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Abstract

Monte Carlo reactor physics code Serpent is coupled with the fuel performance code

TRANSURANUS for steady state analyses including fuel depletion calculations. A

two-way coupling is developed, such that the codes exchange data with each other

and the solution is obtained as the result of iterations between the two codes. The

coupling scheme is external, based on data exchange via output files, such that no

source-level modifications are needed on either of the coupled codes. A separate driver

program is written to run the coupled calculation including exchange of data, moni-

toring and determination of convergence. Data provided by the fuel performance code

includes the radial temperature distribution and the radius changes in the axial slices of

a fuel pin while the reactor physics code provides the linear power and fast neutron flux

along with the form of the radial power density in the corresponding axial slices of the

pin. The coupling is demonstrated in a calculation case based on a fuel performance

benchmark for a burnable absorber rod with gadolinium. The results compared with

stand-alone fuel performance calculations demonstrate the capabilities of the coupled

calculation system to enhance fuel performance analyses via higher-fidelity neutronic

solver capable of providing an accurate neutron flux solution for the rod of interest.
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1. Introduction

A multitude of physicochemical processes working at different spatial and tempo-

ral scales take place in a nuclear reactor. Core neutronics and fuel burnup consider

the nuclear reactions mainly induced by neutrons, either directly or indirectly, result-

ing in changes of the fuel isotopic composition. Core thermal-hydraulics governs the5

flow of coolant fluid as well as the transfer of heat in the core, while the fuel thermo-

mechanics considers also the deformations in the fuel and the cladding, and in a wider

scope of fuel behaviour or performance analyses take into account several physical and

chemical phenomena occurring in a fuel pin. These all are heavily interdependent of

each other, and thus, computer codes applied for reactor design, operation and safety10

analyses aiming to accurately predict the behaviour of a reactor need to account for

the relevant feedbacks between the various processes. Although such computer codes

have already been developed and used for decades, the evolution of computer hardware

makes it feasible to utilise computationally expensive calculation approaches based on

less approximations and more on first principles for best-estimate analyses at an in-15

creasingly larger scale and for more industry-like applications (Ferraro et al., 2019),

even considering couplings between the multiple physics.

Development and improvement of such analysis capabilities is constantly ongoing

in several projects ranging from large efforts that can involve multiple countries or or-

ganisations, such as the development of the European NURESIM platform (Chauliac20

et al., 2011), the MOOSE simulation environment at the Idaho National Laboratory

(Gaston et al., 2009) or the work within the CASL consortium established by the US

Department of Energy (Turinsky and Kothe, 2016), to more modest, yet still very useful

contributions by individual organisations or research groups. Examples of such recent

contributions related especially to coupling neutronics with fuel performance codes25

include the development of a coupling between the fuel performance code TRANS-

URANUS and the reactor dynamics code DYN3D (Holt et al., 2015) as well as the

coupling of Serpent with the fuel performance codes ENIGMA and Finix (Valtavirta

et al., 2017). It should be noted that the couplings developed between similar or even
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same codes by different groups can still differ from each other significantly in the way30

they have been implemented and in what data is actually transferred between the codes.

Following a similar path as the latter mentioned couplings between separate solvers,

we develop a coupling between the Monte Carlo reactor physics code Serpent 2 (Leppänen

et al., 2015) and the fuel performance code TRANSURANUS (Lassmann, 1992). The

purpose at this point is not to develop a comprehensive multiphysics toolset, such as35

MOOSE or NURESIM, but a lightweight tool specifically to enhance fuel performance

analyses. The coupling is realised by means of a separate driver program that is written

to execute the two codes and control the coupled solution process. This approach is

considered, first of all, to be user friendly as it essentially requires no modifications

to the source, no special versions of either of the coupled codes nor installation of40

additional libraries or frameworks, thus making it straightforward to deploy into use.

The motivation for coupling the two codes is twofold. First, to improve the results

of the fuel performance calculations by utilising the power distributions resulting from

a neutron transport calculation by Serpent. Second, to enhance the results of the re-

actor physics calculations by utilising the fuel pin temperature distributions provided45

by TRANSURANUS in place of some, more or less representative, constant tempera-

ture approximations. Although TRANSURANUS comes with in-built models for the

rod radial power distribution, replacing them with an actual neutron transport solver

is expected to improve the predictions especially in cases where the neutron diffusion

approximation proves insufficient, for example, in the presence of burnable absorbers,50

such as gadolinium. A Serpent calculation model can consist of at least the fuel assem-

bly where the fuel pin of interest is located but in addition, it can include additional

neighbouring fuel bundles and structures, such as control rods or assemblies to obtain

a more accurate flux distribution for the rod of interest. This is something that the in-

ternal neutronic models of fuel performance codes are not capable to account for by55

themselves as such codes only consider a single rod of interest. TRANSURANUS, in

turn, provides Serpent the rod temperature distribution so that the temperature effect

on the cross sections can be accounted for in the neutronics calculation, which further

affects the power distribution. The final solution is obtained as the result of iterations

between the two solvers. There is no core thermal hydraulic solver included in the60
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coupled calculation scheme at the current stage, so representative thermal hydraulic

boundary conditions for the fuel performance solver and the coolant conditions for the

neutronics solver need to be provided based on external thermal hydraulic calculations.

Thus, the core thermal hydraulics are treated essentially in the same way as would be

done in stand-alone fuel performance or neutronic calculations.65

In this paper, the focus is on improving the fuel performance results and the struc-

ture of the paper is as follows. A description of the coupled calculation system is given

in Section 2. The coupled calculation system is also illustrated with an example cal-

culation adapted from a fuel performance benchmark with rods containing gadolinium

as burnable absorber. Along with a description of the demonstration calculation, spe-70

cific attention is given in Section 3 to the extraction of radial power distributions from

the Serpent results and the convergence of both, the actual coupled solution process

between the neutronics and fuel thermo-mechanics, but also the radial power distribu-

tions obtained from Serpent via bin-based tallies. The results along with comparisons

to stand-alone calculations with TRANSURANUS, are presented in Section 4. Finally,75

conclusions are drawn in Section 5 along with a brief overview of the perspectives for

the coupled scheme.

