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A B S T R A C T

The objective of this paper is to start the validation of the coupled code system of the nodal neutronics
solver Ants and the system code TRACE. The process consists of two exercises of well-known VVER-1000
coolant transient benchmarks: a core-vessel simulation of a main steam line break transient of the V1000CT-2
benchmark and a full plant simulation of a main coolant pump trip of the Kalinin-3 benchmark. The Ants-
TRACE results are compared against other code solutions in the V1000CT-2 benchmark and measurement
data in the Kalinin-3 benchmark. The results show good agreement in both benchmarks, with the deviations
ranging mostly within the measurement error or the range of deviations of other published solutions. The
results confirm the correct implementation of the coupling and successful modeling of relevant phenomena in
coolant transient events in a VVER-1000 reactor.
1. Introduction

VTT is currently making a total renewal of its computational tools
for nuclear safety analyses. The in-house legacy codes developed since
the 70’s for safety analyses of the Finnish nuclear power plants no
longer serve the purpose of modeling modern technologies, such as
small modular reactors and advanced reactors. In order to fulfill the
needs of modeling modern reactor technologies, a new computational
framework called Kraken has been developed at VTT since 2017 (Lep-
pänen et al., 2022). The aim of Kraken is to perform coupled core
physics calculations for safety analyses, including transient events.
Previously conducted with the HEXTRAN-SMABRE code system (Kyrki-
Rajamäki, 1995), the core-plant transient scenarios for VVER-type reac-
tors are intended to be performed with a coupled code system of VTT’s
nodal neutronics solver Ants (Sahlberg and Rintala, 2018) and system
code TRACE (U. S. Nuclear Regulatory Commission, 2020). So far, Ants
has been used in steady-state and burnup modeling of different reactor
types. Rintala and Lauranto (2022) presented the recently-implemented
time-dependent model of Ants. TRACE is a well-established system code
and has been widely used in nuclear safety applications. The coupling
between Ants and TRACE has been implemented recently by Tuomi-
nen et al. (2022). The aim of this work is to start the validation of
Ants-TRACE using well-known VVER-1000 transient benchmarks, the
V1000CT-2 and the Kalinin-3 coolant transient benchmarks.

∗ Corresponding author.
E-mail address: unna.lauranto@vtt.fi (U. Lauranto).

2. Methods

2.1. Kraken

A new computational framework called Kraken is currently under
development at VTT Technical Research Centre of Finland. The aim of
Kraken is to perform deterministic safety analyses with coupled core
physics calculations. Additionally, Kraken can be utilized as the main
tool in reactor design process (Leppänen et al., 2021). Recently, Kraken
has been applied to different problems for validation and verification,
though the verification process has been conducted mostly for indi-
vidual solvers. However, the verification of coupled code systems has
started with coupled fuel cycle simulations.

Kraken enables coupling of multiple in-house modular solvers rep-
resenting different fields of physics in a reactor. Kraken is built around
VTT’s Monte Carlo transport code Serpent (Leppänen et al., 2015),
which can produce high-fidelity neutronics solutions. In addition to
the high-fidelity option, Serpent can be used in the two-step cal-
culation chain to perform group constant generation for the nodal
neutronics solver Ants for computationally lighter reduced-order neu-
tronics. The fuel mechanics of the Kraken framework is solved by
SuperFINIX (Valtavirta et al., 2019) and thermal-hydraulics of the
core is solved by Kharon. The communication between the solvers is
conducted by the multiphysics driver Cerberus. Kraken can also be
coupled to system-level codes, such as Apros (Apros, 2022) and TRACE
to perform plant-level calculations. This work uses the Ants-TRACE
code coupling in the Kraken framework.
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Fig. 1. VVER-1000 core radial layout in the V1000CT-2 benchmark. The fuel assembly types indicate the U-235 enrichment in percentages and the presence of burnable absorbers
s BA.
.2. Ants

