— ey

rv——

NERGY SYSTE

I

3 4456 01369986 7

..... : ORNL /

TH-D894

GRESS Translation of the

ORIGENZ2 Code

Francois G, Pin
R Q. Wright




Printed in th Jm o Amerlca Availabio from

U.S. Degar th of (JommerCﬁ
5285 Port Hoyar Road, Springfieid, Virginia 2210
NTIS price codas-Printed booy AQ0G; Mmroflci AO1

This repori was prepared as an acco unt of work sponsored by an agency of the
United States Government. Neither the U nited States Governmentnor any agency
thereof, nor any of their emplo y-e , imakes any warranty, express or iimplied, or
assuimigs any lega!l liability or respo;mmhty for the accuracy, completeness, or
usefulness of any information, apparatus, prodiict, or process disclosed, or
represents thatits use would notinfringe privately cwned rights. Reference herein
to any specific commeicial product, process, or service by trade name, tracemark,
manufaciurgs, or otherwise, Goes not necessarily constitute or imply its
endorsement, recomimcndation, or favoring by the United States Govermineni or
any agency thereof. The views and opinions of authors expressad hergin do not
necessarily state or retisct those ¢f the United States Goveriiment or any agency
therect.




ORNL/TM-9694
Dist. Category: UC-70 (Waste)

Engineering Physics and Mathematics Division
GRESS TRANSLATION OF THE ORIGEN2 CODE

Francois G. Pin
and

R. Q. Wright*

*Computing and Telecomnunications Division

Date Published : May 1986

Prepared for the
Office of Nuclear Waste Isolation
Battelle Memorial Institute
505 King Avenue
Columbus, OH 43201-2693

by the
QAKX RIDGE NATIONAL LABORATORY
Qak Ridge, Tennessee 37831
operated by
Martin Marietta Energy Systems, Inc.
for the
U.S. DEPARTMENT OF ENERGY
under contract No. DE-AC05-840R21400

RIIN MARIETT A £,

ViR







TABLE OF CONTENTS

LIST DF EXHIBITS 96 062 00002200 ESSSOEEEOONINEEIIILOIELIIBTOELEIIERRIEDREEGOSSS

ABSTRACT S0 0 00 2 0 EPE 9 20 600 CEO PGS OSSP I 20EE PGPS LLNOO0IPIBIIOISIEIDOSIEIEDRIEAISDSES

I. [INTRODUCTION

20 2 P S GO OB IR LPDIEP OSSP EENNOIEIEPELEIEILIIDTESISIESENDY OGS

II. CODE PREPARATION 90 89 60 PP P EDNI SO OPELIPETR OOSELOLENSEOLOEOEPIIECRASDSS

I10. AUTOMATED SENSITIVITY CALCULATIONS L.iieveeenonessscscnnnssnnas

IV, SENSITIVITY VERIFICATION STUDY siceeecececesessosecnsossnccanas

V. CONCLUSIDNS

G0 0 2 P20 €00 GEPC I OGO STPO B OGN RETI ST OLEE TSRS

REFERENCES 22 9 0 6 006008 02800800 P 2008080 GOS0 E00LL00EIINEIELPIIEGEIEELEOSIISIPOIOS

APPENDIX 2 0 C 0O P PSSP P GOSN COEDIN SO EREONEOIETIILEEILIERIIBEELEOETEAI NSRS

vii

15
29
31
33






Exhibit

Exhibit

Exhibit

Exhibit

Exhibit

Exhibit

Exhibit

Exhibit

Exhibit

LIST OF EXHIBITS
Command and material composition input file for
Samp]e prob]em B O D O O 8 O O O P O OSSO E DS S P S EE NN OGSO O RS ST EOs S

ORIGEN2 output and sensitivities to parameters 1, 2, 3
for Samp}e prOb]em O S P S SO HE OO GO OSSO H S ES eSS eNESNS

QRIGENZ output and sensitivities to parameters 4, 5, 6
for sample problem .ievieecessecseossssacsoassssscsssse

