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ABSTRACT. The paper is focused on coupled calculation of the Gas Cooled Fast Reactor. The proper
modelling of coupled neutronics and thermal-hydraulics is the corner stone for future safety assessment
of the control and emergency systems. Nowadays, the system and channel thermal-hydraulic codes
are accepted by the national regulatory authorities in European Union for license purposes, therefore
the code NESTLE was used for the simulation. The NESTLE code is a coupled multigroup neutron
diffusion code with thermal-hydraulic sub-channel code. In the paper, the validation of NESTLE code
5.2.1 installation is presented. The processing of fuel assembly homogeneous parametric cross-section
library for NESTLE code simulation is made by the sequence TRITON of SCALE code package system.
The simulated case in the NESTLE code is one fuel assembly of GFR 2400 concept with reflective
boundary condition in radial direction and zero flux boundary condition in axial direction. The results
of coupled calculation are presented and are consistent with the GFR 2400 study of the GoFastR
project.
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thermal feedback, validation.

1. INTRODUCTION

Nowadays, the nuclear reactors are an appropriate
option to decrease COy production as the source with
high energy capacity. However, the amount of fis-
sionable 23°U resources in the world are decreasing
and, according to study [I], the entire conventional
resources are sufficient for 240 years. Together with
public pressure to reduce long-lived radiological nu-
clides, there is necessity to introduce new alternative
energy sources, which are capable to replace commer-
cial thermal reactors in the future. Therefore, the
Generation-IV International Forum (GIF) [2] iden-
tified perspective conceptual designs of fast reactor
systems including the Gas Cooled Fast Reactor (here-
inafter GFR 2400). However, multiple studies raise
questions about the GFR 2400 technical feasibility [3]
due to safety reasons. Moreover, according to study [4]
the recriticality issues may occur for fast reactor con-
cepts and therefore the proper modelling of coupled
neutronics with thermal-hydraulics is necessary to
avoid these type of scenarios and for estimation of
conceptual designs safety. The Institute of Nuclear
and Physical Engineering (INPE) was involved in the
GoFastR project [5] that was focused on development
of GFR 2400 design and INPE was also participating
in ALLEGRO project which is oriented in research
and development of GFR 2400 demonstration unit.
The paper is focused on the coupled calculation of
the GFR 2400 fuel assembly by the NESTLE code
system. The NESTLE code is described in section
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together with the validation of installation. Section [3]
describes the methodology of the coupled calculation
and includes part about processing of appropriate
parametric multigroup macroscopic cross-section li-
brary by SCALE code system, which is necessary for
the calculation by the NESTLE code. The geometry
and material properties of GFR 2400 are presented
in section @ The results of the SCALE and NES-
TLE calculations are shown in the last section B and
are compared with the GFR 2400 reference study [6]
performed during the GoFastR, project [3].

2. NESTLE coODE

2.1. NESTLE CcODE 5.2.1 DESCRIPTION

The main advantage of the nodal code NESTLE is
the already implemented internally coupled neutronic
and thermal-hydraulic iterative calculation path. The
NESTLE code solves 2 or 4 group neutron diffusion
equation utilizing the Nodal Expansion Method [7].

G
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where Dy is diffusion coefficient [cm], ¢4 represents
the neutron flux [em™?-sec™!], ¥, stands for total
macroscopic cross-section [em™!], ¥,,, for in-group
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scattering cross-section [cm™!], Xg is the fission neu-
trons yield, k represents the multiplication factor (or
fundamental eigenvalue), v, stands for average num-
ber of neutrons per fission and Xy, represents the
macroscopic fission cross-section [em~1]. To calculate
the above-mentioned diffusion equation, it is neces-
sary to process appropriate parametric multigroup
macroscopic cross-sections, according to the following
equation:

2
ng = a'lzg + Z a(n+1)zg (Agc)n + a4mg ATO+
n=1

3
a’5ng(TFeff)1/2 + Z a(n+5)l'y (ANSP)TL (2)

n=1

where f]zg represents the macroscopic cross-section
for particular reaction type x and in the energy group
g, aj,, are expansion coefficients of modified power
series, Ap, is the deviation from the reference coolant
density [g-em ™3], AT, stands for deviation from the
reference coolant temperature [ °F|, A(TF,, f)l/ 2 is the
change in the square root of the effective fuel temper-
ature in [°F] from the reference condition and ANy,
represents the deviation from the reference soluble
poison concentration [em=3-10724] [7]. More details
could be found also in the previous study [§].

