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SUMMARY

ERUPT is a programme for survey calculations of fuel management
on a two- dimensional (r, Z) model of a reactor core. The number of
energy groups is two.

Automatic computation of a variety of fuel management schemes
is made possi‘ble, with and without fuel sl’luffling.

The codification is in Fortran [V for the IBM-360/65 computer.
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ERUPT

A two-dimensional, two-energy group, fuel management programme

for the IBM - 360 computer

INTRODUCT ION
ERUPT is a two-dimensional, two=energy group, fuel :
management code for a reactor core in r-Z geometry. This*~ '

geometry has been chosen in order to be able to study also

variations of axial power shapes during burn-up.

The diffusion theory calculation has been based on the
code Equipoise-3 (1) being a rapid two-dimensional code suitable

B

for survey calculations.

ERUPT is applicable to a wide range of fuel management
problems., Axial shufflings are not included. Using the code,
the user has to be aware that fuel managements are performed
with concentric annuli. As diffusion theory is concerned, the
problem has to be adapted to a homogenization in two energy

groups.

ERUPT does not carry out a calculation of the variation
of the isotopic composition of the fuel with irradiation. The
group constants of the diffusion equations have to be provided
by a separate burn~-up code. The test calculations of the code
have been performed with data supplied by the codes Plutharco (2)
and RLT (3).

Core-life is divided in a number of time steps. During
a time interval, the power distribution is regarded as unchanged.
At the end of each time interval, the fuel composition has

changed according to the constant flux during the time interval



multiplied by the length of the time interval. The corresponding
two-group parameters are obtained by interpolation in the data

tables provided by the separate point burn~up code.
This report contains two parts; in the first part, the

main characteristics of the code are reported; the second part

describes "How to use the code".

THE PHYSICAL BASIS OF ERUPT

ERUPT solves the two-group diffusion equations using the
same finite difference techniques as in the code Equipoise 3.
It is remembered that the calculational procedure is accelerated
by the use of the "extrapolated Liebmann process!" which is
characterized by an "over-relaxation factor" }5 being a number
between 1 and 2. If this factor is not given in the input
data, it is automatically calculated by the code. The form
of the diffusion equations at each point can be written in

shorthand as:

Dkvzﬂ * Z&,3-k ¢R.,3-k - (ZAK'+ Zn,k ) ¢k * Ai?“z_ %‘Z{k ¢k =0

hk=1,2
EE D= 1

The notation of the symbols is the common one. The
factor A can be regarded as the inverse of a static

multiplication factor.

As 25&& is equal to zero and normally also 72 =0
(only fast neutrons are created), the above system of equations

reduces to:

D 0 - (Z0¢ Ty )by + M(nZot +ul, ) = o
2, Vz¢z - Zaz% + Zg, ¢1 =0



The code contains three convergence criteria; these are
eigen value, flux and residue condition. The calculation stops
automatically when these conditions are not met after the

specified total number of iterations.

THE CORE CONFIGURATION

Regions in ERUPT are concentric annuli (maximum number
275) in which the group constants of the diffusion equations are
spatially constant. Except for the reflector regions, all group
constants may be given as function of the integrated flux.
Every region consists of one or more mesh points with identical
group constants. The maximum number of mesh points is 3200.
They may be distributed according to the requirements of the

problem.

All vertical regions containing fissionable materials
within the same column form a cylinder of core height, named
N"RING", Fuel management operations are performed by means of
these rings; this point is to be remembered when the size of

the regions is defined.

As ERUPT treats only refuelling schemes with radial
shuffling, an axial symmetry condition exists which can be used

when top and bottom reflectors have identical properties.

If the core contains elements of different design, pitch
or enrichment, it has to be noted that only identical cell types
can be arranged to rings. For the batch cycle, this limitation
is not existent. The maximum number of different cell types

is four. Appendix A gives a picture of the core arrangement.



4. PROCEDURE OF THE CALCULATION

The time-~integrated flux, TAU, is the independent variable
of the problem. Its initial distribution in the core has to be
given for all fuel regions on input cards. For all further
calculations, it is found by accumulating the TAU-steps which
are the product of the point-wise fluxes and the fixed time
interval in which the distribution is regarded as invariant.

