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ABSTRACT

A 3D pin-by-pin dynamic model for LWR detailed calculation was developed. The model is
based on a coupling of the BARS neutronic code with the RELAP5/MOD3.2 thermal
hydraulic code. This model is intended to calculate a fuel cycle, a xenon transient, and a wide
range of reactivity initiated accidents in a VVER and a PWR. Galanin-Feinberg heterogeneous
method was realized in the BARS code. Some results for a validation of the heterogeneous
method are presented for reactivity coefficients, a pin-by-pin power distribution, and a fast
pulse transients

1. INTRODUCTION

Large deformations of the power distribution in the core accompany the course of certain
reactivity initiated accidents (RIAs) such as rod ejection, steam line break and boron dilution
in a W E R and a PWR. At present 3 D best-estimate neutronic models are widely used for the
analysis of these accidents instead of very conservative 1 D - 2 D methodologies.

Practically in all modern best-estimate neutronic codes the fuel assembly is represented as
homogenized region (an assembly.-by-assembly approach). As indicated in Reference 1 such a
code could underestimate fuel enthalpy for the rod drop accident in a boiling water reactor by
approximately 100%. The main sources of the underestimation in the calculated fuel enthalpy
for this accident were an uncertainty in control rod worth and a systematic error due to intra-
assembly power peaking. If the code calculates only an assembly averaged power distribution
the latter error could be considerable. To eliminate this systematic error methods for a pin-by-
pin reconstruction of the power distribution within the assembly are begun to apply in
dynamic calculations. However, the reconstruction approaches require a special validation for
transients.
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Since a best-estimate dynamic code is meant to calculate events that have not been observed
in actual plants a comparison with other codes is made to validate one for the events of.
interest. However, the comparison for codes of the similar neutronic nature (the assembly-by-
assembly diffusion approach) does not allow to clarify understanding the uncertainty in the
calculated results for a number of the key parameters. To improve this understanding the
comparison should be done with the qualitatively different code with more rigorous neutronic
model. .

Recently in Russian Research Centre «Kurchatov Institute)) a plant dynamic model for VVER
and PWR RIA calculation has been developed. The model is based on the coupling of the
RELAP5/MOD3.2 thermal hydraulic code with the BARS 3 D detailed neutronic code and is
intended to calculate a fuel cycle, a xenon transient, and a wide range of RIAs in light water
reactors (LWRs) including control rod ejection, boron dilution and steam Hne break [2-5]. The
BARS code performs the reactor calculation in framework of full-scale'pin-by-pin neutronic
model with an explicit representation of each fuel pin (up to 80,000 calculational cells). This
model is based on an advanced method of heterogeneous reactor theory that is more rigorous
than widely used homogeneous diffusion approach and is appropriated to direct pin-by-pin
calculations. The heterogeneous reactor method was proposed by A.Galanin and S.Feinberg
[6]. For a long time it was been developed and successfully applied in calculations of channel-
type heavy water and graphite reactors [3, 7-10]. The BARS code has been certified to analyze
RBMK reactors by Nuclear Regulatory Body of Russian Federation (GAN).

This paper summarizes an experience in application of the BARS heterogeneous code in LWR
analysis. Features of the heterogeneous method, RELAP-BARS LWR plant dynamic model,
and the BARS pin-by-pin fuel cycle model are featured. A review of the validation results of
the heterogeneous method are presented.

2. ADVANCED HETEROGENEOUS METHOD FOR LWR PIN-BY-PIN
CALCULATIONS

The heterogeneous method realized in the BARS code is based on analytical representation of
the neutron flux distribution in the form of Green's functions superposition. For LWR
applications this method allows directly to take into account detailed structure of the core by
explicit representation of fuel pins, absorber rods, etc. The Green's functioii-is derived from a
solutipn of a few group diffusion equation for an infinite uniform media With a singular source-
at the cell axis. The intensities of the singular sources are determined in such a way that
relationship between neutron flux and current at the boundary of each reactqr cell coincides
with that obtained from the precise transport calculation of a single cell. The latter relationship
is defined by means of a boundary condition matrix (A-matrix). This matrix is determined as a
result of a set of neutron transport calculations for the cell with varying neutron currents at the
cell boundary [11]. In comparison with few group neutron cross sections A-matrices provide
for the same accuracy of the reactor calculation by smaller number of energy groups.
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An axial dependence of the neutron flux is found by Fourier series expansion. As a result of
the solution of the original differential equations, a set of linear algebraic equations is
obtained. These general heterogeneous equations connect all pairs of the reactor cells. It leads
to unresolved computation problem in reactor calculations because the reactors with only
small number of cells could be calculated by using even modern computers. To produce
equations to connect only neighboring cells a difference approximation of the Green's
functions is performed [9].

