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1.

Introduction

The most relevant challenges in the next future in the combustion field will be the
introduction of carbon-free (e.g. hydrogen) and carbon-neutral (e.g. synthetic) fuels in the
energy and transportation system, and the improvement of thermo-chemical processes
with respect to efficiency and emissions. The aim of CoEC is to provide to academia and
industries software able to utilize the exascale computational resources for the design of
future engines and power plants.
The Exascale Challenge Demonstrators (ECDs) were chosen in CoEC to demonstrate the
capability of the software developed within the project to accurately and efficiently
simulate and/or model the physical phenomena behind the combustion process.
The partners present here their synergistic plans and progress for the realization of the
ECDs by the end of the project. The progresses made in the realization of methodologies
(WP4), computational efficiency (WP5), and data management (WP6) are in WP7
applied in direct numerical simulation (DNS) and large eddy simulation (LES) of
fundamental processes as well as engineering systems.

2.

Main section

APPLICATION 1: Early Flame Kernel Development in Open Domains
Partners: AUTH, ETHZ, and RWTH
1. Aims
The evolution and propagation of a spherically expanding hydrogen flame under turbulent
conditions will be investigated using high fidelity direct numerical simulations (DNS).
The focus of this study is on the interactions of the flame kernel with the underlying
turbulent field and its effects on flame development and characteristic quantities. The
dominant mechanisms during the early flame evolution will be examined, as well as the
long-term development of the wrinkled flame surface for different turbulence
characteristics [Giannakopoulos et al., 2015].
2. Link to demonstrator
The proposed work is linked to Exascale Challenge Demonstrators 5 and 6.
Large-scale DNS of hydrogen flame kernels under turbulent conditions in open and
closed domains will be performed to study the dynamics of the interaction between the
hydrogen flame structure and turbulence under ICE relevant conditions. Flame quantities
such as flame consumption speed and stretch will be computed and analyzed while
emphasis will be put on highly curved flame regions where flame-turbulence interplay is
strong. The numerical results will be compared with theoretical predictions from the
asymptotic analysis. In addition, the potential influence of hydrogen-specific
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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characteristics such as preferential diffusion and its hydrodynamic and thermo-diffusive
instabilities will be investigated.
The DNS will help further expand the knowledge of the phenomena that affect hydrogen
or high hydrogen content (HHC) fuels, burning velocities, and combustion instabilities
(ECD5) in order to address questions of its technological applicability and will provide
further understanding of its limitations in practical applications. (ECD6)
3. Codes
For both large-scale demonstrators, the reactive Navier-Stokes equations in the low-Mach
number regime will be solved using the highly efficient parallel codes CIAO (RWTH)
and Nek5000 (AUTH & ETHZ). The LAV plug-in developed at the Laboratory of
Aerothermochemistry and Combustion Systems of ETH Zurich will be employed for the
governing equations of the gas-phase species and energy. Subsequently, NekRS, the new
high-order solver that is targeting GPUs and is currently extended for reactive flows in
the framework of the CoEC will also be used.
4. Methodologies
In order to prepare the production runs, a preliminary parametric study is performed to
select domain size and shape, the resolution, and the turbulence characteristics of the
initial flow field.
a. AUTH & ETHZ
A spherical kernel of a lean hydrogen flame (φ=0.4) at high pressures (>20 bar) and
turbulent conditions will be examined at a fresh gas temperature of 800K, i.e. at
conditions relevant to internal combustion engines operation, i.e. at conditions relevant
to internal combustion engines operation that are also studied by RWTH.
An open spherical domain with a radius of about 2 cm will be used enclosing a highresolution area of about 3 to 4mm (approximately 150 flame thicknesses). Zero-Neumann
(outflow) boundary conditions will be employed at the outer radius to eliminate
confinement effects that may affect the evolution of the flame kernel in domains with
periodic boundary conditions.
Nek5000 requires conforming hexahedral elements (work also linked to WP4, Task 4.1).
Various techniques were considered for mesh generation. The two options considered for
single meshing in spherical domains and their main characteristics are shown in Figure
1. To minimize the effect of numerical noise resulting from deformed skewed elements,
the region where the flame propagates should adequately be fine and uniform.
The size of the computational domain (providing adequate distance of the flame from the
domain boundary) and computational cost are currently being weighted to select the
proper domain and mesh characteristics.
A synthetic homogeneous and isotropic initial turbulent velocity field (Fig. 2) will be
generated using the Synthetic Eddy Method (SEM) proposed by Poletto [Poletto, 2013];
the turbulence intensity and integral length scale of the divergence-free turbulent field are
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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controlled by two input parameters. As can be observed in Fig. 2, a burnt spherical patch
will be superimposed on the velocity field to serve as the initial flame kernel, which will
be obtained from a 1D premixed laminar flame under nominal conditions.