2. Description of the Coupled Calculation System

Serpent and TRANSURANUS are coupled externally in the sense that they are not

linked together at the source code level. In fact, there are no source code level modi-80

fications needed in either of the two codes as contrary to memory based data transfer,

the coupling makes use of the already existing data input and output routines so that

the data exchange is handled via ASCII files the codes read and write. This way there

is no need to maintain the specific coupled calculation functionalities in either of the

codes. The coupling provides an actual two-way data transfer meaning that the codes85

are executed sequentially and provide input for each other in between the runs. This

iterative process continues until predefined criteria are reached, and thus, a converged

solution of the current state point, such as a burnup step, is obtained. This approach,

utilising Picard iteration technique, is well suited for coupling existing solvers to result
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Figure 1: Flowchart of a coupled Serpent - TRANSURANUS calculation.

in a tightly coupled solution as discussed in more detail, for example, by Mahadevan90

et al. (2014) along with other coupling strategies. Data that TRANSURANUS provides

for Serpent includes the radial temperature and strain distributions in axial slices, while

Serpent provides TRANSURANUS with the power distribution in the fuel in the form

of linear powers and radial form factors, and the fast neutron flux (> 1 MeV) axial

distribution in the cladding. Solution convergence is monitored by an external driver95

program that also controls the whole coupled calculation system and executes the two

codes in sequence. The general flowchart of the coupled calculation process is shown

in Figure 1.

Currently, the coupling can be used for steady state analyses, including burnup cal-
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culations performed as a series of steady state calculations. Serpent is equipped with100

advanced burnup calculation capabilities, such as the Chebyshev Rational Approxima-

tion Method (CRAM), capable of solving accurately and efficiently large burnup ma-

trices, typically including 1200-1600 nuclides in the calculation (Pusa and Leppänen,

2013). However, no nuclide data is currently transferred from Serpent to TRANSURA-

NUS as both codes perform independent burnup calculations. In TRANSURANUS105

this is handled by the TUBRNP subroutine which considers only the few most relevant

actinides and fission products. However, in the coupled calculation TRANSURANUS

uses the power distributions affected by the more detailed nuclide inventory solution as

calculated by Serpent.

TRANSURANUS requires thermal hydraulic boundary conditions, such as coolant110

pressure and either the cladding outer temperature or the coolant temperature and the

heat transfer coefficient. Coolant conditions are also important for the neutronics cal-

culations by Serpent. These need to be provided for the two codes as no core thermal

hydraulic solver is currently included in the coupled calculation system. Representa-

tive boundary conditions can be obtained in the same way as they would be obtained115

in stand-alone fuel performance or neutronic calculations, that is, from external calcu-

lations with a suitable thermal hydraulic solver. Moreover, in case of fuel performance

benchmarks, such as utilised in the demonstration calculation of this work, it is typical

that the thermal hydraulic boundary conditions based on the reactor operation history

are pre-calculated and provided in the benchmark description.120

2.1. Overview of Serpent

Serpent is a three-dimensional continuous-energy Monte Carlo reactor physics and

burnup calculation code developed at VTT in Finland since 2004 with contributions by

the active international user community (Leppänen et al., 2015). In addition to being

well capable of handling traditional reactor physics applications, such as criticality and125

spatial homogenisation calculations, the current version, Serpent 2, has been devel-

oped towards becoming a multi-purpose tool also covering photon transport and being

applicable in research fields like fusion energy and medical physics. Most relevantly

for the work in this paper, Serpent 2 has been implemented with versatile capabilities
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facilitating coupling with external codes for high-fidelity multi-physics simulations.130

2.1.1. Multi-Physics Interface

Serpent 2 has a universal multi-physics interface that simplifies coupling it with

external codes that exchange material temperature and density fields to the power dis-

tributions provided by Serpent (Valtavirta, 2017). The multi-physics interface comes

with several interface types intended for different purposes; the interface types 5 and 6135

being designed for coupling Serpent with traditional fuel performance codes.

In practice, coupling Serpent with a fuel performance code requires a separate in-

terface file in addition to the regular input file defining the geometry, material isotopic

compositions, run parameters, etc. The separate interface file lists the fuel pins for

which data is to be exchanged and defines the spatial bins used for scoring fission140

events and neutron flux. It also provides temperatures at specific coordinate points,

which virtually update the Serpent geometry model as calculated by the fuel perfor-

mance code (i.e. changes in the fuel pin radii are taken into account in neutronics

calculations). After a successful neutron transport calculation, Serpent writes a sepa-

rate output file with the power and neutron flux data for the bins defined in the interface145

file.

2.1.2. Obtaining Radial Power Distributions

Serpent, being a Monte Carlo reactor physics code, tracks individual neutrons as

they traverse in a medium and experience events based on probabilities dictated by the

material cross sections. Depending on whether analog or implicit estimators are used,150

these events can either be actually occurring ones (analog) or represent the expected

frequency of a particular event (implicit) via collision or track-length based flux esti-

mators (Leppänen, 2007). Events are scored in domains or bins that can cover, for ex-

ample, different spatial regions or neutron energies. Thus, extracting the fission power

distribution in a fuel rod can be done by dividing the rod into spatial bins and scoring,155

in each of the bins, the fission events multiplied by the heat deposition associated with

the particular nuclides. The number of the bins can be increased for increased resolu-

tion but this will also require increasing the number of neutron histories in the Monte
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Carlo simulation to obtain sufficient statistics for the smaller bins, thus increasing the

computational effort. Using too few bins (i.e., low resolution), on the other hand, can160

result in averaging out important details of the distribution.

The power and its radial distribution in the axial slices of a fuel rod are the main

data that Serpent provides for the fuel performance code in a coupled calculation. It

needs to be ensured that the bin mesh in a rod has the resolution to resolve the form of

the distribution with the desired accuracy and also that sufficient statistics are obtained165

for the bins (i.e., enough events are scored) so that the power distribution has properly

converged. An example for a fuel rod with gadolinium as the burnable absorber is

shown in Figure 2 where the radial resolution of the bin mesh or the number of sim-

ulated neutron histories is varied. The axial thickness of the bins in each case is kept

constant and is 10 cm while the total length of the rod is 100 cm. It can be seen that170

using a too coarse bin division will, for example, seriously underestimate (average out)

the maximum power density at the rim, while using an insufficient number of simulated

neutron histories results in a high statistical variance in the bins and will not produce a

smooth distribution.