To calculate fast transients, the heterogeneous method uses «time absorptions matrices instead
of the traditional neutron velocities [3]. The spatial-time neutron flux distribution within a
time step is represented in a form of a product of a time-dependent amplitude function and a
spatial-dependent form-function (quasi-static approach). The amplitude function is determined
by solving point kinetic equations. Parameters of the reactor point kinetics are found using a
perturbation theory method. The form-function is determined by solving linear equations
system with k delayed neutron source. To reduce the number of 3 D calculatiops during the
transient a^special term describing the reactivity dependence due to reactor energy release
feedback is included into the point kinetic equations.

It should be noted that the heterogeneous theory does not require the validity of the diffusion
approximation over the reactor. The diffusion equations are used only to determine Green's
function shape that weakly influences the reactor calculation accuracy. It is very important for
pin-by-pin calculation of LWRs with heterogeneous structure of modern fuel assemblies. It
should be also noted that unlike a homogenized assembly LWR calculation a pin-by-pin one
requires a rather large number of energy groups because of a small size of cells. As the BARS
validation results showed, A-iiiStrix approach allows to make pin-by-pin LWR calculations
with reasonable accuracy using only 4-5 groups.

The neutron data base of BARS (A-matrices) is calculated by the TRIFON code [11].
TRIFON solves the multigroup neutron transport equation in various reactor cells using the
collision probability method taking into account detailed structure of resonant cross sections.
Strong resonances are calculated explicitly by an additional division of the basic-energy mesh
within the resonance. Weak resonances are taken into account approximately in framework of
the effective .resonance level model [12]. This approach allowed to reduce significantly a
required total number of groups. -

The neutron database of TRIFON was generated by the NJOY code on the basis of ENDF/B-
VI library [13,14]. The TRIFON basic energy mesh consists of 89 groups (24 in fast neutron
region and 65 in thermal one). The major resonances of234!), 236U, 240Pu, 42Pu and 11 most
strong resonances of 238U are calculated explicitly. The resonances of 23SU above 210 eV are
calculated by 6 effective resonance levels. The total number of energy groups is about 350.
This resonant treatment was validated by comparison with calculational results obtained by
the UNK code, which uses very fine energy mesh with 7,000 energy groups [15,16].
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3. RELAP - BARS PLANT DYNAMIC MODEL

A specific feature of the RELAP - BARS coupling is a large computational cost per one time
step of the BARS code in comparison with RELAP5/MOD3 code. Mentioned above feature
of the BARS kinetic method allows to choose time step for whole reactor calculations
depending only on degree of variations in power shape, in spite of varjStions in total reactor
power, thermal hydraulic parameters and feedbacks. la-virtue of it, the BARS time step, as a
rule, is much larger than the RELAP one, with the exception of time periods of a fast
reactivity insertion (a control rod ejection). For this reason, the neutronic calculation in each
time step is divided into the following stages:

1. The calculation of the neutron flux spatial-energy form-function and the delayed neutron
precursor distributions. It requires the largest computational time. i ^

2. The calculation of point kinetic parameters, the amplitude function and the determination
of the pin-by-pin power distribution. This stage requires a much smaller computational
time compared with a single step calculation by RELAP.

The first stage calculations are performed rather seldom depending on the reactor power
distribution changes., The second stage calculations are carried out at each time step
determined by RELAP.

