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ABSTRACT -

REFI.OS represents a code for the refined evaluation of fuel loading schemes
in heavy water moderated reactors or, more generally, in reactors with weakly
absorbing moderator. Its scope is to determine reactivity behaviour, power-
distribution, attainable burn-up and fuel cycle cost for both the running-in

period and the equilibrium of a power reactor.

REFLOS has been written in FORTRAN IV for the IBM 360/65 computer.

The report gives a survey about the methods applied in the individual
subroutines of REFLOS, a detailed description of the input parameters and an

example for input and output.
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REFLOS, a Code for the Refined Evaluation of Fuel

______ *
Loading Schemes.

1. INTRODUCTION**)

REFLOS is a code for the refined evaluation aof
fuel loading schemes for heavy water-moderated reactors,
or, more generally, for an heteregeneous reactor containing
a weakly absorbing moderator. It has been developed for
the design calculations for the ORGEL Prototype reactor.

The necessity for its development follows from two points @

a) During the design of the ORGEL reactor a certain
number of nuclear standard codes has been employed.
In order to facilitate their utilization and to
reduce the source oferrors arising by different
definition of the terms, it has been tried to
generate a consistent system of some codes which

are needed to simulate the reactor life.

b) Besides this more technical point of view the
pretensions concerning the quality of the code may
be formulated as follows : if one wants to assess
the potentialities of any reactor -system, one will

normally execute simple fuel cycle calculations

applying point models. By means of a typical pilece
of fuel of the reactor the isotopic and
feactivity changes are taken into account. But since

nuclear power is becoming progressively more competitive,

*) This work has been performed in co-operation between EURATOM
and the "Groupement Atomique Alsacienne Atlantique (GAAA)"
in the frame of the contract EURATOM/GAAA n° 266-66-5 ORG F.

**) Manuscript received on 7 February, 1969,



a higher accuracy concerning the economic
predictions is needed. One has to take the
fuel cycle calculations to the stage where they
provide accurate indications of performance
attainable in engineering designs. In order

to do this, the non-uniform power distribution
in an operating reactor as well as the influence
of the chosen kind of fuel management must be

considered.

REFLOS consists essentially of slightly changed
versiong of codes developed at ISPRA, as PLUTHARCO (Ref. 1)
and RLT-4 (Ref. 2), which have been coupled in ORACLE 1
(Ref. 3) and of the code TRIHE1 (Ref. 4) (Ref. 5), developed by
GAAA under contract with EURATOM. The part of the code
which governs the fuel movement in the core has been kept
quite generally, hence, a lot of imaginable kinds of radi2l
fuel management schemes can be investigated, namely all

combinations of :

- batch re-loading or continuous (element-wise)

re-loading;

- movement of the fuel from outside to inside of the

core or vice-versa;

- inversion of the re-loading scheme on the edge of

two neighboring core zones or no inversion.

After having determined the core states characterizing
the equil brium period and having decided the fuel re-loading
scheme for the running-in period of the reactor life, the
execution of the cost-part of the code is possible. Apart
from the fuel cycle cost for a a few given life periods,
following in its evaluation the proposals of (Ref. 6), the

mass flows of heavy atoms into and from the reactor are



evaluated. Having as input parameters the re-loading

plan and the desired power, REFLOS could be taken as a

tool for the automatic control for the fissionable materials
fed in, and discharged from, a power station. This can be
also done for small operation intervals of the reactor, because

the mass balances are given for each re-loading event.

The flow-diagram of REFLOS may be described briefly
as follows. ORACLE 1 calculates for at maximum ten different
kinds of fuel elements heterogeneous constants as function of
the burn-up. The initial reactor state is defined by the
spatial distribution of the kinds of fuel and the burn-up rate
of the individual fuel element pieces in the reactor core.
Then, the flux and power distribution, normalized to the
desired total power, is calculated by the aid of the three-
dimensional heterogeneous reactor code TRIHET. Assuming
a constant flux distribution for a specified time interval, a
new burn-up state is defined and the cycle of calculations
may be re-started. The surplus reactivity may be compensated
by iterating for the depth of control rod insertion into the
core. Against this, at present, there is no possibility in
REFLOS to simulate the reactor control by moderator poisoning
or heating, taking into account the influence of these effects
on the spectrum and by this on the conversion rate. This
could be important lack in the case of high-reactive initial

cores.

The scheme for the re-loading of the fuel elements is
described by a matrix what has to be specified by the user.
The re-loading is automatically released; if one of the

following criteria is fulfilled :
- the prescribed life of the reactor is reached;

- the effective multiplication factor falls below

a specified level;

- the power form factor falls below a given limit.
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The fact, that in REFLOS only from outside
imposed fuel loading schemes are applicable, is not
taken as a serious restriction. After having got some
experience referring to the fuel management in the
considered reactor, the user will be able to choose the

suitable re-loading plans.

The code is in its application rather variable.
Thus, instead to derive the heterogeneous constants by
ORACLE 1, one could procure them in any other way and
introduce them by punched cards into the code. The
program may be used for only one criticality calculation
skipping the burn-up part or it may be employed for the
investigation of the burn-up behaviour of a reactor
without applying any fuel shuffling. Also the economy
part may be omitted, if the knowledge of the corresponding
data is not of interest. This variety in the execution
of the calculation run is obtained by assembling the single
parts of REFLOS by means of AIM-cards. Hence the user
may deviate easily from the normal flow diagram of the

code.

THE SUBRQUTINE ORACLE 1

2.1.

Scope of the program

ORACLE 1 is a lattice cell burn-up code which
provides the heterogeneous constants and the composition
of the fuel, needed in REFLOS, as function of the mean
burn-up of the fuel in the cell.



The nuclear properties of the lattice cell
are changed during the burn-up process by two different
effects; firstly, by the alternation of the isotope
densities of the heavy atoms and of the reactor poisons
itself and, secondly, by the influence of the changement
of the isotope composition on the thermal neutron spectrum
and by this on the effective microscopic cross-sections
for thermal and epithermal neutrons. Corresponding to
these two problems a lattice cell burn-up code involves

the following stages @

A lattice cell code evaluates the cell reactivity,
the heterogeneous constants, the effective microscopic
cross sections and other cell parameters for the fresh
numpoisoned fuel. Then the effective cross sections and the
isotope composition of this cell state are introduced into
a depletion code. After having irradiated the fuel, for a
specified time ith a defined flux level,the strongly
absorbing poisons are forced into equilibrium, the new
isotope composition is evaluated and a new lattice calculation
will take place. The sequence of cell lattice and depletion
calculations is carried out till a prescribed upper limit for

the irradiation time is reached.

Main physical concepts of ORACLE 1

The lattice cell code

The lattice cell code, incorporated in ORACLE 1, is
PLUTHARCO, a plutonium, uranium, thorium assembly reactivity
code for heavy water lattice cell calculations. The method
is intended for design survey type calculations and for pre-
liminary fuel cycle analysis. It is based on the four-factor-
-formula, the two group theory and the Westcott cross section

formalism.
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Subsequently, a survey about the physical features
of PLUTHARCO shall be summarized. For more detailis the

reader is refered to (Ref. 1).

The effective cross-sections are defined by :

Geg¢ = % & - %—:-& (9“"3) 63200
where T, g, ry s mean the neutron temperature and the well-
-known Westcott-factors. For Pu-239 and Pu-240 the s-value
is calculated depending on the corresponding concentrations.
In the case of U-238 and Th-u32 s is put equal to zero and
the resonance absorption is evaluated taking into account

correctly the self-shielding.

The thermal multiplication factor, 7 y is defined
as the ratio of generated neutrons in fissionable materials
to absorption in the fuel mixture, applying the above defined

cross-sections.

For the calculation of T the Canadian formula, correlated
to experiments which have been executed with Candu lattices,
may be chosen. Other possible choices are the introduction
of Termidor parameters or spectrum constants derived by any

other technique.

The fast fission factor, € , is calculated using the
method of Fleishman and Soodak; however, the scheme was
simplified to a two-groups structure instead of a three-group
one. The two groups are separeted by the fission threshold
of U-238. The fission source as well as the source of the neutrons

next generation is supposed to be flat. In the second group
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fission and inelastic scattering is not permitted.

Atoms with fissioning capacity beneath the U-238 fission
threshold are corrected for the fact that sub-threshold
fissioning is not permitted, i.e., the fast fission in

the second group is added to the first one.

The calculation run for the resonance escape pro-
bability can be divided into three parts. First, the
effective surface per gram of fuel for the cluster is
evaluated by the method of Hellstrand. After having
derived this, the cluster is identified with an effective
rod with the same surface per gram and the resonance

integral, I, is calculated by :

interpolating tables which give A and B as function of the
physical temperature and the composition of the fuel. A and

B have been derived by fitting of resonance integrals calculated
by the aid of the method of Nordheim. Finally, the resonance
escape probability, p, 1s calculated by taking into account

the disadvantage-factor of the epithermal flux, what results

from the heterogeneous build-up of the lattice cell.

The thermal utilization factor, f, is evaluated by :

where ffc represents the fuel to cluster utilization factor

and fcc the cluster to cell utilization factor. Both factors
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are calculated following the proposals of Amouyal and
Benoist. For calculating fcc the lattice cell is
approximated by a cylindrical homogeneous fuel zone at
the center,being surrounded by five cylindrical regions:
outer coolant, pressure tube, insulating gap, calandria

tube and moderator.

. 2
The diffusion area for the lattice cell, L, follows
2
from the diffusion area of the moderator, Lm, and from the

.

diffusion area of the central non-moderator region, Lc :

The slowing-down area of the moderator th is
automatically corrected for the perturbation of the fission
spectrum by inelastic scattering in the fuel and for the

presence of hydrogen atoms.

In (Ref. 1) an extensive conformation of PLUTHARCO
results and experiments (EXPO, Cise, Savannah River, Chalk
River) has been described. Generally, the four factors of

the four-factor-formula were in good agreement with the

measurements. Against this, remarkable discrepancies appeared
. 2 . . .
in L~ and T . The differences in the buckling lay
s s -2 .
normally within 0.3 m . For small pitches, however, there

is a systematic underestimating of the buckling obtained by
PLUTHARCO. It is assumed that these discrepancies arise

due to inaccuracies in the technique describing the epithermal
flux disadvantage factor and due to the fact that the Westcott
formalism is no longer appropriate to hardened thermal

neutron spectrums.
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The depletion code

As depletion subroutine for ORACLE the slightly
changed code RLT4 (Ref. 2) has been employed. Thus, it
is possible to consider the Uranium burn-up chain. For
specified products of thermal neutron flux and irradiation
time, #.t, the isotope densities for heavy elements and
fission products are calculated. The application of the

cross-section

L

"’ Y TO
Gerr = Opp00 (9 rs)'q A T

in the burn-up equations means, that @ represents the

average thermal neutron flux.

The neutron temperature Tn and the epithermal flux
fraction r are re-calculated after each irradiation interval

A(@ t) by means of PLUTHARCO.

In the case of the fertile elements Th-232 and
U-238 the cross-sections @ are corrected for the resonance

absorption defining the effective cross-sections G ,

G - 6eff (1 +c¢d)

¢ means the ratio of fast and epithermal to thermal
absorptions. It is re-calculated after each irradiation

interval (g t).

In the depletion code the following heavy atoms are

considered :

Th-232, Pa-233, U-233, U-234, U-235, U-236, U-238,

Pu-239, Pu-240, Pu-241.
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The decay of Pa-233 into U-233 is taken into account by
a half-life of 27.4 days. This is the only decay
constant introduced in the burn-up equations. Hence,
it is assumed that the 01,{)-process in Th-232 leads

instantaneously to Pa-233. Although the neutron absorption

. R n
in Pa-233 becomes important only at fluxes above 1C i 2 ),
. . . . cm  sec
this reaction mechanism is taken into account
assuming an immediate build-up of U-Z34 and neglecting thus

the build-up and decay of Pa-234.

Referring to the Uranium-chain it may be shown by
comparing the reaction rates released by neutrons with the
spontaneous reactions, that the decays of Pu-239, Pu-240 and
especially of Pu-241 play an important role in the depletion
calculations anly for fluxes smaller than 1012 ( ——Efl——- ).
Since this is a flux level which will hardly cm  sec
appear in a power reactor, it is supposed that the neglect of
these decay-mechanism does not represent a significant restriction
for the application of the code. It may be still mentioned
that also the delay in the generation of Pu-239, caused by
the build-up and decay of U-239 and Np-239 by absorption in

U-238, is not taken into account.

The fission products with high absorption crodss-sections
are treated explicitly in the depletion code. For Sm-149,
Sm-151, Cd-113, Eu-155 and Gd-157 the differential equations
are exactly solved while the Xe-135 is always treated to be in
equilibrium. The low-cross-section fission products have been
collected in three pseudo-fission products following the proposals

of the Canadians as Hurst and Walker.

It is foreseen to extend some parts of the depletion

code in the next future.
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The heterogeneous constants

ORACLE calculates the heterogeneous constants
by two different techniques applying once an analytical
approach and the other time the multi-region theory of
Amouyal and Benoist. Since in the past only the
constants derived by the second method has been used, the
following explanations shall remain restricted to this

theory.

The heterogeneous constants needed in REFLOS are
defined by 4 terms :
1 A

- ALFA = 7D X 3

a

D, A and ¢a mean the diffusion coefficient for thermal
neutrons in the moderator, the absorption rate in the source
region and the asymptotic thermal neutron flux on the edge

of the source region.