It is intuitive to divide the rod cross-section into rings of equal area as also done175

in the cases shown in Figure 2. This naturally leads to an increased resolution in the

radial direction towards the rim. This is beneficial not only because of the equi-volume

bins obtained for scoring events, but as the power distribution typically has a steep

gradient at the rim region due to the formation of fissile plutonium isotopes with bur-

nup or when the fuel contains burnable absorber that burns out in layers from the rim180

towards the centre. This is also the division method implemented in Serpent for both

obtaining radial power distributions through the multi-physics interface and defining

burnup regions. For these reasons, this approach is used to construct the bins for re-

trieving radial power distributions. However, as can be seen in Figure 2, the bin-based

methodology produces distributions with a staircase form; an undesired effect, which185

can be diminished by increasing the radial resolution of the bin mesh. In practice it is

not possible to increase the number of the bins excessively due to the escalation of the

computational effort as already discussed above. This is especially true for a coupled

calculation where the neutron transport calculation for a single state point is performed

8



Figure 2: Radial power density distribution in a 10 cm axial slice of a rod with the total active height of

100 cm. Profiles obtained with only 5 bins of equal volume (green) and with 100 bins but too few simulated

neutron histories (orange, also showing the 3σ confidence intervals with dotted line) compared to a high

resolution (100 bins) reference solution obtained with 1011 simulated neutron histories. The error bars of the

reference and the coarse resolution bins are not plotted as they would not be distinguishable from the mean

values.

multiple times.190

A methodology illustrated in Figure 3 is developed to smooth out the power distri-

bution obtained from Serpent before transferring it to the fuel performance code. This

methodology is, basically, a linear interpolation based on connecting the midpoints of

the bin power histograms with line segments when they are plotted as a function of

radius. In addition, the value at the rod boundary is approximated by extrapolating the195

last line segment to the outer boundary; an approximation that still underestimates the

actual maximum value at the boundary if the bin resolution near the boundary is low.

Now, the radial power distribution is obtained as a piecewise linear fit which is then

renormalised to conserve the total power of the corresponding axial slice. The power

distribution is provided to the fuel performance code as values at the locations corre-200

sponding to its radial nodalisation. These values are now obtained from the piecewise
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linear fit instead of the original histogram profile avoiding providing the fuel perfor-

mance code a profile with a staircase form.

Figure 3: Methodology developed for mapping the radial power distribution to TRANSURANUS that

smooths out the staircase form resulting from the bin-based power tallies of Serpent.

Serpent considers currently (in version 2.1.30) that all energy is locally deposited

where fissions occur and calculates the deposited energy κ for different fissionable nu-205

clides i based on the fission Q-values as

κi =
Qi

QU235
κU235, (1)

where κU235 = 202.27 eV is the energy deposition for U-235 (Valtavirta, 2017). This

is a crude approximation as it assumes that all energy is deposited in the fuel, not

considering that part of the heat is also deposited in the cladding coolant and other

structures due to neutrons as well as beta and gamma radiation.210

2.2. Overview of TRANSURANUS

Fuel performance codes such as TRANSURANUS are typically based on the so

called 1.5 dimensional representation of a single fuel rod, for which solution variables
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are obtained in radially distributed node points in axially segmented slices. The codes

solve the thermo-mechanics of the rod and account for the effects of fuel burnup via215

models and correlations. Extensive overview of the various models and capabilities is

given by Van Uffelen et al. (2019, 2010). As boundary conditions a fuel performance

code needs the rod axial power distribution as well as the coolant temperature and pres-

sure. These are typically obtained from external core neutronic and thermal hydraulic

calculations utilising available operating data of the particular reactor or experiment.220

The rod temperature distribution depends on the power distribution and as the tem-

perature distribution affects the mechanical models it is essential to have an accurate

power distribution for the rod in the first place. The rod linear power history during

an irradiation period is provided for the fuel performance code. This is obtained, for

example, from calculations with a core simulator code. A fuel performance code, such225

as TRANSURANUS, then uses an inbuilt neutron diffusion solver to calculate the ra-

dial power distribution in the axial slices of the rod. It is known that the diffusion

approximation of the neutron transport equation in the vicinity of strongly absorbing

isotopes like 155Gd requires correction. For this purpose, specific burnup dependent

correction factors have been developed for specific fuel types by means of determin-230

istic neutron solvers such as HELIOS. In a second step, the data exchange has been

considered between such codes and TRANSURANUS as described in Section 2.2.2.

2.2.1. Overview of TUBRNP

For each timestep simulated with a fuel rod code like TRANSURANUS, the power

generated per unit length in each axial segment due to fission is prescribed as a bound-235

ary condition. The radially averaged power density in each axial segment and timestep

modelled is therefore known. Nevertheless, the corresponding radial profiles of the

power density within the fuel pellets may deviate significantly from uniformity as irra-

diation proceeds, and therefore may have a significant effect on the radial temperature

distributions in the pellets (Schubert et al., 2008b). These radial distributions are un-240

known and must be provided as input or calculated using a neutronics model for each

axial section. The former approach was the norm until the early 1980s, when neutron-

ics models began to be introduced (Van Uffelen et al., 2019). In the TRANSURANUS
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burn-up model (TUBRNP) (Lassmann et al., 1994, 1998) the calculation of the radial

power profiles is split into (a) the approximation of the neutron flux through thermal245

diffusion theory and (b) the computation of the local concentrations of the relevant

actinide nuclides that are either fissile or fertile. TUBRNP so far calculates the local

concentration of the most abundant nuclides of U, Np, Pu, Am and Cm by solving in-

crementally the differential nuclide evolution (Bateman) equations, as a function of the

radial position across a fuel pellet. These local quantities are required for the determi-250

nation of the local power density, the local burn-up as well as the local fission products

Nd, Xe, Kr, Cs and He. In more recent development work (Tijero Cavia et al., 2018),

TUBRNP was extended with nuclides relevant for thorium-containing fuels, i.e. 232Th,
233U and 234U.