Sensitivities to parameter 1 approximated from forward
perturbation analysSis .e.eeeeeeeecscescccrccscocssssans

Sensitivities to parameter 2 approximated from forward
perturbation ana]ysis G ® 2 O 2 2 DB SO E SO LS EE LS EPIE SISO S

Sensitivities to parameter 3 approximated from forward
perturbation ana]ysis O L OO O PP S0P OB L PO PEERNSEI

Sensitivities to parameter 4 approximated from forward
perturbation analysis ceeveecscsccssessccoscocssssoccne

Sensitivities to parameter 5 approximated from forward
perturbation analysSis coceessecosessoseeeccosnsoocssnne

Sensitivities to parameter 6 approximated from forward
perturbation analysis eceeeeveesceeecosscososscsssvssces

10

12

16

18

22

24






ABSTRACT

ORIGENZ is a widely used point-depletion and radiocactive-
decay computer code for use in simulating nuclear fuel cycles
and/or spent fuel characteristics. In typical applications the
code calculates chain buildup and decay of more than 1600 radio-
nuclides and elements. This report describes the addition to
the ORIGEN2 code of an automated sensitivity calculation capa-
bility by means of the GRESS precompiler. The GRESS precompiler
uses computer calculus to automatically enhance FORTRAN computer
codes with derivative-taking capabilities. From these derivatives
generated concurrently with the normal results, sensitivities of
any variable used in the code with respect to any other variable
or input parameter can readily be obtained. The added sensitivity
calculation capability is verified on a sample problem involving
fuel burnup under specified power, radiocactive decay, and material
irradiation under specified flux. The accuracy of the GRESS re-
sults is demonstrated using comparisons with the results of per-
turbation analyses.
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1. INTRODUCTION

ORIGEN2! is a point-depletion and radioactive-decay computer code
for use in simulating nuclear fuel cycles and calculating the nuclide
compositions and characteristics of materials contained therein. It is a

2-5 which was devel-

revised version of the original ORIGEN computer code
oped at the Oak Ridge National Laboratory in the early 1970's. The re-
visions include updates of the reactor models, cross sections, fission
product yields, decay data, and decay photon data. The list of reactors
that can be simulated includes pressurized water reactors, boiling water
reactors, liquid-metal fast breeder reactors, and Canada deuterium uran-
jum reactors.

The code uses a matrix exponential method to solve a large system of
coupled, linear, first order ordinary differential equations with con-
stant coefficients. It has been variably dimensioned to allow the user
to tailor the size of the executable module to the problem size and/or
the available computer space. The data used by the code is of two types,
generic data which is part of the code package and is read from a series
of library files describing the nuclide chain characteristics, cross
sections, fission product yields, decay data and decay photon data; and
problem specific data including the composition of the materials in the
reactor and a series of commands describing, step by step, the nuclear
fuel cyclie scenarios considered in the problem. The output of the code
consists of vectors that contain the amount of each radionuclide being
considered in the problem. A vector in ORIGENZ is a one-dimensional ar-
ray which is printed as a single column of numbers in the output. Within

the vectors, the nuclides are grouped into three segments as follows:



3.

For

for

Activation products, which consist of nearly all naturally occuring
nuclides, their neutron absorption products, and the decay daughters
of these products. This segment is principally used to handle
structural materials (e.g. Zircaloy) and fuel impurities.

Actinides, which contain the isotopes of the elements thorium (atomic
number 90) through einsteinium (atomic number 99) that appear in
significant amounts in discharged reactor fuels plus their decay
daughters.

Fission products, which consist of nuclides produced by actinides
fission plus their decay and capture products.

the cases considered here, each vector contained concentration values

6388 activation products, 129 actinides and daughters, and 879 fission

products.



