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6zET

Bu galigmada GELS kodu, alt programlari ile birlikte detayli
olarak incelenmistir. Bu kodu kullanarak yanma {(burn up)li veya
yanma olmakslzin basingli su sofutmali bir reakttrde (PWR) yakit
hiicre hesabi ve kontrol gubugu bdlgesi hiiere hesaplari yapilarak
bdyle bir reaktodriin gesgitli hiicrelerinde Toryumdan Uranyum-23%3%
iretim olanaklarl arastirilmistir. Bu ama¢la Uranyum bilegeni fark-
11 zenginlikte degisik UO2 - Th02 karisimlarini ihtiva eden yakit
hicrelerinin reaktivite degerleri ve , ayni zamanda bu hiic-
relerdeki Gzellikle Xenon~135 ve U-233 olmak iizere izotoplarin
konsantrasyonlari hem baslangi¢ degerleri hem de yanmanin bir

fonksiyonu olarak ayrintilari ile incelenyigtir.,



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.

the possibility of U-233 production from Thorium in a DPWR
is investigated. l'or this purpose fuel cells consisting of varying
mixtures of an - Th02 with the Uranium compOnent enriched to
different levels are examined for their ks values. Also, for
these cells, both initially and as a function of burnup isotopic
COmpGSitiOnS)GSpeCially Xenon-135 and U-23% concentrations,are

traced depending on exposure time.
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CHAPTER I

INTRODUC TTON

The main object of this work is to investigate the possibility
of Ih 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 fertiile U-23%% and

Th=2%2 isotopes present in the fuel ;

238 1 , 239 23,54 min. 239 2.3% days 239
9£U 4 0N —— 9?U —-B-ﬁ 93Np -—-.—.E-:._..._..; 91, Pu

i Y 1 me 33 23,3 min. 23% E?J+days\ 23%3%
90 h FON ey 9OP' ’lea 92 3]

B P~

U-2%% is used 1in subsequent cycles to supplement the need
for U-23%5 enrichment, thus reducing the enrichment cost. Fregently
the Plutonium produced from the fertile U-2%8 is not used in later
cycles but stored for later use in fast breeder reactors, 'l'he reactors
which use the mixture of Thorium and Uranium as fuel would be converters,
producing energy and significant amounts of fissile isotope U-23%3%

at the same time,



Thorium fuel cycle provides an alternate path toward a solution
of the present energy requircments. ''he most significant advantage

of 1h - U7 cycle over the U285 py?39

cycle in thermal reactors

is the potential of a higher convemsion ratio (CR). In a converter or
32, ) N .

breder reactor CR units of fuel is produced for each unit of fuel

consumed. 'the higher conversion ratio leads directly to a lower

depletieon charge in. the fuel cycle cost,.

So far, lhorium has not been used extensively in nuclear reactors
but t'h conversion may be feasible as a secondary aim in nuclear power

production.

Advantages of the Thorium - Uranium-23%3% cycle are

1- U~-233 has the excelleng neutronic characterigtics and deposits
of Th in nature are known to be abeut two tc three times as abundant

as those of U,
2~ It can be used for breeding fuel in thermal reactors

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

to 660 °C.
L= Uranium-233% is much less to_xic than Plutonium.

5~ the denatured fhorium fuel cycle has been suggested as an
alternative which would allow the use ofbred fisgile material while
mitigating the potential for nuclear weapons proliferation present
with rlutonium utilization. No nuclear fuel cyele can be made completely
free of proliferation risk. ‘the objective of proliferation resistant
fuel cycles is to increase the diffuculty, cost, detectability and the
time required to obtainla nuclear weapom so that nuclear power becomes

an unadractive path to nuclear weapons.



In the denatured Thorium fuel cycle, the Uranium 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 U-233%
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/0 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 cycles;

Z
a major differenee being the intermediate formation of Pan} which

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

pa?33 33

, reactivity control during shutdown is

1233

yields figsile U®
’complicatéd. In tne thermal-neutron spectrum, has a much lower
alpha ((Z/C%) and therefore a higher eta [ey?b+«ﬂ than PY-7.

This difference in eta, however, is not as large as the difference in
alpha might suggest, because Pua39 has a large MV or a larger number
of neutrons 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 whem averaged over a burnup

pericd. Therefore reactivity lifetimes can be larger and a greater

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

In T horium systems the radicactivity 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.



DEAD
The magnitude of this problem is directly related to the U“BL

concentration buildup 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
U°%% . the e

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

below 6 pev. The 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-life) 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 i1s a mixture of Uranium and Thorium dioxide. Initially
the y ranium component of the fuel mixture would be enriched to £20 W/O
6255. ‘Phe enrichment limitation of U-233 enriched Uranium is 12 W/0.
The ratio of moderately enriched Uranium to Thorium in different fuel
regions can be varied according to the nuclear and engineering

specifications and adjusted to achieve the desired fuel burnup.

For this purpose, the integral transport code, GELS is used to
prepare the inputs for different cells for the reactor analysis as
a whole.GBELS,ims a one-~dimensional, multigroup, intepgral 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 pins 1s included,



Further, provision for burn-up is provided. 'he code has good accuracy
and a fairly high computational speed. ''he code is 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 square 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.

‘'he 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 UOZ-THO2 fuel mixture in a PWR.
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Collision probabibilty calculation

CALL TRANS
Transport equation solution; double precision matrix inversion
L used '
T

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

© ©

=/
(o




A (3&) " TABLEL.- continued.
7 ‘

CALL SYNOPS

Broad group constants calculation and writing to files
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Burn-up dependence of cross section Tibraries
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CHAPTER II

ANALYSIS OF THE GELS CODE

II- 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., tor this purpose each cell is divided into a
number of regions. The densities of all isotopes, cell geometry and
microscopic crass section library are given as input te this code via
the subroutines INPUT A and INPUT B. Integral transport calculations
are performed by using the collision probability method. ‘the discretizs

form of the muliisraup integral transport equation is given by

N
2
Zirj-¢;\3 :22: 93..5;.V; J= 1,¢..00.N (number of regions)

i1 17
(2.1)

where the right hand side of this equation 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 for all
energy groups and regions are computed by the subroutimne MACRO
while the collision probabilities Pif”j are calculated by the
subroutine CP. The source term is calculated by making use of an initial
flux guess. ‘then, the quantities obtained are inserted into the above

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

is solwved for the fluxes by matrix inversion in subroutine TRANS.
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As a result, the fluxes for each energy group and regiaon 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 creoss sectiqns 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 products 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

EILEMENTARY CELL-ENLARGED CELL-SUPER CELL

In PWR's the'non-cell water in the in.erassembly 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 reacter 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 eof another species forming out of it one or.more

additional cylindrical regions.

If the species added does not have a peculiar structure of the
neutronic flux density we call it an enlarged elementary 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 example rodded RCC-Cell or burnable poison pin cell surrounded by

a number of fuel pin cells would constitute a supercell.
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ZONBE=MODERATOR ZONE-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, the shape of
every zoune 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,

All zones which contain the same moderator, ie. the same moderating
isotopes of the same atomic densities arc gathered to a "moderator

zone' . The non-moderating materials of zones belonging to the same

moderator mone may be different. Zones without a moderator are neglected

in the gegeunt of moderator zones.

In this version of GELS there is only one moderating isotope;

the isotopic mixture 1I - 1/2 O. The only distinction between different

moderator zones is the atomic density of this mixture.



1y

II-~ 3. FPUEL CELL AND SUPERCELL MODEL USED IN GELS CODE

Following calculations are performed by using the integral

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

Control supercell caleulation ,

Super cell calculation with burn-up

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

1 st zone: Muels pgas gap

Mo

nd =wone: Cladding
% rd zone: Cell water@interelement waters spacers (inconel)

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

(stainless steel}

0 1 ruel vpin
3

2 Zircalloy can
% Moderator

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 + gas gap between rod and cladding

Srd zone: Water gap between cladding and gulde tube.

Lth wone: Stainless steel guide tubes.

Sth zone: Cell water+ 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 s spacer+ cladding 4 fuel
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(+2+3

1 moderator
2 zircalloy 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 RCC inserted has to be represented by a supercell.

In the case of supefceil the GELS code provides for two different

schemes of generating broad-group constants which 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 tormed ; one for the cylindrized poison cell another
one for the fuel/moderator mixture namely control supercell calculabion.
The group cross section library representing the fuel/moderator mixture
wkll be formed by a run of the code homogenizing the fuel cell before

the supercell calculation which follows as a second run.

Luring the fuel cell burn-up caleulation the code produces a setl
of polynomial coefticients which correlate the self shielding or the
disadvantage factors in each energy group with the U~235 conecentration.
lhese 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 L5 energy groups

Tn the case of ISTO = 5 NUX = NUY

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

TOSIG (IR, IL) . The mieroscopic transport cross section for

isotope IL, for group IE
ARSIG (IE, IL) . The microscopic absorption cross section for
isotope IL, and group Ik

oUsIG (IR, Z,IIJ . The microscopic out-scatler cross scction for

isotope IL and group IE

¥ISIG (IE, IT) . The microscopic nu fission cress section for

ILth fuel isotope in IE th energy £roup

XNU (Ik, IT) . The number of neutrons produced per fission

for ILth fuel isotope for group IE

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

group IT

L (IE) : Spectrum for group LI
vil (¥, L) : The fission yield of K.th fission product

iéotope from L th fuel isotope

ousIa (Iw, 1, IL) . Microscopic in-gscatter cross section for
isotope Il and group IF. This is found by
Subtractig&hgabsorption and outncatter cross
section from total cross section.

ousic (If, 1, [L)= 1USIG (Ik, IL) - ABSIG (Ii, IL) - OUSIG (IE,IL)

OUSIGH (T1,IJ, ILM) : The microscopic transfer cross section for

moderator isotope from group Ik to group IJ
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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

HBOR : 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 l7%

S1GS (IE,IJ,I2): The macroscopic transfer cross section of
moderator isotope from group IE to group IJ fér
zone L4

(0= DENM (IL, I7)

DEN (NI'OR, IR): Density of Boron isotope for region IR

17 : Moderator region index

NILKM= NLB - NLM : Number of nuclides except moderator isotopes

VoL (IR) : The volume of IR th region

"VCE : Total volume of the cell

CO (K, IE): Polynomial coefficients

K= 6 Number of coefficients

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 (IR, IR) :Z S «(IE,1J,TIR) + Za(IE, IR) (2.1)
iz |

516D (1J,1R) =/ sin (IE,IR)A»Z 5o (11,1J,IR) (2.5)

€: 17

Then, a return is made tc the MAIN program,

fist of svmbols used in this program:

MT 2 b6 : ffuel =+ fisslon products
JEL= 351 : Number of fission productls
DIPCO (I,1R): Polynomial coefficient, I=] 0006, IF= Djcens N26(1:5)
PT = DEN(ICON,IR) : Atomic density of 5th isotope for region IR
DENN(IL,IR) = {«3: The ratio of the average fuel to moderator
flux. Tt is found in burn-up fuel cell calculation
(ISTO = 1)
NILB : Number of nuclides
()= DN (L,IR) . The atomic density of L th isotope for region IR
S5P Self shielding factor
MOGT = NFFRL + NLT 4 Number of fuel and fission products
MOGIP = NFULT 4 NLT 4 Tumped absorber
FISIG (IR,IL) . Microscopic nux fission cross section of fuel isotope
for IE th micro grouv.
TRIC (IE,IW) . Macroscopic nu# fission cross section of fuel
isotopes for Ik thmicro group
STGA (IB,IR) : Macroscopilc obsorption cross section for group Ib
and region IR
OUSIG(IN, 1, L): Microscopic in-scattcer cross section of L th

isotope for IE th micro group.
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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

1his subroutine is called from the MAIN to ealculate the first
collision probability matrices Pij, the quantity PfJ is the
probability that a neutron born in region i will have its first

collision within the region j for energy group g.

