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1. INTRODUCTION

This is the Final Report covering the 3-year Research
Project 5132/RB, "Development of a PC computer code package
for analysis of research and power reactors." The report
includes a description of work carried out throughout the
whole contract period (November 1988 - November 1991).
However, the work performed during the first and second year
is only summarized, since it was reported in more detail in
the respective Annual Reports, whereas the third (last) year
work is reported in somewhat more detail.

This Report includes a section on scientific background
and scope of the project, lists complete programme of work
for all three years, describes research carried out,
presents results obtained, and proposes conclusions. Papers
and documents published on work done under the contract are
listed in the last section, together with a short
description of what is covered by each reference.

A separate Summary of this Final Report has also been
prepared.



2. SCIENTIFIC BACKGROUND AND SCOPE OF PROJECT

Several years ago it became apparent that the fast
development in speed and memory of personal computers will
soon make them suitable for solving various reactor physics
problems. The price was becoming affordable even for
developing countries, whereas huge mainframes were still to
costly (and are still costly today).

At the "Workshop on Nuclear Theory and Nuclear Model
Calculations for Nuclear Technology Applications" held at
the ICTP, Trieste, Italy, February 15 - March 18, 1988, co-
sponsored by the IAEA, a number of participating scientists
from the third world countries expressed interest in PC
versions of basic, widely-known, reactor analysis codes.
Suggestions of an ad-hoc formed reactor physics group
included the proposal to have such codes at disposal at the
1990 Workshop in Trieste.

Our group, having an accumulated experience in using,
changing and upgrading such codes (LEOPARD, FOG,
EXTERMINATOR-II, PSU-LEOPARD/MCRAC, etc.), proposed that the
Agency co-sponsors the project to establish a system of PC
(IBM PC-AT/386/486 compatible) reactor physics codes
suitable for basic analysis of research and power reactors.
This system was to enable institutions from developing
countries without access to mainframe to perform reactor
analysis using PCs. The proposed system was to include the
cross section generating code, (PSU-LEOPARD), and spatial
codes for 2D (MCRAC) and ID (to be developed) global
calculations. Both spatial codes were to use identical
format of cross section tables. In particular, PC versions
of PSU-LEOPARD and MCRAC were to be prepared to be used for
training purposes, at 1990 Trieste Workshop.



3. PROGRAMME OF WORK

The overall goal of this project was to establish a
system of reactor physics codes, running on PCs, suitable
for basic analysis of research and power reactors. The
package was to include a cross section generating code (PSU-
LEOPARD), and 2D and ID spatial diffusion codes. The
detailed programme of work, as specified in the project
proposal and in the annual contracts, follows.

3.1 PROGRAMME OF WORK FOR THE FIRST YEAR (PC PSU-LEOPARD)

Programme of work for the first year was to develop,
verify, and document the PC version of the PSU-LEOPARD code,
i.e.:

3.1.1 Reorganize LEOPARD binary library to decimal form.
3.1.2 Upgrade LEOPARD to FORTRAN-77 standard.
3.1.3 Reorganize the arrays, subroutines, etc., to conform

to the PC compiler memory limitations.
3.1.4 Obtain a version of the PSU-LEOPARD verified against

the larger version.
3.1.5 Provide full documentation of the product.

3.2 PROGRAMME OF WORK FOR THE SECOND YEAR (PC MCRAC)

Programme of work for the second year was to develop,
verify, and document the PC version of the MCRAC code, i.e.:

3.2.1 Upgrade the MCRAC code to FORTRAN-77
3.2.2 Develop a PC version of MCRAC
3.2.3 Compare calculations of the PC version with mainframe

calculations
3.2.4 Prepare documentation for the code

3.3 PROGRAMME OF WORK FOR THE THIRD YEAR (PC MCYC1D)

Programme of work for the third year was to develop, a
new ID model and code which would use same cross sections as
the MCRAC code, and to verify and document the PC version of
the new code, i.e.:

3.3.1 Develop a ID core model, which allows cross sections
homogenization and power dehomogenization for
individual core regions (radial rings).

