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ABSTRACT

In dynamic analyses the thermal hydraulic conditions within the reactor core may have a large
variation, which sets a special requirement on the modeling of cross sections. The standard
model in the dynamics code HEXTRAN is the same as in the static design code HEXI3U-
3D/MODS. It is based on a linear and second order fitting of two-group cross sections on fuel
and moderator temperature, moderator density and boron density. A new, wide-range model
of cross sections developed in Fortum Nuclear Services for HEXB3U-3D)/MOD6 has been
included as an option into HEXTRAN. In this model the nodal cross sections are constructed
from seven state variables in a polynomial of more than 40 terms. Coefficients of the
polynomial are created by a least squares fitting to the results of a large number of fuel
assembly calculations. Depending on the choice of state variables for the spectrum
calculations, the new cross section model is capable to cover local conditions from cold zero
power to boiling at full power. The Sth dynamic benchmark problem of AER is analyzed with
the new option and results are compared to calculations with the standard model of cross
sections in HEXTRAN.

I INTRODUCTION

An accurate modeling of reactor physical variables is a vital part of nodal core calculations.
These variables include the homogenized cross sections ad discontinuity factors and in
dynamic codes also the neutron kinetic parameters such as delayed neutron fractions and
neutron velocities. The modeling is required for variations both in isotopic composition of
fuel and in actual thermal hydraulic parameters of a node. Variations in fuel composition are
described by history variables that are burnup and operating conditions, e.g. coolant density or
void during fuel depletion. The history variables are input data for a dynamic analysis since
they do not change during typical reactor transients.

383



There are basically two different approaches to model the cross sections and other data in a
nodal code. A straightforward approach is to use multidimensional tables in which the desired
quantities are interpolated while the second alternative makes use of polynomial fitting of the
data to various core state variables. Usually the table interpolation is more time-consuming
and the size of the table grows very fast with the number of arguments. On the other hand the
polynomial fitting requires elaborate calculations for evaluation of the fitting coefficients.

The standard cross section model of the dynamic code HEXTRAN 1/ is partly based on table
interpolation and partly on polynomial fitting of data. All reactor physical parameters or the
two-group cross sections, assembly discontinuity factors and neutron kinetic parameters can
be tabulated according to fuel burnup and historical density of coolant. After interpolation in
the table, the actual values of nodal cross sections (and diffusion coefficients) are calculated
from second order polynomial fittings to local conditions of the node.

The model has been originally designed for fuel management calculations with the static
design code HEXIBU-3D/MOD5 2/. Its accuracy is sufficient for analysis of most transients,
especially when the data is tailored to cover the transient conditions. In real analyses the
thermal hydraulic conditions in creation of the cross sections have been carefully selected for
best-estimate results. For transients with large variations the model is known to be insufficient
and less experienced analysts would also benefit from the possibility to use only one wide-
range set of data in all transient calculations.

A new wide-range polynomial model was implemented into HEXTRAN as an option for de-
scription of cross sections and kinetic parameters. The development of the model has started
in VTr and continued in Fortum where the model was programmed in 1999 into HEXBU-
3D/MOD6 3/. Results of the preliminary work on the development have been reported in the
6th Symposium of AER 4/. As in the standard model the burnup dependence is treated by
table interpolation, but there are five times more polynomial terms and, except for the two-
group cross sections, the discontinuity factors and neutron velocities may depend on local
thermal hydraulic conditions of the node. A special feature at least in the static design
calculations is the new general modeling of the historical effects of the core state variables.

Results of calculations with the two options of cross section modeling in HEXTRAN are
compared for the th dynamic benchmark of AER. The initial event in the benchmark is a
break of the main steam header and the cooling circuit is included in the calculation. Accurate
nuclear data is very important for the benchmark where changes in coolant temperature and
density are large and recriticality is achieved. In addition to the dynamic calculations, some
results of static calculations are compared at zero power conditions where accurate cross
sections evaluated in actual conditions can be applied in the code.