P

- MU = ALFA x A

P represents the production rate of neutrons.

It means the generated power in MW per cm length of the source

region and per unit of ¢a.
- BETA

It gives the ratio of mean thermal neutron flux in the fuel

to @ .
a
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In the multi-region Amouyal-Benoist theory the
lattice cell is thought to be divided into a number of
concentric rings. Let n be the number of rings into
which the channel is divided (assuming that the lattice
cell consists of moderator and the channel), fi the
absorption fraction within the ith ring zone, and Q the
total source of thermal neutrons, then the channel absorption

rate is simply defined as

If D is taken to be known, the only variable still to
evaluate is the asymptotic flux, in order to determine ALFA.
The direct results of the theory of Amouyal and Benoist

are the neutron streams going in and coming out from the
region i ﬂ]; and J;} respectively). To obtain the

asymptotic flux, two considerations have been made :

a) It is assumed that the flux on the edge of the

channel can be found by

1]
©
it
(1)
Lo
M
< S|
+
QN
3 +
S”

rl’l a

which corresponds to an approximation of the
diffusion theory, but using streams derived by

means of the theory of collision probability.
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b) The flux given under a) can be corrected in order to

obtain the fTrue diffusion theory value using considerations

of (Ref. 7). It has been found that the moderator to fuel
absorption ratio ( ; - 1) of the two theories differs
by the term p¥Ym, where the result of the integral theory

has to be modified by g¥m in order to find the diffusion
theory value. It holds

zm vm th = ‘n zm

Zk'vf ff mTa 2

and thus

6’% A ( 3 A - 1)

u

The subscripts £ and m refer to fuel and moderator, respectively.
The term f means the thermal utilization factor of tﬁe cell, and
:; s V, a, k mean the cross-section, the volume per unit of

length, the channel radius and the extrapolation length in terms

of mean free path of the moderator on the edge of the channel.

Introducing the correction for ¢a into the formula of

ALFA, one obtains

27D - + A 2 -
Z(Jn+Jn)+7ra(2A 1)

| It may be noted that the discrepancies between the technigques

a) and b) were generally smaller than 1 %.
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The source parameter MU can be derived from
the ratio of production to absorption of neutrons in

the single group concept

o = €PN - ke
A

ALFA A

and, consequently,

MU = ALFA x

t

€, ?,‘7 fare the factors of the four-factor-formula, Keg
’
means the infinite multiplication factor of the lattice

cell.

The heterogeneous constant GAMA may be written as

GAMA = BETA x K x d
dz
BETA will be defined below and 3z gives the tons of
fuel per cm of source length in axial direction. The

specific power per unit of neutron flux within the fuel can

easily be written as

E Z'f(1+A)
Pr

where E, Zf, A and Pf mean the energy released per fission,
the thermal macroscopic fission cross section of the fuel, the
yieldto the fission rate by the fast fission process and the

density of the fuel.
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Finally, it remains to evaluate BETA. Taking
again into consideration the n concentrical regions of
the channel, the fuel absorption rate Af and the total

channel absorption rate A can be expressed as

A = . 1)
f J_Z: 1 221, £ .fl i
and
n i
A = 1)
i:g 1 ZL. ’; i °

We are looking for the reaction rate in the fuel per unit

of neutron flux on the surface of the channel

A A A A
f = b . = f .
¢a = ¢a - 2 D x ALFA

The neutron flux ratio BETA on its turn is related to this

term by
Af n i
3 = BETA x Z Z’ V = BETA x Z
a i=1 a,f i a
and thus
1 A £ 1 A £
BETA = ) = T2 D x ALFA



The parameter Af can be found as

and A is equal to the sum of the fi for the individual regions

within the channel.

Hence the generalized formula for BETA reads :

BETA = < X x 2WD x ALFA

For a single region of the channel this expression may be

simplified to

2D x ALFA x £

f1 means the absorption fraction within the fuel.
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The choice of TRIHET (Ref. 4) (Ref. 5) as a
subroutine for REFLOS in order to calculate reactivity

and neutron flux distribution of the considered reactor

- its availability at Ispra and the experience
already made with the code ;
- the relatively short running-time, taking into

account that TRIHET is a three-dimensional reactor

- the fact that a heterogeneous reactor code facilitates
a suitable simulation of fuel shuffling with multi-

~batch or with element-wise re-loading.

Originally, TRIHET has been established for calculations
concerning the test-reactor ESSOR. The basic aspects and

the modifications which were made to apply the code in REFLOS

3. THE REACTOR CODE
was suggested by
code ;
are discussed below.
3.1-

Principles of the heterogeneous method and assumptions in TRIHET

Essentially, there are two techniques to treat
heterogeneous reactors. The first one is respented by the

well known unit-cell method of Wigner and Seitz replacing then

the heterogeneous assembly by a partly homogeneous one. The other
way to evaluate a heterogeneous reactor has been developed by
Feinberg and Galanin. They treated the reactor as an assembly con-
sisting of fuel channels and moderator. The fuel channels are
taken to be line sources of fast and line sinks of thermal neutrons.
The fast source-neutrons are slowed down within the moderator and by
means of the Fermi age equation and by superimposing the yields

of all existing sources of the assemhly, the sources for
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thermal neutrons are computed. The thermal neutron
flux distribution in the moderator is then calculated
by simple diffusion theory. Apart from geometrical
data, the influence of the fuel channels on the flux
distribution in the moderator is taken into account by
the heterogeneous constants, describing the fission and
absorption properties of the channel divided by the

asymptotic neutron flux on the edge of the channel.

TRIHET represents an extension of the theory of
Feinberg and Galanin in so far that the reflector may be
considered as finite for thermal neutrons, the slowing-down
of the neutrons may be treated by two energy groups, where
one of them is governed by age-theory,corrections for the
finiteness of the channels have been added and the axial
decomposition of the fluxes (expansion of the fluxes in
axial direction in Fourier series) has been employed,

resulting in a three-dimensional model.

Assumptions representinga certain limitation of the
TRIHET code and contained in REFLOS are listed in the

following subsection :

- The heterogeneous constants are derived applying
the unit-cell model. Consequently, although the thermal
flux distribution is calculated later on for the real
heterogeneous assembly, the computation is not heterogeneous

in the stringent sense of the word.

- The situation is still worse concerning the resonance
absorption. The resonance escape probability is introduced
in the one-group heterogeneous constant, describing the generatio:

of neutrons. The distribution of the resonance flux is not



3‘2-

- 23 -

calculated in TRIHET. Thus, concerning the resonance
absorption, the code does not represent an heterogeneous

one.

- The reflector must consist of the same material

as the moderator.

- The fluxes in the two fast groups do not fall down
to zero at the outside edge of the reflector but
in infinity. This approximation means that the results
of the reactor code will be in good agreement with the
reality, if the tickness of the radial reflector amounts
to nearly & 1/;3 or a greater number. T is the slowing-

down area.

- The fuel channels behave as line sources of fast
neutrons. This assumption leads to the requirement that
the radii of the channels must not be too great or the

channels must not be +too closely packed.

- The slowing-down properties of the materials within
the channel as, e.g., the organic coolant, are not treated
separately but must be included in a suitable way by

modifying the slowing-down behaviour of the moderator.

Modifications of TRIHET making it applicable to REFLOS

The necessary informations,which must be provided

by the subroutine TRIHET, are ¢

- the keff

of a specified control rod bank to reach the desired keff;

for the given reactor state or the position
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- the specific power for each fuel element channel
at j points along the channel in units of ( MW )
cm
- the average specific power for each axial piece
of the fuel elements, defined by the j points in units

of MW

cm

( )

- rma 1 utron flux in the fuel n
the mean thermal ne ( - Sapops )

for each fuel channel at j points within the

channel

- the power form factorgiving the maximum ( MW ) divided

by the mean ( MW ) of the reactor. cm

cm

The formulas for the specific power, together with other
items referring to the modification of TRIHET, are described

in (Ref. 8).

In occasion of the work for REFLOS, some parts of
TRIHET have been simplified, reducing so the possibilities
of the subroutine to a measure which corresponds to the
necessity to evaluate real power reactor. Hence, the
version of TRIHET used in REFLOS can investigate only reactors
with axial reflectors and with channels, which are occupied
by fuel elements of the same length. - The search of criti-
cality by varying the absorption rate within the fuel elements

has been left out.

The heterogeneous constants, defining points within
the reactor, are taken to depend linearly on the length of the
axial fuel pieces. Moreover, two important features has
been added: first, TRIHET has been formally splitted in Prevol

and Trevol, whereat Prevol creates a matrix depending only on
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geometrical data and moderator properties. The terms within
the matrix remain constant during all the reactor life and

are to evaluate consequently only once. The matrix is fed
into Trevol, what takes in consideration the composition of
the fuel and, thus, the time-dependent component in a reactoro
This feature leads to an appreciable saving of computation

time in the case of fuel shuffling investigations.

Secondly, a new symmetry has been introduced, resulting
also in a reduction of calculation time, but, and this is of
higher importance, also in an increase of the assembly
calculable by the code. In contrast with the old rotation
symmetry, the new one represents a specular symmetry, whereat
the mirror line is the angle bisector of the sector of the
assembly defined by the input. Note that a combination of

both symmetries is allowed.

THE ECONOMY PART

The scope of this subroutine of Reflos consists of
the evaluation of the fuel cycle cost and the consumption of
nuclear fuels for the reactor in consideration. In order
to contribute to a certain standardization in the field of
cost calculations, the applied technigque has been based on
the procedure established by a group of European firms in co-
operation and under contract with EURATOM, which is explained
in (Ref. 6). In the sense of the terminology of this
reference, the quantities calculated here ard necessarily

"a priori costs',

Sincd credits and expenditures caused by the fuel
cycle occur at different points of time, one has to actualize
them to the same point of time before striking the balance.
So, the losses and gains of interest will be taken into
account. Commonly, this method is named present-worth

method.
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It may be noted that the equilibrium fuel cycle cost
of a reactor may be determined with a certain approximation
by balancing simply the real credits and expenditures. In
the case of the transient period, however, the present-worth
method represents the only reasonable technique because there
is no proportionality between energy generation (corresponding
to credits) and expenditures and, moreover, because the

expenditures occur strongly discontinuously.

Surveyabout the calculation technigue

The course of the calculations is most easily
explainable, if one considers the life-time scale of the
reactor which is defined by the start-up of the reactor and
by charging and discharging events of fuel elements. Mass
and composition of the charged and discharged fuel are
determined by the applied loading scheme, the kind of the
used fuel and the burn-up rate of the fuel. All these terms
are known after having executed the nuclear subroutines and

the fuel management subroutine of Reflos.

Because expenditures and credits for the irradiated
fuel do not occur directly at the time-point of the loading
event, but are rather distributed around it, one has still
to investigate the life-time scale of the fuel elements,
in order to be able to derive the worth of one kilogram of
fuel actualized to the time of the charging or discharging
event, respectively. This is done by taking into account
the following time intervals of the "history" of the fuel

elements:

- Transport time for the fresh raw material*.

- Fabrication time of the fuel elements.

- Waiting time for fresh fuel elements before
insertion into the reactor.

- In-core time of the fuel elements.

It is assumed that the integral payment of the raw material

is effected at the beginning of the transport time.
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- Cooling time for fuel elements, which have been

discharged from the reactor.

- Waiting time for the discharged fuel, in order to
accumulate sufficiently great batches for the

reprocessing.

- Transport time for the irradiated fuel from the

reactor to the reprocessing plant.

- Time needed for the reprocessinge

Partly, in the above-~cited time intervals, many
working processes will be summarized. Thus, e.g., during
the fabrication time, an eventually necessary conversion of
the fuel into the needed form, the pellet sintering and the
fuel element fabrication will be done and, during the
reprocessing time, the remaining fuel will be reconverted

into a valuable form.

The mass losses of the fuel materials during the
individual working processes are taken into account by
suitable factors and influence consequently the costs.
The costs for the first core may be weighed by the excess

elements on reserveo

It is possible to introduce a tax-rate on the worth
of the capital bound in the fuel cycle. This tax-rate is
paid for the half of the fuel element life on the worth of
the fresh element and for the other half of the life on the

worth of the discharged fuel.

After having derived such values for one kilogram
of fresh and irradiated fuel, the total expenditures and
credits per reloading event are derived multiplying the
specific values by the charged and discharged masses. Then,
the total values per reloading event are summed up for
intervals prescribed by input. Normally, these intervals
will correspond to running-in, equilibrium and running-out

period of the reactor. The running-out may be simply



\

]

Co
]

defined as a fraction of the equilibrium period, since

this yield will be normally of negligible influence on

the total fuel cycle costs extended on

time.

*)

Formula

Waiting times {in months) :

the reactor life

If ITWA = 1 and I 1 :
L+IK-1 o LIFgo iN)
Ly DF (1+0.01 PM) ’
1n — :
T+IK-1 N _ LIFEBéIZIK-1)
TN B DF (1+0.01 PM) ]
TWA " =

in (1 + 0.01 PM)

If I+IK-1 > Maximum (LIMIT 1), the calculation of a new
TWA is omitted and the last computed value is employed.
TN and I refer to the table number and to the step of the

discharging event.