(The time step in days has to be specified in the input data).

The TAU-distribution at every time-step of reactor life
allows to find,by linear interpolation in the library table (5),
the distribution of group constants with means of which the
steady state flux distribution and the critical value are

calculated.

The total power is summed up assuming that thermal power
is equal to fission rate multiplied by an appropriate proportionality
constant given as input data. Normalizing the total power to
the value specified in input data, the point-wise fluxes are

converted into absolute values.

The reactivity level is the only criterion for the
management decision process up to now incorporated in the code.
If with the new distribution of group constants, the reactivity
worth falls below a prescribed value within a specified
reactivity band-width, a fuel management operation is performed
(see also Appendix B). In the case that the reactivity level
is higher than the prescribed value, the calculation is pursued

in the above~described manner.

The reactivity can get negative values during the
calculation or fall below the specified reactivity band-width.
In this case, the code reduces automatically the last time step
in order to maintain ecritically the core within the reactivity
band-width. The necessary reduction is found by interpolation
multiplying the fixed time interval by the ratio of the

reactivity step wanted to the reactivity step obtained between



the last and preceding calculation. The reactivity level wanted
is defined as that lying below the prescribed value and in the

middle of the reactivity band.
The reactivity-band-width prevents that at every time

step an interpolation becomes necessary. In Appendix B, a

picture underlines the fuel management decision process.

THE FUEL MANAGEMENT OPERATIONS IN ERUPT

Three modes exist to run ERUPT.

Mode 1 performs a batch calculation. The core is loaded
with fuel according to a given scheme in order to obtain the
surplus reactivity reserved for burn-up. For this core, after
each fixed time step, ERUPT gives the variation of the eigen
value, fluxes and form factors. As soon as the reactivity

exceeds the prescribed reactivity level, the programme stops.

With mode 2, all imaginable radial shufflings can be
performed. Before applying the code to on-line refuelling
schemes in which equilibrium of a core is maintained by charging
and discharging only few elements every few days, it has to be
remembered that fuel operations are performed by displacing or

changing complete rings.

The variety of radial management operations has been
made possible by means of the load vector which is described in

detail in Appendix B.

The third mode to use ERUPT is a cycle without any
shuffling called once=through cycle. The ring with the highest
burn-up is pushed gut of the core and replaced by unirradiated

fuel.



6. DATA PREPARATION FOR THE CODE

For the data preparation, at first the group constants
of the diffusion equations have to be calculated for every cell
type, by a separate burn-up code, and tabulated as function of
integrated flux. If some group constants remain unchanged as
burn-up proceeds, they are tabulated only in the first step of
the table. Then the preparation of input data for ERUPT is
easily carried out following the "How to use the code! with the

attached data punch sheet and sample problem.

Note that two possibilities exist to start the problem.
The initial TAU-distribution may be zero for all regions or it
may be assessed or known from preceding calculations. Both
cases are treated in the same way, choosing the option RUN=1.
In this option, cards are read in, which have to contain for

every region the fuel type and the initial TAU-value.

An important feature of the code is the Restart
possibility. Thus, an investigation which is too long for a
single run may be broken down into several computer runs. The
necessary data are automatically transferred from one execution
to the other by means of the library tape, and it is sufficient to

use the option RUN=2.

7. GENERAL EXPERIENCE WITH ERUPT

ERUPT has been applied to a number of survey calculations
carried out in the frame of the ORGEL prototype, a heavy water-
moderated, organic~cooled reactor of the pressure tube type.

The fuel management used was an on-line refuelling scheme with
radial shuffling. A comparison with a three-=dimensional fuel
management code based on the source-sink method has shown

satisfactory results, though ERUPT is not best adapted to



on=line refuelling schemes. The two group parameters for all
calculations have been provided by the codes PLUTHARCO (2) and
RLT-4 (3), which are appropriate for the treatment of a reactor

lattice composed of individual cells.

