi“‘\éx)(“ii"ya.) (206
i 1L 3 A R

méz;x (2= 5)(% g, (Xi~§33% coee

kS
.1 Fay. (5 . 5 . oy = .. Fal 3 Sy
We have omitted a factor of ;Z in the denomikator of each ferm

for clarity.
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If one is restricted . T , .- .
s restricted to a Oth degree polynomial, there is only

one coefficient a; all of the other coefficients are set equal to O
~7 > L3 " 0o - E N
by definition. The coefficient a, therefore has the form

as A 7 y;=¥ (2.47)

Lf on the other hand a first-degree polvnomial is under
consideration,the coefficient b is not 0. In order to have independence
of coefficients, however, this term must still be 0. llence the

T

conclusion that the sum in this term is O.

J.tz=F)=0
leads to a value for f

ﬁ I 1N, 2. X, = X (2.48)

Similarly, if we consider a quadratic function, the third ternm
of equation (2.4%) must be O cven when the coefficient C is not O.
This constraint leads to a quadratic equation in X; and éi. e have the
additional constraint, however that the coefficient b must be
specified by equation (2.43%) and (2.44), that is equation (2 .4) must
be determined after a is determined (2.4%). ''hus., the third term in
equation (.244) must also be O regardless of the value of the

coefficient ¢ .
Z:(.«‘:_i”’}{g}()(:;lmb}'z):o
5 i

vai(x m\({){x.’”x‘):o (eaah‘{))

Similarly

ZXi_,(lf:Lw O‘,)(Xiw £Z>(Xim J;)j_' 0
i



o
U

2oy Oy =9, My = ) - §)=o0

. 3 z 1 ¥
7. %G 5005 8) (- ) = 0

the extrapolation to higher-order parameters is straight forward.

Once the parameters/ﬂ, Y , &, etc. are determined by the
constraints described above, the coefficients a, b, ¢, etc. can be
determined from the resulting (n-+ 1) simultancous equations. ‘he value
for the first coefficient a is specified completely by minimieing X?
with respect to a in equation (2.4%). The value of the second
coefficient b i1s determined by minimizing,xg with respect to both ¢ and
b in equations (2.43 and 2.44). substituting the value of a into
equation (2.44) yields a result for b directly. Similarly, the value
for ¢ can be determined from equation (2.45), after substituting
the values of a and b determined from equations (2.43% and 2.44).

lach succeeding equation yields the value for the next higher-order .

coefficient,

a--§~ Jvy= ¥

bs 2.y, (x;= B}/ Z(xiwﬁ)a

.- e O (- X)) (.250)
20 C- Yk -8

. C Lo 006G 83 0% 80

n

_ 2
[ 806808 S

and so on,
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CHAPTER 11X

NUMERICAL APPLICATION

III- 1. INPUT DATA PREPARATION

For one-dimensionel burnup and spectrum caleulation the following
fuel cell model is used. The fuel cell is divided into four zones in
order to achive a stralight forward one dimensionzl treaiment of the

whole micro struecture.

7ONE 1: Consists of fuel (UOZ»ThOE) and gas gap, radius of the 2zone

is8 equal to the radius of the cladding inner surface. Total fuel

density
N i Pann 2 1- >ofua, (3.1)
. rp bl
Jozuel 3~Th02 j3§n68 . gkhea 2
Where
J)ThO, fraction of ThO, in total fuel
) 2
: - )
Jy>ThG2 : density of PhOB {gr/cm” )
. : density of UC (gr/cmE}
) vf)UO 2
2
2
r
D
This total dengity is reduced by the factor of (1-0.015} 5 to
r
inelude also the gas gap and dishing eifect into the fuel .
region, rp being the radius of the fuel pin, T beings the cladding

inner radius, both given in cm.