Figure 1: Meshing options for the flame kernal development: (a) uniform mesh, (b) locally-refinced mesh.

Figure 2 Spherical expanding flame front in a turbulent flow field

Local refinement in Nek5000 can also be realized using overlapping grids which also
enables meshing around complex geometric features [Mittal et al., 2019]. Different
meshes can be used in parts of the domain that overlap with the neighboring regions and
exchange information along their boundaries. Encouraging results were obtained in the
test case of a propagating H2-air premixed flame in the domain shown in Fig. 3, showing
an inner high resolution mesh/domain at the central region of interest, with the outflow
boundary placed sufficiently far away using a low resolution outer mesh/domain that only
has to resolve the flow turbulence.
By implementing this strategy, the computational cost of the simulation will be
significantly reduced as there will be no need to over-resolve the whole computation
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domain right from the start of the simulation when the flame kernel is positioned close to
the center of the domain.

200δth
30δth

Inner
Mesh
20δth

Outer Mesh

Overlapping Meshes

Figure 3 Overlapping domain configuration

b. RWTH
The simulations of three flame kernels in a lean homogeneous hydrogen/air mixture were
computed [Chu et al., 2022 submitted]. Cases Le1T and Le03T are ignited in decaying
homogeneous isotropic turbulence (HIT). As a reference, case Le1T was simulated with
all Lewis numbers set to unity and the Soret effect is disabled, such that differential
diffusion and, hence, thermodiffusion instabilities were suppressed. Case Le03T was
simulated with the Soret effect and non-unity Lewis numbers, which are set constant and
taken from the burned gas of a corresponding unstretched laminar flame. In addition, a
laminar flame kernel ignited in a quiescent environment, referred to as case Le03L, was
simulated with the same diffusion model as case Le03T. All kernels possess the same
initial pressure at 40 bar, temperature 800 K, and fuel/air equivalence ratio φ = 0:4,
featuring realistic hydrogen ICE conditions (that are also studied by AUTH & ETHZ). It
has to be noted that, due to the computational cost, the turbulent integral length scale in
the DNS was set smaller than in engines.
The reacting flow was modeled in the low-Mach limit, where the chemical reactions are
described with a mechanism proposed by Konnov [Konnov, 2019]. The diffusive scalar
transport was modeled with the Curtiss-Hirschfelder approximation [Hirschfelder et al.,
1964]. The Soret effect was included following Zhou et al. [Zhou et al., 2017] and Schlup
et al. [Schlup et al., 2018]. The ideal gas law was applied as the equation of state. The
DNS was carried out with the semi-implicit finite-difference in-house code CIAO, based
on the Crank-Nicolson time advancement scheme and an iterative predictor-corrector
scheme with spatial and temporal staggering [Desjardins, 2008]. The Poisson equation
for the pressure correction was solved by the multi-grid HYPRE solver. Second-order
central difference schemes were employed for momentum convection and all diffusive
fluxes, while the weighted essentially nonoscillatory (WENO5) scheme was applied for
scalar convection in order to ensure bounded solutions. For species and temperature, the
operator splitting proposed by Strang [Strang, 1968] was used. The resulting ODE for
chemical source terms was solved using the CVODE solver from the SUNDIALS
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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package. Periodic boundary conditions in three directions were specified for both
turbulent kernels. With the domain size of about 144 times the flame thickness for case
Le03T and 134 times the flame thickness for case Le1T, the pressure increases by the end
of the simulation are about 12% and 1%, respectively, which has a negligible effect on
the burning velocity (< 4%). A domain size of 72 times the flame thickness is applied for
the laminar kernel with outflow boundary conditions in three directions to suppress the
pressure increase.
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APPLICATION 2: Early Flame Kernel Development in Closed Domains and
Flame-Wall Interactions
Partners: AUTH, and ETHZ
1. Aims
In closed domains, confinement modifies the flow field and has a strong effect on the
shape and local structure of the propagating front that is affected by the presence of the
walls early on, even in an initially quiescent flow [Jafargholi et al., 2018]. With respect
to FWI, the focus will be on head-on as well as the initial phase of side-wall quenching
along the horizontal isothermal or adiabatic walls. In addition to the investigation of
chemical effects in the near-wall region, the simulations will allow for the extraction of
the local ‘turbulent quenching distance’ and the resulting effect on wall heat transfer. The
conditions to be investigated will be similar to the ones in open domains described earlier.
2. Link to demonstrator
As for Application 1, the proposed work is linked to Exascale Challenge Demonstrators
5 and 6.
3. Codes
As for Application 1, the proposed work will be realized with Nek5000 and NekRS.
4. Methodologies
For the EFKD simulations in closed cylindrical domains, we will consider domains with
a height of H=1 cm and diameter of about D=3-6 cm that will be non-uniformly
discretized into spectral elements to ensure the high local resolution needed to resolve the
flame, while in the rest of the large (by DNS standards) domain the resolution will be
adjusted to resolve only the flow structures. Single locally-refined as well as overlapping
overset grids as described earlier will be considered to reduce the computational cost in
order to enable parametric DNS. The initial synthetic turbulent field will be generated
using the synthetic eddy method outlined in section 3.1.2 to allow for direct specification
of turbulence intensity and integral length scale. Simulations that demonstrate the effect
of initial turbulence intensity on the flame structure of a lean syngas-air flame propagating
inside a closed cylinder are shown in Fig. 5 [Jafargholi et al., 2018].
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Figure 5: Effect of initial turbulence intensity on the flame structure of a lean syngas-air flame
propagating inside a closed cylinder. Lower wall: heat transfer distribution (MJ_PhD).