Diffusion theory (or other PN approximation of low order) fails
whenever the angular dependence of the flux is complicated. Instead of
utilizing approximations of higher order in such situations, some
special methods based on the use of collision probabilities in pureidy

absorbing media are frequently useful.

Consider a comuwon situation in which reactor fuel, lecalized in
the form of lumps, e.g. 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 ma&kes ils next collision
in that region. Lln 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 reguired to determine
the pﬁobability that these neutrons will undquo collisions in the rod
before escaping. the neutrons which escape will be slowed down in the
moderator and for resonance absorptien 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 calculationsinvelving 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

3 ) s - . 0y . . ) a £
© regions. Lhe first collision probability matrices Pi.

che whecie geometry of the problem are those of Carlvik.#

wnfinite oircular cylinder has been takem for this calculation to

zent the Fuel cell.

. Jth region

5 7 2 8

[ 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 ) T34 i
@2 - Z—:; I(fjig'.-r;_') Al” ]: L/ég (7)- 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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Toh) = Zg, (Ve 2 )
T(L‘) = Z Tk

kil
It !
"9" (hy - Z" /\C//k TKuia

ke km{n Qm;n_[ < L‘

Ceollisien 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 i3 .0
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;

Zg jZ‘g v 2 s v §=1,...N (2.7)
T3 | Potpul o B S e ‘
Where e
@5 - ﬂ,ﬁ (%) &r (2.8)

?3 -3
— & )
Zs “"ZI/Z*S </")“J/0 (2.9)
Ba.(2.7) is solved as usual by replacement of &he one eigenvalue
problem (2.7) by G in homogeneous problems which continue to be coupled
by an auter iteration mede. This is done by splitting from the source
(2.8) the scatt@ring nate belonginp group £.

Zg,@\/ Zp 5.V, ZpLdZ[ (uZ]eﬁ g\/

JB ’]4’990601\l
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PARR AN Jﬂv Z P2 g+
l% w‘s

Zha SE gy,

% %

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

matris and, o 0°90U“ﬂ §yg of the total macroscopic group constant is made,
= ry R Z
,-/\‘) —"(z»/‘j& /"QL \/0)&/0
g (2.11)

S - - Ve +_I. = E’ A _ﬂﬁ'—%j
2750,%>g2?* 2:i1: x@a/éﬁ Eﬁm)g/w~415; o2 4 Tperd e

/V"T - >L_)Q TZJJ Q’ZS{
Wl ? = ey 1 -+ 3 sl oo = - 4
Where .3 the absorptlon 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 o formula
N
§ %8
Ol & DAV
St
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 propgram solves multipgroup transport equation by the following

procedure :

Agsuwming that the {lux , RPHII (IE,IR) = 1

, the total losses and

productions are calculated for the cell considered

N:2o  N:26

1
XLOSS = E E 2. a(IE,IR) % VOL (IR) x 1

A &
N2 N2

XPROD = 25 » 5 r(In,TR). VOL(IR). 1 ,
IR:1 &4
~26

SUMTRI (IR) = Z :ﬁZf(I,TR)VOL(IR)
Ie:4

Multiplicstion factory kg is then ;

REACT = XPROD / XI.0SS

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

the updated source term on the ripght hand side of eaquation.

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

respectively.

N2,
SUMSTG (LRS) = (IPS) 7 Notrano(IRS, 11, TRS) . @ (RS, IRS) .VOL(IRS)
Ies=1
+ Z YV o,out(TRS, IRS) . (168, 118) LVOL{ IRS) (>.13)
Ies -4

N:26
SUMSIG (TRS) = E Vs, 0ut(TRS,TRS) ¢ (THS,1RS) . VOL(IRS)

Tes=|{
The left hand side and right hand side of equation can be

converted into matrix form

C (IRS,IR) = Z (IE,IR) - P(IRS,IE). SIGD(IE,TR).VOL(IR), TR= LIRS
C (IRS?IR) - -~ PIMRS. SIGD (I¥.IR).VOL(IR) IR# IRS
N2O
¥ . e .
Po(IRS) = [uszm (TR) .PIERS; XX/@ LSUMTRT L .v}]
Ir:{
After this calculation the equation can be written as

[e] B - 7

The subroutine MATINV is called to solve the matrix equatien.
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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 (IK) = 0.3553%5%5%55533 JOIF(IE) / SVLIR

finally & return is made to the MAIN program.



Iist of symbol used in this subroutine:

JN ¢ lime step

VLIR= VOL(IR) : The volume of the region LR

XPROD : Production rate for all energy groups and regions in
the cell
xLOSS : 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
PRIC (IE,IR): Macroscopic nux fission cross section for group LE
and region IR [v S f(IE,LR}]
S1GA (IE,IR)} : Macroscopic absorption cross section for group Lk
and region IR
TRIX = v f(LE,1R) . VLIR

NZ2g

SUMTRI (IR)= 2 p3f(Ik,IR). VLIR
1€
REACT : Denotes the reactivity (keo)
IRS and IR: Region indjiges
IE and L(ES: Energy indices
ASG = SIGS (IES,Ik,17) : The macroscopic transfer cross section of
modarator isotope from group [ES to group Is
PItxS= P (IR, IRS, IE) : Collision probability for group IbE
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)
SIGD (IE,IR) : (Macroscopic transfer cross-section of modeérator
from group IE to IE ¢ macroscople in scatter cross

gsection of olther isotopes for group JEY in region IR

ITERY : Iteratimn index
AN LJr+1 T : . .
CONEIG = oo = Koo Convergence Criterion.
LTae 1
-9

DIF (IR} : Average diffusion coefficient for group Ik.
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Ii- 9, SUBROUTINE MATINYV

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] AN 3T 1,000,820

Recall that

¢ (i,§) = {;quvj- Pijijf;g] roie im 1, ....N20
j= 1,000 020
e (i,5)= [ F%. Vi ZscsﬂljT if iF 3 (2.14)
< g 3 R R u P
B = o0 v [(Z (ozplest )} @
P=l ?;18

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

from TRANS for each energy group.

The subroutine MATINV invert.es the matrix ecuation 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 exgeed Nz26 (45).

Ilist of symbol used in this program:

ASP= C, the first term of the matrix equation
i
PSP e Bi the right hand side of the matrix eguation

NMAX = N2O number of regions

NSUB = N2O number of resgions



IT- 10. SUBROUTINE DEPRIN

DEPRIN is referenced from the MAIN to print the outputs and
calculate the weights of heavy metals, macro 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 correspondingioc thepresent time step
for all isotopes. Then the weights of heavy mwetals farrams){i.e fuel

and lumped absorber isotopes) are computed as follows ;

For fuel isotopes,

GM (1, IR) = N (L,IR). VOL(IR). AWT(L)/0.602L7 I=1.15 IR= 1.N20

N2O

g8 (L) = ;E:N(L,IR). VOL(IR). AWT(L)/0.60247 (2.15)
TR:{
NFUEL

FUEL = gzz GS(L) which is the total weight of fucl isotorpes
! in all regions.
Where, N(lvlﬂ)th number density of isotope L for IRth region
(in szilard), VOL (IR) : Volume of the IRth region.
AWT (L) : The atomic weight of the isotope L

0.60247 : Avagadro number in szilards.

For lumped absorbers:

GE¥M (L,IR) = N(L,IR). VOL(IR). AWT(L)/0.60°L7 (2.16)
NZO
) ) - s 17 oo 1O}
G¥s (L) = E,iN(L,IP}. VOL(IR). AWT(L)/0.6024"7 AERREES
IQ:{

A1l of the above guantities are printed in the output alter tlese

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& N2p wfFus

DENOMe > > 7 N(LyIR). N£(E, L) . BIE, TR) .vor(1R). ssp (2.17)

IRl I€:f L:f
Where the summations are -over all energy groups, overall regions
and fuel isotopes and recall that SSP is equalto\l ex¢ept for the
burn-up supercell ealculations. For burn-up supercell calculationy

S8P= DENN(IE,IR)Y/ (1< ALPHA .DENN(LE, LR) - 1)

Then the normalization factor is found by using the DENOM

FUNC = FIWATT. POWER. 10~°%/DENOM

Where FIWATT is given in MAIN as 1/8® 3.125. 10-°

POWER is the integral power per cm 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 aresnwatt/cm,

Recall that, normalization factor= _{ . Power(Watt )

¥ TFission rate

Lthen all of the fluxes are normalized with this normalization
factor;

RPHY (IE,IR) = FUNC. RPHI (IE,IR)

IE= 1,...N26

IR= 1,.0.N20

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

average fission rate for the cell are computed in the following way
MFUEL wN2E -
FOR) = D7 5T N CLIR) VY (TeLL) L g (1 Iy) . ssp
L:¢{ 1€=1 '

pFUEL. NZo ISP XA
ZZZ N (L,lﬁ).WE (Ie,L). P1e,TR), s5¢ VoL (1)
AAA - Gz CTE TEs

~N2o

vor (IR)
e (2.18)
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And then local form factor is given by

F (IRY= F(IR)

(L.¢, Tission rate ﬁilregion IR/avarage fission
AAA

rate in the cell)

The program also caleculates the macro group:fluxes, those are

fast and thermal group fluxes.