2.2.2. Features Facilitating Coupling with External Codes255

TRANSURANUS comes with a couple of convenient features that facilitate the

coupling with external codes. There is a capability for reading in a radial power dis-

tribution calculated by an external code. This is done via a separate input file, called

formfext, in which the power density form factors in the radial nodes of TRANSURA-

NUS are given. Thus, by updating the formfext file before running TRANSURANUS,260

this feature allows the input of a radial power distribution calculated by an external

code. Another convenient feature is the restart run capability. This feature allows sav-

ing the calculation state after the final iteration of a state point and then continuing from

there when TRANSURANUS is invoked to calculate the next state point in iterations

between Serpent.265

2.3. External Driver Program

A separate driver program is written in the Perl programming language to control

the coupled calculation process between Serpent and TRANSURANUS. It runs the

two codes sequentially, monitors convergence and exchanges data in a correct format

between the coupled codes. The driver program saves the input and output data for270

which it maintains an organised directory structure.
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2.3.1. Transferring Data

Serpent performs the neutron transport calculation by the Monte Carlo method and

as the result, provides the power and the fast neutron flux distributions in the fuel rods.

The multi-physics interface of Serpent is used for data input and output. The driver275

program processes the output provided by the Serpent multi-physics interface into the

format that TRANSURANUS can read as an input. Data is provided to TRANSURA-

NUS via two files. The axial distribution of the rod linear power and fast flux is given

for each axial slice in the main input file. Radial power distribution is provided through

the separate formfext file containing the power density form factors in the radial nodes280

of each axial slice.

TRANSURANUS performs the thermo-mechanical calculation of a single fuel rod.

It provides Serpent the temperatures in the radial nodes of each slice and the coordi-

nates of these nodes. The data is extracted from the binary output file of TRANSURA-

NUS using the separate post-processing tool TuPlot that comes bundled with TRANS-285

URANUS. The driver program again processes the resulting text file with node coor-

dinates and temperatures into the format that Serpent can read in via the multi-physics

interface.

2.3.2. Executing Coupled Codes

Serpent is run in the coupled calculation mode, that is, utilising the multi-physics290

interface, so that after finishing the calculation of a single iteration it will go to sleep

mode and wait for a signal to proceed after TRANSURANUS has finished and the

driver program has updated the interface file.

After Serpent has finished its part of the current iteration step, the driver program

forms updated input files for each fuel rod participating in the coupled calculation and295

initiates a TRANSURANUS calculation for each rod. The separate TRANSURANUS

runs are currently not parallelised but executed in sequence. Solving the separate rods

in parallel would naturally reduce the time for the fuel thermo-mechanics part of the

coupled calculation process but as the Monte Carlo neutronics part completely domi-

nates the total solution time, the gain in parallel solving the fuel rods in TRANSURA-300

NUS would be rather insignificant. The restart functionality of TRANSURANUS is
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utilised to save the final converged burnup step solution for TRANSURANUS to use

as a starting point in the next burnup step.

2.3.3. Monitoring Convergence

An especially important task that the driver program handles is the monitoring and305

determination of convergence between the coupled codes. The convergence criteria

used by Serpent in coupled calculation mode as described by Valtavirta et al. (2017) are

utilised. However, instead of letting Serpent monitor and determine convergence, the

convergence criteria are implemented in the driver program that controls the coupled

calculation in this case. Two parameters are defined and solved for both power and310

temperature fields between subsequent coupled calculation iterations.

Changes between iterations in the power and temperature fields of all coupled fuel

rods are monitored during the coupled solution process. The local relative differences

between, for example, temperature fields of successive iterations are calculated as

εn
i =

T n
i − T n−1

i

T n
i

, (2)

where n denotes the current iteration value and i is the spatial index (i.e. a radial node315

in an axial section of a rod).

Two convergence parameters are derived based on the specific norms of the vector

ε. First, the infinity norm or maximum absolute value

εn
max = max

i

∣∣∣εn
i

∣∣∣ , (3)

is calculated, which is identified at the spatial location where the highest difference

between the solution of the subsequent iterations occurs. Second, average of the Eu-320

clidean or `2 -norm

¯̀2
n =

1
N

√√√ N∑
i=1

(
εn

i

)2
, (4)

is computed, which represents the relative changes in the whole domain.

The εn
max and ¯̀2

n are calculated and monitored by the driver program for both, the

temperature and the power distributions. Convergence criteria are set for these param-

eters and the iteration loop exits after either the parameter values below the criteria or325

a specified upper limit in the number of iterations have been reached.
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3. Demonstration Calculations

The calculation system is demonstrated with a coupled calculation. The calculation

case is defined based on a fuel performance benchmark obtained from the OECD NEA

databank, more specifically the NEA-1625 IFPE/GAIN dataset (Turnbull, 2002). This330

case is selected as it consists of data for rods with gadolinium as a burnable absorber.

The GAIN dataset contains fuel performance data for four Gd2O3 doped UO2 rods

irradiated in the BR3 reactor within the BelgoNucleaire GAIN project. Two of the rods

contained 3 wt-% and the remaining two 7 wt-% of Gd2O3. The rods were irradiated

for three cycles, in between which one of the rods also underwent overpower transients335

in the BR2 reactor. Being a fuel performance benchmark, the GAIN data contains

very limited reactor physical data making it impossible to build a detailed model in

Serpent to reproduce the exact irradiation environment that the rods of interest have

experienced. Thus, these calculations should not be considered as a validation but

merely a demonstration of the coupled calculation system with a realistic case. The340

result comparisons to be presented will be between the coupled calculation and stand-

alone TRANSURANUS calculations.

3.1. Serpent Calculation Model

The calculation model consists of a single gadolinium-doped rod surrounded by

eight fresh UO2 rods so that a square lattice of 3 × 3 rods with a pitch of 13.5 mm be-345

tween the rods is formed. All rods are geometrically identical with fuel pellet diameter

of 8.233 mm, rod outer diameter of 9.638 mm and cladding thickness of 0.6105 mm.

Each rod has an active length of 100 cm. In addition, above and below of the active

length the rods have short zirconium spacer rings and end plugs. The top parts of the

rods also have a gas plenum of 6.01 cm. Defined on bottom and on top of the fuel350

rods there are 20 cm columns of water. Periodic boundary conditions are set for the

sides of the rod lattice and black boundary conditions on top and below the rod lattice

beyond the water columns. Thus, the calculation geometry represents an axially finite,

horizontally infinite array of these 3 × 3 rod configurations.