Ants is a nodal neutronics solver developed at VTT since 2017.
nts is capable of solving steady-state, transient and burnup prob-

ems. The methodology of Ants is based on solving the multi-group
iffusion equation by applying the analytic function expansion nodal
AFEN) (Woo et al., 2001) and function expansion nodal methods
FENM) (Xia et al., 2006). Ants supports rectangular, hexagonal and
riangular geometries, and is thus applicable for any type of pressurized
ater reactor (PWR) geometry. The Ants steady-state methodologies
ith the different geometries are presented in detail by Sahlberg and
intala (2018), Rintala and Sahlberg (2019) and Hirvensalo et al.
2021). The transient capability of Ants has been implemented and
emonstrated recently by Rintala and Lauranto (2022).

.3. TRACE

TRACE (TRAC/RELAP Advanced Computational Engine) is a
hermal-hydraulic system code by the U.S. Nuclear Regulatory Commis-
ion (NRC) widely used for nuclear safety applications (U. S. Nuclear
egulatory Commission, 2020). It can be used for modeling accidents
nd transients in both pressurized and boiling water reactors. TRACE
s capable of modeling both 1D and 3D thermal-hydraulic (TH) phe-
omena alone or together coupled with a reactor physics code. TRACE
tilizes a component-based approach to model reactor systems. Version
Patch 6 of TRACE is used in this work.

.4. Ants-TRACE coupling

In the Ants-TRACE coupling, Ants solves the 3D core power dis-
ribution and TRACE solves the system thermal-hydraulics. The power
ensity field is transferred from Ants to the TRACE fuel heat structures.
RACE solves the fuel temperature and heat transfer to coolant. Fuel
emperature and coolant temperature and density are then transferred
o Ants. The spatial mappings between Ants and TRACE heat struc-
ures and fluid components are provided in separate files and are
ase-dependent.

In the explicit coupling, the time step size is determined by TRACE.
t first, Ants calculates the initial power distribution based on the

nitial TH conditions. TRACE then calculates the first time step based on
he Ants power distribution. The time step size and other data at the end
2

f the time step are transferred to Ants. The power distribution is then
updated based on that state and given to TRACE. This loop is repeated
until the end criterion is met. The calculation flow is similar in both
steady-state and transient calculations. The user can decide to update
the Ants solution either in every time interval or only in certain time
intervals. In coupled transient calculation, three calculation steps are
required: steady-state TRACE, steady-state Ants-TRACE and transient
Ants-TRACE.

3. Benchmark descriptions

3.1. VVER-1000 coolant transient benchmark V1000CT-2

Phase 2 of the VVER-1000 coolant transient benchmark (V1000CT-
2) was first introduced in 2006 by OECD/NEA (Kolev et al., 2006). It
describes coolant mixing experiments and a hypothetical main steam
line break (MSLB) transient in the Kozloduy-6 nuclear power plant
(NPP) unit. The calculations of this work include Exercise 2 of the
benchmark, in which a coupled core-vessel simulation with the given
MSLB boundary conditions is conducted.

The VVER-1000 reactor core consists of 163 hexagonal fuel assem-
blies of five different types. The assembly types have one of three
different uniform enrichments and either contain or do not contain
burnable absorber in some fuel rods. There are 10 control rod groups
present in the core. The core radial layout and control rod groups are
shown in Fig. 1.

Exercise 2 of the benchmark includes two different transient sce-
narios. In both scenarios, the main steam line break occurs in loop 4
followed by a scram signal. Scenario 1 is a realistic scenario of the
MSLB event including main coolant pump (MCP) trip of the faulted
loop. In this scenario, the scram worth is sufficient for maintaining
reactor shutdown after scram. In Scenario 2, the MCP of the faulted
loop fails to trip, which results in all the MCPs remaining in operation.
The overcooling of the core together with reduced scram worth of the
control rods causes the reactor to return to power after scram.