APPLICATION 3: UCAM RQL Burner and soot formation
Partners: AUTH, and ETHZ
1. Aims
The DNS of the Rich-Quench-Lean (RQL) swirl burner [Giusti et al., 2018], a laboratory
scale aircraft combustor developed and operating at the University of Cambridge, is one
of the large-scale demonstrators. Turbulence-chemistry-soot interactions will be studied
in a co-flowing setup where the fuel jet flows through an inner pipe and the primary air
is injected through a surrounding pipe in a swirling motion generated by an axial swirler.
Dilution air can also be injected through four jets located at the corners of the burner.
Soot formation under varying operating conditions will be explored by modifying the
ratio of the airstreams that flow at different locations of the combustor. Of particular
importance due to the stricter regulatory frameworks that impose limitations on the total
particle mass (PM) as well as on the particle number emissions (PN) is the effect on the
soot volume fraction and particle size distribution.
2. Link to demonstrator
The simulation of the UCAM RQL Burner is directly linked to Exascale Challenge
Demonstrator 1 (ECD1) as this demonstrator will provide reliable data about particle size
distributions with the aim of improving soot models. It is also linked to ECD2, as the
high-fidelity data that will be generated can be used for the more accurate prediction of
the complex process of soot formation in practical applications.
3. Codes
As for Application 1, the proposed work will be realized with Nek5000 and NekRS. In
addition, a plug-in developed in the framework of the CoEC at the Laboratory for Applied
Thermodynamics (LAT/AUTH) will be used to model soot formation.
4. Methodologies
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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The meshing approach proved to be more efficient for the RQL burner geometry is the
hexablock algorithm. This technique involves the generation of split hexa-boxes that
allow local refinement in the desired regions of the domain in order to capture the flow
and flame phenomena that develop. The mesh generation software ANSA, a preprocessing tool developed by BETA CAE Systems was used for hexa-elements up to 2nd
order. An important aspect related to grid generation is the need to reduce the total number
of elements, due to the significant costs incurred by the demanding detailed chemical
schemes used. After testing several different meshing configurations, the domain is
currently discretized into E=251424 conforming hexahedral spectral elements and the
solution is approximated using from 7th up to 11th order polynomials in each spatial
direction, resulting in 129 to 434 million total grid points. The current mesh used is
illustrated in Fig. 6.