New densities of Th02 and U@2

_fThOR = f f‘uel"f ThO.,
- ® { -]m r
.JO uo., UF fuel® g FhOp)
5 2
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The fraction of U and Th in‘UOq and Thog respectively :
) _ )

E MA4 (1-E) MB

[«

- - (3.2)
E MAs (1-E) MBe MO
Whose,
B : fissile enrichment in the Uranium material (% )
MA : atomic mass of the fissile element
MB : atomic mass of the non~fissile element
MO ! atomic mass of the oxygen
and, subscript x= either U or Th

The denslty of each element:

f IV )f‘ Th * f ThO,,

Th
0,

U
UF 62: dfa UGZ

0 Th U

2P 4
- 0
L/DWbtal \/ 2 “
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After having found the densities the number densities are Tound by;

(3.3}
M
fhere,
M ¢ atomic mass of the element
NAV : Avagadro number
NAV : 04602252, 1024 Nuclei/mol) = 0,602252 szilard

ZONE 2: Consists of cladding (Zre-h). The radius of this zone is

equal to cladding outside radius.

radlius of zone 2 = 0,475 cm.

composition of zircaloy &4

The number densities of the elements can be calculated from
the equation:
o . NAV
j =l "

Mﬁr»q

"%u\ ‘i Sely )

Where,

B

i} )

- oo .

L. = §£.55 gr/em
QF)LT“M ’ ?

= _ . PR T £ e 1 ). -r[‘\l
My = 93,3575 (atomic weight of zircaloy-h]

’ - 1 ~ densitiecs of other zones, see (1)
Por the azleculation of number densitles ©r 0uie ,



ITEl- 2. DISCUSSION OF THE NUMERICAL RESULTS

In this study, for cells with different mixtures of UO

2

U-2%5 component normal cell

- Tho,

and different enrichment levels of the

calculation, burnup fuel cell and burnup super cell calculations have

been made using the computer code GHLS.

As a result, microscopic and macroscopic broad group constants,
weights of fuel elements, reactivity, fast and thermal group fluxes,
homogenized densities were obtained for the tynes of cells examined.,
The main objective was to determine the way in which the number
dengitics of important isotopes and ke change with time steps for

both fuel and super cells during one year burnup period.

Table (ITI- 2.1} shows the results as an example,

for Thog- UO?
mixture rations of 30% - 70% and 40% = 60% by weight. In hoth
mixtures ke increases with increasing enrichment while the normalized
cell fluxes decrease as expected. this is because richer fuel would
sustain a lower flux level for the same power production. In case of
30% UQP - ?O%SThUZ mixture 1896 W/U enrichment level for the u()2
component results in kg = 1. lhis type of a cell being velatively
rich in Th, would have a high conversion ratio and a high rate of
U-2%% . production ut obviously would have insufficient excess
reactivity for control purposes and from the point of view of ccre

1ife time.

Pable (II1I-2.2) shows the results for ?O?OUOH - 30%'FHU2 mixture,
'his type of a cell, being relatively poor in 'Th, would have a low
conversion ratio therefore the U~25% production is Jdecreased, but

would have significiant excess reactivity foreore life time.
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0 T o R e - 5 . N . .
lables (Ill- 2.5,6,7) show the change in the atomic density

of xenon=-l135 nuclide depending on the time steps during one year
burnup period for varicus mixturegof UQE o Thoa and the enrichment
levelsof the UO? component,

i3 wmeen that,the atomic density of xenon~135 nuclide

th dncreasing amounts of UG, and enrichment levels
o«

i, component as expected.

=een in tables (III~- 2,5,6,7) and fhagures (5,6,7)
che atomic density of xenon-135 decreases with increasing time steps.
The concentration of xenon-135 ie reaches its . maximum value at
the end of first month and then begins to decrease with time steps.
Because xenon=13% has z very large absorpticn cross section for thermal
neutrons, low xenon-135 concentration is desirable for control purposes

especially for start up and shutdeown.

rigure (8} shows the U-23% production in grans for one year
burnup periocd versus the enrichment levels for different mixtures
of UOZ» ThU?e it ig seen that the U-2%3 production decreases by

increasing awounts of both UU2 and the envichment of the UO2

component as expected.