3.3.2 Develop a ID diffusion code, which will use the same
cross section sets as the 2D MCRAC code, i.e., ADD
decks generated by the PC PSU-LEOPARD code.

3.3.3 Obtain a working PC version of the new code.
3.3.4 Determine the accuracy of the new code by comparing

its results to the 2D MCRAC results.



4. DESCRIPTION OF RESEARCH CARRIED OUT

This section describes the research carried out under
the contract. First two subsections summarize work on PC
versions of PSU-LEOPARD and MCRAC, which has been reported
in more detail in previous progress reports. Third
subsection describes the ID model of the PWR core, and the
new PC code MCYC1D. Results of benchmarking the codes are
presented in section 5.

4.1 PC VERSION OF PSU-LEOPARD

LEOPARD microscopic cross sections library is in binary
format, and is not directly transferable to computer
different from the one it is designed for (IBM mainframe) .
Therefore, a FORTRAN programme was written which translates
the LEOPARD binary library to decimal format, and vice
versa. The binary library was then transformed to a decimal
one, migrated to PC, and transformed back to binary format.

Most problems with converting PSU-LEOPARD to run on PCs
was due to fact that it was written in FORTRAN-66 standard,
using some additional IBM FORTRAN extensions. Thus, the
first task was to convert it to FORTRAN-77 standard and to
conform to PC FORTRAN MS compiler. Some of the necessary
changes that were made include:
- Order of non executable statements rearranged.
- System functions SLITE and SLITET were replaced by FORTRAN
subroutines.

- Function statements were adjusted to FORTRAN-77 standard.
- Name of LEOPARD BTEST subroutine was changed to CTEST
because BTEST is function from FORTRAN library.

- Because of PC FORTRAN compiler limitation the source was
split into three parts (LEOO-main, LEO1, LEO2).

- Common blocks were adjusted to have the same size in all
subroutines were they appear.

- Subroutines ACCUM1, ACCUM2, ACCUM3 were rewritten, CALL
ADD(25) statement was replaced by INC=ADD(25) in
subroutine WORKS to accommodate MS calling convention.

- Convergence criterion (EPSLN) in subroutine INGR was
lowered to reasonable value, to fit the numerical
precision of PC.

- Some statements were rewritten due to different treatment
of roundoff and truncation errors in PC and mainframe
compilers (divide check in RESINT subroutine).

Several minor errors were detected and corrected, and
timing subroutines were added.

Using the Microsoft FORTRAN 5.00 compiler, the source
was successfully compiled, linked, and tested (executed) on
various PCs (XT, AT-286, AT-386), with and without a
mathematical coprocessor, running under DOS.

Another PC version was prepared, adjusted for NDP
FORTRAN-386 compiler. This compiler may be used on 386-based
PCs only, but it provides a faster running code.

This version was also successfully compiled, linked,
and tested (executed) on AT-386/387 PCs, with and without



cache memory, running under DOS with DOS extender (Phar Lap
Tools).

Some testing, verification, and benchmarking results
are presented in the next section.

Conversion of PSU-LEOPARD to PC is thus completed. The
code was installed on PCs, presented, and used for computer
exercises at the Workshop on Reactor Physics Calculations
for Applications in Nuclear Technology, ICTP, Trieste,
12.02.-16.03.1990. Based on the participant's response, the
final version (V90.1) has been prepared. The code and the
technical documentation have been submitted to the NEA Data
Bank.

4.2 PC VERSION OF MCRAC

The MCRAC code was originally written for IBM H-
extended FORTRAN-66 compiler. Additionally, it included
assembly subroutines.

The code has been changed to conform to FORTRAN-77
standard; some non-executable statements had to be
reordered, function statements adjusted to FORTRAN-7 7
conventions, etc. Assembly subroutines have been replaced by
FORTRAN ones.