Figure 6 Hexablock mesh generation for RQL burner

Resolution studies are conducted to further reduce the total number of elements by
examining the impact of joining hexa-boxes at certain regions through the
implementation of different O-grid strategies to avoid propagation of refinement. Another
method to be tested is the implementation of overlapping grids, a tool of Nek5000 (neknek) described in 3.1.3, allowing the use of multiple overlapping domains. This capability
simplifies the meshing procedure and enables local refinement. Figure 6 schematically
shows the domain splitting of the RQL Burner geometry that will be investigated using
the nek-nek methodology.
The inlet region of the burner consists of an axial swirler that imposes the swirling motion
of the air and induces turbulence in the mixture. However, this swirler induces major
complexity to the configuration and complicates the meshing procedure. For this reason,
the axial swirler has been modeled by a forcing term that generates the necessary
tangential acceleration to produce the right amount of swirl in the air stream. Concerning
boundary conditions, the inlet velocity profile of the fuel and air jets are initialized based
on a smooth, analytical turbulent velocity profile [Jaroslav et al., 2019]. Several nonreactive, cold-flow test runs were carried out to achieve the right swirl conditions
provided by the University of Cambridge at the inlet of the burner.
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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Figure 7 Overlapping domains for RQL burner

Figure 8. Distribution of y (left) and z (right) velocity components on plane z=0 of the RQL burner

Results from these initial simulations of the RQL Burner, for the y and z components of
the velocity field along the z=0 plane are shown in Fig. 8. The region of the combustion
chamber that is dominated by reverse flow is of particular interest as it contributes to the
sustained ignition of the ethylene fuel jet.
For reactive-flow two air flow scenarios will be simulated to understand their impact on
soot formation and oxidation, as well as on soot volume fraction and Particle Size
Distribution (PSD) (linked to WP4, Task 4.4). In the first case, air comes solely from the
primary air stream while in the second dilution air is also added downstream of the
primary flow region. The global equivalence ratio in both cases is the same. To provide
an accurate prediction of soot yield, soot models need to solve the Population Balance
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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Equation (PBE). One of the employed models will be moment-based, MOMIC (Method
of Moments with Interpolative Closure), as it employs the minimum possible number of
equations to provide the PN and PM. The second model is a discrete sectional model
(DSM) which in addition to PN and PM also provides the PSD, at a significantly higher
computational cost [Liu et al., 2019]. A reaction scheme will be employed to predict
polyaromatic hydrocarbons (PAH) which constitute the soot precursors. The skeletal
reaction scheme [Bisetti, 2012] includes 47 species and will significantly increase
computational cost compared to a simplified reaction scheme. Four main test cases will
be examined: in the first two, the moment-based soot model will be tested with and
without the presence of dilution air downstream of the primary region, while in the other
two cases the discrete sectional model will be evaluated under the same flow conditions.
Currently, in preliminary simulations, a simplified two-step ethylene-air mechanism of 6
species has been incorporated as the currently available computational resources are not
sufficient for detailed chemistry simulations. For the needed computational resources, a
proposal has been submitted to the PRACE-Call 24 and is currently under review.

APPLICATION 4: Liquid fuel combustion
Partners: BSC, and CNRS
1. Aims
This activity is dedicated to obtaining a further understanding of the combustion
characteristics of liquid fuels. It includes two main objectives:
1) to provide fundamental insights into multi-component droplet evaporation and its
application to spray flames;
2) to investigate droplet/flame interactions using high-fidelity methods.
2. Link to demonstrator
This activity is linked to the demonstrator “ECD7: Fuel atomization and evaporation in
practical applications”.
3. Codes
Alya (BSC) and Yales2 (CNRS)
4. Methodologies
The modeling approach is based on the solution of the governing equations of reacting
gas mixtures using a finite-rate chemistry model with direct integration of the source
terms. Strategies for reducing the cost of chemical integration will be considered based
on Analytically Reduced Chemistry (ARC) or Dynamic Adaptive Chemistry (DAC).
Tabulated chemistry models considering the mapping of 1D flamelet solutions will be
used for the direct application of the developed models in realistic spray flame
simulations.
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On the liquid side, Lagrangian particles with advanced heat and mass transfer models will
be considered. The Abramzon and Sirignano evaporation model will be extended to
multi-component evaporation and will be employed in the analysis.
An Eulerian-Lagrangian method will be used to describe the reacting multiphase flow
problem. The gas phase is described by an Eulerian method using a low-Mach solver
along with the enthalpy and species mass fraction equations, while the liquid phase is
represented by a Lagrangian Particle Tracking (LPT) algorithm.
Efforts will be considered to ensure both the chemical integration and the LPT algorithm
can scale for Exascale-representative simulations.
Provide a further understanding of droplet evaporation of multicomponent fuels and their
interaction with reacting gas mixtures, that can be used for model development in
tabulated chemistry methods.