If ITWE = 1 and I > 1 3
LIFE (1)
T+IM-1 N -
3 CFNT (1+0.01 PM) 30.54
1n =1
LIFE (N)
I+IM-1 -
=3 cFIN  (14+0.01 PM) 30.4
TN =71 N
TWEI = r— -

ln (1 + 0.01 PM)

*) The symbols used here, are explained in subsection 5.4.
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If I+IM-1 ) Maximum (LIMIT 1), the calculation of a

new TWE is skipped and the last computed value is

used.

, -R CT

= (2.6xKYC+KC) . —L— _ —_— - L

KCRy (2.6xKYC+KC) . =g+ oo  [(2¥-100) In 5a—
"R - 00711
0.711-R (2x0.711 - 100) In Jommam=ia

y-0.711 . _ R
* 0.711-r (2R 100) 1n I5oTR

if KCRz € KR 4, the code puts automatically :

C = KR
K R2

The so-calculated value is always used, if BCA is determined.
It is employed for the calculation of BCE only, if the value,

specified in the input, is equal to zero.

Calculation of BCA, BCE (in $ per Kg metal charged or discharged)

TN
BCA - KL x (1 + 0.01 pM) ~ (TK + TTA + TWA, ")



If IRP = 1

I,TN )
*IN (XINU_ x wpci’TN + XINU_ wPC. “y . KCR, +

BCAI

%EQ ‘ 1,TN .
+ 3 XINU, . x WPCK x KCR.
K=3
x
BCATN = BCA ™ (WPCI’TN + wpcl' TN Y} KRC -
I 1 1 2 . 2
I1S@g
- > WPCI’TN KRC - KRPTN - KTRTN x
K K
K=3 i
N TN
x{1 - iz 0,91 (TK+TTA+TWATN+TRPT +0.5ICTI ) | x
- (TK + TTA + TWATN + TRP)
x (1.0 + 0.01 PM)
The expression within the second bracket of BCAI is put
if BCATN results in a value

automatically zero, I

with negative sign.



TN
BCALC

BCE"‘T

For

-3

I = LC f(last core)

*TN
- W
BCALC (wpC 1

KRPTN - KTRTN x

(1.0 + 0.01 PM)

*TN

RH@ BCA - (wPC

LC

TN

TN
KRCK)— KRP - KTR

0.5 x 12 x VIE)

(XIM1 x wpci’TN *

LC,TN

ST

1 - =—=—0.01 (TK + TTA + TRP + 0.5 ICT

12

WP
+ C 5

1 -

LC,TN

1S
) KRc2 - E wpctc’TN x KRcK -
K=3

TN
e )

(TK + TTA + TRP)

x

x (1.0 + 0.01 PM)

XIM2

IS 1,
+ XIM X WPC .

K=3

WP
x 2

+ WPCLE TNy KRC,, :Z:%'(WPCLC TN

i - %% . 0.01 (TK + TTA + TRP +

(TK + TTA + TRP)

ci’TN ) KCR2 +

KCRK
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If I = 1 (initial core) :

TN )

= BCEXTN 1 + %% * 0.01 (TTO + TFOTN + TWEO + 0.5 ICTI x
TN TN

T TFO TWEO

x (1 + 0.01 pM) 11O * *
NNO TN ]
KF ST . TN NNO- TN TN

+ %_1 NNG 1+ 0.01 (TFO ENET% + TWEO + 0.5 ICTI )| x

%%%f% 1FoY + TWEOLY
x (1 + 0.01 PM) +

*TN ST .

+ RH@ BCE 1+ 75 0.01 (TTO + TFOTN + TWEOTN + 0.5 x 12 x

TN TN
< VIE) | x (1 + 0.01 pM) 11O + TFO— + TWEO

NNO KFTN ST TN NNO-j TN
kY DAL N}
+ NNO 1 + P 0.01 (TFO X NNO-1 + TWEO + 0.5 x

]
-

3

NNO-j
NNO-J ypot™ . Tweo™

x 12 x VIE) x (1 + 0.01 pM) NNO-1
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If I > 1

*TN ST .
BCE 1 + v 0.01 (TT + TFTN + TWETN + 0.5 ICT?N )

TN TN
x (1 + 0.1 PM) TT + TF + TWE

_NN TN .
KF ST TN NN- TN TN
+ ZT__ = 1+ 3> 0.01 (TF ﬁﬁ:%— + TWE " + 0.5 ICT

%%E% N . oty
x (1 + 0.01 PM)

If the expression NN-1 becomes zero, it is treated to be 1
TN

during the evaluation of BCEI

Calculation of KF

. TN .
If the input value KF is equal to zero, the code evaluates

the following formulas :

If y = 1 * 100 { 1.0 :
2

KF Y ($/Kgu) = 67.0 + 0.047 KCR,

X
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If y 2 1.0

76.5 + 0.047 KCR

KFN ($/kgU)

2
Calculation of BKA and BKE :
N
BKATY  ( $ ) = orN x FHATY x Bca'N
I I I
N T
BKE?N (%) = CF?N x FHAT x BCEIN

TN
BKA (%) = 251 BKA]
TN
BKE, ( §) = z: BKELV
=1 I

TN
DF (to) = ZE: wee' ™y pr™ x pEATN
I,K K
reloaded
axial
pieces
TN
CFI (to) = charged WPCE’TN x CFIN x FHATN
! axial

pieces
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DMHA?N (to) = DF'i‘N . FHATN
CMHA’i‘N (to) = CF'i‘N . FHATN
n,
TN
DFBI: (to) = Z Z DFI
TN I=n, !
M "2
TN
CF. (to) = Z CFl «
TN I=n, !

M varies from 1 to LIM 2.

Ift M = 1

L1
)
|

IfM » 1 : n LIMIT 2 (M-1) + 1

ey
1}

n, = LIMIT 2 (M).

Effective expenditures for M intervals of the reactor 1life

n2 _ LIFE(I)
BT ($) = Z (BKE; - BKA ) (1 + 0.01 PM) 30.4
I=m1

The index M varies from 1 to LIM 1.

If M = 1 : mi = 1
If M 9 1 t mi = LIMIT 1 (M-1) + 1
m2 = LIMIT 1 (M).
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Cost for the first core

- e - - - —y . —— e - - — = - o

BKO (%) = BK' with M = 1 -=>m1 = 1
LIMIT 1 (1) = 1

1}

m2

Cost for the transient period of the reactor

M
BK TRANS ($) = z: BK - BKO - SR*
M

Cost for one equilibrium period of the reactor

mi LIMIT 1 (LIM 1 - 1) + 1

m2 LIMIT 1 (LIM 1)

Duration of one equilibrium period of the reactor

TFEC (days)= LIFE (IE2) - LIFE (IE1)

LIFE (IE1) LIFE LIMIT 4 (LIM 1)

LIFE (IE2) LIFE LIMIT 12 (LIM 1 - 1)

VIE x 365 - LIFE (IE1)

NEC =
TFEC

If this value is not equal to an integer, NEC is decreased

to the next integer.
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Total cost for all equilibrium periods of the reactor

_ _NEC x TFEC
30.4
* - . P
BKG (8) = SR 1 (1 + 0.01 PM)
__ _TFEC
1 - (1 + 0.01 PM) 30.4
NEC LIFE (IE1)
X *
=21§R (1 + 0.01 PM) 30.4 x
334
_ _(j - 1) TFEC + LIFE (IE2)
x (1 + 0.01 PM) 30.4
Begin of the running-out period
TXF (days) = LIFE (IE1) + NEC x TFEC

Cost for the running-out period

_ LIFE(K) + TXF
30.4

IMAX-1
BKR ($)

(BKE - BKA)K (1 + 0.01 PM)
K=1E2+1

- BKA . (1 + 0.01 pM) ~ 12 x VIE

Total fuel cycle cost

BCF ($3 = BK(1) + BK (LIM 1 - 1) + BKG + BKR
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Variable -and fixed cost for the extrapolated fuel cycle

BCF2 ($) =

_ VIE x 365 _

30 .4 TWEO

LIFE (IE1)
30.4 < L= (1+0.01 PM)

x

SR (1+0.01 PM) -
TFEC
30.4

1 - (1+0.01 PM)

BCF1 = BCF - BCF2

Energy produced in the whole reactor life and discounted to LIFE = O

e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e o T A me e e e e s — —

X .
BE (kWh) = Y (1 + 0.01 PM) Y x W@RK

Ny1 .
BEA (kWh) = j& WERK x (1 + 0.01 PM) ™Y + WgRK (y1 - Ny1) x
Jj=1 ’

x (1 + 0.01 PM) Y1

_ _LIFE (iIE1)
Y1 ° 30.4

Ny1 = largest integer of Yy
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Energy produced in one equilibrium period and discounted

BEG (kWh) =

Ny2 .
2&; (1 + 0,01 PM)™ 9 WORK + WORK (y2 - Ny2) (1 + 0.01 PM)™ 71
J::

TFEC
Yo 0.4

Ny2 = Largest integer of Yo

Fixed specific fuel cycle cost :

Total specific fuel cycle cost

( mills )

= * *
Wh = BCF1 + BCF2

BCF1*

Specific fuel cost for transition period

mills BK TRANS + BKO 3

—_— = ° 1
BCFE ( kWh ) BEA 0
BcFEs ( MiLls BK _TRANS 3

L ar e =
kWh BEA
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LIFE (IE1)
30.4

+

* .
mills SR (1 + 0.01 PM) . 103
BCFG ih ) = BEG
5. TECHNICAL INFORMATION CONCERNING REFLOS
5.1. Identification
Name REFLOS (Refined Evaluation of Fuel

Loading Schemes)

ID-Number 68.8125
Codification F@RTRAN 1V
System IBM 360/65 (300 K)

2 library tapes
2 scratch tapes (disc)

1 calcomp tape

Origin ORGEL Project, CCR Ispra, December 10, 1%
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5.2. Survey about the construction of the code

The following flow-chart shows the subdivision of REFLOS.

PART 1 - ORACLE 1

Cell burn-up by Plutharco - RLTL,
performance : writes on tape tables
for heterogeneous constants and
fuel composition in function of

burn-up.

Groups the time-independent computa~
tions of the TRIHET code;
performance ¢ creation of matrix tape.

Y

Reactor burn-up; cycle : core status,
interpolation of heterogeneous constants,
reactivity by TREVOL (2nd part of TRIHET)
fuel management if necessary, new core
state; reads ORACLE tape and PREVOL tape,
performance § writes fuel cycle data on
tape for economical calculation.

v

Evaluates the fuel cycle costs for
initial core, transition, equilibrium
and running-out period; reads fuel cycle

data tape.

PART 21 - PREVOL

PART 22 - STATUS

PART 3 - C@ST







Time card

- 1 card F@RMAT
CL@CK 13

Total execution time at disposition of the program

ORACLE 1

AIM1 13

= O ORACLE 1 is/was not used; ORACLE 1
data block 1s omitted,

= 1 execute ORACLE 1; the appropriate
data block follows

= 2 don't execute ORACLE 1, ORACLE 1
data block is omitted:; previously
calculated tables at disposition
on tape.

The ORACLE 1 data block is composed of two sets of cards

for each calculation (i.e., for cach table),

-~ 1. A set of two identity cards, in which any message may
be punched in col. 1-72. This will be printed out

on listing before starting the calculation.

- 4. Data cards.
The data cards contain the desired input data which are
only marked by an index number (input-list location).
The data wilil remain ynchanged during the execution of
ORACLE 1 as long as a new input overwrites them. We
thus need only to replace the entries which have to be
changed after a calculation, instead of giving all the

data again.



The set-up is as follows (F@RMAT : A1, 2I3, 6F 10.5) :

Col.

Col.

Col.

Col.

1

2-4

5-7

8-17
18-27
28-37
38-47
48-57
58-67

- 44 -

Any figure (numeric or alfabetical card
count;f.i.) may be entered here. An
asterisk(*) however must be used only in the
last card of the set, which forms part of

one calculation.

The input~list location which will be modified by

the first of the six data fields on the card.

The input-list location which will be modified
by the last (between 1 and 6) data field of the

card.

Data fields, The decimal point

may be placed on the places

10 n + 12 (n = 0,5),

If no decimal points are entered, the point
is supposed to be between

col. 10 n + 12 and 10 n + 13 (n = 0,5),

The last card of the last calculation is immediately

followed by a card, which contains in columns 1 to 3

the letters END.