The fuel rod with burnable absorber has a density of 10.25 g/cm3 with 3 wt-%355

of Gd2O3 and the U-235 fraction in the uranium is 3.483 wt-%. The remaining rods
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have a density of 10.4 g/cm3 and consist of UO2 with the U-235 enrichment of 4.0 %.

The cladding and other metallic parts are defined as Zircalloy-4 with the density of

6.56 g/cm3. The fill gas is helium and the density of the water surrounding the rods is

set to 0.779 g/cm3. JEFF 3.1.1 cross section data are used, including thermal scattering360

cross sections for water taken at 574 K. The fuel and cladding materials are evaluated

at the temperatures obtained from the coupled TRANSURANUS utilising the target

motion sampling (TMS) on-the-fly temperature treatment in Serpent (Viitanen, 2015).

Water is considered to be at 550 K and the cross sections are adjusted accordingly by

utilising the Doppler-broadening preprocessor routine in Serpent.365

The burnup calculation is performed with 14th order CRAM and the linear ex-

trapolation time integration method with 10 sub-steps. Based on conclusions from

the comparisons between different time integration methods by Isotalo (2013), this

time integration method, especially when used with sub-steps, can be a sound alterna-

tive to more rigorous but computationally expensive predictor-corrector methods that370

would basically double the number of neutron transport calculations. Thus, the selected

method is considered in the scope of the demonstration calculations in this work to rep-

resent a sufficient compromise between accuracy and computing time. Normalisation

power and depletion steps are set according to the irradiation history provided in the

GAIN benchmark documentation. Thus, the normalisation power is set to the gadolin-375

ium rod and updated after each depletion step. The demonstration calculation consists

of a total of 15 depletion steps corresponding to 441 days and rod average burnup of

roughly 13 MWd/kgU covering the first irradiation cycle of the GAIN rods. This is the

most relevant period of time, during which the isotopes 155Gd and 157Gd are burned

out. It is acknowledged that the burnup calculation especially with the selected time380

integration method might require an increased number of short time steps for a highly

accurate solution of the nuclide composition. The investigations on the most suitable

depletion step lengths and time integration methods are left outside the scope of this

work as the current focus is on demonstrating the general functioning of the coupled

calculation system and the replacement of the diffusion approximation based radial385

power distributions in TRANSURANUS with those resulting from a Monte Carlo neu-

tron transport calculation. Although the fuel nuclide composition affects the power
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distribution there are also other sources of uncertainties, for example, due to the finite

bin resolution of the power tallies and the approximation of the deposition of heat as

discussed in Section 2.1.2, which likely have a more pronounced effect on the results.390

The active length of each of the rods is divided into 10 sections of equal length for

obtaining the linear power distribution. This division corresponds to the axial sections

in the TRANSURANUS model. A total of 20 and 10 radial divisions are defined for

the central rod with gadolinium and for each of the remaining UO2 rods, respectively,

so that rings of equal area are obtained. Thus, the gadolinium rod consists of 200 and395

and each of the UO2 rods of 100 volumetric bins for obtaining power distributions. The

same division is used for burnup regions in the rods.

3.2. TRANSURANUS Calculation Model

The TRANSURANUS calculation model of the gadolinium-doped rod of interest is

based on the data available in the GAIN dataset essentially with the same dimensions400

and isotope compositions as described above for the corresponding Serpent model.

In the coupled calculation Serpent provides TRANSURANUS the form of the radial

power profile, while in the stand-alone TRANSURANUS calculations the rod is de-

fined to contain gadolinium which is taken into account by the TUBRNP subroutine

that calculates the radial power distribution and the concentrations of the Gd-155 and405

Gd-157 isotopes are specified in the input for that purpose. The stand-alone calcula-

tions are performed with two different gadolinium models available in TRANSURA-

NUS (see Schubert et al. (2008a) and Ieremenko (2013)). Firstly, the default Gd model

(option 1 in the manual) is invoked applying a generic set of effective neutron absorp-

tion cross sections that are averaged over burnup, radial position as well as various410

assembly configurations. Secondly, a configuration-specific set of effective cross sec-

tions also depending on burnup and relative radial position is tested. From the options

available in TRANSURANUS, the dataset related to a fuel rod with 5 wt-% of Gd2O3

and a 3.3 % fraction of U-235 in a VVER fuel assembly (option 102 in the manual)

is chosen. This model has been derived from neutron transport calculations for a spe-415

cific VVER fuel configuration with gadolinium-doped fuel. The model is selected on

the basis that from the available options in TRANSURANUS, it best resembles the
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configuration of the demonstration calculation.

The correlations generally recommended in the TRANSURANUS manual (JRC,

2015) for material properties are used, including, for example, fuel thermal conduc-420

tivity model suitable for fuel containing Gd (Schubert et al., 2003). The rod active

length is divided into ten axial slices, each 10 cm in length. Radially the fuel region

is divided into 5 evenly distributed coarse zones that have internal division to 3, 3, 4,

5 and 6 evenly distributed fine mesh points with the number increasing towards the

rim. The cladding has one coarse zone with 10 internal mesh points. No separate mesh425

refinement study is performed as the purpose at this point is merely to demonstrate

the coupled calculation and all result comparisons are performed between cases using

identical nodalisation.

During the coupled calculation, Serpent calculates the linear power and the fast

neutron flux values for each of the axial slices. The driver program writes these to the430

time-dependent part of the TRANSURANUS input along with other necessary bound-

ary conditions including the coolant pressure and the axial distribution of the cladding

outer temperature, for which values provided in the GAIN dataset are used. The linear

power and fast neutron flux distributions obtained as the result of the coupled calcu-

lation are also used as input in the stand-alone TRANSURANUS calculations, thus435

making the direct comparison between the radial power profiles calculated by Serpent

and the TUBRNP module of TRANSURANUS valid.