The RELAP-BARS coupling is based on certain options of the RELAP5/MOD3 code that
allows to tabulate the reactor power distribution as a function of spatial coordinates and time,
and to connect an additional subroutine to the RELAP code. In the framework of the RELAP
model, the BARS ne utronic calculation can be considered as determination of the core power
distribution as a function of spatial coordinates and time for the RELAP next time step taking
into account thermal hydraulic feedbacks. In this case the BARS code can be considered as a
subroutine of the RELAP code, while preserving the logic of thermal hydraulic calculations.

To provide the data exchange between the RELAP and BARS codes, the, COTT interface code
is used. This code calculates also pin-by-pin fuel temperature distribution by the
reconstruction method [5] and some additional thermal hydraulic parameters, which are not
calculated by RELAP. Besides, the COTT code contains simplified thermal hydraulic option
based on 1 D single- or two-phase homogeneous flow with a slip ration. This option is used
for thermal-hydraulic calculation of the; core during slow transients such as fuel cycle
modeling.

Before the transient modeling, the plant initial steady state, is calculated. The neutronic
calculation of the reactor steady state is performed by the BARS steady-state ̂ option, which
solves the non-linear eigenvalue problem. During the coupled neutronic - thermal hydraulic
calculation the core initial conditions can be automatically adjusted.

The following adjustment possibilities are available:
• to change the neutron generation rate;
• to change the axial position of some control rods or control rod banks;
• to change the boric acid concentration in the coolant.
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Unlike the dynamic calculation of the plant initial steady-state, the adjusted steady-state
calculation allows rather quickly to balance neutronic and thermal hydraulic processes without
a variation in the reactor power.

The plant initial steady-state calculation by the RELAP - BARS code is performed in two
stages:
• the RELAP steady-state calculation without using the BARS code at a predetermined

reactor power;
• the iterative calculation of the plant steady-state by the RELAP - BARS code.

Then the dynamic calculation is performed. The transient neutronic calculation is carried out
by the BARS timerdependent option, and the thermal hydraulic calculation - by the RELAP
dynamic option.. Figure 1 shows the scheme of the sequence of the RELAP - BARS
calculations.

4. BARS PIN-BY-PIN FUEL CYCLE MODEL

The main goal in a fuel cycle calculation is to predict a fuel nuclide composition as a function
of time and fuel cycle length. Fuel cycle codes, based on an assembly-by-assembly
representation of , the core, used consequently assembly averaged fuel bumup. Such
approximation may lead to a large uncertainty in nuclide composition for the core containing
assemblies witft burnable poison rods.

The pin-by-pin approach used in BARS allows, in principle, to create a fuel cycle model in
which fuel depletion equations could be solved directly for each calculational node according
to neutronic and thermal-hydraulic parameters calculated for this node. A database of such a
«direct» model will include A-matrices for each node recalculated by the TRIFON code after
the routine BAJRS calculational step. The reasons why this model was not realized were as .
follows:
• number of the calculational nodes is 1.000,000 (50,000 pins x 20 axial Iayers);-
• the TRIFON running time to calculate I node is about 10-12 s.

Thus, a total time to generate the database for a single burnup step is equal to about 120 days.
That is why a fuel cycle model with the database calculated in advance (instead of «direct»
calculations during the cycle) has been developed.

The fuel cycle model implemented in the BARS code is based on the following approaches:
• calculation of a fuel nuclide composition and generation of the database;
• calculation of the fuel cycle with the precalculated database. ,

The first stage may be considered as two independent steps.

The first step includes calculation of the nuclide composition in fuel rods within a single fuel
assembly calculated by the BARS code. The criticality is kept up by varying the neutron
current at the Assembly outer boundary. Initial database for the BARS code is calculated by
the TRIFOH-dode for the fresh fuel. For each fuel rod the BARS code calculates neutron
absorption and generation rates which are used as coefficients in a set of depletion equations
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solved by a special interface routine. This interface code uses nuclide transformation scheme
taking into account 24 heavy nuclides, 49 explicit fission products and 4 lumped fission
products [17]. Fuel rods nuclide compositions determined at each burnup step are used as
input data for the TRIFON code for the next recalculation of the BARS database. Calculations
are carried out at fixed thermal-hydraulic parameters with given dependencies of power and
boron concentration in the coolant on time up to the maximum value of fuel burnup. The
number of such calculations with different thermal-hydraulic parameters depends on demands
for the global database generation.