2. STANDARD CROSS SECTION MODEL OF HEXTRAN

The standard modeling of two-group cross sections of HEXTRAN and HEXBU-3D/MOD is
a mixture of table interpolation and polynomial fitting of the data. The table arguments are
fuel burnup and historical density of coolant during fuel depletion and they are constant for a
dynamic calculation. Therefore, an interpolation needs to be done only once in the beginning
of the calculation if the results are saved for each node. However, to save memory space part
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of the interpolation is repeated at each ime step in HEXTRAN. So far, the historical density
has not been used in dynamic analyses with the code and it is omitted also in the calculations
of this report. The new wide-range model has a different description for the history effect of
operating conditions.

The local (instantaneous) thermal hydraulic conditions of a node are defined in the model by
four state variables:

Tf Fuel (Doppler) temperature
PC Coolant density

T. Coolant temperature
Pa3 Boron density in coolant (=C1pc, C is boron concentration)

In HEXTRAN the coolant density is calculated from water and steam densities Pw and p.

P. = ( -.a)p. + p,1

where cz is void faction. In the VVER-440 reactor model the coolant refers to water (or
steam) within the shroud tubes, but in the VVER-1000 model it includes all water within a
fuel assembly.

Altogether seven quantities are fitted to the state variables:

D,, D2 Diffusion coefficients for fast and thermal groups
Z,, , Absorption cross sections for fast and thermal groups

F£12 Removal cross section from fast to thermal group
v ,2, Fission production cross sections for fast and thermal groups

The second order polynomial fitting is of the formn

E= E'"~ + CPAPC + C2APr.2 + cAT, + C4(A4Trf) + C5(AJ~r) 2

+ c6AP1B + C7Apa32 + CapB3APC (2)

E'~ is the nominal value of the cross section (or diffusion coefficient) E evaluated at nominal
(average) values of the state variables and A indicates deviation between nominal and actual
values. The last term in Equation 2 is the only cross term and represents the mutual effect of
coolant and boron densities, i.e. it accounts for the dependence of boron microscopic cross
section on coolant density. Since no cross term is associated with fuel temperature, the model
assumes that Doppler coefficient is independent on thermal hydraulic conditions of coolant.

The polynomial oefficients c ... c are calculated with an auxiliary cde and tabulated
according to burnup and if desired to historical density of coolant. As it is well known, a
lower number of burnup points is sufficient for the coefficients than for the nominal
quantities.

In addition to the four state variables, the moderator or the by-pass water of fuel assemblies
flowing between shrouds has an effect on cross sections in the VVER-440 reactor. This water
covers about 8 % of the cross sectional area of a fuel assembly cell and in the present version
of HEXTRAN its temperature is equal to the core inlet temperature of coolant. Variations in
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the temperature are approximately treated by using an effective value for the coolant density
in Equation 2 Determination of the value s based on the assumption that cross sections are
functions of the average density of coolant and moderator within a node

3. WIDE-RANGE MODEL OF CROSS SECTIONS

The wide-range model for description of two-group cross sections and other reactor physical
data has a similar treatment of fuel bumnup as the standard model. Both nominal quantities and
polynomial coefficients are tabulated according to burnup and the actual values for each node
are obtained by linear interpolation. Instead of table form, the variation in operating
conditions, e.g. in coolant density, during fuel depletion is modeled in a completely different
way. The whole (spectral) effect of depletion with off-nominal conditions is associated to the
atomic density Of Pu239 in depleted fuel. The Pu..density containing the history effects can
now be calculated with the version MOD6 of the HEXBU-3D) code and given in the input of
HEXTRAN as a nodal distribution. Then the correction for different burnup histories is
calculated from a few extra terms of Pu-density in the polynomial fitting of cross sections.
However, this feature of the wide-range model in HEXTRAN was not used in the test
calculations described in section 5.