In the initial state of the transient, the reactor is at the end-of-cycle
(EOC) with a fuel burnup of 270.4 EFPD. Group constants are given
in the benchmark for fuel, control rod and reflector nodes. The group
constants include diffusion coefficients and macroscopic scattering,
absorption and fission cross sections. The group constants are given as
a function of moderator density and fuel temperature. Two separate

sets of control rod group constants are given for the two scenarios.
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Fig. 2. VVER-1000 core radial layout in the Kalinin-3 benchmark. The fuel assembly types indicate the U-235 enrichment in percentages, and the presence and number of burnable
absorber rods as BA.
For Scenario 2, the absorption cross sections of the control rods are
modified.

The thermal-hydraulic boundary conditions for the reactor pressure
vessel are also given in the specifications. The boundary conditions
include coolant temperatures and mass flow rates at the vessel inlets,
and pressure at the outlets.

3.2. Kalinin-3 coolant transient benchmark

Kalinin-3 coolant transient benchmark (Tereshonok et al., 2009)
was published in 2008 as a continuation to the V1000CT benchmarks.
The benchmark scenario describes a real main coolant pump switch-off
experiment in the Kalinin NPP unit 3. This work includes Exercise 3 of
the benchmark, in which a coupled core-plant transient is modeled. The
transient is initiated with a switch-off of the MCP of loop 1 at nominal
power. The switch-off is followed by control rod movement to reduce
the power level to 67.2%.

The Kalinin-3 unit is mostly identical to the Kozloduy-6 unit. How-
ever, the five different assembly types and control rod groups differ
from the V1000CT-2 benchmark. The core layout and control rod
groups of the Kalinin-3 core are shown in Fig. 2. The fuel is at 96 EFPD
burnup with the exception of one assembly with fresh fuel in the core
at position 97. The group constants of this problem were given in the
benchmark specifications for fuel, reflector and control rod nodes. The
group constants consist of diffusion coefficients and macroscopic cross
sections as a function of fuel temperature, moderator temperature and
moderator density. To account for the assembly replaced with fresh
fuel, the 60◦ sector of the core where the fresh fuel assembly is located,
has a separate set of group constants.

4. Ants-TRACE model

The original VVER-1000 input for TRACE was received from Karl-
sruhe Institute of Technology in 2019. The model components and
nodalization are presented in Fig. 3. It has since been modified for
the coolant transients. The model is comprised of the reactor pressure
vessel, primary circuit, and secondary circuit all the way to the turbine
valves including the necessary control systems. The model was simpli-
fied for the V1000CT-2 Exercise 2 so that it includes only the reactor
pressure vessel with boundary conditions at cold legs and hot legs. This
allows testing the coupling without any unnecessary disturbances from
the system side.
3

The TRACE VVER-1000 model utilizes a cylindrical 3D VESSEL
component for the reactor pressure vessel. It has six sectors and six
radial rings. The core comprises of three radial rings for the active
core and one ring for the radial reflector. The core includes 30 uniform
axial levels for the active rod length and additional levels for top and
bottom reflectors. Fig. 4(a) shows the nodalization for the core area
in TRACE. 24 heat structures represent the fuel assemblies and radial
reflector with the same axial division. The Ants input has one radial
node per fuel assembly and 32 axial nodes as shown in Fig. 4(b). The
reflector region is characterized radially with one layer of nodes with
similar radial dimensions in the outer peripheries of the core. The radial
mapping scheme between Ants and TRACE is presented in Fig. 5 with
the single fuel assemblies representing Ants nodes and the different
colors representing TRACE nodes. The center node is divided between
the six sectors. In reality, the core is rotated six degrees clockwise in
relation to the loops, and the sector division of the TRACE model was
based on that. Axially there is a one-to-one correspondence between
the codes.

5. Results

This section provides the Ants-TRACE results of both coolant tran-
sient benchmarks. The steady-state results of the initial state as well
as time histories of various parameters during the transient are pre-
sented. The calculation scheme for both benchmark problems consists
of a stand-alone TRACE steady-state calculation of the initial state, a
coupled Ants-TRACE steady-state calculation of the initial state and
finally the coupled transient calculation with Ants-TRACE. Both bench-
marks were calculated with zero flux neutronics boundary conditions
applied in the core periphery. The time steps were set automatically by
TRACE and the time step was approximately 7.5 ms. In both problems,
the group constants given in the specifications were applied in the
calculations.