In the extreme case of pure u@z ealls we have kWeo exceeding 1 by
more than encugh margins for control and sufficiently long cOre lire
time purposes. However such cells wouldn't be of any use in 1h
urce of energy production

conversion but would be the main &0

in the core.
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Clearly a coye that is to produce energy on a commercial scale
while converting significant amounts of Th would have to be made up
of a mixture of the different types of cells to be employed in the
finite reactor geﬁmetryegéctOFs that would guide ones effcfts
would be ; relatively flat power production, desirable levels of 1h
conversion, sufficiently>1ong reactor core life time and ease of
control during start up and shut down. In a desingn process different
core  configurations would be investigated with the data generated
in this study and the confipurations that optimize the above factors

would be chosen as the design basis.

llence further worlk to be suggested along the lines of this
study would be to use a reactor analysis code such as EREDUS
utilizing the data generated by GELS here to design a commercial

PWR cere converting significiant amounts Th without much sacrifice

on other performance criteria,
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Table (III-2.2) mye results culation

mewm“w‘,m%

et o e et

/ FBL CRLL CATCUTATION
i . OuS( ¥ fr :()e 50
| uo, Mo,
‘ e m_«ﬁ_v“_w_Mwmm—-—m_.
} Lnrlchmon4 kefr cell flux
- —
% U- d;) ‘ group 1 group 2
. SR I 13
10 L0102 1 2,98546.,10M" | 5 9435510
: | 7
l . - P
L0579 | 2 83u32,00M | 5 186001003
| A 13
14 1,0955 | 2,72194.10 2,77769.10
[ ‘
16 11260 | 2,63576.10™ | 2 461951015
; L1
18 L1515 | 2,56188.10™ | 2 200181017
20 1,1733 | 2?50147@101TJ 2,00269,10%

—. e

—————

ELL CAICULATION

f 1030
1

Enrichment

o U=2315
10 1,1085 | 2,
12 1,481 | 2,56091.10
1 1,179 | 2.4
16 1,?651 2,41560,
18 1,2268 | 2,%55480. 10
20 " 456

cell fluy

D N

prouyp

, 1%
2,01277.,10°
o1

P00, 10T
1,58271, 100




table (ITI- 2,%) The result for fuel cell calculation

FUEL CELL CALCULATION

Byo, 11,00, Lipg, ¢ O

bnrichment keff cell flux

%o U=23%5 group 1 group 2
10 1,1999  12,42953.10" 1 onoun.10%3
12 11,2326 |2,34155.10M | 1 g500s, 1013
1 1,259 12.20050.10M 1,40242 1052
16 | 1,281 |2,2145.10% 11 1907, 1013
18 1,3016 |2,15756.10M 1, 031761015
20 1,3192  12,11014.10M" 9, 63362, 1022




Table (ITI-2.4) U-235 Production for one year in gr. for the cell

75

Enéiﬁ?g;gt 30% Uuan?ﬁ% Thﬁg\EO% UGZN§O% Th@z 70% UOE~3O% Thu2
1
10 2,14823 1072 1.3541.107° 6,807,107
12 | 2,2859.,107° 1,2247.107% 6,263,107
16 | 1,9931.1072 1,0719.107 5,5135,107
20 1,7917.107° 9,6876.10™ i, 9952 ,10™