The number of nodal quantities modeled with polynomial fitting has increased to twelve
parameters from the seven cross sections in the standard model. Additional data are the
assembly discontinuity factors and neutron velocities for fast and thermal groups and the
microscopic cross section of xenon. The delayed neutron fractions are still determined directly
from burnup-clependent tables and based on methodological studies, their minor dependence
on local thermal hydraulics is ignored. Furthermore, HEXTRAN uses fixed values for decay
constants of delayed neutron precursors, though they slightly depend on burnup due to
differences in the fission products of uranium and plutonium.

The four state variables of the standard model defining the local thermal hydraulic conditions
for a node are preserved in the new model. One more variable in this category, the density of
by-pass water between shrouds in VVER-440, is added to the fitting polynomial. In order to
describe the spectral effect of xenon on two-group cross sections, the atomic density of xenon
is also an argument of the polynomial. Finally, the last argument (or state variable) is the
atomic density Of Pu239 that describe the history effect of off-nominal conditions of fuel
depletion. For any type of assembly bumnup calculations the Pu-density can approximately
represent the history effects of all state variables.

Total number of the arguments in the polynompial fitting is seven, but only the first six of them
were active in this study. As in the standard model the arguments are expressed by deviations
from nominal values, though their scaling is different. The polynomial, from which the nodal
cross sections and other quantities are calculated, consists altogether of 45 terms describing
deviations of the nominal value. Four terms are used both for the xenon and plutonium
densities, leaving 37 terms for the thermal hydraulic variables. Optionally, a shorter
polynomial of 30 terms can also be employed. The target of maximum deviation in the
development of the model was less than 100 pcm in kw~ at any point of the whole range of
operating conditions. This target was fully met with the 45 terms version and practically met
with the shorter version.
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The full polynomial includes a fifth order fitting to coolant density, which is more than
sufficient to cover coolant conditions from heavy boiling to single phase water at low
temperature. More than half of the terms represent mutual effects of the state variables and
they include second and third order terms. The spectral effect of xenon is expressed by a
bilinear modeling that includes terms with coolant density and temperature and boron density.
A similar expression is associated with the Pu-density.

The polynomial coefficients are created with the preprocessing code CROFI 3/ from output
of an assembly burnup code. CROFI makes a least squares fitting of each cross section to the
results of spectrum calculations. The minimum number of different spectrum calculations at a
burnup point required for the fitting procedure is equal to the number of terms in the fitting
polynomial, but use of more calculation results may slightly improve the validity of the
polynomial within the entire range of the state variables.

The proper choice of the state points at which the spectrum calculations are made is crucial
for a successful fitting of the data. Especially, the mutual effect of several state variables
requires an individual variation of their values. Also, the coolant characteristics defined in a
spectrum calculation should be meaningful for a nuclear reactor for example, a low
temperature (below 100 'C) and a low density do not occur at the same time.

4. CALCULATION OF CROSS SECTIONS

The parametrized two-group homogenized cross sections and other data were created with the
fuel assembly bumnup program CASMO-4 /5/ using a 70 group library based on the ENDFIB-
4 nuclear data library. The data set for the new wide-range model of cross sections had been
calculated earlier during the development of HEXIBU-3D/MOD6. Consistent data of the
standard model was calculated for this study. In both cases the fuel assemblies included the
initial fuel of the VVER-440 reactor with enrichments 1.6, 2.4, and 3.6 %.

4.1 Wide-range model

The CASMO-4 calculations for each type of fuel consisted of one assembly burnup
calculation and about 60 spectrum calculations at each of the selected values of burnup. The
bumnup calculation was performed at nominal operating conditions or average conditions
during a loading cycle of VVER-440. Results of this calculation give the nominal values
around which the quantities are fitted in the cross section model. Variation of the state
variables in the spectrum calculations covered the expected range of reactor conditions in all
kinds of transients and accidents. Table 1 shows the nominal values and variation of the state
variables in the CASMO-4 calculations.

Moderator temperature (water outside shrouds) was equal to coolant temperature in all cases,
though it is a variable included in the data and in the model. An effective coolant temperature
can be calculated using the coolant and moderator temperatures if these are available in
thermal hydraulics model of the nodal code. In order to model the spectrum effect of xenon on
the two-group cross sections, five cases (per burnup point) with zero xenon and off-nominal
values for other state variables were included in the assembly calculations. The reactor
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pressure was not an input quantity to the CASMO-4 calculations since the density and
(molecular) temperature of coolant and moderator were always specified separately.