5.1. VVER-1000 coolant transient benchmark V1000CT-2 results

In V1000CT-2 benchmark Exercise 2, the Ants-TRACE results are
compared against VTT’s legacy code HEXTRAN-SMABRE. HEXTRAN-
SMABRE has been thoroughly validated and used in analyses of VVER-
type reactors (Syrjälahti and Hämäläinen, 2006). The HEXTRAN-
SMABRE results of this benchmark were published in the benchmark
results among other code systems (Kolev et al., 2006).
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Fig. 3. VVER-1000 model for TRACE.
Fig. 4. Nodalization for the core area in TRACE and Ants. Reflector nodes are marked with gray.
.1.1. Steady-state results
The computed parameters of the initial state calculated with Ants-

RACE are presented in Table 1. The table also shows results by
EXTRAN-SMABRE and the average of the solutions by the codes given

n the benchmark. The Ants-TRACE value for the effective multiplica-
ion factor 𝑘eff has good agreement in comparison to the other solutions
nd the value fits in the range of the deviations of other code solutions.
nts-TRACE gives the highest value in the power peaking factor in the
adial direction (F𝑥𝑦) compared to the other codes. However, the devi-
tion from the average solution is only 1.4%, which can be considered
cceptable. The peaking factor in the axial direction (F𝑧) is within the
ame range as the other nodal codes.

The Ants-TRACE radial power distribution of the initial state nor-
alized to unity is shown in Fig. 6. The absolute differences to the

orresponding power distribution calculated with HEXTRAN-SMABRE
re shown in Fig. 7. In the initial state, all control rod groups are fully
ithdrawn with the exception of control rod group 10, which is 20 %

nserted. The largest differences between the code solutions occur in
4

he periphery of the core. The largest negative deviation is −0.104 and
Table 1
Computed parameters of the initial state of the V1000CT-2 transient.

Code keff F𝑥𝑦 F𝑧
Ants-TRACE 0.99632 1.311 1.141

HEXTRAN-SMABRE 1.00210 1.303 1.187

Average of reference
codes

0.99831 1.293 1.169

Min/max of reference
codes

0.99481/1.00210 1.279/1.303 1.139/1.187

the maximum positive deviation is 0.08. On average, the two solutions
deviate by 0.05 and the root-mean-square (RMS) difference is 5.79%.

The Ants-TRACE relative axial power distribution in the initial
state of the transient is presented in Fig. 8 together with the solu-
tion calculated with HEXTRAN-SMABRE. In addition, an average axial
power distribution based on five different code solutions given in the
benchmark results (Kolev et al., 2010) is presented. Axial nodalization
of 30 nodes is utilized in all solutions. As shown in the figure, the



Annals of Nuclear Energy 190 (2023) 109879U. Lauranto et al.
Fig. 5. Radial coupling scheme between the Ants and TRACE inputs. The coloring of
the hexagonal Ants nodes indicates the mapping to each TRACE node.

Fig. 6. Ants-TRACE relative radial power distribution in the initial state of the
V1000CT-2 transient.

Ants-TRACE solution deviates from the average solution in the same
range as HEXTRAN-SMABRE. The Ants-TRACE solution has a RMS
error of 1.5% compared to the average solution. The corresponding
value of the HEXTRAN-SMABRE solution is 2.5%. The differences in
the Ants-TRACE and HEXTRAN-SMABRE results are based on the dif-
ferent neutronics solution methodologies in the codes. In addition, the
reflector modeling in HEXTRAN is conducted by single-state albedos,
whereas Ants models the reflector nodes individually and includes
feedback effects in the reflector nodes as well.

5.1.2. Transient results
The transient in the V1000CT-2 benchmark is initiated with a MSLB

event in loop 4. The event causes asymmetric overcooling in the core.
In Scenario 1, the MCP of loop 4 trips and scram is initiated with one
stuck rod at assembly 90. The stuck rod is positioned in the sector of
the faulted loop. Fission power during the Scenario 1 transient is shown
in Fig. 9(a).