- 45 -

PREVOL F@RMAT
- 1 card

AIM21 13
- card

ABC1 20Ad
- 1 card

FLDEUX, TAU2, H, R2 4k12.06
- 1 card

NR, NE, KPLEC, IP, KR2, IZNUL, NSYR, NSYE, NTE,

IMAT, NANA, NANA1, NANA2, NANA3, ITRI. 1513

-~ (NR - NSYR) + (NE - NSYE) + NSYR + NSYE cards
AAI, BI, AI, TI, NI 4E12.8, 13

- Only if (NSYR + NSYE) not equal O, punch

(NR ~ NSYR) + (NE - NSYE) values, 24 per

card

NGS 2413
- only if NR not equal O, punch NR-NSYR values,

6 per card

HIR. 6E12.8
ARIR 6E12.8
ARSR 6E12.8

- always present

NTE values, 6 per card

XE 6E12.8
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-~ NE-NSYE values, 0 per card

ARIE 6bE12.6

ARSE 6E12.8

STATUS F@RMAT

- 1 card

AIM22 13

- 1 card
TAB, UNIT1, NR, PRINT1, RUN, UNIT2, PRINT2,
-PRINT3, PRINT4, PRINTS5, PRINT6, CYCLE, PUNCH,
PERFO 1413

- only if CYCLE » 1

- 3 cards (j =1 «0.. 6)
NUM, TEST1, TEST2, NUM, TEST1, TEST2 2(16, 2E12.7
- V2 L - _—_—

Al N

j=1 | j=2

- only if CYCLE > 1

- 1 card

DT E12.7

- only if CYCLE = 3

- 9 cards

L@AD 2013
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always present

1 card

NRL, NEL, NTL, IBANAL, IMAT, NC@D, NRM, NAN1i,

NAN2, NAN3, NAN& 1113
1 card
c, FKSI@, RKSI, DKSI, WTR, ERREUR bE12.7

only if NRL) O

NRL values, 6 per card
ZIR 6E12.7

only if NC@D = 2

NRM values, 20 per card
NGR 2013

only if TAB = 2

1 card B

K, J, DENS 216, E12.7
} NR times

J cards

BU, ALFA, MU, GAMA, BETA | 5E12.7

only if TAB = 3

NZ = NEL x (NTL - 1) cards
M, ALFA, MU, GAMA, BETA 16, 6X, 4E12.7

only if RUN = 1

1 card

LIFE, FKSIg 2E12.7
1 card

IM@VE, IP 216

1 to NEL (NTL - 1) cards
NM, NG, K1, K2, CT, BU, BUM 416, 3E12.7
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CQ§I FORMAT
- 1 card

AIM3 13
- 1 card

NCALC, TN, 1s¢g, LiMi, LIM2, ITWE,

ITWA, NN, IRP, NNO 1013
- 1 card

LIMIT 1 1013
- 1 card

LIMIT 2 1013
- ISg cards

XINU, KCR, KRC, XIM LE12.7
- TN cards

IK, KRP, KTR, TRP, TWA, FHA I12, 5E12.7
- TN cards

IM, KF, TF, TWE, TFO I12, 4E12.7
- 1 card

TK, TTA, TT, TTO, TWEO 5E12.7
- 1 card

ST, PM, RH@, KL 4E12.7
- 1 card

VIE, W@RK 2E12.7
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1 card

KYc, KC, R, CS, KR

only if TN €O

1 card
K, J,
1 card

BU, MPL, WPCU235, WPCU, WPCPUFI

1 card

wPC PUFE, WPC TH, WPC U233

J times

L4E12.7

213

r TN
times SE12.7

3E12.7

5.4. Explanation of the meaning of the used symbols for the input

ORACLE 1

1.

Compuund index for fuel

1. Metal
2. Oxide
3. Monocarbide

4. Dicarbide

7. Other fuel (cross-sections to be entered in NRS 72-89)

Diluent spectr. const. (°K)

Canning spectr. const. (°K)



10.

11.

12.

13.

1k,

Coolant index

0. Void

1. Gilotherm (Santowax)
2. Diphenyl

3. Heavy water

6. Other organic coolant (data to be entered in NRS 90,

91, 104 and 105)
7 Other coolant (cross-sections to be entered in NRS 137-149
AND 167-179)

Coolant and inner filler spectr. const. (°K)

Outer coolant and outer spectr. const. (°K)

Pressure tube spectr. const. (°K)

Insulation index

Other organics

0. Void

1. Gilotherm (Santowax)
2. Diphenyl

3. Heavy water

L, A1203

?. Si 02

o}

7

Other material (cross-sections to be entered in NRS.152-164)

Insulation spectr. const. (°K)

Occupied (KHET)

Calandria spectr. const. (°K)



16.

17.

18.

19.

20.

21.

22.

23.

2k,

Moderator spectr. const. (°K)

Physical temperature fuel (°K)

Physical temperature coolant (°K)

Physical temperature insulation (°K)

Physical temperature moderator (°K)

~1. Correlated spectr. const.

0. Other spectr. const.

1. Termidor spectr. const. (enter data in NRS. 195-200)
Poisoning coefficient, only for irradiated fuel.
Absorption in poisoned fuel devided by absorption in

unpoisoned fuel.

SGR Filler density (Graphite) relative to reference

density (1.05 GR/CM3)

ALFA, Weight percentage of AL2 03 in SAP (value between O and 1)

RHO-SAP SAP density (in GR/CM3)

HBR Percentage of high boiling residues in Santowax (in percents)

SAL Effective absorption section (averaged over a maxwellian
flux at fuel temperature t(n) due to alloys contained

in the fuel.

PU - Purity of heavy water (value between O and 1)



28.

290

30.

31.

32.

33.

34.
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CHW Additional heavy water absorption section due to

EXSAP

S1

S2

S3

impurities other than light water (value at 2200 m/sec).

Extra absorption in SAP due to impurities

(value at 2200 m/sec times 1.0E 5),

Cylindrical geometry Outer radius of first (outer) tube

All other geometries Fuel rod radius

7-Rod Hexagonal Clad rod radius
6-Rod Hexagonal Clad rod radius
18-Rod Hexagonal Clad rod radius
19-Rod Hexagonal Clad rod radius
19-Rod Circular Clad rod radius
22-Rod Radius of central rod
4-Rod Clad rod radius
Single rod Cladding inner radius
Cylindrical Inner radius of first (outer) tube
22-Rod Radius of second-ring rods
Single rod Cladding outer radius
Cylindrical Outer radius of second tube
6-Rod (DUMM2) External radius of central tube
18-Rod (DUMM3) External radius of central tube
22-Rod Radius of thrid-ring rods
Cylindrical Inner radius of second tube
6-Rod (DUMM2) Internal radius of central tube
18-Rod (DUMM3) Internal radius of central tube

All geometries Internal radius of pressure tube



35.

36.

37.

38.

39.

40.

b1,

Al

A2

A3

OR
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All geometries External radius of pressure tube
All geometries Internal radius of calandria tube
All geometries External radius of calandria tube
4-Rod External radius of central filling
Cylindrical Outer radius of third tube
6-Rod External radius of filler tube
4-Rod Thickness of central filling tube

(Same composition as cladding)
Cylindrical Inner radius of third tube

6-Rod (DUMM2) Thickness of filler tube

Geometry index for the fuel cluster

~-- Comment -- With negative values for these clusters the

introduction of the Dancoff correction factor
(see Head 126) is supposed.

7-Rod Hexagonal

19-Rod Hexagonal

19-Rod Circular

22-Rod

4-Rod

Single Rod

3-Rod geometry

Cylindrical

Special geometry (data to be entered in NRS. 107-126)

6-Rod geometry

18-Rod geometry

7-Rod Hexagonal Axial distance from rods in
hexagonal geometry
19-Rod Hexagonal Axial distance from rods in

hexagonal geometry



42. D1
43. D2
44, D3
45. VR
46. VRIT
47. VRIF

19-Rod Circular
22-Rod

4-Rod
Cylindrical

22-Rod

Cylindrical

22-Rod

22-Rod

Cylindrical

Cylindrical

All other geometries

For four rod

Cylindrical

All other geometries

Cylindrical

All other geometries

- 54 -

Axial distance from rods

in hexagonal geometry

Distance from center of external
ring of rods to center of element

Distance from center of element

>to outer rods

Outer radius of fourth (Inner) tube

Cladding thickness of central rod

Inner radius of fourth (Inner) tube

Cladding thickness of rods in

first ring

Cladding thickness of rods in
second ring
Cladding thickness of cylindrical

tubes

Total volume of filling at center
of fuel element in cm3/cm

Total volume of filling

Except central filling tube

Volume of filling at center of

fuel element for calculation of
thermal utilisation factor

Volume of filling inside homogenized
central rod for calculation of therma
Utilisation factor

Volume of filling at center of fuel
element for calculation of fast
fission factor

Volume of filling inside homogenized
center rod for calculation of fast

fission factor.
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52.

53.

54.

55.

56-

57.

58.

59.

60.

61.

62.

Occupied

Printing index

0. Output with intermediate

(o]}
(@]
1]

results

1. Output without intermediate results

Second flight correction

Atomic

Atomic

Atomic

Atomic

Atomic

Atomic

Atomic

Atomic

Mixed fuel density in G/cm

fraction

fraction

fraction

fraction

fraction

fraction

fraction

fraction

TH-232

U-233

u-235

U-236

U-238

Pu-239

Pu-240

Pu-241

3

Mixed fuel molecular number

Spectr.

const.

(°K) TH-232

Correction factor to make allowance
for non-uniformity of neutron density

after first collision.
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63. Spectr. const. (°K) U-233

64. Spectr. const. (°K) U-235

65. Spectr. const. (°K) U=-236

bb. Spectr. const. (°K) U-238

67. Spectr. const. (°K) Pu-239

(o))
o2]

Spectr. const. (°K) Pu-240
69. Spectr. const. (°K) Pu-241

70. Lattice cell index

1. VM/VF
2. Square pitch
3. Hexagonal pitch

71. Value of VM/VF (dimensionless) or pitch (ém)

Cross-sections for special fuel (see 1; Compound index) / 1/cm 7

72. Absorption (Thermal) (SACT)
73. Fission (Thermal) (SFCT)
74. Scattering (Thermal) (sscT)
75. Transport (Thermal) (STRCT)
76. Scattering (Epithermal) (SSCE)

77. Transport (Epithermal) (STRCE)



78.

79.

80.

81.

82.

83.

84 .

85.

86.

87-

88.

89.

90.

91.

92.
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Slowing down (Epithermal)
Total (Fast)
Elastic (Fast)
Inelastic (Fast)
Fission (Fast)
Capture (Fast)

Nu times fission(Fast)

Total 2 (Fast)
Scattering 2 (Fast)
Capture 2 (Fast)
A- Res. Int.
B~ Res. Int.

Organic density at O centigrade

G/cm3

(Density temp. coeff.)times 1.E&4

Nu times fission (Thermal)

(SXSCE)
(STCF) }
(SECF)
Above the fission
(SICF) ? threshold of U-238
(SFCF)
(sccF)
(SNUCF |
’ Y Needed for the evaluatiom
(STCF2)
of the fast fission effect
for the roup below the
(SSCF2) group
fission thresheld of U=238
(sccFr2)
J
(u1) If RI=A+B VS/M
U2=N . B . F / ? F
F = Atomic fraction
Q = density
N = Atoms/cm3
(see 5. Coolant index)
(see 5. Coolant index)
(SNUFCT)



94.
95.

96.

103.

104.

107.

108.

109.

110.

111.

112.

113.

[}
w
b}

1

Not occupied

Table-number in that the results are to be stored; (£10).
If this value is negative, it is set positive and the

tables are also punched on unit 7.

Interfhal occupied

Not occupied
Number of C-Atoms/organic molecule (see 5. Coolant index)

Number of H-Atoms/organic molecule (see 5. Coolant index)

Geometrical data for special geometry (see 40. Geometry index)

vC (cmj/cm) Volume of combustible in the cell
VG (cmj/cm) Volume of canning in the cell

VO (cmj/cm) Volume of coolant in the cell

VT1 (cm3/cm) Volume of pressure tube in the cell

VT2 (cm3/cm) Volume of insulation gap in the cell
3 . .
VT3 (cm”/cm) Volume of calandria tube in the cell

VM (cmj/cm) Volume of moderator in the cell



114.

115.

116.

117.

118.

119.

120 L]

121.

122.

123.

124,

125.

126.

127.

128.

129.

VBT

ABT

VOIT

VOET

VBF

ABF

VGIF

VOIF

SuU

SF
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Volume (cmj/cm) included in a rubberband strung

VBT - VC - VG

around the canned cluster

il

VO - VOIT

Volume (cmj/cm) included in a rubberband strung

around the uncanned cluster
= VVBF/W
Volume (cmj/cm) of can inside of VBF
= VBF - VC - VGIF
Surface (cmz/cm) of fuel in the cluster

Surface (cmz/cm) of the rubberband as defined for VBF

Dancoff correction factor

Organic fraction of filler tube holes in 6-Rod clusters

Periferical filler rod center distance to cluster center

6-Rod cluster: Metal identification of central pin



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142,

143,

14k,

145.

146,

~ 60 -

Max. integrated flux for burn-up calculation / Neutrons/kilobarn_/
Step in integrated flux for burn-up calculation / Neutrons/kilobarn |

(maximum : 50 burn-up steps)

Actuel integrated flux for burn-up calculation Z-Neutrons/kilobarn_7

Occupied

Effective (energy averaged !) thermal neutron flux existing

in fuel element (for TH U233 chain and Xe—equilibriumi

13

in units of 10 n/cm sec).

Absorption (AT 2200 m/sec) (SANT)

Scattering (Thermal) (SSNT)

Transport (Thermal) (STRNT)

Scattering (Epithermal) (SSNE)

Transport (Epithermal) (STRNE)

Slowing down (Epithermal) (SXSNE)

Total (Fast) (sTN) ]

Elastic (Fast SEN

ast) ( ) Above fission

threshold

Inelastic (Fast) (SJN)
of U - 238

Capture (Fast) (SCN)
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147. Total 2 (Fast) (STN2) 1

148. Scattering 2 (Fast) (SEN2) » Below fission
thereshold

149. Capture 2 (Fast) (SCN2) of U - 238

150. ----

151. Occupied

Cross-sections for special insulation (see 11. Insulation

152. Absorption (AT 2200 m/sec) (SANT)

153. Scattering (Thermal) (SSNT)

154. Transport (Thermal) (STRNT)

155. Scattering (Epithermal) (SSNE)

156. Transport (Epithermal) (STRNE)

157. Slowing down (Epithermal) (SXSNE)

158. Total (Fast) (sTN)

159. Elastic (Fast) (SEN) Above the fission
threshold

160. 1Inelastic (Fast) (SJN) ? of U - 238

161. éapture (Fast) (SCN)




162.