The UO2 rods surrounding the rod of interest are also calculated in the coupled

mode, meaning separate TRANSURANUS calculations for each of them. Separate

inputs are thus prepared for these rods, similar to the gadolinium-doped rod but ex-440

cluding Gd-specific correlations and using a slightly higher U-235 enrichment without

gadolinium.

3.3. Convergence of the Radial Power Distributions

As discussed above in Section 2.1.2, obtaining an accurate power distribution re-

quires a sufficient number of simulated neutron histories, which depends on the division445

of the spatial bins used for scoring fissions. A separate power distribution convergence

study is performed with Serpent to determine what the sufficient amount of neutron his-
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tories would be in this particular case. The amount of neutron histories to be used each

time a neutron transport calculation is performed as a part of the coupled calculation is

then selected based on this study.450

The calculation of the first burnup step with stand-alone Serpent is repeated using

an increasing number of neutron histories ranging from 5 · 106 to 1010. The calculation

is done utilising the multi-physics interface so that Serpent provides as a result the

power in each individual bin along with the associated statistical error. For each of the

variable neutron history cases the mean value of the bin relative statistical errors and455

the standard deviation of the values are calculated and shown in Figure 4. As can be

expected, the statistical error of the bin power estimates as well as its variation between

the bins decreases as more neutron histories are simulated.

The amount of simulated neutron histories has a major effect on the total calcula-

tion time of the coupled calculation as the neutron transport simulation is performed460

several times for each burnup step. Thus, the amount of neutron histories to be used

will need to be determined based on considering both accuracy and performance. Vi-

sual examination of the radial power profiles reveals that with 5 · 107 neutron histories

some of the extracted profiles still appear slightly rough due to the insufficient statis-

tics. Increasing the amount to 108 results in smoother distributions with only slight465

improvement gained when further increasing the number of neutron histories to 5 ·108.

Based on this study, 2 · 108 neutron histories were selected to be used in the actual

coupled calculation in this particular case, corresponding roughly to a mean relative

error of 0.2 % in the bin power estimates.

3.4. Coupled Calculation Convergence Criteria470

A separate convergence study is performed for the coupled calculation to determine

suitable values for the convergence criteria. A coupled calculation of the first burnup

step is performed with a large number of iterations to see the behaviour of, first of all,

the convergence parameters defined in Section 2.3.3, but also the actual Serpent bin

power and TRANSURANUS node temperature values. To this end, the convergence475

parameters as well as the actual temperature and power values are extracted from the

calculation output files after each iteration to find out how they evolve with increasing
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Figure 4: Maximums and means of the relative statistical errors of bin power values obtained in Serpent

calculations of a single state point with an increasing number of neutron histories. The 2σ standard deviations

associated with the bin mean values are also shown.

number of iterations. These are shown for the convergence parameters in Figure 5 and

for the bin powers and node temperatures in Figures 6 and 7, respectively. As can be

seen in Figure 5, the convergence parameters come down steeply during the first itera-480

tions and then continue to descend more gradually as the number of iterations increase.

Similar behaviour can be seen in the power and temperature values in Figures 6 and

7, which show that after roughly 10 iterations the steep change in the bin and node

values is over. After this point, further increasing the number of iterations up to 86

only changes, for example, the absolute node temperature values half a degree at most.485

Thus, the convergence criteria are determined from Figure 5 based on the level of the

parameters after roughly 10 iterations, resulting in the infinity norm criterion of 10−3

and the Euclidean criterion of 10−5, used for both, power and temperature.
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Figure 5: Evolution of the coupled calculation convergence parameters as a function of iterations n.

4. Calculation Results

The coupled calculation was performed using a high-memory calculation node con-490

sisting of four Intel Xeon E7-8890 v3 processors with a total of 72 physical cores shar-

ing 2 TB of RAM. The high-memory node is part of a high-performance computing

cluster running with the CentOS 7 Linux operating system at LUT University. The

coupled calculation consisted of 15 burnup steps, which each consisted from 7 to 10 it-

erations between the neutronics and thermo-mechanics depending on how quickly the495

convergence criteria were reached. The calculation took 24.5 days corresponding to

9.7 CPU years.

The total power produced in the gadolinium-doped rod of interest was fixed for

each burnup step to the values provided via the power history in the GAIN dataset.

These values were used for power normalisation in the Serpent neutron transport cal-500

culation. However, the axial and radial distribution of power was obtained as the result

of the coupled calculation from the multi-physics output of the final Serpent run of

each burnup step. As the axial bin division corresponds to the axial slices used in the

TRANSURANUS calculation model, extracting the linear heat rates in the slices is
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Figure 6: Evolution of Serpent bin powers P during iterations. The iteration number is denoted by n. Results

are presented relative to the power value of the last calculated iteration step. Each bin is represented by a

separate curve highlighted with a bluish colour for bins belonging to UO2 rods and with a brownish colour

for the bins belonging to the Gd rod.

straightforward. The linear power history obtained in the coupled calculation is shown505

in Figure 8 for TRANSURANUS slices 2 and 6, located in the bottom and in the middle

parts of the rod, respectively. Low power level in the beginning ascending towards the

end of the cycle is typical for burnable absorber rods as the concentration of the neu-

tron absorbing isotopes decreases during the irradiation. It should be noted that these

exact linear power histories were then also used as input in the stand-alone TRANS-510

URANUS calculations and thus the linear powers in the comparison cases to follow

are identical to the ones in the coupled calculation.

Fuel central temperatures during the irradiation period corresponding to the lin-

ear power histories in Figure 8 for the bottom and mid part slices are shown in Fig-

ure 9. Results are shown for the coupled calculation and for stand-alone TRANS-515

URANUS calculations performed using the default Gd model (option 1) as well as a

configuration-specific Gd model (option 102) based on tabulated effective cross section

datasets. The default Gd model drastically underestimates the temperature during the

22



Figure 7: Evolution of TRANSURANUS node temperatures T during iterations. The iteration number is

denoted by n. Results are presented relative to the temperature value of the last calculated iteration step.