APPLICATION 5: Hydrogen combustion
Partners: BSC and RWTH
1. Aims
The following activity aims to better understand partially premixed combustion with
focus on multi-regime combustion phenomena and develop flamelet-based models that
can recover the burning velocity and pollutant formation in such conditions. This activity
can be further sub-divided into several main tasks that will be performed synergistically
by the two partners:
1) Study partially premixed combustion in hydrogen flames in order to understand
and characterize the burning rates and pollutant formation.
2) Investigation of local quenching and intrinsic instabilities in hydrogen and
hydrogen blends combustion
3) Modal analysis of heat release and turbulence interaction in swirl flames
4) Develop tabulated chemistry models that can recover accurately the burning rates
and pollutant formation in LES of turbulent reacting flows.
2. Link to demonstrator
This activity is linked to demonstrators “ECD5: Detailed chemistry DNS calculation of
turbulent hydrogen and hydrogen-blends combustion” and “ECD6: Use of alternative
fuels, H2 and H2 blends in practical systems”.
3. Codes
Alya (BSC) and CIAO (RWTH)
4. Methodologies
a. BSC
In the finite rate solver, the focus will be on high order operator splitting schemes,
chemistry reduction through Dynamic adaptive chemistry (DAC), and efficient stiff
integrators.
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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Modeling of the partially premixed regime using tabulated chemistry will be based on the
model by Illana et al. [Illana et al., 2020], which uses a modified flame index definition
to identify premixed and diffusion burning regimes. The lookup of properties and source
terms is then performed by interpolation of data from both premixed and diffusion
databases based on the flame index. The method is shown to reproduce well the burning
rates under laminar DNS configurations and will be extended to turbulent flames and
emission predictions.
All the simulations will be computed using Alya, which uses a finite element
discretization under the low Mach limit. For the flamelet method, controlling variables
are transported corresponding to which a look-up will be performed in an a priori
generated manifold. The sub-grid scalar transport is closed by using a presumed-shape
PDF.
For the finite rate scheme, Advection-Diffusion-Reaction equations are solved for every
species in the reaction mechanism. The Strang-splitting scheme is used to decouple
chemistry from transport and allow for larger times steps. A DAC method based on the
Path Flux Analysis (PFA) is used to locally reduced the chemistry.
Vectorization algorithms will be used for both flamelet and finite rate-based methods.
Chemistry integrations and chemistry reduction will be offloaded to GPUs.
At the end of the activity, there will be a clear understanding of the impact on the use of
flamelet methods for partially premixed combustion, which will lead to improvements
and extensions in the existing models. An efficient fast finite rate solver will be at hand
to provide reference data to be used for validation.
b. RWTH
The governing equations of the DNS of both the jet flame and the swirl flame are given
by the reacting Navier-Stokes equations in the low-Mach limit [Tomboulides et al., 1997].
For the computation, the in-house MPI code CIAO will be employed. It is based on the
numerical algorithms developed by Desjardins et al. [Desjardins et al., 2008]. The code
is a high-order, semi-implicit finite difference code that uses Crank-Nicolson time
advancement and an iterative predictor-corrector scheme. Spatial and temporal staggering
is used to increase the accuracy of stencils. The Poisson equation for the pressure is solved
by the multi-grid HYPRE solver. Momentum equations are spatially discretized with a
fourth-order scheme. Species and temperature equations are discretized with a fifth-order
WENO scheme. The temperature and species equations are advanced by utilizing an
operator splitting according to Strang. The chemistry operator uses a time-implicit
backward difference method, as implemented in the stiff ODE solver CVODE.
The species diffusion velocity appearing in the species and temperature equations is
modeled with the Curtiss–Hirschfelder approximation [Hirschfelder et al., 1954]. The
fluid is assumed to be an ideal gas and following Zhou et al. [Zhou et al., 2017], the Soret
effect is included. Species diffusivities are determined by imposing spatially
homogeneous, non-unity Lewis numbers. The Lewis numbers are taken in the burnt gas
region of one-dimensional unstretched premixed flames, which was found to yield the
best approximation for the unstretched laminar burning velocity. Chemical reactions are
modeled by the mechanism of Burke et al. [Burke et al., 2012] which contains 9 species
and 46 reactions. Using detailed chemistry, assumptions related to the reduction of
chemical mechanisms are avoided.
The CoEC project has received funding from the European Union’s Horizon 2020 research and innovation
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The low-Mach number formulation of the Navier-Stokes equations removes acoustic
effects from the governing equations and, therefore, avoids the limitations of the acoustic
CFL number. As a result, the time step can be set to a significantly higher value compared
to a fully compressible solver, so a lower number of total iterations is required to run the
proposed DNS and study the long-term behavior of thermo-diffusively unstable flames.
However, a very large time step may affect the solution’s accuracy.