II. CODE PREPARATION
The GRESS precompiler and its capabilities have been described in

details in several other putﬂ1'c:at1'ons.6"8

In essence, GRESS reads and
analyzes every statement in the FORTRAN source code to be translated and
automatically adds the lines of coding that are necessary to calculate
the derivatives of the stored quantity with respect to the variables used
in its computation. It is, therefore, essential that the source code be
written using a format compatible with that recognizable by GRESS. This
is the case, in general, if the code has been written using regular

FORTRAN syntax. In the case of ORIGENZ, only minor changes were required

to make the code compatible with the GRESS precompﬂer.6

These changes are described below:

1. In its present form, the GRESS precompiler does not recognize sub-
scripts that are indexed variables or expressions. This was easily
remedied by replacing statements of the form:

and replacing statements of the form:

A =B (C+D)
by

INDEX = C+D
A = B (INDEX)

2. A1l DOUBLE PRECISION definition statements were replaced by REAL *8
definition statements.

3. All INTEGER *2 definition statements were replaced by INTEGER
definition statements. '

4, Colons and semicolons were replaced by blank characters.



5. Arrays with 3 (or more) subscripts were replaced by arrays with 1
subscript coupled with a statement to compute the index. In ORIGENZ
only one such array was encountered (XCUM in the subroutine OUTPUT).

6. Statements using an expression in the argument list of a call to a
subroutine were modified by calculating and storing the expression
in a variable, then using the variable in the argument list. An
example of this modification occurs at card #3437 in ORIGENZ where
JTYP +2 was used as an argument. The statement JTYP2 = JTYP+2 was
inserted before the call to the subroutine and JTYPZ was used in the
argument list,.

7. Arithmetic statement function were replaced by a call to a function
subprogram and an insert of the function subprogram,

These changes involved FORTRAN Tanguage optimization only and had no

effect on the results of the code. This was verified by checking that

the results of the code before and after the modifications were made

were identical.

In addition to the modifications described above, minor modifications
were made in the code output routines to facilitate the sensitivity cal-
culation verification studies. The output formats were changed to
include 6 significant digits and allow printing of normalized sensitivity
coefficients concurrently with the printing of regular output. Software
was also developed to automatically calculate, store, and print sensitiv-
ities derived from perturbation runs,

A more serious problem necessitating code modification was encountered
with the ORIGENZ code during the verification phase. This problem does
not relate to GRESS compatibility and deals with a loss of precision
caused by truncation errors in the calculation of the concentration of

certain nuclides. The loss of precision was found to occur in a nested

series of DO loops in the subroutine MATREX. To remedy the problem, the



variables CIMO, CIMB, CIMNI, TON, AP and T were changed locally to REAL
*8 variables. Much better results were obtained with this configuration
and it is suggested that this modification be proposed to the ORIGEN2

code authors,






III. AUTOMATED SENSITIVITY CALCULATIONS

With the modifications described previously, the ORIGENZ was suc-
cessfully translated through the GRESS precompiler. The double pre-
cision GRESS library was used for this translation allowing propagation
of derivatives through mixed single and double precision variables. A
sample problem involving burnup of one metric ton of fuel under specified
power, radioactive decay, and irradiation of Zircaloy under specified
flux was used for the sensitivity calculation and verification study. A
listing of the command input file including fuel and Zircaloy composition
is given in Exhibit 1. Six parameters, representative of the various
data types used by ORIGENZ were selected for calculation of sensitivi-
ties. Three parameters, the cross-sections for 235U fission (P1), 238U
capture (P2), and 23%uy (P3) fission, are input from cross-section
libraries that are part of the ORIGENZ code package, and three parameters,
the Zircaloy irradiation flux (P4), the fueliburnup power (P5), and the
235 assay (P6) are input from the command and material composition input
file shown in Exhibit 1. Normalized sensitivity coefficients of all
radionuclide concentrations representing discharge characteristics after
irradiation of Zircaloy (V1) and fuel burnup (V2) to the 6 parameters
mentioned above were calculated using the GRESS procedure. Examples of
printout of these sensitivities for the first 104 activation products
(a total of about 20352 sensitivities were calculated) are shown in
Exhibits 2 and 3. The first two columns give the results of the ORIGEN2
code for the performance measures V1 and V2. The next six columns with

headings of the type ViPj give the normalized sensitivity coefficients
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ORIGENZ output and sensitivities to parameters 4, 5, 6 for sample problem.