Each node is represented by a separate curve highlighted with a bluish colour for nodes belonging to UO2

rods and with a brownish colour for the nodes belonging to the Gd rod.

first stages of the irradiation which is well known also from previous work. At the

later stages of the irradiation, when most of the neutron absorbing Gd isotopes have520

depleted, the difference between the default Gd model and the coupled calculation di-

minishes. The other tested Gd model, although being a configuration-specific model

only approximately related to the configuration of the GAIN experiment, predicts tem-

peratures much closer to those obtained in the coupled calculation also during the first

stages of the irradiation.525

The coupled and the stand-alone TRANSURANUS calculations use identical linear

powers in each of the axial slices, the only difference between the cases being the radial

form of the power. Thus, the radial distribution of power greatly affects the fuel central

temperature. In the coupled calculation, the radial power profile is obtained from the

neutronics solution calculated by Serpent accounting also for the rod radial tempera-530

ture distribution in the evaluation of the cross sections. In the stand-alone calculations,

TRANSURANUS estimates the radial profile with its TUBRNP module. This estima-

23



Figure 8: Linear heat rates obtained as a result of the coupled calculation for the bottom (Slice 2) and middle

(Slice 6) parts of the rod.

tion or update of radial power profiles is carried out also at intermediate time steps,

created by the TRANSURANUS code in the stand-alone calculation, whereas the cou-

pled calculation only updates them at time steps defined by the user in the input file535

of the coupled system. The effect on the evolution of the central temperature shown

in Figure 9 is therefore more pronounced at beginning of irradiation (approximately

250 days) with increasing power, whereas the effect becomes negligible once the Gd

isotopes are burned out. Figure 10 shows the radial power density distributions and

Figure 11 the corresponding radial temperature profiles extracted from the middle part540

of the rod (slice 6) at three different burnups extracted from TRANSURANUS output.

As can be seen in Figure 10 the default Gd model produces a significantly different

form for the power distribution than obtained in the coupled calculation. This is due to

the fact that the profile in the coupled calculation results from the Monte Carlo neutron

transport calculation, inherently capable of accounting for the full energy dependency545

available in the used nuclear data library for the cross sections, the strong spatial self-

shielding effects of the gadolinium isotopes 155Gd and 157Gd and the pin surroundings
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Figure 9: Fuel rod central temperatures during the irradiation period in bottom (Slice 2) and middle (Slice

6) parts of the rod. Coupled calculation results are plotted with solid lines, standalone TRANSURANUS

calculation results obtained with the default Gd model (option 1) with dotted lines and with a configuration-

specific Gd model (option 102) with dashed lines.

(i.e., water and the neighbour fuel pins), whereas the internal solution of TRANSURA-

NUS has no awareness of the pin surroundings and solves the radial power profile based

on the neutron diffusion equation utilising an effective absorption cross section fitted550

based on experimental data (the default model) or with additional radial dependence

based on fitting the model coefficients to neutron transport solutions for specific fuel

configurations (the configuration-specific model). The effect on the radial temperature

distribution is also significant, although the temperatures during the first stages of the

irradiation period are relatively low in the Gd-doped fuel pin. In comparison, the se-555

lected configuration-specific Gd model performs significantly better; the power profiles

are generally at the same level with those obtained in the coupled calculation with a

slight tilt between the profiles leading to either under or over prediction in the centre

part of the pin and subsequent over or under prediction at the rim.

As the comparisons in Figures 10 and 11 were only for a single slice, the differences560

in each of the rod node points between the coupled and the stand-alone calculation with

25



Figure 10: Radial power density distribution in the middle part (Slice 6) of the gadolinium-doped fuel rod

at different burnups. Coupled calculation results are plotted with solid lines, standalone TRANSURANUS

calculation results obtained with the default Gd model (option 1) with dotted lines and with a configuration-

specific Gd model (option 102) with dashed lines. The burnup values are rod-average burnups corresponding

to the irradiation days in brackets.

the configuration-specific Gd model are shown for the power density in Figure 12 and

for the temperature in Figure 13. These figures reveal the differences along the full rod

length. In the following, it is considered that the coupled calculation results represent

the reference solution to which the stand-alone TRANSURANUS results are compared565

to.

Looking at Figure 12, it is evident that the largest differences between the ap-

proaches can be seen at low burnups. As was already visible in Figure 10, the ra-

dial power distributions are tilted relative to each other. At the lowest burnup of

0.21 MWd/kgU the stand-alone calculation first underestimates the power from the pin570

center until the mid-radius, then shifts to overestimate, until again underestimating the

power at the very edge of the fuel. The behaviour is the same along the full axial length

of the rod. The second burnup state at 2.59 MWd/kgU also shows the tilt between the

radial profiles but now the inner part of the fuel is overestimated and the near-edge
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Figure 11: Radial temperature distribution in the middle part (Slice 6) of the gadolinium-doped fuel rod at

different stages of the irradiation period. Coupled calculation results are plotted with solid and standalone

TRANSURANUS calculation results obtained with the default Gd model (option 1) with dotted and with

configuration-specific Gd model (option 102) with dashed lines. The burnup values are rod-average burnups

corresponding to the irradiation days in brackets.

region underestimated with the shift being closer the the edge. The last two burnup575

states show that the underestimation visible for the major part of the fuel decreases as

gadolinium burns, yet a clear overestimation still remains at the rim. There are also

some differences in the axial direction. The largest under and over estimation are seen

in the top and bottom axial sections at all burnup levels. The most likely explanation for

the difference is that the radial power profiles calculated for these sections by Serpent580

in the coupled calculation are actually affected by the environment below and above

the fuel (i.e. pin plenum, end plugs and moderator water). The internal radial power

distribution solution in TRANSURANUS has no way of taking these into account. For

comparison, although not presented as a separate figure, it should be noted that the

differences in the power densities between the coupled calculation and the stand-alone585

TRANSURANUS calculation with the generic gadolinium model range from -60 %

to 80 % at the burnup of 0.21 MWd/kgU and are still between -28 % and 18 % at the
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burnup of 12.6 MWd/kgU.

Figure 12: Relative difference of TRANSURANUS node power densities between a coupled Serpent-

TRANSURANUS and a stand-alone TRANSURANUS calculation using a configuration-specific Gd-model

(option 102) based on tabulated effective cross sections available in TRANSURANUS. The burnup values

are rod-average burnups corresponding to the irradiation days in brackets.