2.2. VALIDATION OF INSTALLATION

The first version of the NESTLE code was developed
at North Carolina State University beginning in the
late 1980’s and the latest version of the NESTLE code
5.2.1, which is available at NEA data bank [9], was
made in 2003. The license of newer developer version
of the NESTLE code was not obtained by the INPE
and therefore the whole calculation presented in the
paper was performed on the version 5.2.1. The NES-
TLE code 5.2.1 was tested for Sun computers with AIX
operating system based on PowerPC (PPC) processor
architecture with XLF Fortran 77 compiler in 2004.
Therefore, the correct installation was difficult and the
virtualization of PPC architecture (on Ubuntu system
14.04.5 [I0]) was necessary to perform for the success-
ful NESTLE compilation by an updated version of XL
Fortran compiler (v. 15.1.5) [I1]. The NESTLE calcu-
lation is a little bit inconvenient on virtualized PPC
machine due to the more than 2 orders of magnitude
higher computational time. Based on the successful
installation, the original code was slightly modified
to comply with GFORTRAN compiler, which is avail-
able on multiple architecture platforms. The results
of the validation of installation by the benchmarks
included in the installation package of the NESTLE
code are shown in Table [I] for the version compiled
by Gfortran compiler on Ubuntu system 14.04.5 with
amd64 architecture.

The results shown in Table [[ are identical for the
platforms with different architecture. The difference
in results of ks is less than 1 pcm for almost all cases.
The deviation of the calculated coolant and fuel tem-
peratures from the benchmark values is insignificant
(less than 10~! °F). However, the calculated results
of test case number 10 achieves higher deviation from
the benchmark. The testcase was prepared for calcu-
lation of the boron acid concentration in the different
fuel cycles of the core and obviously, at the end of
the cycle (EOC), the boron concentration should be
equal to 0. The calculated boron concentration in test-
case number 10 is 1.7637 ppm (parts per million) and
this difference should be discussed with the developer
team in Tennessee in the future. The next section
describes the calculation process and the processing of
macroscopic cross-section library for NESTLE code.

3. CALCULATION METHODOLOGY

Calculation scheme is presented in Fig.[[] TRITON
sequence of the SCALE code system [12] is used to pro-
cess appropriate parametric homogenized multigroup
macroscopic cross-section library for the NESTLE
code. The modelled states of the nuclear system, re-
ferred as branches, are describing the deviation from
the reference state of the nuclear system according
to Eq. 2| (i.e. difference in coolant density, coolant
temperature and square root of effective fuel tempera-
ture for the case of GFR 2400). The above mentioned
branches estimate the response of the nuclear system
induced by the change of thermal-hydraulic parame-
ters in the system.