Table 1. Reactor conditions in creation of data for the wide-range model of cross sections

State variable Unit Nominal Range

Fuel temperature K 850 293 ... 1800

Coolant density k gi 3 751 200 ... 1004

Coolant temperature K 558 293 ... 623

Moderator density kg/rn 3 751 200 ... 1004

Boron concentration ppm 600 0... 2100

Xenon equilibrium zero ... equilibrium

Power density W/gU 36.8

Fuel burnup MWd/kgU 0...52.5

Using the CASMQ04 results, the CROFI code makes a least squares fitting for the
homogenized two-group parameters and writes the data into a file that is read in input of
HEXTRAN. The file contains burnup-dependent tables of nominal values and polynomial
coefficients of the parameters for different types (enrichment) of fuel assemblies. The nominal
values are tabulated with 31 values of burnup from 0 to 52.5 MWd/kdU, which are the
standard steps of burrutp in CASMO04 for PWR. Since polynomial coefficients are less
sensitive to burnup, they were calculated and tabulated with eight burnup values.

4.2 Standard model

The creation of the standard set of cross section data was based on the same assembly burnup
calculations as applied for the wide-range model. Thus the nominal values of the parameters
are equal in both cases and also, the polynomial coefficients were calculated and tabulated
with the same bumnup values.

A somewhat simplified form of the polynomial fitting in Equation 2 was used for the
modeling of cross sections. The effect of molecular temperature of coolant was included into
the coolant density effect, which has been the usual -practice in creation of data for fuel
management calculations with the HEXBU-3D) code. Then the number of polynomial
coefficients is reduced to seven, because the term with c3 is omitted. This works well when
there is not much boiling of coolant and the reactor pressure is close to the value used in the
assembly calculations. Such a simplification is not made in calculation of real transients with
HEXTRAN.

The number of spectrum calculations with off-nominal values of state variables was eight and
the coefficients of a second order fitting were determined from results of three calculations
where only one variable was changed. These values were chosen on opposite sides of the
nominal conditions and they are given below.
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Nominal
Fuel temperature, K 558 850 1141

Coolant temperature, K 538 558 573

Boron concentration, ppmn 0 600 1200

All calculations had the same (nominal) moderator temperature and xenon in equilibrium. In
each case the coolant and moderator densities were consistent with the given pressure of 123
bar in input of the CASMO-4 code.

Obviously, the accuracy of the standard cross section model tends to deteriorate outside the
range of the state variables employed in the assembly calculations. In real transient analyses
the variables are always chosen to match the range of their variation as closely as possible.

5. TEST CALCULATIONS

5.1 Static criticality calculations

First test calculations with the new cross section model in HEXTRAN were performed for the
fr-esh initial core of the VVER-440 reactor. The reactor was at hot zero power state with high
content of soluble boron in the coolant, all control rods fully inserted and no xenon poisoning.
These conditions correspond to the initial state before the boron dilution transient in the 4th
AER dynamic benchmark. Since the reactor is in isothermal conditions and the fuel burnup is
zero in the whole core, it is possible to create cross sections exactly for the actual state.
Therefore, criticality calculations could be made both with the two sets of paramnetrized cross
sections and with (constant) cross sections calculated directly with the CASMO-4 cede.

The isothermal temperature was initially 533 K (260 C) and the boron acid concentration
7.84 glkg (1372 ppm) and they were reduced to 473 K (200 C) and 2.0 glkg (350 ppm),
respectively;- in the test calculations. In all cases the coolant density was consistent with
temperature at the nominal pressure of VVER-440. Separate sets of CASMO-4 cross sections
were created for each case and the reference results were produced with them. Table 2 gives a
comparison of k-effective values calculated with the two cross section models and of their
deviations from the reference results.

Table 2. Comparison of k-effective values calculated with HEXTRA in isothermal
conditions.