To adapt MCRAC for PCs, additional changes were
necessary in order to conform to more stringent PC hardware
and software (compiler) limitations. The Microsoft FORTRAN
5.00 has been selected. The changes in the code included:
- because of compiler limitation the source was split into
nine parts;

- common blocks were adjusted to have the same size in all
subroutines were they appear;

- PC timing routines were added;
- several new options were added.

The source was successfully compiled, linked, and
tested (executed) on various PCs (XT, AT-286, AT-386), with
and without a mathematical coprocessor, running under DOS.

Another PC version was prepared, adjusted for NDP
FORTRAN-386 compiler. This compiler may be used on 386-based
PCs only, but it provides a faster running code.

This version was also successfully compiled, linked,
and tested (executed) on AT-386/387 PCs, with and without
cache memory, running under DOS with DOS extender (Phar Lap
Tools).

Some testing, verification, and benchmarking results
are presented in the next section.

Conversion of MCRAC to PC is thus completed. The code
was installed on PCs, presented, and used for computer
exercises at the Workshop on Reactor Physics Calculations
for Applications in Nuclear Technology, ICTP, Trieste,
12.02.-16.03.1990. Based on the participant's response, the
final version (V90.1) has been prepared. The code and the
technical documentation have been submitted to the NEA Data
Bank.



4.3 THE ID MODEL OF PWR CORE

The objective of our research was to supplement the
standard ID model so that it becomes practical for PWR core
analysis, and to implement it into a PC-based computer code.
A short outline of the improved ID core modelling follows.

In the ID model, the radial section of the core is
represented by concentric rings. We will call each ring a
region. A region corresponds to one or more fuel assemblies
(FAs). A group of identical FAs (same type, burnup) within a
region will be called subregion. In the real reactor, due to
core symmetry, there are typically 4 or 8 identical FAs
corresponding to one quarter (eight)
Properties of the region are obtained by
the properties of individual FAs, i.e.,
active part of the core is surrounded
reflector regions. We may represent this
core schematically, as in Figure 1.

core location,
volume-averaging
subregions. The
by one or more
ID model of the

Figure 1 The ID representation of PWR core

Figure 1 shows a core divided into four regions. The
two inner regions represent the active part of the core.
They are further subdivided, the first region into 2
subregions of 41 and 2 0 FAs, and the second region into 3
subregions of 16 FAs, 20 FAs, and 24 FAs. The two outer
regions are reflector regions. It should be noted that the
subdivision of the regions shown in Figure 1 does not imply
any particular actual fuel arrangement within a region.

For each cycle under consideration, the reloading
shuffling may be represented by a combination of elementary
operations:
(1) At BOC, the core is loaded with fresh fuel and with fuel

left over from previous cycles.



(2) At the EOC, each subregion is either permanently
discharged or transferred to the next cycle, or to some
future cycle. A subregion may be split into several
parts which may be subsequently used differently.
The process of reloading is schematically depicted in

Figure 2.

Cycle 1 Cycle 2 Cycle 3
Fresh
fuel: 121A 400

40O

• 4DB

Discharged <•
fuel: 40A eoA 1A ZOA 20B

Figure 2 Schematic representation of reloading

Reflector regions are omitted from Figure 2. Letters
denote fuel type, whereas numbers represent the number of
FAs in each subregion. The scheme is not a realistic one,
but is used merely to illustrate various possibilities.

One should note that the core division into regions and
subregions may vary from cycle to cycle. However, if we
divide a typical PWR core into 6-10 regions, and further
define subregions to correspond to groups of symmetric FAs,
then the same division may be used for all calculations. A
sample division of NPP Krsko core into regions and
subregions is given in Figures 3 and 4.