rable (ITI-2.5} Atomic

density

of xenon-135

denen

&

ding on time steps

Time 30% U0 - 70% ThO,
Steps -
Ew= 10% E= 12 IO KA E=Z 20
1 ?,16809,10“9 8,@1093@10”9 190?068§10“8 1,27514.10‘8
2 2,18522.10"% | 8,43842.1077 | 1,07610.1078 | 1,28276.107°
- -1
3 7,14852.1070 | 8,39134.1077 | 1,7650.40 1 1,27773.107%
- - Q) -
i 7,12802.10 ? 8,54865.10 7 6,91974 .10 3! 1,27089.10 8
- - e -
5 7,11862.1077 | 8,3151.1079 | 7,03428.1077  1,26398.107°
& 7,11111.1077 | 8,28543.1077 ?912593010“91 1,25712.,107°
-9 a . _a |
7 2,10193.10°% | 8,25024.10™7 | 7,19994.1077 | 1,25013.107°
- e a | -8
8 7,08906.1077 | 8,21438.1077 | 7,25041.1077 | 1,24295.107"
9 7 07291.1077 | 8.17564.1077 | 7,%0706.1077 |y 2351078
, 072911 Be 1756k 1 7,50706.10 7y 1,23554.10
10 7,05531.1077 | 8,13397.1077 | 7,30458.107 | 1,22792.10
=0 -Q o -
11 7,05079.107% | 8,08965.2077 | 7,57370,107° | 1,22007.10 8
- | I VR
12 2,00551.107% | 8,04507,2077 | 7,395%9.707" | 1,21202.107"
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Table (ITI- 2,6) Atomic density of xenon~135 depending on time steps

Time 70% U0, - 30% ThO,
Steps .
B=10 E= 12 1 E=z16 | E= 20
1 1,&309?.10‘8 1,61?96,10'8 (1,91274.10'8| 2,12465.10‘8
2 1,44518.10“8 1,65259g10“8§ 1,92633,30"8l 2,13608.10’8
5 1,44698;10'8 1,63409ﬁ10'8’ 1,92755.10'8f 2,13?09.10‘8
! h 1,4#576910‘8 1,63281,10“8 1,92695.10‘8% 2,15718.10‘8 |
3 5 1,&454u,10“8 1,63022,10'83 1,92A89°10“8} 2,15605.10‘8
& 6 ;,4@061610“8 1962708@10‘8; 1,9291u610’8i 2,15@19.10‘8 1
&' 7 1,45758a10”8 J,62559.1o‘8i 1,91905@10’8, 2,1519?.10’8 %
\ 8 1,h5557910°8 1,61978&0"8 159156u310“81 2,12958.10"8 ;
9 J,azqaoelo“g 1561570510”8 1,91205310‘8§ 2,1?662.10”8
10 1$4255o@10‘8 1,61153m10”8 1,96827610”8 2,12571.10’8
11 1,42084.107%0 1, 60671.107° 1,904%3.1070 2,1206?.10"8
12 1,41590,107° ],60185@10"8 1,60001,107° 2,11751.10"8
B




Table (III, 2,7) Etomic den

nsity of

on time steps

s’

¥enon-135 depending

>Time 50%{K% - 50%?&02
Steps Ew 10 E= 12 E=16 E=20
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Table(III~2-11) The weights of fuel jisotopes for 30%002-70%TH02
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Table(III~2-16): The weights of fuel s1sotopes for 70%U02'30%TH92

fuel mixture and lQ¥%y-235 enrichment level
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Card Description

Card No.
1 (20A4)
2 (1814)

col.1 = 4 NBURP
=z 0
e |

col. 5 -8 N20

col, 9 - 12 NGR

col.13 - 16 NZM

Title card

Basic control and dimensioning

parameters (See the discussion in section
C for definitions of "region", ?zone", and
various types of "cells".)

Lumped absorber specification

No lumped absorber

Gd 155, Gd 156, Gd 157

Silver, Cd 113, In 115

Cd 113

810

Nunber of regions, sum total for all
z0nes (NZ0 > 3). Input of N2O < 3

causes termination of the run
Number of condensed (broad) groups

Number of zones with different moderator

material (zones without moderator neglected)




Card No.

2 {cont )

col.17 - 20

3 (6E12.5)
col. 1=12
col.13-24

ISTO

B
(A

it
(S8

28
8 e

b}
L8]

TBRERNN
T™MOD

]
1A

i.e. number of moderators. Only

H - ~%~ 0 is in library. Only different

moderator densities are meant here.