The second step consists in collection and processing of the calculated data on fuel nuclide
composition. Obtained nuclide compositions for all fuel rods as functions of exposure are
averaged for several sets of selected rods having the similar history of exposure. The total
amount of such sets does not exceed 5-7. As a rule, fuel rods of any set are selected according
to their position in the fuel assembly (near the control rod guide, near the water gap between
assemblies, etc.) The global database for the BARS fuel cycle modeling is generated by the
TRIFON code for several fuel rods types differing by initial fuel enrichment, the exposure
history, thermal-hydraulic parameters, etc. In practice of calculations it is enough to have no
more than 50-60 types.

As a result, the global database contains several sets of A-matrices in the form of table
functions of several parameters: fuel bumup, fuel temperature, moderator density, xenon
concentration, and boron poisoning in the coolant and so on.

The second stage includes an LWR fuel cycle calculation by the BARS code using the global
database precalculated by the TRIFON code. The core thermal-hydraulic calculations are
carried out by the COTT code used as a coupled subroutine within the BARS code. Thermal-
hydraulic parameters are calculated in the framework of assembly-by-assembly representation.
(There is also a possibility to use pin-by-pin thermal hydraulics.) An iterative procedure for
critical boron concentration in the coolant is used. At each burnup step, fuel burnup and xenon
concentration are recalculated for each calculational node. The reactor power, inlet coolant
temperature, initial boron concentration and control bank position are the input parameters in
the BARS calculation.

5. REVIEW OF VALIDATION RESULTS

To demonstrate the capability of the BARS pin-by-pin calculations to predict LWR neutronic
parameters some results of previous studies [4, 16, 18, 19] are presented below. These results
refer to a validation of most important parameters for safety analysis - reactivity coefficients,
a pin-by-pin power distribution, and a power pulse. •

5.1. Reactivity Coefficients

Accuracy in prediction of the reactivity coefficients is a key factor in the analysis of LWR
transients, especially for RIA conditions. To analyze uncertainties in prediction of the
reactivity'coefficients, a number of PWR and BWR benchmark fuel cells were calculated by
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the TRIFON code. AH the benchmark calculations were performed using Monte Carlo codes
MCNP-3A (with data library based on ENDF/B-V) and MCNP-4A (ENDF/B-VI) [20-22].

Table 1 presents the calculational results for the Doppler coefficient in PWR fresh fuel cells as
compared with Monte Carlo benchmark calculations for different fuel enrichment (E/). Monte
Carlo result is given with; a single standard deviation (o) from the mean as an uncertainty; E is
relative deviation in TRIFON result in comparison with MCNP-3A (£3) and MCNP-4A (E^).
Comparison of the presented data shows that almost all the TRIFON results arsin excellent
agreement with the MCNP calculations. '

Table 1 Calculational Results for the Doppler Coefficient in PWR Fresh Fuel Cells

Ef

(%)

0.7

1.6

2.4

3.1

3.9

MCNP-3A

CtD±C

- 5.429 ± 0.760

-3.558 + 0.310

-2.715 ±0.277

-2.584 ±0.225

-2.370 ±0.187

MCNP-4A

CtD±C

- 5.468 ± 0.323

- 3.388 ± 0.207

-2.754 ±0.157

-2.789 ±0.137

-2.534 ±0.155

TRIFON

<XD.

-5.52531

-3.43951

-2.82679

-2.51830

- 2.40529

£3(%)

1.77

-3.34

4.11

-2.53

1.49

E4(%)

1.04

1.51

2.64

- 9.69

-5.08

MCNP-4A (ENDF/B-VI) benchmark calculations for BWR fuel cells were carried out for a
wide range of fuel enrichment, fuel and moderator temperatures, moderator void fraction and
the fuel burnup. The total number of calculated fuel cells (except for cells with Gd) is 77.
Tables 2 - 4 present a summary of the TRIFON calculational results iof the Doppler
coefficient, the void coefficient and the moderator temperature coefficient as compared with
Monte Carlo calculations depending on fuel burnup.