15
PHT (I,IRY= > RPUE(IE,IR) IR= 1,.7..020 (2.19)
ie=d
Which is the total fast group flux for each region, and,
4 |
PHI(2,1R) = ZE: RPHY (IE,IR) lk= 1,,..N20
I 16

Which is the total thermal group flux for each region. The results

are printed in the output 1if the option NPRIN1= O holds. However,recall

taat  if NPRIN3 = 0,45 group fluxes are printed and if NPRIN3# O

2 group fluxes are printed. In the final section ot the program,

fractional absorptiomns: and productions are computed as follows;
NLe

r 1 H ‘ o I 1
ABERAC (IR) I;Z (IR, g ree) o,
e A, .o NZe

?RFAC CI8) - 7 UZQ(IG; 1), ¢ (1e IIR)
£t (2.20)

(=3
T

Total absorptions and productions in the cell are calculated as
NZo 26

ABSLM = ZZ Zg (18,18). @ (16,18) , VoL (IR)
iR={ 1€.}

A2 a2
PRSLUM = ZE DZLTE, L), F [ Tg, IR) . VoL (IR)

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

groups in the cell are calculated &8§

QBAL (I8) - N(L,IR) & (IE4IR) .vVoL(IR). SSP
NIy IS rggggg
AR - ZZ Ya (Ie,L). QPAL (TE) =§iiﬁ>__;7;‘(£€,z.). N (LIe). @ (Te, 1) VoL (1), SS9
2.\ TE:= I8zt TE=|
NZ2o “‘("‘
< < /o \ P
Vo (1E,L) . QRAL (IE
ps2 . . o Va (TE0).Q )
it fc=13
N2o 1S —
< -
fELY o (LLIR), @ (I8, IR) W
PR :Z@D?y N ). P ). VoL (1R). ssp
fa-t re:|
NZo AM26

——F

v Np (e LN L, (1€,] [
PQ‘Z = ZL.J l)ﬁ-{ - L> NC 'I%)-¢~LEU—Q)~VOL<1R)_ 3s?P

TR -y 1€~ o]



H2lo 15

AB L= ABY e, - I;;V;ne,o,wm,m) #(18,12) VoL (Ir) . 5S°?
LM T ==

Mo Aéz'é
Z VZ (IEL) N (L, IR). 0 (1€,10) , VoL (IR) . P
IR21 i€sd
N2 w26
ARY - ARZ Ry Va (BL)N(LIR). (e 1R) Vou (IR). =57
ABsupm
N2 a26
ZZ Va (T€,L) N (Lre) B (1€, IRY . voL (1R) S5¥P
Ie:-{ TE=| : '
N2o 15
PRI Py VT{(%GU N(LIR). & (T8 10) . voL (18). as¢
pR{ = /?KSU = ol Ie:
‘ M NZg #2g
;%‘/ VT‘{ (T8 N (L, 1e). d (e ,1?\5. vouL ( TR) . S59
QQX N2o w6 ‘ ,
Q1 P , — -
PRI . //?RSUM - E;TE;;!{V%(IH#)-“1(L11@3-§fC1b,l&)VOL(IQ) P
N2o AL e e, e ’
<
Z % AJW <‘L%‘\’) N ( \—1’\:&\). 52{ t(KE, 1) .vou LTR). 59
LRzt TE:) .
Then
ABRT = AB4 + 482 Quaar NZE AmT
PRT = PR{ + PR2 i .
LB '\l"i’:
QA%‘:Z AR A QPQ{ :Z PQ’1/ QPM:Z 7 PRZ
L4 L=l — L=i
NEVEL
pLh
Lzl L=l
Where

ABl' represents the fractional absorption ftor each isotope and all

energy groups

RRY represents the fractional production for each isotope and all

groups
QAB1 represents the fractional absorption for the fast group and

all isotopes.

QA*2 represents. the fractional absorption for the thermal group and

all isotopes.
QABT represents the fractional absorption for all isotope and groups

(PRT represents the fractional production for all isotope and groups

Finally, printing these results in the output, a feturn 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.



PR 1

PR 2

AB 1

APe

PR 1

PR 2

ABT=

1]

"
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total production rate over all fast energy groups
total production rate over all repgions and thermal
energy groups.
AB1/ABSUM : fractional absorption rate of isctgpe L
for fast energy groupsin the cell
AP2/ABSUM : Fractional absorption of isotope L for thermal
energy groups in the cell
PR1/PRSUM : fractional production rate of isotope L for fast
energy groupsin the cell,
PR2/PRSUM : fractional production rate of isotope L for

thermal energy groupsin the cell

APl s ATR : Fractional absorption for fast group < fractional

absorption for thermal group, for isctope L in

the cell.



I¥I- 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 isotobes 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 howmogen_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 din the core
afﬁer a sufficiently long period of time. Some nuclei are direct fission
products and ethers are formed through radiocactive decay. A number of
those fission products have high or moderately high cposs sections for
neutron capture, consecuently they have a significant influence on the
neutron economy of the syskem. rurthermore, the conversion of fertile
nuclel into fissile nuclei 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 nucléi as Uranium=-236, ?1ut0nium—240,iﬁrunium~259, and SC One.
These can also capture neutrons or syffer beta decay or both so that
many new heavy isotOpes, i.e, isotopes of Thorium, Protactinium,i}ranium,
Neptuniumn, Plutonium, etc. are present in the fuel after a period of

reactor opcration.

Crogss section libraries pertinent to the isotopic chains involved

4

are needed for burnup calculations. For the scke of convenience the
avoidance of scveral pseudo fission products with different saturation
hehaviours was considéred to be desirable. While . the number of heavy
metals is fixed in some measure by the appliciations planned, the number

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

possible allowing at the same time for a good burnup calculation.



Morever, the structufe of the chains siiould be simple. Fig @@S)
shows the heavy metal chains. 1he six important isotopes are equimnped
with a non-saturating Pscudo fission product representing the low
aross segtion absorbers,

Th_ 232
//\\)I
NSEP - 233 Po - 233

l 234

U-232 —> U-234 —» U-235 —» U-236 ——> 1J-237 —
ol X 4 €54

MSFP NSTP- 2135 Np-23%

U~ 238

NSFP 233 Np-239

235&1 \

PLL -239 ——bPU— 240 —_—b Pu- 24 g pu _ 242
ABX / \4 \\A
NSFP.239 NSFPg Tuy A 243 —— )

\)\:\F\Q(e

r\r . A
‘hission , $ : &_ Decaj ) — /—\L’)&ofpjﬁoy\

Ex; ﬂ%§o@Lkw\rim5Mm+ameuus }- Decay

NSFP @ Non saturating fission product

Fipure (IT~5) : lleavy metal chains

The assumptiondinvolved n abbreviating the chains are the following:

le whe yields of precursors with half lifes below the order of
magnitude of hours are cumulated to Lthat of the next longer living
successor. In a way those precursors are presuncd to decay inslantly

to the longer living succegsor 1sotope,
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2. Low yield nuclides ( yield, £ 1%) without strong fission
product parents are onitted even if their absorption cross sections
are high.

5. Unstable nuclides of o sufficient lifetime are taken into
account, even if their absorption is small, with regard to burn-up

effects caused by power cycling.

this special choice of fission products facilitates the solution

of the system of burn-up equations-;

W () N?(tﬁ (2.21)

d t

N (t) = { Ng(t) oo ... an(t), L l{t) ,e..@g,,.Nn(t)}

Where,

n : number of burnable nucled

nf ¢ number of fissionable nuclél
kS np ¢ number of fission product

Ni : density of nuclel

T : transposition symbol

C : Pepiletion matrix

C being of lower triangular form has been brought to a
more diagonal shape, by eliminating the nf. np block of clements
which couples the fission products with the fissionable nuclei. nlimina-
tion can be pertformed by assuming the fission products not to origé&nate

continuously from the fissionable nuclei but from an external source

term of the rorm:

Z
Z.
TN
('r
Q_
¢
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Where
isk .. . .
Y : yield of fission product k from fissile isotopc i
G™ Lh : number of energy groups
t-te : lenght of time step
Pi ! specific neutron production rate per isotope 1

This approximation is Jjustified 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 svstem (2,21) into an
inhomogeneous ane but the new depletion matrix has only three generally

non-vanishing successive elements per row:

e

e

c = JC, . c. . C..
i,i-2 i,i-1 "ii

Under the above considerations depletion equations at a region

have the form:

6
| ¢ ¢ ~r 5 gy
N: - §
NN TR B, Ot el B N Z S P
. i - (2.23)
Where;
N : the nember density (mualei/cmBF of the isotope i

M, Mi-{ @ decay constant for the isotope i and i-1
R : average, power-normalized flux for energy group g
Vzi,, Cgﬁ ¢ capture cross sections for enerpy group g and
isotopes (i=1) , (i-2)
r ’ [ ) >
Va; : absorption e¢ross section for group g and isotope i
F

G= 45 ¢ number of energy groups.
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Then the elements of the depletion matrix C become

C_” = + Gl
Ci,i—l = S(,‘ (OM - PL—() + Q\L-q C2.24)
C;i_ - -
-2 Sl,z(g.‘_l_ ’Pi_l) - )

coupling indicators,actual value due
to chain structure
In the case of a pseudo fission product the comnlete row vanishes

By equations (2.22) and (2.23) the solution of equation (

Qa1
has been simplified,

that index calculations become unnecessary and the

recurrence rebations for the coefficients of

the solving sum are quite
-

short.,
The change of nuclide i under burnup is decribed by:
_c, Ct—4)
; (F) 2; P 4+ b,
Q- - Ciig Qivg+Coig O£~E,J
ld -~ ——
C .. .
e CHJ
b_ o Cli-a bc—z + C.i-e L) i X@
0 =
“a (2.25)
O‘LL:N(—{\:)ZO - b;
3:\50,
okl = ¢ % (Y
b

=0 {{J ‘Lém(? or L>l"{+np A £

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

In the case of pseudo fission products mq&lﬂdegoncrates into

Nep (£) = Nep (4) + ¥ep (E-to) >

2 el U)



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 nuciei. Then the
lower triangular depletion matrix is established and split into a
number of independent fuel and fission product chains, ''he coefficient
matrix occuring in equation@hlg)is computed and using these values

set of equations of the form@hl&)are solved. Consequently, the
number densities for fuel and fission products are obtained for the

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

SYNOPS is called 3 times independently from the MAIN according

to the value of the option NSYN to rerform the cell homogenization and
to calculate the microscopie and macroscopic broad group constants.

The option NSYN has three possible values specified in MAIN i.c,

SYN= -1,0,1 . If NSYN is equal to 1, SYNOprs is referenced from MAIN

to print the results of burn-up calculations for each time step.
When NSYN is egual to O or -1, SYNOPS calculates the broad groun
constants and writes them to file NUY and IFRER with the help of its
sub-programs GRUPVE and GRUPVR. Then the program calls subroutine GRUEBVE
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. Ffuel, water and structural materials are assumed

to be homogenized over the volume of the unit cell, and the qharacteris-
tics of the cell are computed for the homogenegus mixture. An important
problem associated with homogenization is the difference in flux levels
in different materials within the cell.in & tvpicel wafer-reactor

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

<:> <:> <i> <i> _//MW;7 humogenized‘area
Nz -

SNON: uole

OO 00O

Figure (II~6)
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When the cell is homogenized the effective cross sections are

defined in such a way that the peaction rates are preserved when

ese
for example, that ?i&r represents

p:4

integrated over a cell, Suppose,

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

energy at position r within the cell. [t & () is the computed flux

in the cell calculation, then the effective cross gec §" , may be

deflined as,

<7 uﬁ‘eé{ &J’/ X C!’) /@’ Cr) . G/V
e s

”//75% ﬁ(r) . O/V k2627)

vantages factors can also be defined for any

kind of neutron reaction as the ratie between the actual reaction rate

and that which would be Tound for the same material exposed to the

volume averaged fluy, thus, the shielding factor, 5 for a reaction

of type x can be represented by,

L v gdv
~/Cje!( ﬁc/l/ E;O//

l/Ce U celf

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

P

V; 5 / Vx o
l/ce/[

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 wmell,

Using the subroutine GRUBVE, SYNOPS performes the homogenization
and calculates the microscopic broad group constants for the cell
under consideration. After this pro.cdure is completed, SYNOPS also
calls the subroutine‘uRUPVB to calculate the macroscopic broad constants

and writes input to 1mrkB file for use in the LREBUS code.
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Lf the burnup fuel cell calculation is to be considered (i.e IS5I0=1,
5YNOPS does not call the subroutine GRUPVB, lecause in this casge it
only prepares the coefficients of the polynomial for use in the burn-up

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

Finally, the program writes the weights of heavy metals and the
reactivity to file NU(1%) 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/TO.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  (NXX¥= 0,1)
IR ¢ Region index

NLRB : Isotope index

°

DEN(L,IR) : The atomiec density of the isotopes for region IR

NDOW : Group cadensation control number
INSTOP : Maximum time stev

REACT : Reactivity

L : Isotope index

IX : IN+ 1

NRSTRT ¢ Time step number of density punch.
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IT- 13. SUBROUTINE GRUPVE

GRUPVE is called from the subroutine SYNOPS to perform the

homogenization for the cell under conslderation.