Exhibit 3.
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99 sC 50 heTGBIMELDA 1,05335C=04 1,00864E+00 1435804E400 =5, 535536-01 '} 1.,35538E00 ~5.52325€=01)
00 1] #6 Re® 0,8 0,90 ¢, 0 0. 040 0,90 0,0

01 Ty &7 0,0 0,0 C,0 0,0 0,0 0.0 6.0 0,0

02 Ti »8 040 6,0 ¢, 0 0,0 0,0 0,0 0.0 0,0

03 T 9 040 ¢,0 0,0 0,0 9,0 0,0 0,0 0,8

04 Y1 S0 040 0,0 C.0 0,0 9.0 Q40 [ 3] 0.0

OUTPUT UNIT = 1] PAGE [}

Exhibit 3. (Cont'd.)
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. 9Vi C
PJ ! of the performance measure Vi with respect to the parameter Pj.

Vi aPj
Sensitivity coefficients were found either jdentically zero, indicating

no influence of the parameter on the nuclide concentration, or with mag-
nitude ranging from 1072 to 2.0 x 10!, In general, sensitivity coef-
ficients to the specified power and the specified flux were found to be
the largest, indicating that these parameters should be carefully selected
for a simulation study since they are the most 1ikely to propagate large

uncertainties to the model results.



15

IV, SENSITIVITY VERIFICATION STUDY

Since analytical solutions are not feasible or practical for
problems such as those treated by the ORIGEN2 code, the verification of
the GRESS sensitivity calculations was performed using perturbation
analysis methods. It should be noted, however, that for codes involving
decay and buildup of large chains of radionuclides, perturbation analysis
using forward (positive) parameter perturbations or large parameter per-
turbation values provide only a poor approximation of the gradients at
the solution point. This problem was overcome here by using small param-~
eter perturbation values (-1% to 1%) and, when necessary, approximating
the gradients at the solution point by using forward (positive) and back-
ward (negative) parameter perturbation values. Software was designed to
automate the calculations of the approximate sensitivity coeffiéients
from forward perturbation results. Examples of the results printout for
the first 104 activation products are shown in Exhibits 4 to 9 for a for-
ward perturbation of parameters 1 to 6, respectively. In cases where the
results of the forward perturbation analysis were thought to provide a
poor approximation of the local gradients, check calculations were per-
formed using the results of forward and backward perturbation runs. For
all calculated normalized sensitivity coefficients, perfect agreement was
found between GRESS and perturbation analysis results with maximum dif-
ferences well within the range of the expected precision obtainable from
perturbation analysis using results printed with six significant digits.
The method of determination of expected precision intervals is outlined

in the Appendix.
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Sensitivities to parameter 2 approximated from forward perturbation analysis.
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Sensitivities to parameter 3 approximated from forward perturbation analysis.
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Sensitivities to parameter 4 approximated from forward perturbation analysis.
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Sensitivities to parameter 5 approximated from forward perturbation analysis.
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V. CONCLUSIONS

The GRESS automated procedure was successfully applied and verified
on ORIGEN2, a large code (more than 5K cards) using complex coding and
resclution methods to calculate chain buildup and decay of large numbers
of nuclides and elements (more than 1600) in nuclear reactors. The
double precision GRESS library allowing calculation of sensitivities for
mixed single and double precision variables was used in conjunction with
the GRESS precompiler. A sample problem involving fuel burnup under
specified power, radioactive decay, and material irradiation under speci-
fied flux was used for the sensitivity calculation and verification
analysis. Sensitivities were calculated for all printed nuclide concen-
trations (more than 1600) in two ORIGENZ vectors with respect to six
parameters. The accuracy of the GRESS results was verified using pertur-
bation analysis methods. Together with preceding validation studies
using the SWENT code’ and the UCBNE-10.2 code,8 this analysis demon-
strates the efficiency of the GRESS automated procedure in calculating
model sensitivities and further illustrates its applicability to a wide

variety of numerical codes.
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APPENDIX

Method of Determination of Precision Intervails

This attachment briefly describes a method to determine expected
precision intervals when approximating gradients and sensitivities from
results of perturbation analysis printed with n significant digits.