Table 2 Calculational Results for the Doppler Coefficient in BWR Fuel Cells

Bumup

' (GWd/ST) •

0

10

35

Nos. of

calculations

13

12

12

Deviation from MCNP-4A^(%)

Max

6.8

7.1

11.6

RMS \ :

4.3

3.4

7.3
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Table 3 Calculational Results for the Void Coefficient in B WR Fuel Cells

Burnup

(GWd/ST)

0

10

35

Nos. of

calculations

6

6

6

Deviation from MCNP-4A (%)

Max

2.0

2.2

3.5

RMS

1.1

1.3

2.2

Table 4 Calculational Results for the Moderator Temperature Coefficient in BWR Fuel Cells

Burnup

(GWd/ST)

; -o
^ 10

35

Nos. of

calculations

4

3

3

Deviation from MCNP-4A (%)

Max

5.5

6.4

13.2

RMS

2.8

4.3

7.7

The results show the following. The TRIFON calculations of the Doppler coefficient give very
good results'for the fresh and slightly burnup fuel: the root mean square (RMS) deviation is 3-
4 %; as for cells with fuel burnup of 35 GWd/ST this value is 7 % (this is sjaite satisfactory
result). Calculational accuracy to predict the void effect is very high: the TRIFON and MCNP
results are in agreement of no more than 4 %. As for the moderator temperature coefficient,
almost allthe TRIFON results are within 3CT of the MCNP results.

5.2. Pin-by-Pin Power Distribution

To validate the VVER pin-by-pin model, experimental results obtained at ZR-6 critical
assembly were used [23]. These results include measurements of a water critical level and the
pin-by-pin distribution of fuel activation. ZR-6 assembly consists of shortened W E R fuel
rods with fuel enrichment of 1.6, 3.6, 4.4%, absorber rods of a different type and water cells.
The moderator temperature was 20, 80 and 130°C. Boric acid concentration in the moderator
was up to 8 g/1. The total number of critical configurations with a fuel lattice of 12.7 mm
(lattice of VVER-1000 type) selected for a validation of the VVER pin-by-pin model is 107.

All assemblies; may be divided into the following types according to their configurations:
• uniform configurations (single-zone and double-zone);
• Xn type configurations with absorbers or water holes in each n-th lattice position;
• K91 «fuel assembly» type configurations (19 «fuel assemblies)), each having 91 cells);
• K271 «fuel assembfy» type configurations (7 «fuel assemblies)), each having 271 cells);
• K331 «fuel assembly)) type configurations (1 «fuel assembly)) with 331 cells).
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All of the calculations were performed by using the BARS code with 5-group neutron data
bases prepared by the TRIFON code with ENDF/B-VI.

In Figures 2 - 9 core loading patterns and a radial distribution of the fuel activation (both
calculated and measured) are presented for some configurations. The calculated data were
normalized to the mean value over experimental data. Radial distributions of the fuel
activation are given in directions, pointed at the core loading pattern: experimentaLdata - by
symbols and calculated ones - by curves. \

Table 5 presents the BARS calculational results for the multiplication factor and the
calculational accuracy in prediction of the pin-by-pin fuel activation distribution. All data in
Table 5 were averaged on each type of assemblies and for all assemblies. Each Ke/r. value is
given together with the corresponding mean square deviation for the assemblies of this type.
For a comparison corresponding results for the KENO-V Monte Carlo code and the HELIOS
transport code are presented [24,25].

Table 5 BARS Calculational Results for ZR-6 Assemblies

Code

BARS

BARS

BARS

BARS

BARS

BARS

KENO-V

HELIOS

Type of
assembly

Uniform

Xn

K91.

K271

K331

All types

All types

—

Nos.of
assemblies

33

39

U

12

12

107

107

34

Mean value of Kcir

0.99494 ±0.00165

0.99706 ±0.00275

0.99731 ±0.00199

0.99487 ±0.00155

0.99614 ±0.00166

0.99608 ± 0.00207

0.99480 ± 0.00360

1.00244 + 0.00368

RMS(°/o)

1.33

1.65

1.91

-

1.29

1.49

i - /
1.44

The calculational results show that the BARS code with rather high accuracy-predicts the
multiplication factor and the spatial distribution of the fuel activation for uie cores of a"
complex geometry with rather strong local deformations in the neutron flux due to various
types of-the perturbation-(the water cells, the absorbers, the water gap or even theytrapj.lt
should be mentioned that the BARS calculational accuracy for ZR-6 assemblies is-not worse
in comparison with KENO-V and HELIOS for a precise calculation of fuel assemblies.
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Figure 9 Comparison of Calculations! and Experimental Data for Assembly 144/144



5.3. Power Pulse Transient

To validate the BARS pin-by-pin transient model, experimental results of the power dynamic
behavior obtained at the pulsed graphite reactor IGR were used. IGR is intended to test reactor
fuel rods under RIA conditions.