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

ISTO equal to and not equal to 1,.

If ISTO is equal to 1,(i.e, burn-up fuel cell calculation), the ratic

of the averapse fuel to moderator flux (?g) and homogenized density for

the U-235 are computed as outlined below.

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

- o ;
. B2 A V.

A/

s V/ (2.29)
%ﬂv E }gg»; £
k:h7’(’u‘¢[+/
Where,
k , 1% tne region index

; average fuel flux for group g
average moderator flux for grouv g
moderator volume

; fuel volume

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

flux for the fuel regions.

NZo
VGE = 7 VOL (ZR)
-2
Jéc ¢
voLum = p VoL (IR)
&=/
Eg/
9 - (IR,TE) . VOL (IR)
ANE 2 f:_/ ¢

JE = { ANZ6
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16(_'/
(Ie,12) , wvoL ( IR
GAM (18) = ANE2/ - 72.fo e ) 28)
ZNOLumM 6oy
VoL (IR)
2= 1

Mote that, the summations are over all fuel resions, 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]

Z & (1€, IR) . VoL (IR)

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 tec7
Z gfze,m),vm_ua%; VoL (1)
ARGI(IEY= GAM(IE)/ARE2 — 3/ Fe=7
NI2o ~2o
/@/(IE,IK).VOL(I@ ),/Z/ VOL (1R)
I2-TGey /JZ:Ic;cz

1.

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

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

J(,E‘_//
AN D= N{5,LIR) . VOL{IR)
12 =f fecs
N (5.1}, VoL (7R)
DIENT/ = ANET/VGE= “:“ (2.3
7 VoL (IR)
Ta-1



Pue to the low heterogenity it is a food approximation to use only

two self-shielding factors for burnup supercell calculation,

r.s _ 7

F T

e

- ({or?)

.y . i

[ =

e S — S,
‘ 2
[ -

(2.52)

o o
Tor the nuoted mixed with the lfuel and with the moderator,
Qrpee o v ihhdn coarse representation the  canning material

Tetlo az exploined ot the beginning of the subroutine. r- is the

carrier of the time devnendence of the above enuationa. This will

he
degeribed by the 5 th degree polynorial of a time dependent vensity of

U= bh

ri) = P (H(D)) (2.%3)

e fuel cell burnup calculation (I5T0=1) oreparcs only the
coefficicnls of the polvnomial. Using these coecfficlents, the scif
shiclding factors are calculated in burnup supercell calculation from

Lwo different formulas; One for fuel (¥), other for wmod (M), after-

i
5

wards, the sclf shielding factors (SSP). for the BUrnun superce] ]

: > : - NS ey by e e e i .. 1. 1 ’”: L 4 A
Poageon o Lhe medorstor . o symbol ¥ denotes average fuel to moderator

calculation are used in homosenization as explaincdiqiﬁef011owinﬁ seclion,

These results nre written into file BUV(15) at the end of the section.

When this rouline is completed a return is made to the subrouline SYNOPS,

beneration of a cross section library for a fuel nin Lype
surrounding an absorber in a suvercell is accomplished by the following

procedures Aflter g fuel pin transport calculalion every cross section

has to be homogenized by the individual self-shielding Tactor.



(2.00)

/
N
£
Ay V,
rﬁ_ ;; K k}é /
U N ~,
/ A
k=/ k=f £
L;/
<;”* - -7 -7
{' ;: - v J )(“~
X,
i Isotope index
Iz : resion 47
P :dndex denoting the specics of crosg

differential ones included.

sceblons,

Usine this factor homogenization will Lo made Tor Lhe normal fuel

cell calculalion a

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

g

control

supercel]

calceculation.

Y

however, wounld awullipy the exvenditure. Nunerous tables of the {ucl

Library depending on flux tiluwe had to be prepared belore and Lo be

read during the

buroup calenlation

pushing

caleulational times and storare demands.
1.

In the

sccond sectlion of tl

homogenivation for all cases (i.c, excopt Lhe

ESTO=

caleculation

1) the

Tolltowing nrocedure

The program calculates the valume of the

flux

self

iGcy

VOLUM= E VOL(IR}

TR -fecd
ec1 .

Where,

1GC 2 :

shielding factors for the cell,

first region participating

last region particivating

the

problem

e GRUPVE, (IST0 #1) | to perforen

burnun fuel cell

follomed 3

145

homopenized cell,

in homogenizalion

in homogenization

to unacceptable

the cell

average

for the cell, average density ol all isolopes ror tue cell and
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Iéc g
ANE2 = Z @ (IE,IR). VOL(Ir). ssp
IR = 76c ¢
_!_EZ 1,569@ eaN26{}+b}
féen
| ‘ Z (18, 1R) o, (Zr), ssp
ABsl (_LE): ANE2 VOLUM B IR -r6c f '
/ et £2.35)
vor. (1IR)
JR: Eec o

Ssylm DENN(IE, IR} the self shielding factor for all fuel regions

specified in INPUTB

recy
ANE 1= ? NCL, tRj. YOL (Ir}
IR: Igc 4
If_sz
DENH(L) = o, N(T,Ti). vOL(1x) |
fecy, (2°36)
VOL( IR}
IR: 1ae 4
;Eiz
ZAE = Z N(L,IRY. & (IE,IR}, VOL (IR}.p5P
IR:16c4

facy

Z_ N (L IR) & (1€,1) wol (IR). %
GAM(IE, 1} = ZAE/ANE L. ABGI(TE)= i3z

tacz Iffzcj 5
Z;\I(L,m)\/owm),gﬁ;‘;( e 2) vor Lre). =3
TGC7
ot = -
21 L?Q voiL (1€ )
3¢-3¢c 4
Where,
SSP=  DENN(IE,IR)/(1.4 ALPHA. DEN (IEQIR’)ml ); (2.37)

for the nuclel 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 caleculation)
SSP, in the divisor of the above equation is equal to DENN(CIE,IR) for

F e %

burnup supercell calculations with, IE®1 ,....N26.
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ALl of the microscopic contants are multiplied by the self shielding

factors as follows;

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

SIGFL (IF,L)= SIGFT (IE,1).GAM (IE,1) [ V; cen). ¥ ]
FISTG (IE,L)= FISIG (IE,L). GAM(IE,L) [ pV; Gew) ¥, ]
TOSIG (IE,L)= TOSIG (IE,1).GAM (I8,1) | T3 (se.) . ]

T3TO TT v 5 . I, — L&
OUSIG (IE,1,L) = OUSIG (IE,1,L).GAM (IE,L) [Vanen) Y]

OUSIG (IE,2,L)= OUSIC (IE,&, L).GAM(IE,L) | Vss g0 Y7 ]

For all isotopes: I= 1,0e00.N FUBL |, IB= 1,...,,.N26

ABSIG (IE,L)= ABSIG(IR,L).GAM(IE,L) [VS (rey. YO ze]

For lumped absorber and nonburnable isotopes, moderator isotopes

- —[E&
081G (TR, L)= TOSIG (IE,1).GAM (TE,1) | U (z.b) ¥, 1

L6 L dNTR

For lumped absorber and non burnable isotopes: _
o B te
\/-SMCXE‘L‘}_ i’u ]

6 <L <NT.RM NIDBM = NT.B-NLM

QUSIG(TIT,1,L) = OUSIG(IE,1,L).GaM (IE, L)

ey

o _ p—
0USIG (IE,2,L)= 0USTG (IR,2,L).GAM(IN,L) {@M(at,q AL

A1l of the above microscople cross sections homorenized by the
self shiclding factors are written to file WUX (&2 4rf the casc under
consideration is pre-calculation of the control supercell calculation,

%} R N 1 V. PR b

(i.e, the option ISTOZ 4J.

LI B v 3 ¥ i vt
For the option ISTO=h , only homogenized library will be pgenerated

i Y. This. homogenized library generated by ISTO=4 will
on logical file NUX, This, homogenizedc library g \

b e 7 v ] Teatd o {T;;T.Oz‘
be used in control supercell calculation UL 5,



However, the microscopic broad group cross sections for all

isotopes in the cell under consideration are computed;

MINZ ICPU (IG) ! no, of the highest sm= .

> highe small group within broad
MAX= TCP(IG) * no. of the-lowest small group group NGR
ID:: }\‘qI‘Nooo »aeo?“lAX It
T
,L W (15,12) . vor_ (Ir), 557

ARGLT= ANI(IS)= B (1) = gl

J Vol (1)
W.ice t
M4 o 3 2 o B - . .
'nis is the average flux for each group in homogenized repgions for

the cell.

MaX rMAax \
4 &
SNM = 2 ABGIJ = 4/ D (1) Total average flux for IG th
— :
D T5z MIN

broad group.

< o _
VS = Z PISIG(IJ,L). ARGIJ [Z ;J!/;z (I7,0) . & (IJ)]
Iz Ir s pmly -
= AN
for L4NWURT,
Mﬂ Vila7ad
VTS = ] TOSIG(IJ, L) . ARGIJ f? Ve(tre) & 17) ]
T priN skl

for L £ NFUFL (fuel isotopes)

nox ~
108IG(13,L) BT [ 20 V) r250). F( 1]
77 Aty P ER DY

46 LLENLE

Lumped absorbers, nonburnable isotoyes, mod. isotopes.

g

Rt A

VS1IG1 :Z SIGPT(IJ, ). A]{;ly[ V/Z(sz_) /J cﬂ)]
L7z wmy for L&NIURL
/344/( . max - —
A8 = ? ABSIG (1J,1). ARGT JIZV@(JIJ}(U}/
1‘74”//\/
L7z anzit

for Ie 1,000.,NLE

Using the above guantities,the program calculates the broad grouv

constants for all isotopes in the cell.



AeAX
Z UL? () . ¢ (13) .
VETST (IG,L)= VFS/ SuM = 432 ,[1)2{ gxsmﬁ]
J. Z (17) ;
1 may
L £NFUBL
MAX .
o Vo (k) 2 (17) -
VIOSI (IG,LY= VIS/SNM = -Liaww o (1e L)l
Z (19
i3 ZM
L LNFUEL
A3 GX
Vo (1oL) @ (17 =
VoSt (IG,L)= VTS/SNM . ﬁg;w (e (20 F : : { v (tze,LXI
Z 513 LT
Zosmnt

46 < L NLE
(Lumped absorbers, nonburnable isotopes, mod.isotnver)

max

7 U (150 B (15)

VARJI(TG,T) = VAS/SWM= Z [ (16 .1_‘;1

At

7 F(x7)

Z7 oAV
L=3,00ec0..NLB for all isotopes
Aray
Vf(ifw.@(zj)
VSIGEI(TG, L) = VSIG1/SNM= Ede — [ ¢ (IG.L)]
J. 8 (I17) ¢ f

Tpsme i

ENPURT,

VXN(IG,L) = VFISIfIG,L)/VSIGFI(IG,L)= L v ( 3Q-L5F&
V} (IG,L)

SNFURL

VOUST(IG,2,L) = OUSIG(MAX,2,L). & ('Qk)/ ;5(1J { ?;df(}wpr )}

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
7 2R X

VOUSI(IG,1 L)%=UUSIQ{hﬁ~ 2,00, @y 2. PL17)

7 sarin)

—

\Ts,ﬂ (76, u) (161 - Rm (1) — VM cie.ul
Where L6 L <w]¢j 1 indicating lumped absorber and non-burnable isotopes.

to the SYNOPS,

Finally, a return iz mace to the =
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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 (45,4) + the microscopic absorption cross section for IEt h

group and Lth isotope,times self shielding factor
[Tm.rl_}—l
TOSIG (IE,L) : the microscopic transport cross section for IE th
group and Lt h isotope, times self shielding factor
[Vér rz 1
OUSIG (IE,1,L): the microscopic in-scatter cross section for IE th

group and Lth isotope,times self shielding factor

OUSIG (IE,2,L): the microscopic out-seatter cross section for IE th
group and L Tn isotope, times self shielding

ractor
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IT~ 14. SUPRRCUTINE GRUPVE
GRUPVB is referenced from the subroutine SYNOPS to calculate the
macroscoplc broad group eross sections and to write the homogengzed

microscopic broad group constants to IFREB file for use in the ERTBUS

code.