Studies of time-dependent cores, for which large running
times are necessary, can be easily carried out by ERUPT. The
Restart facility allows the segmentation of the overall running
time in several shorter pieces which is often advantageous from
the point of view of availability of the computer. The main
reason, however, for the Restart facility is to make it possible
to intervene as burn-up proceeds in order to improve the

management policy and to optimize the time~dependent core.

The total running time of a problem depends mainly,
apart from the number of mesh points and the precision desired
for the flux and reactivity value calculations, on the number
of time steps which are necessary to solve the problem
realistically. The length of a time step is given by the
requirement that it must be short enough in order not to lead
to unrealistic results because of the assumption of constant flux
distribution during the time step. Calculations have shown that

time steps of 10~25 days are acceptable.

For the sample problem, 1950 mesh points, convergence
criteria of eigen value equal to 4x10_4, of flux and residue
3

equal to 1x10° y, the execution time is about 0.7 minutes per

time step.

In order not to obtain large amounts of output, it is
recommended to use the option of a detailed printout in only a

few selected cases.
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HOW TO USE THE CODE

1. Identification

Name ERUPT - A two~dimensional, two-energy group
fuel management programme for the IBM-360
computer

Job n°® 68.8125

Codification FORTRAN IV

System IBM 360/65

Date 1968, September

Origin ORGEL Project, Common Research Center, Ispra,

Varese, Italy
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2. Input data

The following list explains all input data items. Its arrangement

on punched cards is shown in the table at the end of this chapter.

Symbol Description
H@L Any alphanumeric comment
ITMAX Max. number of iterations (eg. 300)
IMAX Total number of rows { 100 )
(see also APP. 1) )
) IMAXxJMAX € 3200
JMAX Total number of columns < 100 )
(see also APP. A) )
NREG Total number of regions included reflectors
& 275
NMAT Total number of compositions included reflectors
£ NREG
NGEM Geometry indicator ( = 1 )
NBUC Transverse buckling indicator ( = 0 )
NS@R )
NADJ ) Not used
NFX )
NVG Convergence indicator

= 1 problem converges only on N - critical
= 2 problem converges on A~-critical and flux

= 3 problem converges on A-critical, flux and residue

NDIAG Diagonal symmetry indicator ( = 0 )
NLB Left boundary indicator ( = 1 )

NTB Top boundary indicator ( = 0 )

NRB Right boundary indicator ( = 0 )
NBB bottom boundary indicator

= 0 no symmetry

= 1 axial symmetry

FACTOR Total fission power in MW for normalization
EPI1 Convergence criteria for N -critical (4.10-4)
EPI2 Convergence criteria for flux (1.10-3)

EPI3 Convergence criteria for residue (1.10-3)
BETA Over-relaxation factor (if this number is not

given, it is automatically calculated)



XI1
X122

BSG1
BSG2

(ELY, Y)I

(ELX, x)J

MNR
I1
12
J1
J2

TAG

N1
N2

Nr
(1)
(2)

(3)
(&)
(5)

NRT
RUN

LD1
LD2
LD3

-11-

Fraction of fission neutrons in fast group (n°1)

Fraction of fission neutrons in thermal group
(n°2)

‘X11 + XI2 = 1)
Buckling ( = 0 )
Buckling ( = 0 )

ELY is the spacing between two succeeding rows
and is applied from row YI_1 to YI.
(see also APP.A)

ELX is the spacing between two succeeding columns
and is applied from column XJ__1 to XJ.
(see also APP. A)

Composition number
Top row number
Bottom row number
Left column number

Right column number

Additional data (numerated from 1 to 15)

- Blank if there are several cards with
"Additional Datal"

- Set "*W if it is the last card of this set

The following data items are numerated from 1
to 153 they have to be sequentially punched
on cards, in which N1 and N2 are the number of
the first and the last data item on a card.

Number of introduced tables (fuel compos.)