The proper division of core into regions is obtained by
performing a 2D analysis for a homogeneous core (assuming
all FAs are identical), obtaining average power density for
each FA location, ranking FA locations according to those
power densities, and then grouping locations with similar
power density to form a region.
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Figure 3 Division of NPP Krsko core into regions

Rl/Sl

Ri/Sj

R2/S1

R2/S2

R3/S1

R3/S2

R4/S3

- Region i
Subregion j

R4/S1

R4/S2

R5/S2

R6/S3

R5/S1

R6/S1

R6/S2

R7/S3

R8/S5

R7/S1

R7/S2

R8/S3

R8/S4

R8/S1

R8/S2

Figure 4 Division of NPP Krsko core
into regions and subregions (1/8 core shown)
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Since all FAs have same dimensions, specifying FA pitch
and the number of FAs in each subregions provides enough
data to calculate radii of corresponding annular regions in
the ID model. It also provides volumes used to volume-weight
cross sections of subregions and to get regionwise average
cross sections.

Let

s = FA pitch, A = s2 = FA area, V = FA volume

Njfi = number of FAs in region i, subregion j

Ni = number of FAs in region i = 2^ Nj,i

NFA = number of FAs in the core = 2^ ^

Vi = volume of region i = proportional to N±

Then the radius of region i is obviously given by:

RL = SQRT((1/7T)*( D Nk*A))
k=i

and the cross sections for each region are simply obtained
by volume-weighting appropriate subregions cross sections:

where x denotes any neutron interaction. Since all FAs have
the same volume, ratio of number of FAs instead of volumes
may be used in equations.

Once we have radii and cross sections for each region,
we may use any standard ID diffusion code to obtain radial
flux distribution.

Power density is proportional to the fission rate. In
two energy group model, using standard symbols:

pj = K (2fi,^i,j+2f2,j02,j)

and the core average power density is:

P = (Ej NjPj) / NFA

The normalized power density of region j is then:

NPj = Pj / P

Combining the equations we get:

NFA
(*)

N
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However, for results to be of greater practical use, we
devise a procedure to unfold them back to 2D results, i.e.,
to obtain power density and burnup for each individual FA
(subregion).

Within each region, different subregions have different
cross sections, in particular the fission cross section.
Thus, power densities will be different. We could use
relation analogous to (*) to unfold power distribution
within each region. However, that would imply assuming equal
flux levels for all subregions within a region. A better
approximation is to use k^ instead, which to certain degree
takes into account the ratio of fission and absorption (and
thus both the flux level and the fission cross section) .
Analogous to (*) we get:

c<x>(j,i) NPi
wp. . = . (**)

i) NPj/k

where Coo(j,i) is the ratio of koo for the subregion, and the
average regionwise value. Actually, we introduce an
additional parameter, a, used to enlarge or diminish the
effect of koo( j , i) :

koo(j,i)
Coo(j,i) = (1-a) + a * (***)

(If a=0, there is no k^ effect; if a=l, we have just the
ratio.)

Unfolding regionwise normalized powers to individual
values for each subregion (fuel assembly), enable us to
follow individual FA burnups, and to estimate power peaking
more accurately. Computationally, the additional effort
needed for this unfolding is completely negligible in
comparison to solving the diffusion equation.

4.4 PC CODE MCYC1D

A computer code, MCYC1D, has been developed based on
the improved ID model. Main code features include:
- Simple core geometry description. Size of individual

subregions in number of FAs is given as input, and the
code will automatically generate appropriate ID model, as
already described.

- Similar input and output structure as the MCRAC code. In
particular, results are presented in 2D format thus
allowing direct comparison with "real" 2D (e.g., MCRAC)
calculations.

- The code uses same cross section as the MCRAC code, i.e.,
ADD decks prepared by PSU-LEOPARD.

- Critical boron search option and depletion calculations.
- Spatially dependent equilibrium xenon correction.
- Multicycle analysis capability with simple specification

of reloading shuffling through the input.
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- Very fast speed (basically, the same speed as the standard
ID model).

The code has been successfully compiled using Microsoft
FORTRAN 5.00, and installed on various PCs.
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5. RESULTS OBTAINED

In this section, typical comparison of results obtained
using the PC version and the mainframe version of PSU-
LEOPARD and MCRAC is shown. Additionally, unfolded results
of ID code MCYC1D are compared to the more accurate MCRAC 2D
results.