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

control card for writing output

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 cgll are computed

respectively,
Microscoplc transfTer cross section for moderator isotope is

multiplied by the self shielding factor.,
e 0 (1e 1)

QUSIGM (I¥,1J,1) = GAMI. OUSIGM (I¥,IJ, L)
A -1 .

Where, the factor GAMI @LEI is calculated in the subroutine

GRUPVE., for IE® 1,..6...026 TJ= 1,00...N26

If the option ISTO is equal to 4, these results are written into

the file WUY (22) so as to use in the sunercell calculation.
ticroscopic broad group transfer cross section of the moderator
TGS to broad group IG is ziven by,
A
) @ (17)
- { C;(lGS,IG‘L)]

isotope from broad groun
AAY e X
O, (17,1E,L]
VOUSTM(IGS, [G, 1 = Loy zg:mm
A — .
& (17)
JGCZ EE R VY
where, 7o L, P(IT,TR) oL (3R) 53¢
7 = Z
ol (2R e \ e s
VoL (1R) I0 = 1, ... HGR LGS = 1,...HGR
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average flux over the homogenized regions for groump IJ

[e) s R
MILI= ICPU (I¢) Lower limit of the broad group IG
MA = ICP (1IG) upper limit of the broad group 1G

MIN= ICPU(IGS)

Lower and upper limit of the bread group IGS
MAX= ICP (IGS) ’ ( P

Diffusion coefficients for broad Eroups are calculated in the same
manner ;

¥
il ALK

DIF1(16)= ;}: DIF(IB)., ARGI (11) éZi DIFCIW) }7(1J7

TE:
“Conan B sy
213K

PIFL1(IG) = DIF1 (IG)/SNORMIC = 2. ADIFC(IE). & (I17)
Le (e

At _ T
> z 1)
Lo <) (2.32)

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

and 1s computed in the gubroutine DRPRIN,

Maltiplying the microsconic broad aroun constunts which wore

frenerated in the subroutine GRUPVE by the homogenized densities for

the cell, macroscoplic broad group constants are

cbtained as follows

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

Iccy

- 2 NCLIR) . veu (1)
N(L) = DENI(L) = secrecs
36
VoL (1g)
I2:dcc

The microscopic broad group cross nections crealted in GRUDPVE for

each isotope is given by,

aAX
VAN E=ANE @ (17)
G; C,TG L) = iaiad e (2.59)
/7/‘4/;’ _
bl ¥EY

T7: nire



w0

Nt

Where,  1IG : Broad group index - IG=1,,...NGR

X ¢ Indey denoting the type of cross sections;

— —-

—

P — C o
6} (o), by Gsey | CL (Ieny, Vg, Qe “eut (o)
Then, the nacroscopic broad 8roup cross sections are computed.

MACROSCOPIC DROAD GROUP FISSION CROSS SECTION iif(IG) :

2

NEVE
VSIG (IG) = Z LoweNn(Ly o O (16, L)
L=of f
MACROSCOPIC BROAD GROUP TRANSPORT CROSS SRCTION : E (IG)

NFUE ~CB

TOS(IG) = Z DENH(LY. ', (IG,1) « Z DENTI(L) . Cé (IG, L)
. ‘ é:g/,&.
L=/

HACROSCOPIC FROAD GROUP ABSORPTION CROSS SECTION; Zalle);

Ne g —
/\
A (1) = ey L L (16,1
o=/

MACROSCOPIC HROAD GROUP IN SCATTERTNG CROSS SFCTION: S oin(I1G);

NFEvel — Ry /——_\\
- TN T
OUMH(IG, LY = 7 DENHI(LY, v, (IG,L)s /  DENN(L). vy, (TG, L)
LA;/ L¢3

Where, NLEM= NLE- NIM : number of isotopes except Lhe moderator

isotopes,

MACROSCOPIC PROAD GROUP OUT SCATTRRING CROSS SHCWTON;<jfmnut(IG);

NEBy

reFve ~ - & |
OUMM (IG,2) = /:_7/_ DEWH(L) . gy (16, L)« /7 DENH(L). sout(IG, L)
L=/ Logd

Py

MACROSCOPIC BROAD GROUP TRANSFER CROSS SRCTION, I s(10,105);

Mt —

o — O vr e
OUM (IG,I6S)= .~ DENH(ITH), Vv, (TG, 148, L)

T/

NIM: number of moderator iscofopes.



MACTROSCOPIC FROAD GROUP REMOWAL CROSS i TION, S r(IG);

KA §

SREM (IG) = OumM (IG &1, 16)

-1 -1 y o I . . -
On Cthe other hand; the microscopic broad group cross sections for o

all isolopes are wrilten into the file IEREB for use in LRELUS codo.
Recall that this crogs-section, library is generated by the subroutine

GRUPVE.

ltowever, the orogram peints in the output, the microscopic and

macroscopic broad group cross sections,

.
If the case under consideration is a supercell calculation the
program calculates the effective cross sections and prints them in

the output. rhe calculation is given by,

—~

o
ot
°

EFGQ1l= DENH(L) . VABSI(IG,L)  [R o (16,1 ] (2.4,0)

Where BT 41, 600449 lumped absorber ilsotopes,

DRI L) @ the density of the lumped abzorler isotones

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 oYNODS.



List of symbols used

in this progranm:

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

VoIG (IG)

vES (LGE)

a0

T0S (IG)
ABS (IG)
UUMM( 1G, 1) :

OUMM(IG,2) :

number of moderator igctopes

group index IE= 1,.....826

group index IJz 1,.....826

broad group index. G=1,,..00R, IGS=1,...08GR

diffusion cross section for the broad groupe iG

macroscopic broad group fission cross section for the cell
macroscopic broad group nu.iission cross section for the cell

macroscopic broad group trangport cross section for thecell

¢ macroscopic broad group absorprion cross section for the cell

macroscopic broad group in-scatter cross section for the cell

macroscoplc broad groupout-scatter cross section for the cell

QyM (IG,IGS):macrascepie broad group transfer cross section from IG th

SREM (I&)

broad group to broad group 1GS

macroscopic removal cross section for broad group 1IG

GAMI = GAM ( IE, L) : the self shielding factor for IEth micro group

NGR
NLB
NFURL
DENH (L)
VOLUM
NPUNC
NLBM= NLB ~
ML = 46

DFT= 51

and Lth isotope.

number of broad groups

: number of isotopes

number of fuel isctopes

: represents the homogenized density of the isotope L.

total volume of the homogenized region.,
control index for writing the input to BRELUS

NIM : number of isotopes except the moderator isoto es
Ty L N
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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 program only to caleulate

a set of polynomial coefficients which correlate the self shielding

factors in each energy group with the U-235 concentration.

Fo(t) = Py ( N(t) )

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

U-2%5 isotope only.

If no burn-up fuel cell calculation (ISTO# 1) is to be considered,

then both COBES and ORDO are referenced from the MAIN together. The

subroutine ORDO reads the homopenizmed density and self shielding factors

for all isotopes from file NU7Z and writes Lhem to file NUV for use in

L

COBES.

The subroutine COBES is called frow the MAIN for each isotope within

the cell seperately to calculate the

burn-up dependence of self
shielding factors using the least squares orthogonel nolvnomial

technique.

The appropriate functicn for the least squareg fit is a sum of

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

y(x)=asb (x=B)uc (z=¥){x-¥) s d {x“ST)(XNSQ)(x~S§)-&,.., (2.41)

Where, y: the dependent variable

o

a, b, ¢, d : coefficients

b

x: the independent variable

5 A

¥ ) Any polvnomial can be written as a sum of orthogonal polynomials
"
Ly ~ .
vza + /. [b. X, (5.0 with the orthogonal vroperty
¢ : Jod )
3=t
that,



z . 3 . ;
X is defined as,

L Ay 2 Vor = ,
X:Z_(»GE‘%):Z ‘*“};""(7\{;\ (( : <2.L“~)

Where
Qi: the standard deviation
7
T g -

N ! number of observations

2 C , . .
X must be minimizedto determine tho coefficients a, b, c, d, etc.
with the further criterion that the addition of higher-order terms to
the polynomial will not effect the evaluation of lower-~order terms.

this crilerion will be used to determine the nirameters /B, Y., %, etc.

2

oY > L + 3 L . . A S
setting the derivatlives of Xwith respecl to each of the

coefficients equal to O yields n«+ 1 simultancous eouations.

Z.¥;F Nas b I0xg-B) % 0F (x =3 ) (%= ¥ 5 42 (o= 6 (- &) (k- 60 4 ..

v

(’o!!/))
S
i K - < . . _ “ . - .
: iYi=alx < mein%'ﬁ) c2x, NN &)(, %) i)
A CI DI D ICIE I I I
. D < P < 2, . . V[’ i N 5 i
Zlﬁ XiYs = a/_?v}i;«& b sy (xi=f) = cziki(hie-\él)(‘-,_l{ ¥) (2.40)
Ry - r N,g N, o= \}“f ces e
Xg &)(xi i)(xi (&,
2 4 ‘D /-. 5 - r5 N e 3 e 2 '(/\
xiyiz a xi@’oé i z:m/%)é cZ 1(“1 XP)(“L Y, ) (7.6
-&éz}x (\.“5)(% 1)( 1"53:""; €6 & &

L
<1 Fay. S, 5 - oy = P Fad ) 2
We have omitted a factor of V; in the denomikator of each ¥erm

for clarity.
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IT one is sa b - . . . .- .
1s restricted to a Oth degree polvnomial, there is only
one coefficient a; all &f the other coefficients are set equal to O

by definition. The coefficient a, therefore has the form
a= 1 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

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 ¢ .

vai(x.m‘m{x.a{l):o (e2.49)
: 1

in_,(xm o‘,)(xiw gz><xim f)f 0
i



(=)

g

e ) )(‘xiwé;fr(xi- §1=0

!

2
/. x O =) (x, - &) (= f)= 0

the extrapolation to higher~-order parameters is straight forward.

Once the parameters/ﬂ, Yo, 0 ; €tc. 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 is 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 valucs of a and b determined from equations (2.45 and 2.44}.