= 1 for the initial run (Q& specified by input
card(s)

= 2 if ¥ -distribution of a preceding calculation
is available on library tape

Number of fuel regions -
Number of vertical fuel regions )

LD1 = LD2 * LDjJ3
Number of horizontal fuel regions



(6)

(7)
(8)
(9)
(10)

(11)
(12)

(13)

(14)

(15)

LDC@
L@AD

NM
NG

SIGR
SIGA
NUSF

CIRC

TYPE
KEF1

KEF2
DT

P/F
XEQ

PRCC

PRTF

PRSP

) higher

) lower

-12-

Calculation mode (see also APP. B)

= 1 no fuel management (batch)

2 radial fuel management with fixed loading
scheme according to the load vector

3 only the ring with the highest burn-up is
discharged and replaced by fresh fuel the
type of which is TYPE

Type of fuel for recharge (only used if CIRC = 3)

Limit of reactivity band for management process

Time interval in which the fluxes are assumed
to remain constant ‘dazs7

Power per fission /MeV/fission/

Execution time available for the calculation
/min./

££int index

n

1 if the Core Composition is to be printed

O if this information is not desired

1t

Print index

= 1 if the Thermal cell Fluxes per region are
to be printed

= 0 if the results are not desired
Eﬁint index

= 1 if Specific Power distribution is to be
mrinted

= 0 if this result is not desired

Number of positions occupied in the LOAD vector

Load vector which contains the radial fuel
movement scheme (see APP.B)

Region number of reflectors For the
Group number two groups

Diffusion coefficient of axial

Macroscopic removal cross-section and
Macroscopic absorption cross-section radial
4rxmacroscopic fission cross-section (=0) reflectors

Table number

Number of burn-up steps in table k



IND1

TAU
BU
D1
SR1
SA1

NSF1

b2
SR2

SA2
NSF2

SF2

LIFE
NM é
NG

C@MP

CHAR
TAU

Interpolation index vector

Contains 11 positions corresponding to the 11
program variables (BU, D1, SR1, SA1, NSF1, SF1,
D2, SR2, SA2, NSF2, SF2)

A number 1 means that the variable corresponding
to the position is given as a function of
irradiations TAUI the number O means that

the parameter is kept constant during irradiation
and equal to the initial value (specified in the
1rst TAU-step in the table) :

Cell irradiation (time-~integrated flux) ZEZEE7
Burn-up : ZEQBZE7
Fast diffusion length ZEE?
Macroscopic removal cross-section (fast) (E;:T7

Macroscopic absorption cross-section /cm-"I

(fast)

\) * times macroscopic fission cross- /cm‘T

section (fast)

Thermal diffusion length [cm/

Macroscopic removal cross=section Zcm‘i/
(therm)

Macroscopic absorption cross-section cm’I
(therm)

N * times macroscopic fission cross~ cm-1

section (therm)

Macroscopic fission cross-=section _ cm—1/

(therm)

Reactor life at initial definition of the core /days/

Lower and upper delimiting point for succeeding
regions in the reactor with the same reactor
state

Composition number ) .
: Applicated to all

Charge number .
regions NM to NG

Irradiation



,DATA CARDS

Card(s) Format Symbols
1 20A6 HPL
1 1613 ITMAX, IMAX, JMAX, NREG, NMAT, NGEM, NBUC, NS@R, NADJ, NFX, NVG, NDIAG, NLB, NTB, NRB, NBB
1 5E10.5 FACTgR, EPI1, EPI2, EPI3, BETA
1 LE10,.5 XI1, XI2, BSGl, BSG2
variable B(E8.5.12) (ELY,Y)I I sets, the last one containing Y = IMAX
iabl E8.5,1I2 ELY X .
variable 8(EB.5,12) ( ' )J J sets, the last one containing X = JMAX
NREG/6 6(13,4I2,1x) (MNR,I1,12,J1,J2)K K = 1, NREG
variable A1,212,7E10.5 TAG, Ni, N2, DATA (N1), eeccy coocoy sessy DATA (N2)
1 13 LDC@ .
C = 2
LDC@/20 2013 LgAD  L=1,LDCS } only if CIRC
4 or 6 213,5E10.5 NM, NG, D, SIGR, SIGA, NUSF, BS
1 213 K, J
1 1113 IND1M M= 1,11
2E10.5 TAU, BU NRT sets (K = 1, esse, NRT)
J 5E10.5 Di, SR1, SA1l, NSF1, SF1
5E10.5 b2, SR2, SA2, NSF2, SF2
1 E10. .
0.5 LIFE Only of RUN = 13 a value NG = LD1 stops input sequence
variable 413, E10.5 NM, NG, CgMP, CHAR, TAU
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OQutput data