Scenario 2 of the benchmark describes a pessimistic alternative
to Scenario 1. In this scenario, the MCP4 fails to trip, which causes
stronger overcooling in the core. In addition, the scram worth of
5

Fig. 7. Absolute difference between the radial power distributions of Ants-TRACE and
HEXTRAN-SMABRE in the initial state of the V1000CT-2 transient.

Fig. 8. Relative axial power distribution in the initial state of the V1000CT-2 transient.

the control rods is reduced and two stuck rods at positions 117 and
140 are present in the sector of the faulted loop. The overcooling
and reduced scram worth cause the reactor to return to power after
scram, as shown in Fig. 9(b). The agreement between Ants-TRACE and
HEXTRAN-SMABRE is especially good in Scenario 1. In Scenario 2, the
return to power due to negative reactivity feedbacks is modeled with
Ants-TRACE successfully. Some deviations occur between Ants-TRACE
and HEXTRAN-SMABRE as well as other codes shown in the benchmark
due to the difficult nature of the phenomenon.

Mass flow rate and cold leg (CL) temperature boundary conditions
in both scenarios are shown in Figs. 10 and 11. The calculated hot leg
(HL) temperatures compared to HEXTRAN-SMABRE are presented in
Fig. 12. In Scenario 1, the HL4 temperature is given as a boundary
condition, because the flow in loop 4 is reversed. Stronger overcooling
can be seen in Scenario 2, as the pump in the faulted loop is not
tripped. There is a good agreement between the Ants-TRACE and
HEXTRAN-SMABRE results.

In scenario 2, the power peaks at 69 s during maximum overcooling.
The Ants-TRACE radial power distribution at the time of the power
peak is shown in Fig. 13. The absolute differences to the corresponding
power distribution calculated with HEXTRAN-SMABRE are shown in
Fig. 14. The power peaks at the sector with most cooling near the
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Fig. 9. Fission power during the V1000CT-2 MSLB transient.

Fig. 10. Loop mass flow rates during the V1000CT-2 MSLB transient.

Fig. 11. Cold leg temperatures during the V1000CT-2 MSLB transient.

Fig. 12. Hot leg temperatures during the V1000CT-2 MSLB transient.
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Fig. 13. Ants-TRACE relative radial power distribution at highest return to power
(69 s) in Scenario 2 of the V1000CT-2 transient.

two stuck rods. The differences to the HEXTRAN-SMABRE solution
are significant in parts. The average deviation is 0.09 and the RMS
difference is 13.28%.

The largest differences between Ants-TRACE and HEXTRAN-
SMABRE occur in the vicinity of the sector of the faulted loop. The max-
imum deviation of −0.38 occurs in the periphery of the core, where the
power is peaked. As the differences are given as absolute differences,
the large deviations in the high power assemblies are expected. The
largest positive difference of 0.35 occurs at the border of the TRACE
sector. The reason to the differences lies in the sector divisions of
TRACE and SMABRE. Both have six sectors, but the fuel assemblies
are assigned to the sectors differently, which contributes to larger
differences on the edges of the sectors. In particular, the nodes showing
the maximum differences in Fig. 14 are included in different sectors in
TRACE and SMABRE, which affects the coolant mixing and therefore
temperature in those nodes. In TRACE, the specific nodes are part of
the upper sector, in which the cooling is more pronounced. As the
upper sector is the sector where the overcooling occurs, the assembly
powers are higher. In SMABRE however, the same nodes belong to
the lower sector, in which the cooling is less significant. In addition,
HEXTRAN includes decay heat as opposed to Ants, which affects to
the differences in the power distributions. The large differences in the
assembly power distribution at the time of the power peak are apparent
in the benchmark results (Kolev et al., 2010) between other codes as
well.

The axial power distributions of Ants-TRACE and HEXTRAN-
SMABRE at 69 s are shown in Fig. 15. The agreement is relatively good,
with the RMS difference between the codes of 2.8%.