The TRITON sequence calls the deterministic multi-
group code NEWT, which estimates the neutron flux
in the investigated system and process homogenized
collapsed and weighted macroscopic cross-sections ac-
cording to the calculated flux. A simple script was
developed at INPE to prepare appropriate approxi-
mations for NESTLE code according to the provided
cross-section library made by the TRITON sequence.
Initially, the NESTLE code calculates the neutron
flux distribution in the system. According to the cal-
culated fission reaction rates, the thermal-hydraulic
sub-channel calculation estimates the temperature
distribution and density of the coolant in the system.
According to these parameters, the macroscopic cross-
section library is updated for next iteration step of
the neutronic calculation within the NESTLE code.
This process repeats until the calculation reaches the
initial stopping criteria of the calculation. If the con-
vergence of the solution is not achieved, it is necessary
to update the input data and the conditions for both
SCALE and NESTLE calculations. The next sec-
tion describes the investigated case, which is the fuel
assembly based on the GFR 2400 model.
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Test case Calculated Benchmark Test case Calculated Benchmark
number value of k.ry  value of k.sf number value of k. value of k.fy
1 1.000366 1.000364 14 1.000246 1.000245
2 1.000364 1.000364 15 0.989215 0.989215
3 1.000365 1.000356 16 1.000004 1.000000
4 0.999968 0.999968 17 1.006454 1.006454
5 1.000365 1.000363 18 1.009920 1.009920
6 1.122087 1.122004 19 1.011475 1.011475
7 1.121459 1.121373 20 0.977857 0.977858
8 1.121039 1.121117 21 1.005640 1.005640
9 1.200129 1.200129 22 0.999981 0.999982
10 0.999902 1.000088 23 0.999936 0.999936
11 0.979755 0.979755 24 0.999997 0.999997
12 0.989589 0.989589 25 0.999993 0.999992
13 1.088344 1.088343 26 0.999993 0.999994

TABLE 1. Validation of the NESTLE code installation compiled by Gfortran compiler.

FIGURE 1. Calculation iteration scheme of the simulation.

4. DESCRIPTION OF INVESTIGATED
CASE

The current experience of the Gas Cooled Reactor
Technology has more than 1000 reactor years of gas
thermal reactor operation in Europe [13]. Moreover,
Slovakia operated the Gas Cooled Thermal Reactor
A1 until mid-1980’s and is one of the possible countries
to build the GFR 2400 demonstration unit (referred
as ALLEGRO). Therefore, the research institutes in
Slovakia are involved in the research and develop-
ment of Gas Cooled Fast Reactor Technology and the
paper focuses on GFR 2400 concept. The power of
the GFR 2400 reactor concept is 2400 MWy, and the
planned efficiency of the indirect Brayton cycle is 45%.
The used coolant is helium at 7 MPa pressure and
the heat transfer is provided by three blowers with
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intermediate heat exchangers. The mass flow rate of
the coolant inside of the fuel assemblies is 1213 kg-s~!
and the bypass flow rate of the coolant between the
fuel assemblies is 60 kg-s~'. The high coolant volume
fraction is characteristic for this concept (43 V/V;0:%).
The basic thermal-hydraulic parameters are shown in
Table [2] and these parameters are described in more
detail in previous studies [8, [I4] and are accompanied
with the material composition.

The cross sectional view of the GFR 2400 core is
shown in Fig. 2l The chosen fuel material is uranium
and plutonium carbide (hereinafter U-PuC) and one
from the U-PuC benefits are appropriate thermal prop-
erties for the cores with high temperature gradient,
such as GFR 2400. The core is mixed from two zones
with different enrichment: the inner core, with lower
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Parameter Value

Parameter Value

Thermal power [MW] 2400

Primary coolant He

Primary pressure [MPa] 7

Pressure drop in core [MPa] 0.143

Mass flow rate [kg-s™!] 1213

Bypass flow rate [kg-s™!] 60

Core inlet temp. [°C] 400

Core outlet temp. [°C] 780

TABLE 2. Basic thermal-hydraulic parameters [15].

FIGURE 2. Cross sectional view of the GFR 2400
core [15].

volumetric enrichment of PuC 14.12%, and the outer
core, with higher volumetric enrichment of PuC of
17.65%.

The purpose of two fuel zones with different en-
richment is to achieve uniformly distributed neutron
flux in radial direction of the core. However, the cal-
culation will be performed with arithmetic average
volumetric enrichment of Plutonium isotopes 15.84%
in the carbide fuel (Table [3)).