APPLICATION 6: Plasma-assisted combustion
Partners: CERFACS
1. Aims
In the present work, a two-way coupled plasma-combustion numerical model is used to
describe the plasma, the combustion, and their interaction with a similar level of accuracy
to simulate the ignition of a methane-air mixture using multiple discharges in a 2D
axisymmetric geometry. The context is lean combustion for reduced environmental
impact, which faces stability and ignition issues that may be solved with Nanosecond
Repetitively Pulsed (NRP) discharges. NRPs produce non-thermal plasmas and active
radical species which interact with combustion thermochemistry in various ways that are
not yet fully understood. Direct Numerical Simulation is therefore useful to analyze in
detail the flame-discharge interaction and the underlying physical processes.
2. Link to demonstrator
The present work is in direct link with demonstrator ECD8: “plasma-assisted
combustion”
3. Codes
The plasma and combustion governing equations are discretized in cylindrical
coordinates with a finite volume formulation using the AVIP code [Cheng, et al., 2021].
AVIP is a massively parallel unstructured plasma code able to simulate low-temperature
plasma discharges and validated on the streamer code benchmark [Bagheri et al., 2018].
It has been coupled to the combustion code AVBP [Schonfeld et al., 1999] in a selfconsistent approach based on the simultaneous time-integration of both sets of governing
equations using the same domain discretization.
.
4. Methodologies
Combustion model: The set of conservation equations used to describe the evolution of a
compressible flow with chemical reactions yields:
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where ρ is the mass density, ui the velocity, E the total non-chemical energy, ρk the mass
density of species k, σij the stress tensor, qj the heat flux, Jj,k the diffusive flux of species
k into the mixture, ωk the species k mass production rate and ωT the heat produced by the
chemistry. The space resolution used is fine enough to fully resolve the flame structure
so that no flame model is necessary.
Low-temperature plasma model: A two-temperature fluid model was developed. The ion
and neutral species are in thermal equilibrium at the gas temperature Tg whereas electrons
are at a temperature Te different from Tg. To retrieve the electron temperature Te, the
electron energy distribution function F0, which is mostly a function of the reduced electric
field E/N (N is the total gas number density) and the species molar fractions Xk, needs to
be solved so that Te = Te(F0). By doing so, a local field approximation (LFA) is implied,
meaning that F0 is instantly correlated with the reduced electric field. This is done using
BOLSIG+ [Hagelaar et al., 2005] that has been embedded in AVIP.
All the charged species are transported following the drift diffusion approximation which
reads for each species k:

where nk is the particle number density, E the electric field, μk the mobility coefficient,
Dk the diffusion coefficient, and ωk is the source term associated with the plasma
chemistry. The electron mobility and diffusion coefficient are computed using BOLSIG+
at the beginning of each pulse considering an averaged mixture composition within the
inter-electrode gap. All the ions mobilities and diffusion coefficients are taken from
[Morrow et al., 1997]. This model has been extensively used for high pressure streamer
simulations.
The electric field is derived from the Poisson equation:

where F is the electric potential and qk is the species k charge.
The vibration of nitrogen plays an important role in plasma-assisted combustion as it can
store up to 50% of the discharge energy. Detailed modeling of vibration is too costly and
a global out-of-equilibrium vibrational energy model is considered here.
The non-equilibrium vibrational energy evib governing equation reads:

where DN2 is the diffusion coefficient of N2 into the mixture, Epvib is the vibrational
energy production term computed from the electron-impact processes and RpVT is the
vibrational to translational relaxation modeled using the Landau-Teller harmonic
oscillator approach.
AVBP and AVIP use unstructured meshes. The HLLC Riemann solver with MUSCL
reconstruction and Sweby limiter [Toro, 2009] is employed to compute the Euler fluxes
of the Navier-Stokes equations. The limited Lax-Wendroff numerical scheme is used to
integrate the drift-diffusion equations.
The Poisson equation is discretized using a finite volume vertex-centered formulation and
the resulting linear system is solved using the PETSc library [Balay et al., 1997].
Validation cases may be found in [Cheng et al., 2021].
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Both codes AVBP and AVIP use domain decomposition and scale up to thousands of
CPUs on massively parallel machines. A difficult issue, and still a bottleneck, is the
resolution of the Poisson equation on unstructured meshes. Available linear solvers lead
to very high CPU cost and work is currently ongoing to accelerate this computation.
In relation to other WPs and partners, the current work is to accelerate the resolution of
the Poisson equation following two directions:
Use of neural networks to predict the electric field from given charge fields.
Use of the geometrical multigrid approach
The target configuration of this DNS task is a pin-pin discharge in a methane-air mixture,
for ignition purposes. The case is sketched in Fig. 9.
The final objective is to derive simplified discharge models capable of describing NRP
discharges in 3D CFD calculations (using the LES formulation). This will allow
addressing T7.3.4 of COEC.

Figure 9 Geometry of the pin-pin configuration targeted for DNS of plasma-assisted combustion.

APPLICATION 7: Pollutant formation in hydrogen combustion
Partners: CERFACS
1. Aims
Hydrogen as a fuel is a good candidate to meet current environmental requirements since
it offers no-carbon emissions and can play the role of energy vector to store energy in
excess produced by renewable energy. However, the use of hydrogen or hydrogen blends
may lead to an increase in NOx emissions due to the higher temperatures reached in the
burnt as. In this context, high-fidelity numerical simulation represents a fundamental tool
to gain an understanding of easing the shift towards the green combustion systems of the
future. This however requires an accurate chemistry description of the chemical processes
at the origin of NOx formation.
In the present work, a novel chemical mechanism for H2-air combustion suitable for DNS
has been developed. The kinetic species and reactions behind hydrogen combustion are
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well-known and studied since they could be found as sub-mechanisms of all the
hydrocarbons chemistries, e.g., methane and propane. A large number of these detailed
schemes developed for hydrocarbons and syngas could be found in literature, e.g., GriMech3.0, Polimi (CRECK modeling group), or Galway NUIGMech1.1. All of these well
describe hydrogen/air oxidation and, also, NOx chemistry. Despite the high precision,
none of the aforementioned schemes is however suitable to be directly used in a CFD
code. Indeed, the computational cost of accounting for more than 30 species and
thousands of reactions (some of them characterized by very small characteristic time) will
make the numerical simulation unsustainable and reduced mechanisms are required.
2. Link to demonstrator
The present work is in direct link with demonstrator ECD5: “Detailed chemistry DNS
calculation of turbulent hydrogen and hydrogen-blends combustion”
3. Codes
The DNS will be ultimately performed with the code AVBP or the high-order code
JAGUAR, both developed at CERFACS. AVBP has been widely used for combustion
applications. The code is able to directly integrate combustion chemical mechanisms in
association with the TFLES model for turbulent combustion. JAGUAR is currently
extended to combustion in WP4.1 of the COEC Project.
To develop and analyze combustion chemistry, two codes are used. The first one is the
open-source code CANTERA, adapted by CERFACS to a series of chemical and
transport models close to those used in CFD codes. The second code is the in-house
chemistry reduction code ARCANE detailed in [Cazères et al., 2021].
4. Methodologies
A few examples of 25 hydrogen-air are the San Diego [Saxena et al., 2006] and the Boivin
[Boivin et al., 2011] reduced mechanisms. Both are widely employed in CFD since they
provide a good compromise between the accuracy of the results and computation costs.
Anyway, none of them includes the nitrogen dioxides branches.
Based on the experimental activity carried out on hydrogen flames, the ways to produce
NOx can be summed up in 3 categories: the thermal path defined by Zel’dovich submechanism, the N2O intermediate path, and finally the secondary route through diazenyl
radicals (NNH). Thermal NOx are mainly controlled by combustion temperature. The
N2O intermediate chemistry is, on the contrary, low sensitive to temperature because
characterized by low energy of activation. Moreover, the N2O route is also promoted at
high pressure because of the presence of third body. Finally, the NNH route is controlled
by the radicals O and H, which are abundant in the flame fronts, and is linked to the N2O
mechanism by the reaction:
NNH + O ⇐⇒ N2O + H
The reduction is fully automatic in a multi-step approach relying on DRGEP, chemical
lumping, and Quasi-Steady State Assumption. The CRECK detailed mechanism which
comprises 159 species and 2459 reactions was chosen as a reference for this work because
of its extensive use in the community. The reduction process, which targets chains for the
production of NO via N2O and NNH secondary routes, returns a scheme with 15 species
and only 47 reactions. An error of 5% is set as a limit for the ignition time delay as well
as for the laminar flame speed, whereas, a maximum error of 1% has been imposed on
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the integral value of NO. It is important to highlight that in the reduction process, the O
and H radicals have been set as the main targets being central for the O2/H2 and NO
oxidation pathways. Results are illustrated in Fig. 10.