5.2. Kalinin-3 coolant transient benchmark results

The Ants-TRACE results of Kalinin-3 benchmark Exercise 3 are com-
pared to actual measured data provided in the benchmark (Tereshonok
et al., 2009).

5.2.1. Steady-state results
The initial state of the Kalinin-3 transient is at nominal power with

control rod group 10 inserted 82.95% from the bottom of the core
and all other control rods withdrawn. The Ants-TRACE radial power
distribution in the initial state is shown in Fig. 16. The assembly powers
are normalized to unity. The relative difference between Ants-TRACE
results and measurements is shown in Fig. 17. The average deviation
7

Fig. 14. Absolute difference between the radial power distributions of Ants-TRACE and
HEXTRAN-SMABRE at highest return to power (69 s) in Scenario 2 of the V1000CT-2
transient.

Fig. 15. Relative axial power distribution at highest return to power (69 s) in Scenario
2 of the V1000CT-2 transient.

from the experimental results is 1.53% and the RMS error is 1.89%.
The maximum difference of 5.49% occurs at assembly position 97,
which is the position with the original fuel assembly replaced to a fresh
fuel assembly. The relative differences of the radial power distribution
are within the measurement uncertainty of 5 % for the ICMS (in-core
measurement system) (Georgieva, 2016), with the exception of the
fresh fuel assembly, which exceeds the limit only slightly. The axial
power distribution in the initial state is shown in Fig. 18. Experimental
results were available for six axial points also shown in the figure.
With the axial power normalized to unity, the agreement between
Ants-TRACE power and the experimentally obtained power is very
good.

5.2.2. Transient results
The Ants-TRACE total power and control rod movements during

the Kalinin-3 MCP switch-off transient are shown in Fig. 19. The
experimentally obtained reference data is shown in the figure as well.
The transient is initiated at the switch-off of MCP1 at 0 s. At 1.41 s,
the control rod group 10 is inserted inwards. Control rod group 9 is
also inserted momentarily. The reactor is stabilized at a lower power
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Fig. 16. Ants-TRACE relative radial power distribution in the initial state of the
Kalinin-3 transient.

Fig. 17. Relative difference between the radial power distributions of Ants-TRACE and
measured data in the initial state of the Kalinin-3 transient.

Fig. 18. Relative axial power distribution in the initial state of the Kalinin-3 transient.
8

Fig. 19. Total power during the Kalinin-3 transient.

level when the control rod movement stops. The experimental data
is measured in the reactor by the neutron flux control system (NFC).
Considering the measurement error of power of 60 MW in nominal
power (Ivanov et al., 2002), the agreement between the Ants-TRACE
solution and the experimental results is very good.

Loop mass flow rates compared to measurements and MCP rota-
tional speeds are presented in Figs. 20(a) and 20(b). The flow in loop
1 is reversed at 20 s and the pump stops at 55 s. The flow in other
loops is slightly increased. The loop 1 mass flow rate measurement has
discontinuity caused by the change in mass flow rate estimation algo-
rithm as the flow is reversed, which makes the measurement unreliable
for the first 90 s of the transient (Georgieva, 2016). Apart from that,
the measurement uncertainty is ±200 kg/s (Ivanov et al., 2002). At
the initial state, the differences between the Ants-TRACE results and
measurements are less than 100 kg/s, but at the end of the transient
they are 170–280 kg/s, which in some loops is slightly larger than the
measurement error.

Cold and hot leg temperatures compared to measurements are
shown in Figs. 20(c) and 20(d). Hot leg 1 temperature decreases as
the flow is reversed and the cold leg 1 temperature fluctuates. The
calculated values are taken from pipe nodes, which are closest to the
measurement location. Time delay of the temperature measurements
is not taken into account in the comparison. The measurement un-
certainty is ±2 K (Ivanov et al., 2002). The Ants-TRACE results are
in relatively good agreement with the measurements and within the
uncertainty bounds. Filtering the results with a time constant would
move the calculated peaks closer to the measured ones.