The cross sectional view of the fuel pin is shown
in Fig. [l The middle part in the Fig. [3] represents
the cut of U-PuC fuel pellet. The gap between the
fuel pellet and internal liner of cladding is filled with
helium. The cladding is made from mixed structure
of SiC;/SiC and this material is chosen thanks to its
stable behaviour during high temperature gradients.
However, the SiC can be easily penetrated by fission
gases and therefore, the special internal liner was
introduced, made in the form of W14Re. The W14Re
liner improves the fission gas retention of the fuel
pin and moreover, prevents the carbonization of the
cladding due to fuel-cladding interaction during the
fuel cycle.

The homogenization of the gap, internal liner and
cladding with external liner was performed to achieve
faster and stable convergence of deterministic calcu-
lation made by NEWT code during the processing
of macroscopic cross-section library. The description
of the homogenization process could be found in the

Fuel density [g-cm ™3]  10.9002
%y in PuC 15.84
%w in PuC 15.81
%y in UC 84.16
Y%w in UC 84.19
Y%ow Pu-238 0.4065
Y%ow Pu-239 8.4314
Y%w Pu-240 3.8995
%w Pu-241 1.1142
Y%ow Pu-242 1.0991
%w Am-241 0.1054
Y%w U-235 0.5770
%w U-238 79.5684
%w C-nat 4.7984

TABLE 3. Fuel material composition [15].

FIGURE 3. Cross sectional view of the GFR 2400 fuel

pin [I5].
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Homogenized 2.9579
cladding [g-cm™?]

Yow W-182 4.9824
Yow W-183 2.6942
%ow W-184 5.7989
Yow W-186 5.4380
%w Re-185 1.9861
%w Re-187 3.3588
Yow Si-28 48.7308
Y%w Si-29 2.5611
%ow Si-30 1.7492
%w He-04 0.0168
%w C-nat 22.6838

TABLE 4. Homogenized cladding material composi-
tion [16].

FIGURE 4. Cross sectional view of the GFR 2400 fuel
assembly [15].

previous study [16] and the results of the fuel pin
homogenization is shown in Table [4]

The GFR 2400 core consists of 516 fuel assemblies
and the height of the core part is 1.65 m. Each
fuel assembly consists of 217 fuel pins and the cross
sectional view of the fuel assembly is shown in Fig. [4

5. RESULTS

5.1. SCALE CALCULATION

As mentioned above, the TRITON sequence was used
for processing of the parametric macroscopic cross-
section library for the NESTLE code. The mesh
generated for the calculation is shown in Fig.
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FIGURE 5. Mesh of the investigated case (the orthogo-
nal mesh of the fuel pin is 4x4 and the mesh for whole
fuel assembly is 40x40).

The standard SCALE cross-section library, referred
as v7-252, was used and is based on ENDF/B-VII.1
evaluated data. The 252 neutron group library was
developed to adequately capture spectral and temper-
ature effects important for reactor systems [I12] and
therefore was used for the branch calculation by the
TRITON sequence. White boundary condition was
considered during the calculation and the convergence
criterion was set to the particular mixtures and for
the eigenvalue (e, ,, < 107°). The calculations have
converged for each branch calculation (inner and outer
convergence was established). The reference condi-
tions of nuclear system were the following: tempera-
ture 973.15 °C of the fuel; temperature 673.15 °C of the
coolant; and the coolant density 4.9439 kg-m~3. The
branch calculation was performed for the temperature
range of the fuel until 1773.15°C with 50 °C step. The
coolant temperature range was up to 1473.15 °C with
the same step (50 °C). The coolant density change cor-
responded to the coolant temperature change, which
was mentioned above. The estimated multiplication
factor was 1.21519 by the deterministic NEWT cal-
culation for the reference case. The TRITON se-
quence successfully process the parametric homoge-
nized multigroup macroscopic cross-section library in
raw binary data-format. Automatization script was
used to prepare the approximations to the NESTLE
code and the results are shown in next sub-section.

5.2. NESTLE CALCULATION

The boundary conditions of NESTLE calculation were
set to reflective in radial direction and in axial direc-
tion to zero flux. The total flowrate of the coolant
was 2.351 kg-s~! for one fuel assembly and the ref-
erence power generation was 367.352 MW-m~3 for
the fuel. The fuel assembly results of the NESTLE
calculation are compared with results of the previ-
ous studies [8, [I4] and with the reference GFR 2400
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FIGURE 6. Results of the coolant axial temperature distribution.