The output printed is largely self-explaining; at first,

all input data are reprinted, then the program prints the following

results (some of them only on request):

l*'

Remarks

a table with the cell volumes (cm3);
ft’ At’ g £ Rmax’ W) -critical printed every ten iterations;
the final value of reactivity keff = 1/NJ-critical;

the form factors for fast and thermal fluxes and for the power
distribution;

total fission power (MW);

a table with thermal cell fluxes (on request);

a table with power distribution (on request);

execution time per each cycle;

core composition for each region (on request);

this table contains the region number (REG), the fuel type (C@MP),
the charge number (CHAR), and the variables TAU, BU, D1, SR1,
NSF1, SF1, D2, SR2, NSF2, SF2 for each fuel region;

in any case, this information is printed before and after each
fuel movement;

for the discharged fuel, the mean irradiation in n/kb (TAUM),
the mean burn-up (BUM), the max. burn-up (BUMAX) and the form

factor of burn-up is printed.

4.1. Program limitations

The actual program dimensions allow the treatment of

problems with:

IMAX < 100
JMAX < 100
IMAX* JMAX £3200
NREG £ 275
NREG 2 NMAT £ 275
LDCO £ 1000
NRT €4

J€§50 (number of burn-up steps in the tables)
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4,2. Memory occupation

The program, included library functions, occupies about

230k bytes.

4.3. Magnetic tapes

The program uses 1 library tape (symbolic tape unit 9)
for writing the «{ -distribution at each time step: thus a
calculation which cannot be finished in the given execution time
can be restarted with the last registered‘«Ldistribution. If
this option will not be used, define a scratch tape as dummy

library.

4.4. Execution time

The execution time is dependent on the number of mesh
points, the iteration number according to the precision required
and the output desired at each time=-step. For example, a
problem with 1950 mesh points will take about 0.7 minutes per

time step.

4.5, Printed lines

The number of printed lines depends on the output
options. Printing of available information takes about 1250

lines max/400/lines min. output per 1 minute of execution time.

4.6. Clock overflow

A clock overflow may happen if the available execution
time is too short for a complete investigation. The program
checks however that such a clock overflow cannot happen during

the '"write-tape' operation of the TAU=distribution.
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APPENDIX B
(Management)

1. Decision process

Kegf 7 Weggs,, burn-up proceeds.
Weffy,

Wegfy & \(cﬂv( l(c.fh., refuelling occurs,
Keffa

Wett < K last time step is reduced.
kdf:i effe,y

2. Load vector

The load vector contains references to RING-numbers
(1 to LD3), TABLE~-numbers (1 to 4) and STOP-sequence-numbers

(o or 1), as shown:

Pos. 1 Pgs. LDCP

Ri| Rj| Rk| ~T| STOP| RL| RM| RN| Ro} =T | STOH { a¢S.0.

“Tequence™: ~ ~—Tcquence 2
equence 1 equerice 2 Ae¢S+0.

Explanation

The ring, the number of which is Ri, is discharged and
replaced by the ring Rj, which is at the same time replaced by RK.
Then ring Rk is replaced by fresh fuel of type T. If sTgp is O,
the program treats also immediately the following sequence in the
same way as Sequence 1. If stop is 1, the shuffling stops and,
at the next loading process, the program enters in the load vector

at this point.

Note that the number of rings to be moved (in the first
sequence Rj, Rk) is variable (from o to LD3-1) and may also vary

from one sequence to the other.

Logically, at least in the position LDCO, the STOP-
sequence=-number must be 1. After having executed all management
information within the L@PAD vector, the program returns

automatically at the beginning of the load vector.
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APPENDIX C

Sample problem
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