163.

164.

165.

167.

168.

169.

170.

171.

172.

173.

174,

175.

176.

177 .

178.

179.

Total 2

Scattering 2

Capture 2

- 166. ——e-

Absorption

Scattering

Transport

Scattering

Transport

Slowing down

Total

Elastic

Inelastic

Capture

Total 2

Scattering 2

Capture 2
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(Fast)

(Fast)

(Fast)

(AT 2200 m/sec)

(Thermal)

(Thermal)

(Thermal)

(Thermal)

(Epithermal)

(Fast)

(Fast)

(Fast)

(Fast)

(Fast)

(Fast)

(Fast)

(sTN2) )

(SEN2)

(SCN2)

(SANT)
(SSTN)
(STRNT)
(SSNE)
(STRNE)
(SXSNE)
(sTN) )
(SEN)
(SJN)
(scN)
(sTN2) )
(SEN2)

(scN2)

Below the fission
?thereshold
of U - 238

Above fission
thereshold
of U - 238

Below fission
}thereshold
of U - 238

4



195,

196,

200,

201,

202,

203,

205,

206,

207.

208,

209,

194,  —---

Termidor

Spectrum

Spectrum

Spectrum

Spectrum

Spectrum

Spectrum
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cross-sections (see 2C, Spectral constant index)

mean

mean

moean

mean

mean

mean

microscopic

microscopic

microscopic

microscopic

microscopic

microscopic

U~-235 absorption cross-section
U=235 fission cross-section
PU=239 absorption cross-section
PU-239 fission cross-section

1/V absorption cross-section/barn

(2200m/sec) in fuel

1/V absorption cross~section/barn

(2200m/sec) in moderator

Volume fractions of structural material for canning

Air

Berylium

Graphite

Lead

SAP

Stainless steel

Zircaloy=-2

210 w=-=
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211, Air

212, Berylium

213, Graphite

214, Magnesium

215, Lead

216, SAP

217, Stainless steel

218. Zircaloy=2

219, = 220, Occupied

Volume fraction of structural materlal for calandria tube:

221, Air

222, Berylium

223. Graphite

224, Magnesium

225, Lead

226, SAP

227. Stainless steel

228, Zircaloy=2



229.

23C.

231,

232,

233.

234,

235.

236,

237

238.

239,

241,

242,

243,

24k,

245,

246,
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Occupied

Volume fractions of structural material for inner filler

Air

Berylium

Graphite

Magnesium

Lead

SAP

Stainless steel

Zircaloy~2

240, Occupied

Volume fractions of structural material for outer filler

Air

Berylium

Graphite

Magnesium

Lead

SAP
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247, Stainless steel
248, Zircaloy=2
240, - 250, Occupied

350. If O, no intermediate results at the individual burn-up

steps are printed out; output consists only of input and

tables.

If 1, intermediate results are printed,



AIM21

ABC1

FLDEUX

TAU2

R2
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1 execute PREVOL, creation of a new matrix tape IMAT,

il

2 skip PREVOL, matrix tape at disposition,

Any alpha - numerical information referring to the

case being studied (TITLE card).
Diffusion area of thermal neutrons in the moderator (cmz)

. 2
Slowing~down area {(cm ).

It holds TAU2 + TI = Fermi-age of thermal neutrons = Z;h,
The meaning of TI has been explained further below.

TAU2 defines the energy range of fast or epithermal
neutrons which is treated by diffusion theory. Putting
zero this term means application of Fermi-age theory

for the whole fast group and existence of only one fast

group.

Comparisors with experiments and homogeneous theory suggest,
to use the Z;h for the cell instead of the one of the
moderator if inside of the channel a remarkable moderation

exists.

Extrapolated height of the reactor (cm), including

physical height of core and reflectors as well as an

average extrapolation lenght for neutrons. This value

is used for all energy groups. It is impossible to evaluate

a reactor without axial reflectors.

Extrapolated radius of the reactor (cm). The definition

corresponds to that given for H.

Leave blank if there is an infinite radial reflector.



NR

NE

KPLEC

IP

Limitation : NR + NE - NSYR - X

. - : N T =0l
Number of groups o1 channels occupied by contral

rods in the reacto:.

Number of groups or channels oc¢

i

elements in the reactor.

N

77
e’
t

NSYR + NSYE

1}

Sce below for the meaning of NSYR ani b

By means otf NR and NE a rvo

The application of this me g thsre
is a repetition of the design <ol = zin ssgtor of
reactor considering the R
Channels may be gathered to & aroop 2 The ITelloewlng
conditions are rulrillsd :

Their extension {(radiucs 410 5 128 sams

Their distance irom tThe o2
Their nuclear
They have the

The anagle betw

must be egqual

Desired approach oo 7Tk

for the calcuia

et

oz A

direction.

Limitation : KPLES £ 1%

ed to uss

i

It is prope

Desired apprcacn o ks

in axial direction

e

Limitation : XR - WE

LW
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(The points in the figures mean channels). One

has to introduce in this case only the necessary
data for one of the channels. After a specified
angle Ol the configuration of the reactor is repeated.
In the case of Fig. 1 we would treat really a quarter
of the reactor. In the case of Fig. 2, one could
again apply NE = & and NSYE = O. Using the fact that
the line C is a symmetry line, one could also calculate
this configuration by NE = & and NSYE = 1. Note that
also here all data for the two channels in a quarter

of the reactor must be introduced and that the code

reduces automatically the assembly to be calculated.

The advantage of this possibility is

-~ a smaller calculation time for the same number of

(NR + NE).

- that a greater assembly is calculable (see limitation

of (NR + NE).

Note that, using NSYR and/or NSYE # O, one has to
introduce the AAI, BI, a.s.o., first, for the contrel

rod channels of the first bisector, secondly, for the

fuel element channels of the first bisector (in both
sequences the channels on the symmetry line are included),
thirdly, for the control rod channels in the second
bisector and at the end for the fuel element channels

in the second bisector.

NTE Number of axial pieces of the fuel element channels
included the reflector. Consequently the fuel element
consists of (NTE -~ 2) axial pieces, while the other
are the bottom and the top reflectors.

Limitation : 3<€ NTE € 20

This subdivision is valid for all fuel channels.
It may be noted that, apart from the reflector, if there

are two neighboring axial pieces with strongly different



IMAT

NANA
NANA
NANA
NANA

ITRI

AAI

BI

Al
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nuclear properties, one has to foreseen an artificial
axial piece of small thickness between these ones, in
order to avoid errors which would arise by the fact, that
the heterogeneous constants for any point are calculated
by interpolation of the values of the two neighbouring

axial pieces.

Symbolic tape unit on which the matrix is written.

Put 11.

Technical information referring to the code PREVOL.
= 0, if this information shall not be printed

= 1, if this information shall be printed.

= 0, if the sequence of channels given in the input is

definitive.

= 1 means, that the given sequence of fuel element channels
is tested by the code and rearranged in a sequence
of ascending radii and angles with the x-axis.

If NSYR + NSYE # O, one has to use ITRI = O.

Locating the origin of coordinates in the center of the

radial section of the reactor, AAI means the x=coordinate
th . .

of the I channel in the reactor, measured in cms.

AAI may be also a value with negative sign.

1 €I <$NR + NE

The y-coordinate of the Ith channel in cms. Values

with negative signs are allowed.

t .
The radius of the I h channel (cm). Its definition must
correspond with that one of the heterogeneous constants.
Often it is defined so, that autside of this radius there

is only moderator.



TI

NI

NGS
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Fermi-age of thermal neutrons (sz) for the It
channel. TI defines the energy range of fast
neutrons which is treated by Fermi-age theory.

TI = O means, that the calculations are carried out
with one fast and one thermal energy group and
application of diffusion theor& for the fast group.
For more details see the definition of TAU2 given
above. Note, that TAU2 + TI = Fermi-age of thermal
neutrons.

Put 0, if this channel is a control rod channel, or
more general, a channel which does not represent a
source of neutrons but only a sink (ALFA # O,

MU = O0). For the definition of ALFA, MU see below.

Quantity of channels which may be gathered to the

th . R
group whose member the I channel is (see definition
of group, given under item NE).

NI may be different for each group !

If (NSYR + NSYE) = O, the sequence of AAI, BI, AI, TI, NI,
must be given in the order, that first all control rod
channels appear.

If (NSYR + NSYE) = O, give thissequence as prescribed under
item NSYE.

Prepare a quantity of (NR + NE) cards of this kind.

Together with the applied symmetry conditions all channels

of the reactor must be covered.

This cards appear only, if (NSYR + NSYE) $ 0. Give
(NR & NSYR) + (NE - NSYE) values.

In the case of (NSYR + NSYE) 4 O, there is a symmetry
line in the sector of the reactor. This sector is
characterized by the channels 1<i ¢<(NR + NE}. The
symmetry line is the angle bisector. Specify the numbers

i of the channels which are reflected with respect to the






XE

ARIE

ARSE

AIM22

TAB
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The distances of the end points (cm) of the NTE

axial pieces of a fuel element channel, counted from

the bottom end of the reactor. Thus, the first value
represents the distance between the bottom end of

the reactor and the beginning of the fuel element, while
the last value represents H and the -last but one value
is the distance between the top end of the fuel element
and the bottom end of the reactor.

Introduce NTE values.

ALFA's for the axial bottom pieces of the fuel element
channels. If NE values are introduced, than each
channel is evaluated by means of its own ALFA. The
sequence of these values must correspond to that one of
AAIl, BI a.s.o. for fuel element channels. It exists the
possibility, to introduce only one value being valid for

all bottom pieces of the fuel element channels.

ALFA's for the axial top pieces of the fuel element
channels. The prescription given for ARIE are also

valid for ARSE.

STATUS

Put 1, if the status part shall be executed,

Put 2, if this execution is not desired.

Put 1, if the heterogeneous constants characterizing
the fuel element channels as function of the burn-up

have been calculated by ORACLE1.
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Put 2, if the heterogeneous constants are given as

tables on punched cards and entered on symbolic

tape unit UNIT1.

Put 3, if the heterogeneous constants are given point-wise
for the whole reactor in form of punched cards (for

the reactor state in investigation). In this case only
one calculation for the existing state of the reactor

is possible.

UNIT1 Leave blank, if TAB = 1 or 3.
Put symbolic tape unit on which the tables are charged,
if TAB = 2.

Put 5, if tables are entered by cards.

NR Quantity of introduced tables of heterogeneous constants,
NR £ 10.
By this, up to 10 different kinds of fuel may be

incorporated in the reactor.

PRINT1 Put 1, if the subsequent data shall be printed in the
output.
Put O, if no print is desired.

The tables of heterogeneous constants may be printed.

RUN XEQ - index.
Put 1, if the initial run of the STATUS calculation will
be carried out.
Put 2, if the STATUS calculation is a continuation of a

previous one.

UNIT2 Symbolic tape unit which contains the reactor core speci-
fication.

Putiz.
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PRINT2 Print index as under PRINT1.

The reactor core specification may be printed

in the output before each burn-up step and before

and after each reloading event. The core specification

consists of a table which gives for each point in the

core (at each point (XE - 1) of each fuel channel

group)

- the table number K1 of fuel located therej;

- the charge number K2 describing occasional which
charging event the fuel has been inserted in the

reactor ;

- the incore-time (days), CT, of this fuel under

irradiation ;

- the burn-up ( f:d ), BU, of the fuel at this point ;
MWd . .
- the burn-up ( o ), BUM of the (NTE - 2) axial pieces

of each fuel channel group.

PRINT3 Print index as under PRINT1.
At the same points of time and space as under PRINT2 the
mean thermal neutron flux (n/cmzsec) may be printed in the

output.

PRINTA4 Print index as under PRINT1.
At the same points of time and space as under PRINTZ, the

specific power ( thh/cm) may be printed in the output.

PRINTS Print index as under PRINT1.
At the same points of time as under PRINTZ2 the mean specific
power (thh /cm) for the (NTE - 2) axial pieces of each

fuel channel group may be printed in the output.



PRINT6

CYCLE

PUNCH

PERF@

NUM

-7 -

Print index as under PRINT1.

At the same points of time as under PRINTZ2 the
interpolated heterogeneous constants used for the
evaluation of the reactor may be printed in the

output.

Put 1, if the reactivity and the power distribution

of only one reactor state shail be evaluated.

Put 2, if the history of a reactor under irradiation
shall be investigated without to execute any fuel
movement.

Put 3, if radial fuel movewent shall happen, prescribed

in the input-vector L@AD (see below).

Put 1, if the execution of the C@ST part is foreseen.
In this case the necessary output data of STATUS are
written on a tape.

Put O, if no execution of C@ST is foreseen.

Put 1, if the specific power distribution as described
under NAN3 shall be punched (by means of standard unit 7)

before and after each fuel movement.

Appears only if CYCLE > 1.

Kind of management decision which shall initiate the reloading
process. All the tests specified by the input are

executed in the given sequence. The reloading process

is released by the first positive test in the given

sequence.