Boron Temp. Casmo-4 Wide-range Dev Standard Dev
g1kn K reference model Pcm model Rcm

7.84 533 0.91374 0.91418 +44 0.90787 -587
2.0 533 1.01636 1.01625 -11 1.01376 -260

7.84 473 0.92501 0.92539 +38 0.91924 -577
2.0 473 1.03663 1.03650 -13 1.03233 -430
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The results show the much better accuracy of the wide-range model compared to the standard
model wheit reactor conditions are far from the nominal conditions in creation of the
parametrized data. The large deviations of -0.3...-0.S % in k-effective by the standard model
are probably mostly due to the spectral effect of xenon on two-group cross sections. This
means that it is not sufficient to simply remove the contribution of xenon fom thermal
absorption cross sections without modifying the other cross sections at the same time. A
detailed comparison of k-infinity values of single assembly calculations is found in Ref. 3.

5.2 Dynamic calculations

The 5th AER dynamic benchmark .problem was chosen for testing of the wide-range cross
section model in a realistic time-dependent calculation 6/. This benchmark is a main steam
header break in the end of the first cycle of VVER-440 and the calculation includes thermal
hydraulic modeling of both primary and secondary loops. Therefore, the latest version of
HEXTRAN was linked with the loop model SMABRE and the analyses were made in the
same way as the original benchmark calculations by VTT 7/. However, only the core
calculation is significant in testing of the cross section model. The benchmark comparison
between different organizations 8/ clearly indicated the effect of nuclear data in predicting
the time of recriticality and the behavior of reactor power.

The reactor is initially at hot standby state, no boron in the coolant, no xenon poisoning and
all control rods fully inserted, except for one group stuck out of the core. After the steam
header brake the reactor returns to power with decreasing temperature of coolant and the
power excursion is terminated by a boron injection into the coolant. Since the maximum
power stays below 50 % of nominal, no boiling occurs in the reactor core. The low
temperature and power in this trnient suggest that the best-estimate data set of the standard
model would be based on cross sections evaluated at zero power and at lower temperatures
than the average full power temperature.

In Ref. 7 the V'IT calculations of the benchmark were made with three sets of cross sections,
which had been created with the CASMO-HEX code and parametrized according to the
standard model. Two of the data sets were based on spectrum calculations at zero power state
around temperatures of 473 K (200 0C) and 558 K (285 C). The third set was nominal power
data similar to the standard cross sections in this study. The best-estimate results were
calculated with the cold (473 K) zero power data and they gave a power peak that is quite in
the middle of the other results.

According to the present calculations with the different sets of CASMO-4 cross section data
the initial subcriticality of the reactor was as follows:

wide-range model -1604 pcm
standard model -1614 pcm

For the dynamic calculations the subcriticality was tuned in both cases to the same value -
1534 pcm specified in the benchmark definition. The tuning was based on multiplication of
the fission production cross sections. Compared with the data in Table 2 the deviation
between the untuned values of k-effective is very small, though the reactor state is different
(EOC and no boron). It is probable that there are compensating errors in the standard model.
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Some results of the dynamic calculations with the two options for cross section modeling ar.
shown in Figures 1-4. The maximum power is about 1 0 % higher with the wide-range model
and also the power peak is somewhat broader which leads to a higher fuel temperature.
Changes in the coolant density and temperature are fairly large, and also the reactor pressure
decreases more than 20 bar during the transient. These set rather strict requirements for the
modeling of the cross sections.

The power peak calculated with the cross section set of the wide-range model lies between the
previous results calculated with the two sets of zero power cross sections. A more detailed
comparison is not feasible here since, except for the different assembly programs in creation
of the cross sections, there were some differences in the other data of the calculations, e.g. in
boundary conditions.

6. CONCLUSIONS

The first HEXTRAN calculations with the new wide-range cross section model were
described in this report Criticality calculations at zero power and zero burmup conditions
showed the capability of the model to accurately predict the multiplication factors that are
calculated with cross sections created in conrect actual conditions. Single assembly
calculations in Ref. 3 has given a similar accuracy in the whole range of the state variables in
Table .