5. 1 COMPARING RESULTS OF CALCULATIONS FOR THE PC AND
MAINFRAME VERSION OF PSU-LEOPARD

Several PSU-LEOPARD runs were performed, corresponding
to typical problems encountered when generating cross
sections for PWR fuel. Cross sections for a 20-step
depletion calculation at BOC and at EOC are shown in Table
1. The PC and mainframe results of PSU-LEOPARD are in
reasonable agreement. A maximum difference is less than 1%.
Difference is explained by the iterative numerical
procedures used in PSU-LEOPARD, by the different roundoff
method, and by the single precision of real variables used
in the code, and is normal and expected for different
computers.

Table 1 Comparison of cross sections obtained using PC
and mainframe versions of PSU-LEOPARD code

IBM
Mainframe

Diff.
PC

IBM
Mainframe

Diff.
PC

BOC = 0 MWd/tU EOC = 16000 MWd/tU

Dl

S12
vS f l

D2
2a2
vSf2

k«,

1.43638
0.010421
0.014686
0.0076965

0.39616
0.11198
0.16801

1.18314

1.43637
0.010418
0.014686
0.0077007

0.39616
0.11198
0.16801

1.18343

0.0
0.3
0.0
0.5

0.0
0.0
0.0

0.2

1.45282
0.011272
0.014217
0.0067262

0.38433
0.11555
0.17700

1.11750

1.45725
0.011269
0.014217
0.0067323

0.38433
0.11555
0.17700

1.11786

0.1
0.3
0.0
0.9

0.0
0.0
0.0

0.3



5.2 COMPARING RESULTS OF CALCULATIONS
MAINFRAME VERSION OF MCRAC
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FOR THE PC AND

Extensive testing and verification has been carried out
for MCRAC code. The comparison of PC and mainframe results
in all cases exhibited a very good agreement. Typical
differences between the mainframe and PC results (using
identical input) are illustrated below, by considering the
most important calculated parameters. The problem analyzed
corresponds to a PWR core quadrant cycle depletion.

Difference in the critical boron concentration is less
than 0.1 ppmB throughout the cycle, which is completely
negligible for all practical purposes. The same holds true
for the average normalized powers of fuel assemblies
throughout the cycle. The only exception is the neutron
flux, which differs by up to 2%. However, it is not an
error, but rather a consequence of the iterative nature of
the solution process. Of importance are only the relative
ratios, which are again almost identical; it is demonstrated
by almost identical normalized powers.

5.3 EXECUTION SPEED

This subsection presents execution times for PSU-
LEOPARD and MCRAC on various PCs, and on an IBM mainframe
(IBM-4341 under OS/MVS with IBM VS FORTRAN compiler) that we
had access to. As a typical problem, a 20 step depletion
calculation was selected for PSU-LEOPARD, and analysis of
one cycle (8 depletion steps) of a 2-loop PWR, modelled in
quadrant symmetry and using 2x2 mesh points per fuel
assembly, for MCRAC. Execution times are shown in Tables 2
and 3. All PCs were equipped with a mathematical
coprocessor. Execution times for MCYC1D are of the order of
several seconds. They are 20-70 times shorter than the MCRAC
execution time for the same problem.

Table 2. PSU-LEOPARD execution times for various computers

Computer model
and characteristics

Execution time
Microsoft FORTRAN NDP FORTRAN

XT-8088/87, 10 MHz
AT-80286/287, 6 MHz, 1 WS
AT-80286/C287, 12 MHz, 0 WS
AT-80386/387, 20 MHz
AT-80386/387-Cache, 25 MHz
IBM-4341, OS/MVS, VS FORTRAN

3 0min
39min
12min
6min
4min

llsec
33sec
07sec
Olsec
22sec

2min

N/A
N/A
N/A

3min 42sec
2min 39sec

12sec

CPU time
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Table 3. MCRAC execution times for various computers