Put 1, if the life time LIFE of the reactor serves for the

descision process. ¢The following decision will be made :
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LIFE » TESTz (days) —3» calculation is stopped ;
at the time TEST2 the core is discharged.

LIFE = n. TEST1 (days) —» reloading is executed
as prescribed by LPAD (see below).

LIFE$n . TEST1 (days) —» no reloading is executed,

the calculation run is continued.

n means any integer 1, 2 .....

Put 2, if the effective multiplication factor keff of
the reactor serves for the decision process. The

following decisions will be made

keff » TEST1 (desired keff)—» no reloading, the calcu-

lation run is continued.

TEST1 » keff 3 TEST2 (desired keff)-» reloading is exe-
cuted as prescribed by L@AD.

TEST2 » keff —>» the code itself searches for the life
of the reactor, at which the desired keff is
reached and carries out the fuel movement
prescribed by L@AD at this point of time.

Put 3, if the power form factor ( %% ) mean / ( %% ) max
FFPW, serves for the decision process. The following

decisions will be made :

FFPW » TEST1 ——> no reloading, the calculations

run is continued.

TEST1 > FFPW 2 TEST2 — reloading is executed as
prescribed by L@AD.

TEST2 > FFPW -—» the code itself searches for the 1life
of the reactor, at which the desired FFPW is

reached and carries out the reloading as prescribed

by L@AD.



- 79 -

Put 4, if the calculation run shall be interrupted after
having executed a certain number of reloadings REL.,

The following decisions will be made :
REL <« TEST1 —» calculation run is continued

REL = TEST1 -—» calculation run is stopped. The

core is not discharged.

TEST2 is not used.

TEST1 The upper 1limit for the management decision. Depending
on the kind of the applied management decision, this term

has different meanings (see under item NUM 1!).
TEST2 As TEST1, but the lower limit for the decision process.

DT The time intervall (days) of reactor operation without
taking into account an alteration of the reactor state
by the burn-up process, if no fuel movement happens.
Consequently, nuclear composition and power distribution
remain constant during DT.
Note, that independent on DT at each reloading process
a new core state is defined. Counting from the time
point of the reloading process the next definition of the
core state occurs after DT days, if in the meantime there

did not happen a reloading process.

LGAD Vector to govern the radial fuel movement.
All groups of channels have a number I, 1 £ I £ 60. The
position of these groupsin the reactor is known (see
AAI, BI). Let us take a sequence of groups of channel
numbers L1, L2, L3, L4, L5...., a sequence of table
names (kind of fuels !) K1, K2, K3, and an index Z.
By this one can prepare a vector.

L1, L2, L3, K,, Z, L&, L5, K_, Z, a.s.o.

1! 2!
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Let us moreover name L1, L2, L3, Kl, Z the

first sub-vector a.s.o.|defining as a sub-vector

a sequence of numbers of groups of channels terminated
by a table name and by Z. ,

Thus, the information of the above cited vector means :

If fuel movement has to be carried ouf, the fuel of the
groups of channels named by L1 is discharged from the
reactor. The fuel of the group L& is reloaded to the

group L1, the fuel of the group L3 is reloaded to L2

and in the group L3 is introduced fresh fuel of the

table Kl' The same will happen for the second sub-vector :
the fuel of L4 is discharged, the fuel of L5 is releaded

to L4 and in L5 is charged fresh fuel of the kind defined

in table K2.

The axial positions of the fuel after the reloading process
remain unchanged.
Ry attention that each group, included in the same sub-vector,

must contain the same quantity of channels !

If all the information included in the vector are read and
the calculation run is not terminated, the code returns

automatically to the beginning of the vector.

If the calculation run is interrupted because, for instance,
the required calculation time was to small, the code will
storage the correct position of the vector and starts to
read the commands of the vector at this position in a
continuation run. The index Z, finally, provides the
information, how many sub-vectors shall be considered

during one reloading event.

Put Z = 71, if reloading specified in the following sub-
vector shall happen at the same point of time as the
preceding one. .

Put 2 = 72, if the reloading specified in the following sub-

vector shall happen on occasion of the next reloading event.
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NRL. Put (NR - NSYR) .(see above).
NEL Put (NE - NSYE) (see above).
NTL Has the same meaning as NTE {(see above).
IBANAL Symbolic tape unit for scratch tape used by TREVOL.
Put a 2.
NC@gD Put 1, if the keff of the existing reactor configuration

with the specified positions of the groups of control
rods shall be searched; iteration for keff. Put 2, if
the control rod position is searched in order to reach
the required keff of the reactor RKS1l (see below).

Iteration for ZIR (see below).

NRM Put O, if NC@D = 1.
Put the quantity of groups of control rod channels which
shall participate in the iteration process, if NC@D = 2.
This quantity will be consequently used to control the
reactor, while the rest, (NRL -~ NRM) of control rods,

remains at its position, given by the input.

NAN1 Put 1, if intermediate results of TREVOL shall be printed,
NAN2 If no print is wished, put O.
<
NAN3 Put 0, if the print of the axial power distribution is
not wished.
. . o MW
Put a quantity < 100. Then, the specific power ( - )

along all fuel element channels is printed in the
output at the given quantity of equidistant points in axial

direction. The first point lies at the beginning of
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the fuel element. If PERFO = 1, the specific

power distribution is also punched on cards.

NANL Put O, if no print is wished.

Put a number $ O, in order to obtain in the output the
individual harmonics and the unnormalized thermal neutron
fiuxes on the edge of each channel at 40 equidistant
points in axial direction, distributed about core and

reflectors.

o} Convergence coefficient, depending on the reactor geometry.
It is calculated by the code automatically if a nought

is introduced here.

FKS1g Initial value (guess) of the iterated quantity.
If NCOGD = 1, put an estimate for the existing keff.
If NCOD = 2, put the estimated ZIR (see below for the
definition) for the NRM control rod groups in cms. In
order to save calculation time, it is better to overestimate

the value of ZIR, than to underestimate it.

RKSI If NC@D = 1, put FKSI@.
If NCOD = 2, put the desired keff, for which the control

rod positions shall be searched by the iteration process.

DKSI Put O, of NC@D = 1.
Put a guess of the total efficiency of the completely
inserted NRM control rod groups (in units of keff), if

NCgD = 2.

WIR Total fission power to be generated in the reactor (MW) .
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ERREUR Desired precision for the iterated quantity in
units of keff. ( = in units of 10° pcm) .
ZIR Omit this cards, if NRL = O. Introduce NRL values,

if NRL *-O. ZIR gives the distances between the
midgleof the value HIR and H/2 in cms in the same
sequence as HIR, if the control rods are inserted in
the reactor. This value may be also of negative sign.
In the case of NC@D = 2, the ZIR - values for the NRM
control rods are all equal and as specified under
FKSI@, while the ZIR-values of the (NRL - NRM) control

rods can be arbitrary.

NGR The numbers of the NRM groups of control rod channels,
specified by the sequence of the corresponding AAI,

Bl, a.s.o.

K Table number which represents the name of the table,

1 &« K £ 10.

J Quantity of burn-up steps in the corresponding table.

Limitation : 1 &€ J £ 50.

DENS Mass of fuel (UOz, for instance) in metric tons per unit
of the channel (to/cm).
BU Burn-up state (Mwd/to). Extracted energy from one metric

ton of fresh fuel (consequently, e.g., of uranium oxide).

ALFA Heterogeneous constant characterizing the absorption of
' neutrons by the considered fuel element channel.
1 Absorption of thermal neutrons

2w D x Asymptotic thermal neutron flux on the surface
of the channel

ALFA =

D means the thermal diffusion coefficient of the

moderator.
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MU Heterogeneous .constant characterizing the production

of neutrons in the considered fuel element channel.

Production of neutrons by fission
Absorption of thermal neutrons

MU = ALFA

GAMA Heterogeneous constant characterizing the generation

of fission energy in the considered fuel element

channel.

MW
( cm x @ ).
a
neutrons
¢ = asymptotic thermal neutron flux ( — )
a cm sec
on the edge of the channel.
BETA Mean thermal neutron flux in the fuel divided by the

asymptotic thermal neutron flux on the edge of the

channel.

M Current index, 1 £ M £« N2 (NZ = NEL x (NTL - 1)) for the
individual points in the reactor. The order to count
the points in the reactor, is the following : Point 1
is situated at the bottom end of fuel channel 1, the
point (NTL - 1) is situated at the top end of fuel channel 1,
the point NTL is situated at the bottom end of fuel

channel 2, a.s.o0.

LIFE Initial value (days) for the reactor life.
FKSIg See definition on page 77.
IM@VE Starting the calculation run with an intermediate reactor

state and using the fuel management decision process
NUM = 1, it may happen that the code is not able to decide
whether or not the necessary reloading process is already

executed.

Put 2, if NUM = 1 and the required fuel movement for the
time step LIFE has been already executed.

Put 1, if NUM £ 1 or if NUM = 1 and the required fuel move-
ment for the time step LIFE has not yet been executed.
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Starting the calculation run with an intermediate
reactor state and using PERF@ = 1, the code is not

able to decide, whether the specific power distribution
must be punched or not.

Put 1, if the specific power distribution of this
initial intermediate reactor state shall be punched.
Put 2, if the specific power distribution shall be
punched beginning with the first reloading event which

occurs in this calculation run.

Lower delimiting point for a region in the reactor with

the same state 1 &« NM £ NEL x (NTL - 1).

Upper delimiting point for a region in the reactor with
the same reactor state.
The way to count the points in the correct manner is

explained under item M.

Table number of heterogeneous constants of fuel located

in the reactor region delimited by NM; NG.

Charge number of fuel located in the reactor region delimi-

tated by NM; NG.
This number gives the charging event occasional which the
fuel has been inserted in the reactor, starting with a

number 1 for the initial core.
Incore-time (days) of the fuel located in the reactor
region delimited by NM; NG. The incore-time takes into

account only the irradiation time.

Burn-up (MWd/to) of the fuel at all the points delimited

by NM and NG (the burn-up means generated energy per metric

ton of fresh fuel; consequently, e.g., of Uranium oxide).
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BUM Burn-up ( MWd/to ) of the axial fuel pieces situated
in the region delimited by NM and NG. For definition,

see under BU.

AIM3 Put 1, if the execution of the C@ST sub-routine shall

be made.

Put 2, if this execution is not desired.

Block A

NCALC Current number of the calculation run, starting with 1.
It is possible to evaluate the same fuel cycle data
with different economical input data, changing a few
input data and repeating the whole block A.
If TN 4O, put NCALC everytime equal to 1, when the input
data of block B will be changed.

TN The quantity of used tables which characterizes the possibly
different fuel channels in the reactor as function of the
burn-up |TN} & 10.
Put TN with a positive sign, if the tables are calculated
by ORACLE 1 in the first run of REFLOS.
Put TN with a negative sign, if the tables are calculated

in any other way and given in the subsequent Block B.

1sg Maximum identification number of isotope (or mixture of
isotopes) of heavy atoms which appears in the tables.
I1Sg &£ 6. The identification numbers are related to the

isotopes in the following way :

K = 1 Uu-235

K = 2 U-234, U-236, U-238 (fertile uranium)

K = 3 PU-239, PU-241 (fissile plutonium)
K = 4 PU-240 (fertile plutonium)
K = 5 Th-232

K = 6 U-233
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LIM1 Quantity of intervals of the reactor life for which
economical data of the fuel cycle shall be accumulated
and printed.

1 ¢ LIM1 < 10

LIM2 Quantity of intervals of the reactor life, for which
the mass balances of certain heavy atoms are printed.

1 £ LIM2 £ 10.

ITWE Index indicating whether TWE has to be calculated (see
below for the meaning of TWE).
Put 0, if TWE shall be taken as specified in the input.
Put 1, if TWE shall be calculated by the code itself.

ITWA Index indicating whether TWA has to be calculated (see
below for the meaning of TWA).
Put 0, if TWA shall be taken as specified in the input.
Put 1, if TWA shall be calculated by the code itself.

NN Quantity of instalments for the fabrication costs of the

fuel elements.

IRP Index indicating whether reprocessing of the burnt-up fuel
is wished.
Put 0, if the burnt-up fuel shall not be reprocessed.
Put 1, if the burnt-up fuel shall be reprocessed.

NNO As NN, but for the initial core.

LIMIT1 Put LIM1 numbers which specify the individual reloading
events delimiting the intervals for which the in these
"intervals accumulated economical data are calculated.
An interval extends from 1 or the proceeding reloading
event plus 1 up to and including the specified reloading

event.
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As LIMIT1, but the here defined intervals are valid

for the mass balances of certain heavy atoms.

Reprocessing-loss factor (1), giving the fraction of
mass of each specified isotope coming out from the

reprocessing plant, if the feeding mass amounts to one.

Specific expenditures or credits ($ per kg heavy atoms)
for the isotopes or mixtures of isotopes mentioned under
1sg8. If for U-235 and U~-fertile a zero is inserted,
the corresponding values are calculated by means of a
formula which follows from the theory of the ideal
cascade. It is valid for both, enriched and depleted

uranium (Ref. 9).

Reconversion costs ($/kg) for the isotopes or mixtures of
isotopes mentioned under ISg. Hence, this value contains
the expenditures to convert the regained heavy atoms in

a form usual in trade. Take thesequence given under

1sg8.