The basic feature "of such transients is the fact that the power rise is initiated by a control rod
withdrawal and is suppressed by the negative temperature feedback: the increase in the
graphite temperature leads to the increase in the thermal neutron leakage and, as a result, to a
large negative reactivity insertion. Such experiments that model the control rod ejection
accident in LWR with temperature feedback are unknown.

The reactor core (see Figure 10) consists of graphite columns impregnated with highly
enriched uranium. In the core center there is a central experimental channel where the capsule
containing test fuel rod samples is to be loaded. The core is surrounded by a graphite reflector,
a thermal shield and a water tank. To control reactor operations 16 Gd rods in the core and in
the reflector are used. The time dependence of the reactor power was measured by means of a
set of out-cpre ionization chambers in the water tank and in-core detectors located near the
experimental capsule.

The dynamic behavior of IGR in pulse experiments is characterized by: sharp changes in the
reactor power; significant deformations of the neutron flux; strong heterogeneity in the core
graphite temperaiure distribution; effects of the control rod interference and the graphite
heating up on the control rod worth; a strong dependence of the prompt neutron lifetime and
the feedback, coefficient on the reactor core temperature.

The validation of the BARS transient module was performed on the basis of experiments
carried out at IGR with inserted reactivity within 0.9 - 1.8 P (P - delayed neutron fraction).
The IGR power time profile was recorded by 6 ionization chambers and 3 in-core detectors.
Figure 11 shows (he comparison of the calculational and experimental results for the test with
inserted reactivity of 1.8 (5. As shown in the figure, calculated and measured power time
profiles are in an excellent agreement.

6. CONCLUSIONS

This study summarizes an experience in application of the BARS detailed neutronic code in
LWR analysis. The pin-by-pin model, based on the heterogeneous reactor theory, was
implemented in the BARS code. A coupling of BARS with RELAP5/MOD3 and some
interface codes allow by now to solve a wide range of problems of interest for VVERs and
PWRs and to calculate:
• steady states at different conditions (including determination of reactivity effects);
• slow transients (including modeling of fuel cycle);
• fast transients (including RIAs such as control rod ejection and boron dilution).

Some validation results of the BARS code and the TRIFON neutron data base generation code
are presented.
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Figure 10 Cross-Sectional Layout of IGR Reactor
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Figure 11 Comparison of Calculational and Experimental Data for the Pulse with Inserted
Reactivity of 1.8 p at IGR Reactor.

The TRIFON code validation was based on comparison with Monte Carlo benchmark
calculations of the reactivity coefficients for a large number of PWR and BWR fuel cells. This
comparison demonstrates the ability of the TRIFON code to predict the Doppler coefficient as
well as the void coefficient and the moderator temperature coefficient with rather high
accuracy.

The pin-by-pin reactor model validation was performed using experimental data obtained at
ZR-6 critical assembly. Comparison of the calculational and experimental results show that
the BARS code predicts conectly a spatial distribution of the neutron flux in cores with very
complex configurations and with various types of perturbations. The BARS calculation
showed that mean square deviations in prediction of the multiplication factor K«ff and the
spatial distribution of the fuel activation are 0.002 and 1.5% respectively. These values do not
exceed corresponding ones for such codes as KENO-V Monte Carlo code and HELIOS
transport code for a precise calculation of fuel assemblies.

The BARS neutron kinetics model was validated on experimental results obtained at the IGR
reactor. The experiment can be considered as an example of a control rod withdrawal accident
with aHarge negative feedback due to core temperature increase. Comparison of the obtained
data shows that calculated and measured power time profiles are in an excellent agreement.
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