Case type declaration (See Chapter 2,
Section 2.3.1)

Normal cell calculation, coefficients of
the self shielding po]ynomia] of the fuel
and related isotopes are generated and
written to logical I/0 device 2. See also
Section D.

Burn-up supercell calculation, the
coefficients generated by ISTO = 1

have to be used.

Normal cell calcylation, full output

possible,

Normal cell calculation, only homogenized
Tibrary will be ganerated on logical file
NUY. (HBURP > Dl

Control supercell calculation, the
homogenized library generated by ISTO = 4

has to be used.

Input Of temperatures

Fuel temperature OK

Moderator temperature CK

oA




Card No.

4 (1814)
col. 1 -4
col. 5 -8
col. 9 - 12
colx13 - 16

5 (20A4)

8§ (1814)
col, 1 =4

PRINS

= 0

z 1

NPRINS

NPUNC

3]
pu—

z 0

NPRIN1

z 0

e 1 -

NXXX

£l

Qutput control parameters

Print index of the flux field
45-group fluxes are printed

2-group fluxes are printed (fast
ana thermal)

Print index of the nuclid dependent
correction factors (EREBUS)

No print

Print

Output index of the condensed cross
section library

Write EREBUS input to mass storage
(See alsq, Card 16)

No punch

No effect
Suppression of all except synopsis

output

Subtitle card for further specification

Case control numbers

Punch index for region dependent
densitiess (cards No. 12, 13) for restart
from a certain time step

No punich

Purich




Card No.
6 (cont.)

col, 5 -8 NRSTRT

col. 9 - 12 NDOW

col.13

16 KSER

1]
g
—

1

col.17 - 20 JAN

b1
fae]

7 (1814)

Time step number of density punch.
No effect if NXXX = O
Group condensation control number -

No énoup condensation performed
<5

sGroup condensation performed

Initiation of successor cases

No new case

Full new case starting with card 1
New case starting with card 5

Control for special sequential cases.

No effect if KSER = 0 in the preceding.

case,

No effect

Repeated homogenization with change in
regions involved. (cf. card No. 7)

The new input consists on'y of cards

No. 5, 6, 7). KSER = -1 in the preced%ng
case,

Repetition of a case with moderator
densities altered. The new input consist

of cards No. 1-6 and card No.8. KSER = ]

in the preceding case.

Regional boundaries for homogenization

Supplied only 1f JAN = 1 or ISTO = 5

R

R

e




Card No.

7 {cont.)

8

9

col. 1~ &

(1814)

CO‘IO'B""Q‘

CO?« §%m 8

1601
I16C2

DENM(1)

DENH(NZM)

ICPU(T)

ICR(T)

1CPU(HGR)

ICP(NGR) -

First ? region participating in

Last / homogenization

Modeyator densities

Density in the first zone containing
moderator
Density in the last zone containing

moderator

Boundaries of condensed groups

{omitted if NDOW = 0)

Number of the highest

small group, within broad
Number of the Towest group 1

small group

.

L

Number of the highest
small agroup within broad
Number of the Towest group NGR

small group

Note: The group of the highest energy
has the lowest number.
The option ISTQ = 4 demands for
the input of card 9 (and for NDOW o 0)

Else no library can be produced.

T T T




Card No.

10-11 Geometry and related input

N 10 (1814} Specification of zones, attachment of

regions and moderators to zones,

0l 1 -4 NZO Number of zones
cel, 6§ -8 MP(T) Number of regions in zone )
col. 9 =12 T Moderator index of zone 1

@
@ o ea B M @ @ e B fa e 0T e @ fm 0 om ( on M ou e on em S e ke W e W e W e W

IT(NZQ)
The regions of a zone arve annuli of equal thickness

IT(J) = K: Zone J contzins moderator K,

e
sl
3

Moderatgts are indexed by the sequence of their
densities (cf. card No. 8). |
T < K <« N7M

L et

IT(J) = =1t No moderater in zone J.