Fabrication-loss factor (1), giving the mass of heavy
atoms which must be feeded to the fabrication plant in
order to obtain a mass equal to unity as fabricated fuel

element. Take the sequence given under 15d.

Quantity of discharged fuel batches, dependent on the
table number, which shall be accumulated before the
irradiated fuel is given to the reprocessing plant.

Put 0, if ITWA = O.

The sequence of input preparation is the one of increasing

table numbers.
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Expenditures for reprocessing, dependent on table

number ($/kg).

Expenditures for transport and insurance of the

irradiated fuel, dependent on table number (%/kg).

Time needed for the reprocessing (months); dependent

on the table number.

Average time (months) during which the discharged fuel
will be accumulated, before it is transferred to the
reprocessing plant, in order to get sufficiently great
batch sizes for feeding the reprocessing plant, dependent
on the table number.

Put O, if ITWA = 1.

Weight~fraction of heavy atoms (metal) in the fuel

compound.

Quantity of fuel batches which shall be accumulated for a
greater batch size for the fabrication process, depending
on the table number.

Put 0, if ITWE = O.

Fabrication costs ($/kg) for the fuel elements, containing

1 kilogram of heavy atoms. Dependent on table number.
Fabrication time (months), dependent on the fuel type.

Average time (months) for the storage of fresh fuel in order
to obtain sufficiently great batch sizes for the fabrication
process. Dependent on table number.

Put 0, if ITWE = O.
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TFO As TF, but for the initial core of the reactor.

Dependent on the table number.

K Cooling time of the discharged irradiated fuel
(months).
TTA Time. needed for the transport of the irradiated fuel

to the reprocessing plant (months).

TT Time nceded in order to transfer the fresh fuel to the

fabrication plant (months).

TTO As TT, but referring to the initial core.

TWEOQ As TWE, but referring to the initial core.

ST Tax rate for the invested capital (per cent/year).

PM Monthly interest rate (per cent/month) (= present worth
rate).

RH@ Contribution to the fuel cycle cost by excess fuel elements
on reserve. It is assumed that the expenditures of the

initial core are multiplied by the factor (1 + RH@).
Put O, if no excess fuel elements on reserve shall ‘be

taken into account.

KL Expenditures for storaging of the irradiated fuel ($/kg),
if no reprocessing is wished.

Put 0, if IRP = 1.

VIE Total life of the reactor in operation (years).

W@RK Produced electrical energy per month (kWhe/month).

Nominal power x’rh qu’Z x k x 729.6

Fission power x x .6,
p ”P_ ”Lz x 729.6



- 91 -

”L , means the fraction of the energy released by
fissions, which is transferred to the coolant.

”L , means the plant efficiency, giving the fraction
of thermal energy in the coolant which is converted

in electrical energy.

k means the load factor of the plant.

KYC Cost of yellow cake (U308) ($/1b).
Actual USAEC-value : 8 $/1b.

KC Conversion cost for the process U308——) UF6 ($/kg) .
Actual value : 2.66 $/kg.

R Tail assay (weight-procent). Actual value 0.2%.

CS Cost of the separation work unit ($/kg).
Actual value : 26 $/kg.

KR Minimum value of depleted uranium.
Actual value : 3 $/kg.

The actual values are taken from (Ref. 9).

Block B

This block appears only, if TN<O and NCALC = 1.

K Number of the table, 1 £ K < 10.
J Number of burn-up steps included in this table.
BU Burn-up in MWd/to (burn-up means generated energy per metric

ton of fresh fuel, consequently, e.g., of uranium oxide).

MPL Mass of fuel per length unit of the fuel element channel
( to/cm ).
WPC.U 235
WPC U Weight fractions of U-235, fertile Uranium, fissile
wPC PUFI lutonium, fertil lutonium, thorium and U-233 in the
wpCc PUFE | P » rertile p ’
WPC TH mass of heavy atoms (for each burn-up step normalized to one).

WPC U 233
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Output description

All executed program parts print out the corresponding input data,

using the same symbols as described in the input description.

ORACLE 1

Amongst a lot of other cell data, ORACLE 1 provides the hetero-

geneous constants as function of the burn-up

ALFA, MU, GAMA, BETA

the mass and the composition of the fuel as functinn of
the burn-up,

MPL, WPC for the individual isotopes or mixtures of iso-

topes and T FLDEUX.

th’
These data are also automatically written on magnetic tape and

may be optionally punched on cards,

PREVOL

The calculated matrix, representing the coupling between the sources,
sinks and peripheral thermal fluxes, defined in the theory of Feinberg
and Galanin without to employ the fuel properties, is not printed

but automatically storaged on a tape and will be kept unchanged

during the whole reactor life. In order to facilitate the control

of the specified co-ordinates of the channels, the reactor con-

figuration is plotted by CALCOMP.

STATUS
After each DT and before and after each reloading process for each
fuel channel group CH and for each point (NTE-1) in this channel

are printed :

- the core state, defined by K1, K
the DT steps!),

59 CT, BU, BUM (optionally for
- the specific powers (MW/cm) and powers per channel (MW) (optionally),
- the mean specific powers for each axial fuel piece (NTE-2 values
per channel!) (MW/cm) (optionally)l .
- the reactor life under irradiation LIFE (days)

~ the iterated value IT VALUE

- the form factor for the specific power FFPW

(corresponds to mean MW/cm divided my maximum MW/cm)'
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- the fission power of the reactor ZTMW'7 POWER

- the keff-value of the reactor K EFF

- the maximum specific power in the reactor A 25;7 PSLMAX

- the channel number and the point in this channel
counted from the bottom end of the core, where CH and PT

the maximum of the specific power is situated
- the kind of used fuel movement CYCLE
If wished, the specific power distribution in axial
direction is printed and punched on cards for all
channels.

C@ST

For each loading event and each table are given
- the reactor life LIFE Zaéy57, when the loading event

happened
-~ the mass of the total discharged fuel ZT10_7 DF

- the mass of the discharged heavy atoms (metal)ZTfo_7bM HA

- the mean burn-up of the discharged fuel L —€§;7 MEAN-BU
- the in-core time of the discharged fuel Zﬁéy§7 ICT DF

-~ TWA Zﬁbnth§7 (see input)

~ the value of the heavy isotopes which are contained

, in the discharged fuel Zﬁykg7 BCA*

- the credits for the fuel after reprocessing and
reconversion to a form usual in trade, discounted BCA
to the time point of discharging of the fuel
[8/xg/

A negative value means, that this value must be spent,

in order to regain the irradiated fuel,

- the credits for the discharged fuel, discounted BKA
to the time point of discharging the fuel Zﬁ$_7
Again, a negative value means that the reprocessing

is connected with net expenditures.
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- the discharged masses of

Uranium-335 DM U FI
fertile Uranium DM U FE
Fissile Plutonium DM PU FI
fertile Plutonium DM PU FE
Thorium DM TH 03
Uranium-233 bM U 23
- the mass of the charged heavy atoms (metal) CM HA
- the fabrication costs Z— $/kg _7 KF
- the in-core time of charged fuel Z-months_7 ICT CF
- TWE Z-months / (see input)
- +the value of the heavy isotopes which are
- - *
contained in the charged fuel / $/kg_/ BCE
- the expenditures for the charged fuel, including
fabrication costs, discounted to the time point
of charging of the fuel / $/kg_/ BCE
For the initial core the so defined value is automatically
increased for the value of the fuel elements on reserve.
- the expenditures for the charged fuel, discoun-
ted to the time point of charging the fuel
/"% /. For the initial core (step nr. 1) the so BKE
defined value is automatically increased for the
yield of RH@.
- the charged masses of
Uranium-235 CM U FI
fertile Uranium CM U FE
Fissile Plutonium CM PU FI
Fertile Plutonium CM PU FE
Thorium CM TH 03
Uranium-233 CM U 23
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- For each time interval, defined by LIMIT Z, the
total discharged and charged masses for all DISCHARGED MATERIALS
isotopes, mentioned above, are printed . CHARGED MATERIALS

- For each time interval, defined by LIMIT 1, the
effective expenditures Z_$_7 for the fuel cycle,
discounted to the time point of beginning of power
production (corresponds to LIFE = 0O) are given

under BK

- In the subsequent line these effective expenditures
4-5_7 are summed up to LIMIT 1 for the whole
preceding reactor life, excepted the expenditures

concerning the initial core.

Finally, the following cost data for the fuel cycle are

summarized :

- the expenditures for the initial core 4-5_7
including the fuel elements on reserve, and

discounted to LIFE = O , BKO

~ The effective expenditures during the transition
period of the reactor 4-$_7, discounted to

LIFE = O, apart from the initial core . BK TRANS

Included in the transition period are all
loading events which occur up to the reactor
life, and including this time, defined by the

number (LIM1-1) of LIMIT 1.

~ The effective expenditures during the sum of the
individual eguilibrium periods of the reactor

/"% _/, discounted to LIFE = O. BKG

The equilibrium period is represented by the
reactor life limited by the loading events

(LIM1-1) and LIM1 of LIMIT 1, at which the loading
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event (LI1}1-1) is not added to the equilibrium
period wheras LIkl is added to it. The addition
happens for all n integer equilibrium periods,
of which the reactor life (VIE - transition

period) consists.

The ef# ctive expenditures during the running-out

period of the reactor {—S_;, discounted to LIFE = O.

Here, the reloading events of the part of the reactor

life (VIE - transition period - n x equilibrium
period) and the discharging of the last core are

taken into account.

The total net expenditures for the fuel cycle
during the whole reactor life, included the
expenditures for the initial core, discounted

to L1FE = 0, / 3 /.

The present-worth value (discounted  LIFE = 0)
for the "variable cost" part of the extrapolated

fuel cycle, L—b-;' This cost part is proportional

to the produced cenergy.

The present worth value of the “"fixed cost'" part
of the complete fuel cycle period / % 7. This
cost part does not directly depend on the amount

of produced energy.

The present-worth value (discounted monthly to
LIFE = 0) of the total electrical energy produced
/—kWhe 7 .

The "fixed cost'" part of the specific fuel cycle

cost /—mill 7
-~ kWhe -

The "variable cost" part of the specific fuel cycle

- mill
cost / Ywhe -

7 -

The total specific fuel cycle cost [/~ E%%l 7
A e -/ -

BCFz

BCF1

BE

*
BCF1

*
BCF 2

BCF



- 97 -

The pesent-worth value of the electrical energy

produced in the transition period [_kWhe / .

The present-worth value of the electrical energy
produced during the first equilibrium period

/~ kWhe /.
The specific fuel cost for the transition period

L

- mill
kWhe

_7, included the cost for the initial core

The specific fuel cycle cost for the transition

mill
kWhe
initial core.

period {- _7, excepted the costs for the

The specific fuel cycle cost for the first equi-

- mill 7

librium period / Whe

BEA

BEG

BCFE

*
BCFE

BCFG
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Codingﬁlnformation

Deck-composition

FORTRAN-deck numbered

Tape formats

The program

calcomp tape

REF 0001 to REF 7032

uses 2 library tapes, 2 scratch tapes and 1

, which contain the following information :

Number of

DESCRIPTION
data sets
data set 1 data set 2
E E
Library ORACLE 0 Tables from ORACLE O
F F
symb. UNIT 9 10
4 data set 3 data set &4
E E
MATRIX - tape 0 C@ST tape o}
F F
symb. UNIT 11 13
E
ACTUAL C@RE COMPOSITION 0
1 F
symb. UNIT 12
scratch tape placed on disc
E
1 PARTS OF MATRIX-TAPE (0]
F
symb. UNIT 2
scratch tape placed on disc
E
1 INTERMEDIATE RESULTS FOR C@ST CALC. (0]
F
symb. UNIT 4
E
1 PREVOL output for CALCOMP: design of channel distr.0
F

symb. UNIT CAL




PART

PART

PART

21

22
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ORACLE 1

about 2 min. for 1 case (about 15 burn-up steps)

PREVOL

about 3 min. (60 channels)

STATUS
about 0,45 min. per cycle (60 fuel channels)

time
cycle

( fuel channels )2
60

= 0,45

interpolation :

C@sT

about 3 min. for total cost evaluation.

Printed lines

PART

PARY

PART

1

21

22

ORACLE 1
about 5000lines/case (about 15 burn-up steps)

reduced out-put : ( 50 + 6 x burn-up steps) lines/case.

PREVOL
about 150 lines

STATUS

depends on desired output quantity

1000 lines
case
lines
+ 300 (PRINT2 + PRINT3 + PRINT4 + PRINT5) oycle X n° cycles

C@sT
about 1000 1ines.
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SAMPLE FOR INPUT AND OUTPUT

Problem description

In order to give an example, an arbitrary reactor concept has
been chosen. It may be emphasized that the numbers given in
this example do not correspond to any special design. Similarly,
the cost data shall give only a formal impression, they must

not mean realistic numbers.
Coolant tOrganic liquid

Fuel tNatural and slightly enriched uranium carbide

Fuel element :19-rod-bundle
Reflector tHeavy water

Number of
fuel channels 168

Number of
control rods 8

Electrical power 250 MW

Fission power 707 MW

The design of the core allows to utilize during the reactor
calculation a rotation symmetry 4. Thus, only a quarter of the
core must be treated. Moreover, there is a specular sSymmetry,
too, in the g-sector of the core, so that the number of channels
in the reactor, which must be explicitly considered, amounts to

24 fuel channels and one control rod channel. Since also the
axial symmetry condition is fulfilled, the needed calculation time
will be reduced by applying this symmetry condition in the present

computation.
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Concerning the fuel management, it is to say that the
initial core consists of a central zone loaded with
natural uranium (56 fuel channels) and an outer zone

loaded with enriched uranium (112 fuel channels).