Bach succeeding equation yields the value for the next higher~order .

coefficient,

bs Zyi(xl-»jé)f Z(ximﬁ)a

Z L Oaad ) (- ) (.250)
o=

é_ s: (X\'k \{(\;< X3 ’\ét>15

= RO 8)0G- 8,06 8,)]
d= — -

= { (%= 30K -3 - SO Y

and so0 on,
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CHAPTER ITY

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 straight forward one dimensional trgatment of the

whole micro structure,

Z0NE 1: Consists of fuel (U0,~Th0,} arnd gas gap, radius of the zone

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

density
g ruer” ‘?Tho f o, - s - f +Tho, ) o [ uo, (3.1}
Where,
-?ThO? fraction of Th02 in total fuel
» 2 - ~ o ” :/)
Jy)ThGZ : density of PhOB (gr/cm”)
: : density of UG (gp/cm3}
© fuo, 5
2
r
P
This total density is reduced by the factor of (1-0.015) B to
r

oy £ L +

include also the gas gap and dishing effect inte the fuel
region, rp being the radius of the fuel pin, T being the cladding

inner radius, both given in cm.

New densities of Th02 and U@2

_fThOR = S f‘uel":j? ThO.,
- {1
f vo, f e ! g’F}'lOp)
5 2
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The fraction of U and Th in‘UOq and ThOB respectively :
(a8 -

l\ E MAs (1-E) Mp
= -

e ———

P B (3.2)
E MAs (1-B) MBs MO
Whose,
E ¢ 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 density of each element:

f Th £ )f Th * f ThO,,

Joqm
=L o, = P
02 (JO JWOd

fuz ]C u"fuop
Pazs® F/JU

U
f@;/a uo, f)U

O Th U

2 o L p
b/ofﬁotal_mv/ % v
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After having found the dengitiesn

e JO NAV

<t

he number densities are found by;

(3.3)
M
Where,
M * atomic mass of the element
NAV ! Avagadro number
NAV ¢ 04602252, 1021+ Nuclei/mo]l = 0,602252 szilard

ZONE 2: Consists of cladding (Zr<l). The radius of this zone isg

equal to cladding outside radius,

radivg of =zonpe 2 = 0,475 em.,

couposition of zircaloy 4

The number dengities of the elements can ba calculated from

the equation:

O . NAV
Ns j A L "gzm

Mﬁrwh

Where,
oS
er p © 6,55 gr/ewm
el

M., = 71,3375 (atomic weight of zirca
L=l i

o)

’ tioy 1 "~ densities of other zones, see (1)
For the aalculation of number densitics of othepr , {



I L= 2. DIScussSION OF THE NUMERICAI RESULTS

In this study, for cell

s with different mixtures of UO. - ThQ,,
.

2

and differey ~ichmen S 2 :
different enrichment levels of the U-235 component normal cell

calculation, burnup fuel cell and burnup super cell calculations have

been made using the computer code GRLS,

As a result, microscopic and macroscopic broad group constants,

welghts of fuel elements, reactivity, fast and thermal group fluxes,
homogenized densities were obtained for the types of cells examined.,
The main objective was to determine the way in which the nunber

densitics of important isotopes and kes change with time steps for

both fuel and super cells during one year burnup period.

Lable (I1I- 2.1) shows the results as an exanple, for ho,= U0,
mixture rations of 30% - 70% and 0% - 60% by weight. In both
mixtures ke increases with increasing enricliment 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% Uﬁp - ?O%{Hmﬁ mixture 18% W/U enrichment level for the u()2
component results in k&= 1. this type of a cell being relativelv
rich in Th, would have a high conversion ratio and =a high rate of
U-23%5 production mt obviously would have insufficient excess

reactivity for control purposes and from the point of view of core

life time,

Yable (II1-2.2) shows the results for 70% U0, - 30%'£hug mixture,
{.. [
this type of a cell, being relatively pcor in "h, would have a low
conversion ratio therefore the U~2%5 production is Jdecreased, but

would have gignificiant excess reactivity forcere life time.



70

Yables (1Ll 2.5,6,7) show
of xenon-135% nuclide depending on the time steps during one year

burnup period for various mixturegof UG, -~ ThO

> and the enrichment

levelsof the UOP component,

i3 ween that,the atomic density of xenon~135 nuclide
Lngrenans o0 g increasing amounts of UG, and enrichment levels
o«

i, component as expected.,

“0oos o=een dn tables (III~ 2,5,6,7) and fhgures (5,6,7)
the atomic dengity of xenon=13%5 decreases with increasing time steps.
The concentration of ¥enon=-135 is reaches ita . maximum value at
the end of first month and then begins to decrease with time steps.
Because xenon-135 has a very large absorption cross section for thermal
neutrons, low xencn=-135 concentration is deesirable for control purposes

especially for start up and shutdown.,

rigure (8} shows the U=233 production in grams for one year
burnup pericd versus the enrichment levels for different mixtures
of UOZ» ThUés it i% seen that the U~233 production decreases by
increasing amounts of both UU2 and the enrichment of the uO2

component as expected.

In the extreme case of pure UQE cells we have Weo exceeding 1 by
more than encugh margins for conircl and sufficiently long cOre lire
time purposes. However such cells wouldn'i be of any use in ‘ih
converslon but would be the main sourcs of energy production

in the core.
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€learly a cope that is teo 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 gemmetryegéctgfs that would guide ones effcgts

would be ; relatively flat power production, desirable levels of 'h
cenversion, sufficiently>long reactor core life time and gase 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 configurations that optimize the above factors

would be chosen asg the design basig,

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

PWR cere converting significiant amounts Th without mueh sacrifice

on other performance criteria,



fon o
d02 = 0,30

UL CELL CATCULATION

Enrichment

fuel ecell

calculation

g
L

. -
'O, = 0,
a2

70

keff .o_.cell flux
% U235 lat sroup 2hd group
10 0,85193 1 3,66015,10™ | 5, 05355, 10%7
1 0589006 | 3,41644.10™ | 5 gyoos 1017
1n 0,93721 | 3,2324,.10™ | 1 26602 1017

16

0,97629

35,0921, 10"

5,9%5519,10 0

} . b . 15
18 . 1,009% 2,98068,1OJ' 5,54571.101)
J 7
20 1,0575 | 2,88965.10™ | 5 20gs), 1010
b b 9
FURL CETL CALCULATION
£ 40 .= 0.60
oo, s 080, Ty, 6
& .
harichmentt keff cell flux |
% U-235 2nd _geeup
X
10 0493808 I, 56225, 101
- A e d 1[} 7 NI ; “i/\
12 0,99082 | %,05038.10"" | 3 con21.10
1) ) 5
1 1,0328 | 2,91281.10 | 3 075110
14 N
16 1,0671 | 2,80643.10M | 5 cosan 10l
- 9 AAEe DNV ‘1“ D7 ] i /)I-'
]_O {’\JK})/ ?,7(;,£,)},4/e, L4 PO EN N S
20 1,12074 | 2, 65002 a0t ooy ot

JEU——




Table (III-2.2) The

-
ol

(e

(¢

ulation

flux

ffroup 2

fesults for fuel cell
e
FREL CELL caIcuraTion
fuoa: <50, ,fTh0210350
e e
Enrichment kefrf cell
% U-255 group 1
10 1,0102 | 2,08546, 100
12 {1,0579 2,83432 101
14 11,0955 | 292104, 704
16 1,1260 | 267576100
18 1,1515 | 2,56188, 10"
20 1,1733

: . 13
3,74%55,10"7

%,18682,10%°

2,7¢769.10"

2 ,!.5.617/.; . JOlj

2,20048,10%

, 2?50147@101“J 2,00269.,1017

FUEL CELL CAICULATION

IUOZ:OQ’/O9 fThOE:O°50
f Enrichment| kefs cell flux

10 1,1085 | 2,68218.10M | 2 93600.1013
1e 1,481 | 2,56991,107" | 2 52078.7013
Th 1, 1794 2;48554@10i4, 2,01297.,10%7 |
16 1,?551 2?4136001014( 1,77400, 1057
18 1,2268 | 2,35450, 100 | 1 sue01 1013
20 L2456 2,305@1@10’“! 1,435;1,101il




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




75

Table (III-2,.4; U-233 Production fop one year in gr. for the cell

E :‘k Mo 200/ w Vg ) T L )
nrichment | 309 UUE 7% TnuafSO% UGamﬁo% Tn@z 70% UOE-EO% Tho

% U-235 | .
|
oy e -
10 | 2,4823.10 I 1,3541.1072 | 6,807,107
SR S - -

12 ! ©2829.1077 L 1.2009,1072 | g s0.5.1073

16 | 1,9931.107 1,0719,1072 5,5135,107°

20 i 1,7917.102 } 9,6876.10™7 b, 9962 .10

lable (ITI-2.5) Atomie density of xenon~155 depending on time steps

%%EES | 30% V03 - 70% Tho,
| E=10% B= 12 L= 16 EZ 20
1 7,16809,107 8,41093,3077 1,0%068,10™8 1,27514.,1078
2 | 7,18522.1077 | g,43842.10"9 1,07610.10°% | 1,28276.1078
3 7,14852.1077 | 8,59134.107% | 1,0650. 15 §1,27775.1o‘8'
4| 7,12802.1077 | 8,54865.10°% | 6,9107,.10°7 | 3 ,27089,1078
5| 7,11862.107% | 8,5151. 1079 7,03428.1077  1,26398.10 8§
6 7,11111,1077 | 8,28343.10~9 ?$125A991(“9f 1,25712,1078 |
7 7,10175.1077 | 8,25024 109 7,19994.10™7 1 1,25013 107 8!
8 7,08906,10™7 8,2145%310“9( 7,25041.10°% | 1,24295,10" 3{
9 ?,07291‘10“9i'8;17§5¥510“9; ?550?06~10“95 1,23554,107% |
10| 7,033 10‘9/ 8,15397.1077 | 7, 30458, 1079 51,22792.10‘8
11 7,05079.10™7 | 8,08965.20% | 7.39570. 10" 1,22007.1078 |
12 ?300551@10”9’ 8,04507.1077 | 7,395,107 ,7,91902-10"8
| .
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Table (III- 2.6) Atomice density of Xénon~135 depending on time steps

Time 70% 00, - 30% Tho,
Steps
E= 10 Ex 12 E=16 E= 20
1 1,43097,107° 1,61796,1078 1,91274.10"8| 2,12465.10‘8
2 1,44518,1078 1,63259,1078 1,9263%.1079 | 2,13608.1078
) 1,44698.,107° 1,63409,108 1,92753.107% 2,13709.10™"
I 1,44576.1078) 1, 43281,1075 1,92695.107° ' 2 13718.10~" |
5 1L, 44304.,107811 630021078 '1,92u89,1o‘8§ 2,1%603.1078 |
6 1,44061,1078 1962708@10'85 1,92214,1079 | 2,1%5419,107° |
7 1,43738,1078 1,62359,10~° 1,91903.107¢ 2,15192 . 107° E
8 1,45337.107%| 1,61978, 107" 1,91960.107" | 2, 12938,1070 ;
9 J,a2980010“8 1,6157oa10”8 1,91205910“8 2,1?663.10“8
10 1,42550.107%1,61133.107% | 1, 90827, 10" 2,12371.1070
11 1,4208y,107° 1,60671,107° 1,90433%.107° 2,1206?.10"S
12 1,41590,107° 1,60185,107" 1,90021,107° 2,11751.10"8




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
1 1,10592,107%| 1,27469.10°8 |1 562891078 1,79%322,107°
2 1,11492,1070 1,28524,107°8 E 58513 ,1070 1,80557.107°
| 5 1,11370,1078 1,28%78,107° '7,5?598@10"8 1,80488.10‘8 ;
| Iy 1,11050,1078 1,27989,1070 1;57030,10‘8 1,80219.10'8
5 1,10708,10™° 1,27552.1070 § 56559a30'8; 1,79816,107°
; 6 1,10340,10“8'1,27090,10“8 1,56051,10~0 !1,79360.10—8
7 1,10140,107%1,26597,1070 | 1, 555147078 1, 78872100
8 1,09?80610“8;1,26071610”8 1754960310'8 ;l,?856j.10-8 ;
9 1,09460.1078|1, 255111078 |l,5M§78@10—8£ 1,778%2.107° f
10 1,0914.10”8 1524921a10“8 1,53770.10"8= 1,77284.10—8
11 1,082a¢10"8 1,24299, 1078 ‘1255140,10"85 1,76718.10'8
12 1,0745,10"°8 1,23649,1078 1,52487,10™° 1,76134,10"0
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'\Table(III-2~8):The weights of fuel

a)
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D.00 7.8110%M
'De 00 Te7638=0
3000 7.7209=n
(e G0 7.68N0]
000 Tebnp =Ny
e 0 760070
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fuel mixture and 10%U~235 enrichment level
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309088'Uq
H,7415-04
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1.3679=02
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2,4823=072
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1e1042+03
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i
2, 0376705
5.