FIGURE 7. Results of axial power distribution.

FI1GURE 8. Results of the fuel axial temperature distribution.
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study [6]. In Fig. |§|, the results of axial coolant temper-
ature distribution are compared between the NESTLE
calculation, CFD calculation made by the FlowVision
code [8 17] and between the GFR 2400 study [6]. The
NESTLE calculation results show lower temperatures
in the axial direction of the core than the results ob-
tained by the CFD simulation and GFR 2400 study.
In case of the CFD simulation and the GFR 2400
study, the modelled case was one pin with period-
ical/symmetrical boundary condition, which led to
smaller cross-sectional area where the coolant flows
(the cross sectional area is approximately 108.57 cm?)
than in the case of one full fuel assembly (111.09 cm?).
Therefore, the effectiveness of the heat removal is
higher in the NESTLE calculation case, what resulted
in lower temperature at the outlet, compared to the
CFD simulation and the GFR 2400 study.

Results of the axial power distribution are compared
in Fig.[7] The SCALE KENO VI three-dimensional
calculation was performed in the previous study [14].
The SCALE model was divided into 10 zones in axial
direction and the model was externally coupled with
CFD FlowVision calculation. The standard SCALE
cross-section library, referred as v7-238, was used in
this case and is based on ENDF/B-VIILO evaluated
data. The investigated case of the SCALE-FlowVision
calculation was one fuel pin with reflective boundary
condition in radial direction (symmetrical boundary
condition in the case of CFD simulation) and zero flux
boundary condition in axial direction (pressure outlet
in the case of CFD simulation). Neutronic material
parameters of each zone were directly influenced by
the CFD simulation. The axial reflectors below and
above the core were not considered for the NESTLE
calculation and for the SCALE KENO VI calculation.
Therefore, the results of the simulated cases made by
NESTLE and SCALE codes (Fig. @ are not consistent
with GFR 2400 study [6], where the axial reflectors
were considered. The application of the axial reflectors
results in the higher fission reaction rate in the axial
boundary regions than for the case without application
of the axial reflectors.

The results of axial fuel temperature are shown in
Fig.[§l and are reflecting the calculated axial power
distribution. There is good agreement of the calcu-
lated cases by NESTLE and CFD simulations.

An additional simulation was performed by the
NEWT code, where the temperatures and densities
were averaged, according to the performed NESTLE
calculation. The result of the multiplication factor
was 1.21401. The calculated multiplication factor of
NESTLE code was 1.19661 and the difference from
the NEWT simulation could have been caused by dif-
ferent approach of the deterministic-transport (typical
for the NEWT code) and nodal-diffusion calculation
(typical for the NESTLE code) codes.
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6. CONCLUSION

The validation of the NESTLE code system instal-
lation is described in the paper. The results of the
test cases were consistent with the benchmark results
except one. In the test case number 10, the calculated
boron acid concentration at the end of the fuel cycle
was not equal to 0, what resulted in the bias of the
multiplication factor for this test case. This behaviour
will be discussed in the future with the developer team
in Tennessee. The coupled simulation of the GFR 2400
fuel assembly was performed by the NESTLE code
and was compared with previous studies and with the
reference GFR 2400 study from the GoFastR project.
The results made by the NESTLE code are in good
agreement with CFD simulations made by the FlowVi-
sion code. The axial reflectors above and below the
core were not considered in the NESTLE simulation
and this modelling approach resulted in the decrease of
the power at the top and the bottom of the fuel assem-
bly in comparison with GFR 2400 study, where these
reflectors were included in the model. The technical
feasibility of the GFR 2400 design raises questions and
therefore the future activities with benchmarking are
needed for this concept. The main reason is that the
material composition of the design is quite unique
and the appropriate benchmark does not exist for the
GFR 2400 core.
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