The management is executed if LI falls below the specified
limit. Then, the central zone is always discharged,

the fuel elements of the outer zones are transferred to the
middle of the core and new enriched fuel is introduced to
the empty channels (radial out-in fuel movement with

three zones).

The flux-distribution calculations are carried out by
applying one fast and one thermal energy group. The control
rods are not used to compensate the exess reactivity of the

reactor.

1t may be mentioned that the input sample was prepared,

following the sequence given in section 5.3.
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**¥PART22 — REACTOR C
SAMPLE PROBLEM REFLO

*%xINPUT DATA**

nr
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no
cCc
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>
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AIM XEQ_ TIME
1 15
PRINT1 RUN
1 1
PRINT4 PRINTS
0 0
PERF]
0
MANAGEMENT DECISIONS,(TYPE OQF TEST, LIMITL,
2 0,1000999E 01 “o{OOOOOOE 01
nT

CHANNEL CORRESPONICHCES FOR RANIAL MY
9 17 62 71 2 19 18 62 71 3111
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0 0
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*%JONE-SPECIFICATI ONS#* FORMAT*TABLE-INNEX,CHARGE NUMBER, INCORE-TIME, BURNUP,MEAN-BURNUP*
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*%PART3 -~ FUEL CYCLE COSTS *=*
*kINPUT DATA**

N CALC ™ 150
1 2 4
ITWE ‘ ITdA NN
C U 3
NNO
3
INTERYALS FOR EEPARATE gDST—EVALUATIONs
INTERYALS FOR EEPARATE gATERIAL—ACCUMULATIaNs
DATA DEPENDING FROM ISOTOPES
15 XINU KCR
2 le JUUCUQE 3D €.
4 9. 80C'000E"'.‘1 Oo
DATA DEPENDING FROM FUEL TYPL, COMCERNING DISCHARGE
™ IK KRP KTR
1 1 2+ 50J000E 01 1.005000
2 1 2.5060CCE ¢l 1.00000C
DATA DEPENDING FROM FUEL TYPE, CONCERNING CHARGE
TN M KF TF
1 1 0ot 5« 0000N0E
2 1 Gell 5,00 CCOOE
TK ' TTA TT
3,D0CU00E U6 3. 0GLCONE ON 1.00000
sT PM RHO- v
2. TICOOCE 0O 5 75 0 J0E-01 5.000000E-02
KYC B K%‘ R
8. 000000E 0U 2« TOOCGOOE 00 2.,000C
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8000OUE v4
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n
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Ko MAONNNE
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3 INONNNE
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NN
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STEP NR. 1
DF_ (T)

Q.U
OeU

STEP NR. 2

DF (T%
8.80031 E 00

DM U_F1
3.684796E-02
0.0

CF (M)
8.626780E 0C
CM U FI
5+994027E-02

STEP NRe. 3
DF (T)
8.585583E OC
DM- U FI
3.0
3.575545E-02
CF T
8.626T80E 0C
CM U FI
)
6+994027E-02

(LIFE=y.C )

_ DM HA NEAN-BU
Jv.0 [

0.0 L.O

DM U FC pH g1
0.0 '.0

0.0 )

CM HA KFég/KG)
8.212683E 0G 6.858263E
1.642526E 01 6.898564E
CM Y FZ _ CM_ PUFI
3.565943E 00 J.
1.71135%E 01 (.

(LIFE=7.649377TE 01)

DM_HA _ MEAN-BU
.%874975 0o 5.393909E 3

G HA KF {$/KG)
8.212693E UL 6.898564EF
M U FE CM_ PUFI

828563308 00 929

C

(LIFE=1,244231E J2)

M HA MLAN-BU
«1T34T3E QU .u18373E
DM PUFI
91549 2E O l 76056?E
.EM HA ‘.SS/KG)
«212693E U0 6.898564E
QM PUFI

FE DM _PUFI
466E 00 1.438306€-
(%}

02

1

G3

02

(1l

DM PUFE
L'e U
Ce0

!ST CF
1.505794E 02
CM_ PUFE
A

0.0

ICT DF

De
1. 2+9228E 02 0.V

QM. PUFE
4e612114E-03
ICT CF

12526498E 02 040

CM PUFE
0
0

THA
C.l
0.C

DM  THL3

THE
Do
Ge0

CM  THO3

DM THU3

. THE
Lot
.l

CM THL3

THA
Cetl

DM THD3

. THE
0.0

CM THD3

BCA%* BCA RKA
'r‘ 0.0 f‘.f‘
N 0.0 non
oM U23
8CE* 8CE RKE
2.3265C0E 01 1.934456E N2 1,588707E 06
3.192574E D1 2.044454E N3 3.3%3070E 06
M u23
BCA% BCA RKA
~2.143421E 01-2,058142F N1-1,685103E 05
0.0 U.o 0.(\
oM U23
0.nPCE* BCE oare
3.192574E 01 1.039819E 02 A/.539712E 05
CM  U23

BCA* BCA n RKA

0. . NL.0
~1.922469E 01-1.846841F N1-1,509511E OS
DM U223
BCE* BCE RKE

0.0 0.0 0.9
3,192574E 01 1.039898F N2 8,54N359E 05
CM  u23
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STEP NR. 4

OF (T)
0.0
8+582006E 0G
DM U FI

G0
30391579E-02
CF (T)

0.0
8+626780E 0C
CM U FI

U
64994027TE-02

STEP NR. 5
SF‘ ()
8.583649E 0L

MU FI
3.469858E 02
CF_ (T)

O-C‘ R
8.626T80E 3¢
CM U FI

0.0
6.99402TE-02

STEP NR. 6
DF  (T)

8% 83396 0u
DM U FI

0.0
3.458843E-02
CF T
8:226780¢ 00
CM U FI

0ev
6+994027E-02

(LIFE=1.711718E 02}

o B HA HEAN-BU
8217C069E 00 4.363180E
M, U FE DM, PUFI

3

8,112675E OU l 831564E c2

KF{$/KG)

0
8
CM U FC CM_ PUFI]
O ~ o Oel
8.556839E UC (.C

(LIFE=2.270736E Q2)

2126930 OC 6.898564E {1

DM HA MEAN-8U

Q.0 CoQ .

8171624 IO 44206059E (3

DM U FC OM_ PUFI

¢.0  0eG

§.113983E 00 ©.803624E-02
CM HA KF{$/KG)

0.0 . . Ve -

8.212693E Uy 6+898564E (1
M U-FC

ch PUFI
$: 8568308 9o 825

(LIFE=2.770735E 02)
M HA MEAN-BU

e _Ce .
84171392E D) 4.229402E

DM U FE QM, PUFI

C

03

8:313791e 00 Y 807291E-02

o CM HA KFéS/KG)
8 6-898564E
CM U FC CHM  PUFI
O Ge0
8¢556839E U0 GG

vicC

€l

o 16T DF THA
12711714 02 0.0
QM. PUFE DM THO3
5.154163E-03
ICT CF THE
neg Q-0
15577033E 02 CoC
CM . PUFE CM THO3
L 16T OF THA
.0 0.0
128357956 02 Bo0
DM, PUFE DM THO3
2 4.903153E-03
ICT CF THE
0.0 o.u
1:505794E 02 0.0
GM ) PUFE CM  THO3
00
1ICT DF THA
e gt
12526503 02 0.C
M PUFE DM THO3
4:94)875E-03
1ICT CF THE
e 0.0
125206498E 02 0.0
CM  PUFE TM  THO3
N
Ged

BCA%
~12969116E
DM U23

BCE=*
0.0
3.192574E
CcM U233

BCA®
-1.947729E
DM U23

BCE=*
0.0
3.192574E
CM V23

BCA*
0.0
-1.951112€E
DM U223

BCE*
0.0
3.192574E
CM u23

BCA
0l-1.891655€

0.08CE
01 1.640C90E
BCA
0.0
01-1.871109F
0.05CE
01 1.039819F
BCA

0.0
01-1.874359F

BCE
0.0
01 1.039898E

aKA
0.0
N1-1,545494E

BKE
NN
02 8,541938F

BKE
0.0
N2 3,539712E

BKA -
- D0
N1-1.521612E

8KE
0.0
N2 3,540359E

05

05

05

05

05

05
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STEP NR.
DF (1)

0.y
8.583120E CO

DM U FI

O.
3.444812E~02

CF (t)

8:2267808 00

CM_ U FI

0.0
6.994U2TE~-02

STEP NR.
DF ()

0.0
24580376E 01

DM U FI

O.g
1.384100E-01

SF_ (T)
0
0.0
CM UFI
Qb
0.0

7

8

(LIFE=3.,288762E C2)
DM HA MEAN-BU

o0 o
8.171130E OC 4.256195E (3

M U FC )M PUFI

lo L4
8.113566E 0C 1.812572E-02

CM HA KF{$/KG)

0.0 *
8.212693E 00 6.898564E (1

(M, U FE CM, PUFI
8:556839E U) G.C

{LIFE=3.738702E 02)

0. QM HA MCAN-BU
2.456517E U1 2.472141E (3
DM U FC DM PUFI

3.0 Geo
2:438191F 01 3.746362E-(2
6 HA KF( $/KG)

0. G.U

9.0 C.€

CM_ U FE 4 PUFI

¢.0 C.o

0.9 Ce

ICT DF

o0
1.577043E C2

M PUFE

Dol
40983321E-03

ICT CF

0N.2)
1.577C33E 02

0
1
DM PUFE

N5794E 02

I
Uae
1.
§M PUFE

THWA
Qe
COL’

OM TH23

THE
0.0
0.0

CM THC3

TWA
Qo
o.L‘

OM THO3

THE
Q0 QL"
CM THO3

BCA* BCA aKA
0.0 0.0 N.N
~1.954723E 01-1.877827€ 01-1.534397E G5
DM U23
BCE* BCE RKE
0.0 0.0 NN
3,192574E 01 1.04009CE N2 3,541938E (5
CM U223
BCA% BCA AKA
0.0 0.0 n.n
-1.659680E 01-1,640569F N1-4,A300B2E 05
DM U223
BCE* BCE RKE 1
0.0 g.n g.g .
- . ‘0 [ ] N
CM U23 R
]



*DISCHARGED MATERIALS*

Y FI 1- 1 FI 2= 4 UF] 5- 7
0.0 «065192E-01 1.037351E-C1
8 FE 1- 1 Uy FE - 4 Y FE 5= 7
o0 24436162E 01 2.434132E 01
PUFI 1- 1 PUFI 2= _4 PUFI 5- 7
0.0 5.03043 3E-02 5.423487E-02
PUFE 1- 1 PUFE 2- 4 PUFE 5- 7
0.0 1,256323E-02 1.482735E-12
*CHARGED MATERIALS*
V) - 1 U Fl 2= 4 U FI 5=
2.53703;5—01 2.098203E-01 2,098208E-(1
FE_ 13- FE_ 2- 4 UFE__5- 7
3.56794%E Oi 2.56705%E Jl 2.567)52E 11
PUFI 1- 1 PUFI 2- 4 PUFI 5- 7
O-E 0.0 C.0
PUFE 1- 1 SUFE 2- 4 PUFE 5- 7
0.V 0 e C
®¥ACC, COSTS FOR DEFINED INTERVALS
$BKK Lo 1odBK 2o 4 kBKE 5o T
4,946TTTE 06 2.966214E 06 2.86T614E 06
*BK* 1~ ] ¥BKE 2= 4 #BKE_ -
4.94677$E 0% 2.96621%E 02 5.83382%E OZ
BKg BK_TRANS
4.94677TE 06 2.966214E 06
BCFl BE
4, 685840E 06 2 T69596E 10
BE? BCFL
9.296123E 08 T.852017E 09

BKR
1.023133E 05
BCF2x* .
3.185925E (0
BCFG ,
3.185946E 00
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Z-Ref.

Z-Ref.

/ Ref.

/ Ref.

/ Ref.

/-Ref.

37

4 7

5.7

6_/

77

8_/
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W. De Haan, R. Meelhuysen

Plutharco, a Plutonium, Uranium, Thorium,
Assembly Reactivity Code

EUR-3141 e, (1966)

W. De Haan, R. Meelhuysen
RLT-4, a Long Term Reactivity Program for
Survey Calculations

Private Communication (1967)
ORACLE - To be published.

J. Ligou, C. Mignot
Tridimensional Theory of Heterogeneous Reactors

Nuclear Science and Engineering, 19, 58-73, 1964

J. Ligou

M. Willems, H. Huber, A. Al, L. Barazzoni
Euratom Economic Handbook

EUR 3079 e, (1966)

A. Amouyal, P. Benoist
Nouvelle méthode de détermination du facteur d'utili-
sation thermique d'une cellule.

CEA 571 (1956)

Application des méthodes hétérogénes aux réacteurs
ORGEL; cycles de combustible
Contrat EURATOM/G.A.A.A. n° 266-66-5 ORG F

Rapport trimestriel : période juillet-septembre 1968
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/Ref. 9/ M. Benedict, T.H. Pigford
Nuclear Chemical Engineering, Mc Graw-Hill,

p. 401.
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