Let V, F and B be the results of a calculation corresponding to an
unperturbed case, a forward perturbed case (i.e. the calculation is per-
formed with a positive parameter perturbation) and a backward perturbed
case (i.e. the calculation is performed with a negative parameter pertur-
bation), respectively. Assume that the perturbed cases involve p% pertur-

bation (positive or negative) in the value of the parameters of interest,

Then,
sp = F=¥ 100
v p

and
sc - F=B, 100
v 2D

represent normalized sensitivity coefficients of the variable V with

respect to the parameter of interest approximated from forward perturba-

tion analysis and centered (forward and backward) perturbation analysis,
respectively. These sensitivity coefficients are exact only when the
variable V behaves linearly in the interval [B, F]. This is not generally
the case and therefore, SF and SC constitute only approximations of the
sensitivity coefficient at the solution point V. In a majority of prob-

lems, the assumption of linearity can be made a reasonably close one if
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the interval [B, F] is small. This is generally achieved by selecting a
small value of the parameter perturbation p.

However, in all cases (including Tlinear cases), due to truncation
errors in the printed values of the variables V, F and B, SF and SC are
calculated within a certain error range which depends on the number of
digits with which the variables are printed.

Assume the results are printed with n significant digits in the form

VxEa

BxEb

FxEc
where V¥, B and F are now n digits real numbers with decimal point to the
right of the first digit, and Ea = 109, For small perturbations a, b and
¢ do not differ by more than 1, i.e.,| a-b| < 1,] a-c| <1 and]| b-c| < 1.

Then SF and SC are calculated within an ervor range such that

1]
s - (FEea - Vy 100 | (5 x 107" (1 + Ec-a)y 100
'} p v P
and
. - - . 5 .,,n E - o -~
sc - (FEc-a BED-a) 100 + (223077 (Eb-a r Ec-a)y 100
v 2p v 2p

The error ranges define the expected precision intervals within
which SF and SC approximate the exact sensitivities at the point solution
V. The expected precision intervals can be large depending on the rela-
tive values of a, b, ¢, n, V and p and should be taken into account when

comparing approximate sensitivities such as SF and SC to exact local
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sensitivities such as those calculated by GRESS. This is exemplified
below.

A code such as ORIGENZ calculates variables in single precision,
hence 6 significant digits accuracy is well within the truncation error
range of the calculations. The code, originally designed to print re-
sults with 4 significant digits was modified to print 6 significant
digits. Small parameter perturbation values of 0.1% (p = 0.1) were used.

Assume the results of the code are

V = 1.00014 Ea
F = 1.00025 ta
B = 1,00003 Ea

then the values of SF and SC in this case are:

0.99986 x 10~1 <SF < 1.19983 x 10!

1.05000 x 107! <SC < 1.14984 x 10°1

or SF = 1.09985 x 107! + 9.99850 x 1073
SC = 1.09992 x 1071 + 4,99200 x 1073
or SF =1,09985 x 10°1 + 9,1%
SC = 1.09992 x 107! + 4,5%.

Thus, for this example, the best precision expected on the values of
SF and SC are 9.1% and 4.5% respectively.

In the GRESS sensitivities verification study, expected precision
intervals were calculated whenever differences of more than 1% were ob-
served between the GRESS and perturbation analysis results. In all cases,
GRESS results and perturbation analysis results agreed with precisions

much better than the expected precision.
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