The relative difference in the node temperatures between the coupled and stan-

dalone calculation results shown in Figure 13 visualise the effect the radial power dis-590

tribution has on temperatures. The shift in the power density under/overestimation

by the stand-alone TRANSURANUS calculation compared to the coupled calculation

happening between the burnups of 0.21 MWd/kgU and 2.59 MWd/kgU is also seen as

a shift in the temperature differences of the corresponding burnup states. Due to the

close proximity of the thermal boundary condition, the temperature difference between595

the two approaches near and at the fuel edge is minimal. Thus, also the maximum dif-

ferences between the coupled and stand-alone power distributions obtained at the rim
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do not have a pronounced effect on the temperatures of this region. More importantly,

whether the power level is under or overestimated in the bulk of the fuel appears to dic-

tate whether temperatures are similarly under or overestimated. This is similar to the600

effect of a central hole in pellets, causing an outward displacement of the heat source in

the pellet towards the heat sink (coolant), reducing the central temperature. To get also

an idea of the actual scale of the temperature differences, the maximum local underes-

timation of 15 ◦C by the stand-alone calculation is obtained at 8.20 MWd/kgU and the

maximum local underestimation of 23 ◦C at 2.59 MWd/kgU. For reference, the generic605

gadolinium model (option 1) predicts temperatures that differ from the coupled calcu-

lation results as much as 56 ◦C at low burnup and are still 23 ◦C at 12.6 MWd/kgU.

This may not have large immediate implications from the safety point of view. Nev-

ertheless, it is important for the accurate interpretation of experiments with fuel doped

with neutron-absorbing isotopes in order to extract the correct temperature dependency610

of material properties such as the thermal conductivity.

5. Conclusions and Perspectives

A coupling between the fuel performance code TRANSURANUS and the Monte

Carlo neutronics code Serpent was developed and implemented by means of an external

driver program and making use of the features already existing in Serpent and TRANS-615

URANUS facilitating data exchange between external codes. The coupled calculation

system was tested in a realistic demonstration calculation based on a fuel performance

benchmark with gadolinium-doped fuel.

As was seen in the results, the Monte Carlo neutron transport calculation is inher-

ently capable of accounting for physical phenomena, such as the strong spatial self-620

shielding effects in burnable absorber containing rods, that simpler neutron diffusion

based models stagger or need specific correction, for example, through configuration-

specific effective cross section models such as available in TRANSURANUS. The dif-

ferences in the radial form of the power are strongly reflected in the fuel temperatures.

Comparing the results obtained using the generic and configuration-specific gadolin-625

ium model of TRANSURANUS to those obtained in the coupled calculation with the
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Figure 13: Relative difference of TRANSURANUS node temperatures between a coupled Serpent-

TRANSURANUS and a stand-alone TRANSURANUS calculation using a configuration-specific Gd-model

(option 102) based on tabulated effective cross sections available in TRANSURANUS. The burnup values

are rod-average burnups corresponding to the irradiation days in brackets.

Monte Carlo neutronic solution, it seems obvious that when performing stand-alone

fuel performance analyses one would prefer using the configuration-specific effective

cross section models, even if only approximately related to the specific case, in place

of the default generic Gd-model. The coupled scheme developed in this work can be630

used to develop such models (or to replace them altogether), as well as models for the

new fuels such as so-called accident tolerant type of fuels.

Based on the results and convergence studies presented, the coupling methodol-

ogy works as expected and can be utilised to produce reference level results that in

the neutronic side account for rod internal temperature distribution and changes in the635

radius and in the fuel performance side replace simpler diffusion approximation-based
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radial power distribution solutions with those obtained from a Monte Carlo neutron

transport calculation. A Serpent calculation model can, in principle, be a fully three-

dimensional representation of an entire reactor refined to an arbitrary level of detail.

Serpent can also utilise the full energy dependence of the cross section data available.640

From the viewpoint of a fuel performance code coupled with Serpent, these features

mean that a very realistic estimate for the power distribution in the rod of interest can

be obtained. In practice, however, due to the high computational effort required by

the Monte Carlo neutron transport calculations especially when resolving the internal

power distribution of fuel pins, the calculation model in most cases will likely con-645

sist, at most, of a single fuel assembly with the rod(s) of interest, possibly including

details of the immediate neighbourhood for improved boundary conditions. Provided

sufficient computing resources, larger scale coupled calculations could be attempted

as the Monte Carlo neutronics in general scales well. However, the memory require-

ments also increase due to the increased number of depletion regions. This would likely650

require further development in Serpent, for example, in the form of domain decompo-

sition based parallel calculation capabilities to reduce the memory requirements for a

single computing node. In such a case it would make sense also to parallelise the fuel

performance calculation of the separate fuel pins.

As this type of coupled calculations are very time consuming, instead of routine655

fuel performance analyses at nuclear plants, the use may be limited to more research-

oriented applications and special purposes. For example, the coupled scheme could be

applied for the high-fidelity simulation of separate-effect experiments with special fuel

discs in a research reactor, where the special configuration or material compositions de-

mand a detailed neutronic calculation instead of a simplified diffusion approximation.660

One should keep in mind, however, that beyond the radial power profile, such specific

configurations may also require to consider higher dimensional heat transfer and stress

calculations. In order to reduce the total calculation time, one could consider the appli-

cation of a more refined radial mesh towards the pellet rim by means of a dichotomic

instead of an equi-volume discretisation. Another important reduction of the calcu-665

lation time could be achieved when combining the less accurate Monte Carlo results

directly with a radial piecewise linear fitting tool in the FRAToolbox (Lassmann et al.,
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2015) for example. The loss of information in the less accurate Monte Carlo results

could be compensated by the powerful piecewise fitting tool with moving windows.

Yet another way could be to replace the bin-based tallies in Serpent altogether with a670

polynomial function based approach by utilising functional expansion tallies. Prelim-

inary work towards this direction has already been started as described by Suikkanen

and Rintala (2019).

As for further improvement of the coupled calculation system, a thermal-hydraulic

solver could be included to the coupling to provide a calculated thermal boundary con-675

dition for the fuel rod calculation as well as coolant temperature and density for the

neutronics part. Another potential development would be to include isotope concentra-

tion data calculated by Serpent to the fuel performance code, essentially replacing the

whole nuclide analysis module of TRANSURANUS by that of Serpent.
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