11 (6E12.5) Specification of radii

col, 1 =12 RZ(1) Outer radius of zone
col.13 - 24 RZ(2) Quter radius of zone 2

R%(ﬂZG) Outer radius of zone NZO

4

A
o
saeradfisrs

an dependent atomic densities

This set of cards has to be supplied
for every region IRy 1 < IR < N2O

3




S g e e e

Card No.

12 (1814)

col, 1 - 4

col. 5 - 8

13 (14,8%,E12.

col, 1 =4

col.13 = 24

14 (6E12.5)

col. 1
col.13
col.25
©¢01.37

col.49

B

B

3

9

12
24
36
48
60

NREAD

NCH1

£ 0

DEN(L,AR)

PPM
POWER
STCP
DELDAY
ZKFIND

Control card
Number of cards No. 13 having to follow
card No, 12

Previous region specifier

If NREAD # 0O

If NREAD = O

Designates a foregoing region with

identical atomic densities.

Suppiied only for NREAD ; 0

Isotope number (fixed by library, see
Section B, following)

Atomic density of isotope L

(barn™! » ')

Liquid boron content of the moderator

and burn=up data

Partd per million Of natural boron
Integral power per cm in Watts
Number of burn~-up time steps
Burn-up time step in days

Miﬂ%mum k, terminating the burn=up

cateylation.

Notes: POWER 4.0, or else print of
the flux field is wrong.
STOP =.0, must be put in if no
burn=up is wanted.

'




Card No,

15 (314, E12.5)

col. 1T -4 [CON

col, 5 -8 IGCT

col. 9 - 12 IGC2

16 (214)

col. 1 -4 IEREB

special input "Burn-up supercell" data

This card has to be omitted if ISTO # 2.
[sotope number of the"leading density"

(must be 5 for present version of code)

s

flote: The reaining data for the burn-up

supercell is read from logical

1/0 device 2.

Control card for writing output that
will be used for EREBUS input.

Mass storage logical I/0 unit number to
which input for EREBUS is to be written.
Should be 23 for first set of data to

be read by EREBUS, 24 for recond set,

etc. See_a]so Section D.

Do not write EREBUS input

Write EREBUS input

(One card number 17 must be supplied for
each time step - including the zeroth -
up to the last time step for which it

is desired to write EREBUS input.
value of IERER must be different for each

time step at which EREBUS input is to be

s N . . . .
First 4 region participating

rast in homogenization




I.

Heavy Metals (FUEL = 15)

10
11
12
13
14
15

Thorium
Protoactinium
Uranium
Uranium
Uranium
Uranium
Uranium
Neptunium
Uranium
Neptunium
Plutonium
Plutonium
Pilutonium
Plutonium

Americium

232
233
233
234

[ ]_\ e

LS




[I. Fission Products (NLT = 31)

16 Non saturating fission product of The32
17 Non saturating fission product of (¢33
i8 Non saturating fissi n product of U235
19 Non saturating fission product of u238

20 Non saturating fission product of Puéd®

P s e s vssam. T

a Non saturating fission product of Pué%!
2z Rhodium 103 i {i
________________________ |
23 [odine 131 1
First chain .
24 Xenon 131
25 Xenon 133
- Second chain
26 Cesium . 133
27 Cesium 134
28 [odine 135
29 Xenen 135
30 cCesium 13 . oy
31 Praseodymium 143 -
Third chain :

32 Neodymium 143 §
33 Molybdenum 95 3
34 Technetium 89 {
35 Neodymium 145 é
K1 Neodymium 146 i
37 Neodymium 147 ' .

! Fourth chain %;é
38 Promethium 147 i




ITI.