S 9793=05
3,2724=05
3,5554=05

U233
GRAMg

0,000

2,0662=U%
B,66701=04
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MP237
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0,000
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4,0937 =
Te5b16=05
12002704
1,73L,1=04
22354804
2, 0b30=0H
3,8254=04
4,66L0=04
5,5670=04

The weights of fuel f@ﬁ%@g&éfcr~30%U02-70%TH02

fuel mizture and 12%U-235 enrichment level

BughNUP

MyD/TQ=1

G=0000
1:5335+072
1« 1041+03
202083403
3e3124+03
qeH1646+03
55207407
62624740
7@7290*03
ReB332+07
9a?373+403
1o 1041404
102146404

BURNUP
MyD/TO=u

00000

165335402
1el041+03
2+2083+03
3e3124+03
4,H166+03
5+5207%03
be6249+03
7+7290+03
8,5332+03
9,9373+403
11041204
1e2146+04



T 1M Ty
STFI  DaAYY
(7 mt‘l{
1 N} 7
2 306 (1
3 a0 .07
] EA IPRSNE
5 1206000
¢ 150
7 T8N e Ul
R 2i0e0r
CA
N 27nunr
L] SUO L
12 330ern
TH‘*]{ [:’I
STEF LAYY

P = T2

[N N I

e [0

e 7
3t (i
é'('r@uis
(')r‘.[:(
140 (¢
150600
T8l
Sl el
Sh0e i
ST o
SUC e f
33 p

Pooys

G A

B SRR S
{leu' vyl

e 00
a0
Netifte.n
Loy n
e if (s
oo
b T, 0
[P AREEE S
fle 1 1.0
00 0
(IORREUREEE
Haind

Pts;';f?
GRppoe

(e (V1500
Bl G=n

¢ g
UQXE.J‘?ML

i
i

Peboo gt o

I

3a5ECanC

27

b a (] (r‘" & fiver

fa

&

i

i
23720~
ur']r‘F‘

i

&y, (Dt

Y950

[SROYEE

bBazBens

e B0 ptoer

™

e Gl

CYSTEL et T R1K

]

LEGrel s

Pole-

Gl

Melilig g
fre 000
e (3o
a0
e il
A O FENE |
Che (Lot
RN R I
(g CLLILT

el
Y07

e 8 A

Jefi/ 3700
3

Feg©2imiin
Pl do=0y
el ~{g
Tt

G Ll =y

PGS,
CrAte,

(SRR AN S
e NG
e 0
Ui OHEE,
Lo0iin
e il 3
e UL T
W OO0
T
ORI
LOOLG
(e GG,
Lie 000

[
r
[
[
f
{

LWz236
GRAMS

1,23600+mn
1,23L9+n0
1.2349+00
1,2338+0(0
12327400
12315400
L.2304%np
162292+00
e 2281+010
162269010
1,227+
VL2240 %+00
1.2233+0(,

Plzaz
GF AS

e nron

e NGO

1, 093%~¢
1, 633917
CeF1LB =~y
2L, b R~ 6
LLY1G4 14
fel281=05
L, %0%6=nt
2,969 =05
b, 3u37=rr,

("9( U.Q‘?"FIF?,

Belll6=nG

NP 239
GRAKS

e il

7.4‘]3?"&)":)
P09y B=0y
Poel136=04
lelzél=0iy
el3n6-0:4
le1b3%=04
Pl by 7=0iy
1o1593-01y
leloob=i1y
Vel 742=04
}. lhl}'"l_]‘i
Teltboule=(t

LBs ¢ 4 K

Gt ,t‘.r <

il
M.P[_i'uf
SR SRR Y
Ce g
Fa 2390 mirp
De b =iy
1e7h 38wy

4 o 10 I 7 =7

Re2¢32-147

L4968 ~(1¢

2 50 k=114
3.92297 =014

HeBLelaliy

RUNLUP
MUD /T =U

NeNCOo

1¢5335+072
]slr"‘ﬁ' 103
33124403
He"] 64403
5.5207+03
be624%+013
7:7290+03
5.8332+403
C;’o9373¢03
1elD4L+04
1e2146+04

BUPNUP
MWD /Ty

ge NN

1e53354n2
lelli]1+03
2. 2Mn83403
a1 24403
Ge16A+M3
55207403
beb249+03
77290403
803332'*03
949373+n3
1ell41+04y
1e2146+04



Table(I1I~2-10):The Weights of fuel isotopes for}O%UOz-'TO%THOz

a) fuel mixture ang 16%U-235 enrichment level

ME  TIME KelrFEKT,

b DAYS COMVERS. - Tiip3p PA233 U233 BURNUP
-7 DATS RATIO GRAMS GRAMS GRAMS MWD/ TO=U
) LYY 3'[9??:“1 Ve U000 5.9778%60 01,0000 0,000  0,0000
> spes Geopgyobl o LelouBegl 3 8770400 40189700 1.7082-05  1.5336+02
= 300U Yestliion) 5 g7 g 5.3749400  1,7077-03  7.1938-04  1.1042+03
? Sg.uu ?a;f%g“Ol JegﬁﬁO"Ul 3,&7;3%00 265199=03 2303203 2,2083+03
L0ty Jeeulhmul bu3tio=g) 3, 569740y 24911503 4.2487=-03  3,3125+03
D l:ﬁUlUU }915;&"3*‘(.1}. (‘.07g\5“ul écob-fl{-og 5'100;3"0\5 ©e3222-03 4.4167‘9’03
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Table(III-2-11) The weights of fuel isotopes for 30%U02-70%TH02

fuel mizture and 20%U-235 enrichment level
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Card Description

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

col.1 = 4 NBURP
=z 0

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
TMOD

i.e. number of moderators. Only

H - ~%~ 0 s 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 polynomial 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 calculation, full output

possible.

Normal cell calculation, only homogenized
Tibrary will be generated on logical file
NUY.  (NBLRP > 0)

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

has to be used.

Input of temperatures

Fuel temperature OK

Moderator temperature CK



4 (1814) Output control parameters

col. 1 -4 NPRIN3 Print index of the flux field
= 0 45-group fluxes are printed
z 1 2-group fluxes are printed (fast
ana thermal)

col. 5~ 8 NPRINS Print index of the nuclid dependent

correction factors (EREBUS) ’
=0 No print
z | Print
col. 9 - 12  NPUNC Output index of the condensed cross
section library
z 1 Write EREBUS input to mass storage
(See alsq, Card 16)
=z 0 No punch
cole13 ~ 16 NPRINI
=0 No effect
e 1 - Supprassion of all except synopsis
output
5 (20A4) Subtitle card for further specification
6 (1814) Case control numbers
col, 1 -4 NXXX Punch index for region dependent
densitiess (cards No. 12, 13) for restart
from a certain time step
= 0 No punch

8 Purich



Card No.
6 (cont.)

col. 5 -8 NRSTRT

col. 9

H

12 NDOW

col.13 - 16 KSER

1]
¥
—

col.17

1

20 JAN

7n
<O

b1
N

7 (1814)

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

No énoup condensation performed
<5

sGroyp condensation performed

Initiation of successor cases

Ho new case

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

Control for special sequential cases.

\o effect if KSER = 0 in the preceding.

case.,

Mo effect

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

The new input consists only of cards

No. 5, 6, 7). KSER = =1 *n 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 = 1

in the preceding case.

Regional boundaries for homogenization

supplied only 1f JAN = 1 or ISTO =5

TR




8

9

(6£12.5)
col. 1 = 12

(1814)
col, 1 - 4

col. 5+ 8

1601

16C2

DENM(1)

DENM(NZM)

ICPU(T)

ICR(T)

ICPU(MGR)

1CP(HGR)

First ? region participating in

Last / homogenization

Moderator densities

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

moderator

Roundaries of condensed groups

(omitted if NDOW = 0)

Nymber of the highest

small group, within broad
Number of the lowest graup 1
small group

.

L

Number of the highest
small agroup within broad
Number of the lowest 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 + 0)

Else no library can be produced.




Card No,
10-11
N 10

(1814)

il (8E12.5)
col, 1 = 12

c0l.13 « 24

Geometry and related input

specification of zones, attachment of

regions and moderators to zones.

NZO Number of zones

MP(T) Number of regions in zone ]
IT(H Moderator index of zone 1
MP (NZ0)

IT(NZ0)

The regions of a zone are annuli of equal thickness
IT(J) = K: Zone J contains moderator K,
Modera&@?%ia?e indexed by the sequencé of their
densities (cf. card No. 8). |

< K< N

IT(J) = =11 No moderater in zone J,

*

Spacification of radii

RZ(1) Outer radius of zone
RZ(2) Quter radiuys of zone 2
R%(ﬂZG) Buter radius of zone NZO

Ragion dependent atomic densities

This set of cards has to be supplied
for every region IR} 1 < IR < N20

o




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.

e SR,

15 (314, E12.5)

col. T -4 ICON

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)
region participating

Last in homogenization

flote: The remaining 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 also 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. The

S

value of IEREB must be different for each

time step at which EREBUS input is to be 5



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

R



II. Fission Products (NLT

16
17
18
19
20
21

e R P T

2SR e em @ | A e s e e e oA e en v e ww om om ma e e

@ e e mn e pa T 6s @ ES MR s e U e e @ A b e s o 0a v e

@ 63 em me m m Em m e mm ax B um e g ma e ex  os e am e

» @ wa em en om  em  ms e oD -

Non saturating
Non saturating
Non satyrating
Non saturating
Non saturating

Non saturating

Xenon

Cesium

Cesium

[odine

Xenon

Cesium
Praseodymium

Neodymium

Molybdenum

Technetium

Neodymium
Neodymium
Neodymium

Promethium

= 31)

fission
fission
fissi n
fissijon
fission

fission

product of Th232
product of 1233
product of U235
product of y238
product of pu239

product of pyct]

Second chain

Fourth chain

PRI B i L s s, £ T

R L

i



ITI.