The Ants power distribution at the end of the transient (300 s) is
shown in Fig. 21. The power distribution is relatively symmetric, with
the exception of the fresh fuel assembly, in which the power is lower
compared to other symmetric positions. The corresponding relative
differences to measured values are shown in Fig. 22. The maximum
difference of 6.50% occurs in the periphery of the core. In the position
of the fresh fuel assembly, the difference is also large in comparison
to surrounding assemblies. The average deviation from the measured
values is 1.76% and the RMS error is 2.23%. The maximum differences
exceed the measurement error of 5 % slightly.

The axial power distributions of Ants-TRACE and the experimental
values at the end of the transient at 300 s are shown in Fig. 23. The
agreement with the six experimental data points is relatively good.

6. Conclusions

The Ants-TRACE coupling was tested for the first time in large-scale
with two VVER-1000 coolant transient benchmarks. First, Exercise 2
of the V1000CT-2 benchmark, consisting of a core-vessel main steam
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Fig. 20. Ants-TRACE results compared to measurements during Kalinin-3 transient.
Fig. 21. Ants-TRACE relative radial power distribution at time 300 s in the Kalinin-3
transient.

line break transient was calculated. Second, Exercise 3 of the Kalinin-
3 benchmark consisting of a core-plant simulation of a main coolant
pump trip was calculated.

The Ants-TRACE results in the V1000CT-2 benchmark show rela-
tively good agreement with VTT’s HEXTRAN-SMABRE code solution.
Largest differences in the time history of fission power occur in the
pessimistic scenario of the transient, in which the reactor returns to
power after scram. The phenomenon is modeled successfully and the
deviations remain in the range of other code solutions provided in the
benchmark. Some differences between the Ants and HEXTRAN solution
arise from the neutronics solution methods, which are significantly
9

Fig. 22. Relative difference between the radial power distributions of Ants-TRACE and
measured data at time 300 s in the Kalinin-3 transient.

different between the codes. The methodology used in Ants to solve
the neutron diffusion equation allows more steep flux gradients inside
the homogeneous nodes. The group constant files provided in the
V1000CT-2 benchmark are used directly in Ants. For HEXTRAN, the
group constant files have been pre-processed to another format without
information loss. However, the axial and radial reflector nodes defined
in the benchmark and used in Ants are replaced in HEXTRAN with
equivalent albedo matrices. The albedo matrices are defined at single
state points and include only boron feedback correction terms, whereas
Ants uses the full interpolation table for the group constant thermal
hydraulic feedbacks also in the reflector nodes.
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Fig. 23. Relative axial power distribution in the final state (300 s) of the Kalinin-3
transient.

In the Kalinin-3 benchmark, the Ants-TRACE results were compared
to measured data from the plant. The Ants-TRACE power distributions
in the initial steady state indicated good agreement with the measured
data, with the relative difference to measurement being within the
range of measurement uncertainty. The only exception occurs in the
radial power distribution, in which the difference in power at the
position of the replaced fresh fuel assembly slightly exceeds the mea-
surement uncertainty of 5 %. However, similar overestimation of power
compared to the measurement in the fresh fuel assembly has occurred
in the results of other codes as well (Häkkinen et al., 2020; Ojinnaka
et al., 2020).The end-of-transient power distribution contained slightly
larger deviations from the measurements in single fuel assemblies. The
maximum error of 6.50% exceeds the measurement uncertainty, but
can be considered sufficient estimation. The time histories of various
parameters indicated correct modeling of the phenomena when com-
pared to the measurement data and the results fall mostly within the
measurement uncertainty bounds.

In both exercises, the coupled Ants-TRACE code system performs
well in comparison to other code solutions and available real plant
data. The results indicate correct implementation of the coupling.
The validation process continues with different models and transient
scenarios. Ongoing work also includes coupled transient calculations
with Ants, TRACE and the fuel performance code SuperFINIX of the
Kraken framework. In addition, work on coupled modeling of the
thermal hydraulics using TRACE coupled to a porous medium CFD
solver OpenFOAM is underway.
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