Computer model Execution time
and characteristics Microsoft FORTRAN NDP FORTRAN

XT-8088/87, 10 MHz 45min 42sec N/A
AT-80286/287, 6 MHz, 1 WS 51min 55sec N/A
AT-80286/C287, 12 MHz, 0 WS 17min 12sec N/A
AT-80386/387, 20 MHz 9min 12sec 4min 23sec
AT-80386/387-Cache, 25 MHz 6min 18sec 3min Olsec
IBM-4341, OS/MVS, VS FORTRAN* 2min 34sec

* CPU time

PC execution times are quite acceptable. Some work may
be done even on an XT. Execution times at 386-based PCs
approach CPU time of the mainframe, in particular when using
NDP FORTRAN-386 compiler, which in both cases produces a
code twice faster than Microsoft FORTRAN 5.00 compiler does.
It should be pointed out that the times listed for PCs are
the total execution times, whereas the mainframe CPU time
denotes CPU usage only. In a typical multiuser environment,
the mainframe total execution time ("wall-clock time") is
several times longer, which makes PCs even more attractive.
Thus, a decision to convert codes to PC seems to be fully
justified. It is true that a relatively slow mainframe was
used for comparison to PCs, but it was the only one that we
had the regular access to (until recently), and the similar
situation probably exists in other developing countries as
well. Recent comparison between a "modern" PC and a "modern"
mainframe, i.e., between a 33 MHz PC/486 with "Cache" memory
and the fast mainframe IBM-3090 revealed that still PC is
only an order of magnitude slower. Again, the difference in
CPU and wall-clock time on mainframe brings this ratio of
turn-around times down to 3-5.

5.4 MCYC1D RESULTS AND COMPARISON TO MCRAC RESULTS

The ID code MCYC1D was tested using the NPP Krsko data.
Several cycles were analyzed, separately and in the
multicycle mode. Same cycles were analyzed using the 2D
MCRAC code, and the results were compared.

Critical soluble boron concentration was always within
±30 ppm. The highest normalized FA power throughout the
cycle differed typically by less than ±10-15%, being
somewhat higher for peripheral FAs (which are typically not
very important). Difference in EOC burnups for individual
FAs was typically within ±10%.

MCYC1D is about 30 times faster than MCRAC code, yet
provides some sort of pseudo-2D results. Presented
comparison of most important core parameters suggests that
it may be used in crude preliminary analyses.
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6. CONCLUSIONS

PC version of PSU-LEOPARD and MCRAC, for Microsoft
FORTRAN 5.00 and for NDP FORTRAN-386 compiler has been
developed, tested, and verified against the mainframe
version. The accuracy and execution times of PC versions are
satisfactory. The codes were successfully used for computer
exercises at the Workshop on Reactor Physics Calculations
for Applications in Nuclear Technology, ICTP, Trieste,
12.02.-16.03.1990. The codes and the technical documentation
have been submitted to the NEA Data Bank for further
distribution. The code package for basic analysis of
research and power reactors (PSU-LEOPARD and MCRAC) has been
supplemented with a new ID diffusion code, MCYC1D, which
uses the same cross sections as MCRAC does, and is suitable
for fast multicycle scoping calculations.

The potential users of codes include scientists from
developing countries, without access to modern mainframes.
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7. PAPERS PUBLISHED ON WORK DONE UNDER THE CONTRACT

Work on PC versions of PSU-LEOPARD and MCRAC is
presented in more detail in the 1st and 2nd Annual Report
(Refs. 1 and 2, respectively), whereas work on the ID PC
code is presented in this Final Report. Initially, PC
versions 89.4 of PSU-LEOPARD and MCRAC were produced (Refs.
3 and 4), and presented at the 1990 Trieste Workshop (Refs.
5 and 6). Somewhat modified lecture notes were published in
the Workshop proceedings (Refs. 7 and 8). Benchmarking PC
versions (comparing results against mainframe results,
efficiency) is described in Ref. 9. Based on the feedback
from the Workshop participants, additional adjustments to
codes were made, and codes were than submitted to the NEA
Data bank, together with technical documentation (Refs. 10
and 11). The ID PC code MCYC1D is described in Ref. 12.
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