IV,

- em em

Promethium 148
Promethium 148
Promethium 149
Samarium 149
samarium 150
Promethium 151
Samarium 151
Samarium 152

a.-:u-.._..,a-.‘.n.,-....._—,_.._—-...—

Lumged absorbers

47
48
49
47
48
49
47
47

Nonburnable isotopes (NOB = 12)

Gadolinium 155 )

Gadolinium 156 j* NBURP = 1
Gadolinium 157

Silver 109 ?

Cadmium 113 NBURP = 2
Indium 115 /5

Cadmium 113 NBURP = 3
Boron 10 NBuURP = 4

47
48
49
50
51

Boron 10

Chromium

Zirconium - E
Oxygen (in U0,, see also V. for 0 in Hy0)

Nickel

Y

R ey



52
53
54
55
56
57
58

Iron
Titanium
Manganese
Copper
Niobium
Molybdenum

Aluminum

d

"
[

Wi



APPERDIX ¢

SAMPLE INPUT FOR FUEL CELL CALCULATION

doue. __Radius(_in on)

1 0,418

2 Qs"%’?S

3 0,6991

4 0,7296

Humber Densgities

Zone

“““““““ Stetent. Nunber density(SZILARD)

1 U-235
U-238 See tables given below
TH-232
0z

2 Cr 7,6012164.107°
Fe 1,5547943.107%
Ni 4,750760%.107°
Zr 4,2454089,10™°

3 er 7,1273560,107%
Mn 1,768237.10_,
Ni 1,745454.10
Cu. 2,312310.1072
Ti ’ 35230433910-6
Mo 6,222634.10
Hol/2 ' 4,569669.10

4 r 2,410121.1073
Mn 1,829595.10 3
Fe 7,185106.1073
i 2,355043.10%
¥b 8,175627.10_¢
Cu 1;7@1181.10_6
T 2,376601.1072
o 4,578178.107)

HO1/2 4,088135.10



TABLE C-1

Number densities for EG%U02~7O%TH02 fuel mixture

Enrichment )
%U=235 235 ¥o38 sz Non
10 6,5563410"%  5,82653.1077 2,19460.10~2 1,59707.10"2
12 7,8679.107%  9,89706.10°7 5 Lo 0z 1972
14 9,17894,10-% 5.56742.1077 2,19487.1072
16 1,04899010“3 5545777e10-3 2,19502.10-2 "
18 1,18007.1077  5,30810.107> 2,19518.102 "
20 1,31115.1077  5,17852.1077 2,19530.10~2  =»
TABLE C-2

Number densities faré@%UOzwéc%Tﬁcz fuel mixture

Rveass . Nas N238 Y, Noy
10 8,74260,10"¢ 7+76915.1077 2,18978.107° 1,32435.1072
12 1,04907.1077 7,59626.1070 2,19029.10°2 "
14 1,22389,1077 7,42342.1V77 2,19016.1072  »
16 1,39869.107° 7,25057.107° 2,19035.107° "
18 1,57347.1070  7,07769.107° 2,19057,1072 "

20 1,7426,1077 6990489910°3 2,19073,10‘2 "
¢ @




TABLE (-3

Number densities for 5@%§32m50%TH02 fuel mixture

Enrichment q ¥
%U=235 %235 238 Nyo Nop
10 1,09094.107%  9,699170.1073 2,1803.10°2 1,006.10~2
12 1,30927.107%  9,479040.1077 2,18057.1072  ®
14 1,52720,107% 9,26192.1077 2,18203.1072 "
16 1,74536.107%  9,04653,1077 2,18103.1072
18 1,96346.107° 8,83232,107° 2,18130.102 n
20 2,18157.107° 8,61631,107° 2,18150.10°2 "
TABLE C-4
Number densities for 7Q%U02m§O%T&02 fuel mixture
; . N N
En;;g%g;gt Nsz K238 ng Th
10 1,52997.107° 1,35960.107% 2,17531.1072 6,621178.10"°>
12 1,85590,107° 1,32935,107° 2,17559.1072 n
-t - 1"
14 2,14181.107° 1,29909.107% 2,17598.1072
16 2,44771.1077 1,26885,107% 2,17633.107° "
18 2,75358.,1077 1,23859.107% 2,17670.1072 "
20 3,05965,1077 1,20843.307° 2,17725.1072 "




- TASLE (-5

Number densitiss for QQ%GOQ-IO%THOZ

fuel mixture

Enrichment B

%U=-2%5 235 §2§8

Noo

N

Th

10

1,96708,10%°

1,74806.1072

12 2,3604Y.107% 1,70916.,10"2
14 2,75340.10"° 1,67010,10"2
16 5,14700.10"> 1,63157.10"2
18 3,54030.1077 1,59248.102
20 3,93350.1077 1,55360.10°2

2,16566.1072
2,16613.10™2
2,16800,1072
2,16695,1072
2,16745.1072
2,16781.1072

2,20720.1073

"
"
L

L

TABLE C-%

Number densities for pure U02 fuel

o ogoment Nz >34 Noo

16 2,18565.107% 1,94229.107¢ 2,16084.102
12 2,62229,1077 1,89906.1072 2,16136.10"2
14 3,05972.1077  1,85580.107% 2,16180,1072
16 3,49673.1077 1,81264,1072 2,16227.1072
18 3,93368.1077 1,76694,107% 2,16282,1072
20 4,57706.10" 1,72622.107%  2,16323,10° "2




. REETODTET JATIUTATT o
@H0G KHO CLEAN ZERO PONER
BASG, T GERBTST .
BUSE 24, GERBTST .
BASG, T 2.
FASG, T 12¢
BASG,T i3
PASG, T 14,
E‘AS(‘D1 15#
dASG, T Pbs
DASG, T 21
BASGS T 22
WASG, A BUNE»GELSLIBS
BUSL 173 BUNESGELSL IR,
DASG AK RUNEsARS,
WXQT GUNEe pRSaGELS
K&G CLEAN ZEROD POWER
fi 5 ¢ 2 3
553.00000 553.00000
i U 3]
Ka0 ENRICHMENT 2e5%
3 o 1 0 N
s 0N0Y7 < DU65R
} 15 & 4g
4 2 -1 1= 1 1 1 2
P HA5DD «53700 »B1000 54525
3 i
5 Us 265 LeOHH50=004
g UR 2:13580=007
50 O 4e3R250N=-002
q [,,
468 (R 7¢60120n=005
52 Fg 1.5%480=004
51 NI 4o,70070-006
49 7R Y4s24540-002
15 0
g Cw 2.026%0=004
51N 4e96380-004
5¢ F¢g 24301 N=004
53 T1 9.18680=007
GYy o My 5,02850=006
55 Cy bohTHE0=007
56 N3 ©3,1332N=006
57 M2 te 76570306
13 U
48 (R 1euf530=003
51 N 1e05570=003
52 FE 4.90540=003
53 T1 514910007
54 My Le260480=004
55 Cuy 14 4R570-007
56 NR 1e70610=006
57 MO %91{5‘)?(%@0? <y 504 e B9
2000 15he L

24



CF oo

E ~ O

AASDY A

ot.. \,\.,\)-v-ze
AJ&E 2¢5E 35,0 "‘Zs
AA)S”T JUJQ I@,,t_TNngr-Q_;
AJLT 139 JGyRF ib;TNDQ
ARSSe T JJJ<;IL T%?ev~9+
6JdSz 12946 43" 1 ~ETHR,
AASGe T JJJ{:IL FQJ,;»Dq
AJST 1QPJGJ% Ih:~OJe
AASGe T JOJRF IL, r-IVea~9.+
6USE gg,_}ng "I.ETIV,
ARSSeT JJJ{PIL_ JIX59~94
AUSE 150 4G Jr*= ILEsIx,
AASGe T JaJ<rIL 3 TVerF2y
S aJ5T 160 J6R7 I S5EV,
AASGe T Jod{r—l Io.$~7-$
U532 219 JG 3= 1 £715,
ANSGe A 3JT: (*o L>JATAQ
AJSE 177%Ji“(¢a:_SJATA.
AKQT CSEC.vAIN
KW CLZAN 2230 2048R
0 o) 2 2 1
553.30000 553.,00000
1 1 0
KAQ ENRICAVZINT  2.5%
0 0 1 0 0
¢ 05047 « 04059
1 15 1o 45
4 2 =1 1 -1 1
e 45000 «D3700
3 0
5 JD 2¢0  5.54550-004
2 U8 2¢135580=-002
50 OX 4.38250=002
0 1
Y
49 ¢ 7:50120=000
52 FZ 1:55480=004%
51 NI 4¢75070-005
493 ¢ 4¢24540-002
{3 a
493 CR 2.02030-004%
51 NI 44935330=-004%
5p F=Z 2¢43010-004
53 11 J+185630=007
54 W\ 5.02850-005
5y CJ 50¢57540=007
55 N3 3¢13320-005
57 MO 1:75970-005
8 0
48 R 1,48530~003
51 N 1.05570~003
52 FI 4.90540-003
53 T1 5014310-007
544N 126440-004%
55 C 3.58570=007
55 N3 1:755610=005
57 M) 9,91830=007
20005 151,

1

1 2
» 31000

L 8455

30,

030



o Ry J“Jv“ __XMTA,\}«
1 ARASGPA QE..,-}\,D F';@ﬁF’)L{»
2 Ad::vi EFOEQ,JQ\.O P”Ze
;3 l\l\?’_\;?l\ J(«,}? I. _,TW:)e?F.2~L
j Adff, 13¢UG R~ EL THDe
5 Al\bi’T UJJ-{PIL T“H FE24
b AJSE 120 JBURFILE T%%e'
7 AASGe T JJJ%PIL r&uerr
8 aUST 140 JGYRF I ~GJQ
3 BASGe T JaderIL sz.g~94
10 aJ5z 220 JGYRF N EFIv,
11 AASGe T JJJ-{PIL_ :IX39~2L§
12 AUSE lSﬁJbJ%”IL:SIXa
15 (\ASJ@T JJ\J-{FI; SIVerrF2y
14 AUSE goaJGJ%»ILaacv.
15 'AASS?T Js J-{FIL- IOQE"'?."!'
16 aJSZ ELPJGJQPI*'-IJQ
17 BASGP A 3JTEX*GEL3DATA,
1? AUSE 17o%dT;<$aE SOATA,
19 QXQT ﬂSE.\,&ViAI\l
20 0 M%LAM Z: ‘23 DONE’Q
21 2 10 2 3 2
22 533.00006 553.00000
23 1 # Q
23 KAQ ENRICHMZINT 2e5% SURPER-ZILLE
2H 0 0 1 0 0
20 «05104 «0H931 + 02829
27 I 15 16 45
28 5 4 =<1 1 -t 1t 1 L -1 1 2 2 3
29 @’47000 052500 064600 crOE;E)GU 0’31000 2,‘1‘55
30 3 0
31 #7 AG L 2.20930~002
32 48 CJ 1 3¢34030~004
33 43 IN 1 7.559030-003
34 0 1
35 0 1
3b 0 1
37 4 0
38 51 CR 2 1.54335-002
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