IV,

_—..;_.._—_na-.anm-au______—_—

39 Promethium
40 Promethium
41 Promethium
42 Samarium
43 samarium
44 Promethium
45 Semarium
46 Samarium
Lumped absorbers
47 Gadolinium
48 GadoTlinium
49 Gadolinium
47 Silver

48 Cadmium

49 Indium

47 Cadmium

47 Boron

Nonburnable isotopes (NOB =

47
48
49
50
51

Boron
Chromium

Zirconium

Oxygen (in U0,, see also V. for 0 in Hp0)

Nickel

10

\““""'5’\-...“_/ B ey

12)

NBuURP

NBURF

NBuRP
NBURP

H

43

1]

13

N
!
{




52
53
54
55
56
57
58

Iron
Titanium
Manganese
Copper
Niobium
Molybdenum

Aluminum

-

i

~
[

.
_}..
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TASLE C-1

Number densities for 5@%&02~70%THO

2 fuel mixture

Enrichment ) HO
XU-235 235 Nysg %2 Nop
10 6,5563410°%  5,82633.1075 2,19460.107° 1,59707.107
12 ?3867931(}“4 3;69706010 2’19473'10"2 "
14 9.17654.10-4  5,56742.1077 2,19487.107%
16 1,,0489901()“3 5545777@10-3 2,19502.10-2 "
18 1,18007.1077  5,30810.107° 2,19518.107¢ "
20 1,31115.107°  5,17852.107° 2,19530.1072 v
TABLE G-2

Number densities far%@%Uszéc%Tﬁcz fuel mixture

e N3 Npsg __Nop Nop
10 8,74260,10°% 7,76915.1077 2,18976.10° 1,32435.107°
12 1,04907.107> 7,59626.107° 2,19029.107% "
14 1,22389.10™° 7,42342.197° 2,19016.1072
16 1,39869.10°7 7,25057.1077 2,19035.107° "
18 1,57347.1077 7,07769.2077 2,19057,107° "

20 1.7426.107° 6,90489,1077 2,19073.107°
g @

i




TABLE C-3

Number densities for 5@%§Q2mSO%THOZ fuel mixture

Enrichment '

%U-235 ¥235 238 No2 Nop

10 1,09094.107°  9,699170,107> 2,1803.10"2 1,006.10"2

12 1,30927.107°  9,479040,10™° 2,18057.1072

14 1,52720.107% 9,26192.107° 2,18203.1072

16 1,74536.107° 9,04653,107° 2,18103.1072 »

18 1,96346,107° 8,83232.107> 2,18130.1072  n

20 2,18157.107° 8,61631,107° 2,16150.1072 "

TABLE C-4
Number densities for 7Q%U02m§O%T&02 fuel mixture

Rl ¥as5 ¥a3g ¥o2 Nrn
10 1,52997.107° 1,35960.107% 2,17531.107% 6,621178,107°
12 1,83590.107° 1,32935.107% 2,17559.1072 "
14 2,14181,1077 1,29909.107% 2,17598.107° "
16 2,44771.1073 1,26885,1072 2,17633.107° n
18 2,75358,1073 1,23859.107% 2,17670.107 "
20 3,05965.1077 1,20847,107° 2,17725.1072 "




Number densitiss for

%Q%UOQ-IO%THOZ

fuel mixture

Enrichment N 8. ..

HU-235 2353 238 Noo Non
10 1,96708,107 1,74806.107% 2,16566.1072 2,20720.1077
12 2,36049,1077 1,70916.10"° 2,16613.1072 "
14 2,75540,107° 1,67010,107% 2,16800,10¢ "
16 5,14700,107% 1,63137.107% 2,16695.1072 "
18 3,54030,107° 1,59248.1072 2,16745.1072 "
20 3,93350,107°  1,55360.107% 2,16781.1072 "

TABLE C~6

Number densities for pure U02 fuel
Enrichment B H,. N
VL 235 238 02
16 2,18565.1077 1,94229.107° 2,16084.1072
12 2,62229.1077 1,89906,107% 2,16136.107°
14 3,05972.10™° 1,85580.107° 2,16180,1072
16 3,49673,107° 1,81264,107% 2,16227.1072
18 3,93368.1077 1,76694,107% 2,16282,10°
20 4.57706.10°3 1,78622.107%  2,16323.10" 2

§’ &
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