As expected the results of the test calculations for the th dynamic benchmark of AER
indicated a clear difference between the two cross section models. It is true that the full power
data with the standard modeling is less suitable for analysis of a cold water transient and the
deviation illustrates the effect an inexperienced analyst's choice of data might have on the
results. The use of a best-estimate data set would considerably improve the agreement of
calculation results by the two cross section models. However, it is a great advantage if the
same data set can be used in analysis of all kinds of transients and accidents without a loss of
accuracy. Although the size of the fitting polynomial is much larger in the wide-range model
than in the standard model, the increase in computing time is not significant even in analysis
of long transients with short time steps.

ACKNOLEDGEMENTS

The authors wish to thank Fortumn Nuclear Services Ltd and Mr. Periti Siltanen for the
contribution in the development of the wide-range model for H5XBU-3DI/MOD6.

391



REFERENCES

1. Kyrki-Rajarnffli, R., Three-Dimensional Reactor Dynanncs Code for VVER type Nuclear
Reactors, VTT Publications 246, Technical Research Centre of Finland, Espoo, (Thesis for
Dr.Tech.) (1995).

2. Kaloinen, E., New Version of the HEXBU-3D Code, Proceedings of the second Symposium
of AER. Paks, Hungary 2 1-26 September 1992, pp. 9-22.

3. Peltonen, J., A Cross Section Model for Nuclear Reacior Core Simulation Codes, LicTech
Thesis, Helsinki University of Technology, 19 May 1999 (in Finnish).

4. Peltonen, J., High and Second Order Polynomial Feedback Models for VVER-440 Fuel
Two-group Cross Sections, Proceedings of the sixth Symposium of AER. Kirldconummi,
Finland 23-26 September 1996, pp. 333-342.

5. Edenius, M., Ekberg, K., Forssen, B. H. and Knott, D., CASMO-4, A Fuel Assembly B urn up
Program, User's Manual, STUDS~lKSOA-95/1, Studsvik of America, Inc. (1 995).

6. Kliem, S, Definition of the 5th AER Dynamic Benchmark - Benchmark Problem for
Coupled Thermohydraulics/3D Hexagonal Neutron Kinetic Codes, Proceedings of the
seventh Symposium of AER. H~mitz near Zittau, Germany, 23-26 September 1997, pp.
429-438.

7. Harnfflainen, A and Kyrli-Rajarnki, R., The Ffflh AER Dynamic Benchmark Calculation
with HEXTR.N-SMARE, Proceedings of the eigth Symposium of AER. Bysti~ce: nad
Perdtejnemn, Czech Republic, 21-25 September 1998, pp. 369-385.

8. Kliern, S., Comparison of the Results of/the Fifth Dynamic AER Benchmark - a Benchmark
Problem for Coupled Thermal-hydraulic System/Three-Dimensional Hexagonal Neutron
Kinetic Core Models, Proceedings of the eigth Symposium of AER. Bysti~ce nad
Peittejnem, Czech Republic, 2 1-25 September 1998, pp.429-469.

392



AZR-BE5: Comparison of cross section moels with EXTRAN.

600 - _ _ _ _ _ _

550- 

500

0 450

8 400--- -

0 350 --

300

250- 

ol.200 -

150- - -

0 100- --

0 s0 100 150 200 250 300 350 400
TI= (S)

DRAJ 20. 9.2002 16*31s15 vT? RO

IFIGURS 1. TOTAL POWER TO COOLANT * WIDE RANGE MODEL
*STAWAD MODEL

AER-ERS: Comparison of cross section ~oels with E[EXTRAI.

Li340 

H

0 5 0 5 0 5 0 5 0

TIME (S)
DRA 20. 9.2002 16s31*16 VTT 190o

FIGURE 2. MEAN FUEL TEMPERATURE IN CORE.* + WIDE RANGE MODEL

#STA.NDARD MODEL

393



?.ER-EM5 Cmarisonx of cross sction models with EXT&A2.
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