Figure 10 Comparison of laminar flames speed calculated with detailed transport (multispecies) for
detailed (blue circles), skeletal (black), and reduced scheme (red) at elevated pressure (a), low pressure
(b), and elevated temperatures (c).

The numerical method for the DNS differs between AVBP and JAGUAR. Both use
unstructured meshes.
AVBP is based on standard finite volumes approaches, with central numerical schemes
of second and third-order. Stability is ensured with artificial viscosity locally added to
damp spurious oscillations.
With JAGUAR, an attempt is made to go to higher order with the help of discontinuous
methods, here spectral differences. The h-p refinement features are very appealing for
combustion and are developed and studied in WP4.1 of COEC.
AVBP well scales up to thousands of processors on massively parallel machines.
JAGUAR is not yet at this stage and will be optimized with the help of WP5.
With the efficient and accurate codes AVBP and JAGUAR, DNS, and LES of NOx
emission by hydrogen flames will be performed to address the following topics:
Impact of complex transport properties on the flame structure and pollutant emissions.
This will be studied with the DNS of H2/air and H2/CH4-air mixing layers in the laminar
and turbulent regimes.
Modeling of turbulent non-premixed flames. Both DNS and LES of jet flames will be
performed to assess the validity of the TFLES model extension to non-premixed
combustion.

APPLICATION 7: Turbulent hydrogen combustion in canonical geometries
Partners: TUE
1. Aims
The first step consisted in analyzing the combustion characteristics of hydrogen, in terms
of premixed flame structure, chemistry, and diffusion modeling, in order to select the
most cost-effective setting for Direct Numerical Simulations.
2. Link to demonstrator
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The present work is in direct link with demonstrator ECD5: “Detailed chemistry DNS
calculation of turbulent hydrogen and hydrogen-blends combustion”
3. Codes
TUE’s in-house codes CHEM1D and DISCO
1. Methodologies
First, a series of flamelets was computed at different conditions (fresh gas temperature,
dilution-ratio with nitrogen, etc.) using the multicomponent diffusion model and several
chemical mechanisms. The laminar flame speeds of these flames were compared to
experimental data. All mechanisms correctly predicted the laminar flame speed, thus, the
mechanism proposed by Burke et al. [Burke et al., 2012] was selected for the next
simulations, since it involves the least species and reactions.
Due to the high diffusivity of hydrogen, it was important to choose a transport model that
can predict the behavior of premixed H2 flames accurately with a low computational cost.
Therefore, the selected mechanism was used to compute the laminar flame speed of
hydrogen using multicomponent diffusion, mixture averaged diffusion, and constant
Lewis numbers and the results were compared with experimental data as well. The results
of the most inexpensive model (constant Lewis numbers) were close enough to those of
the most accurate model (multicomponent diffusion) when the effect of Soret diffusion is
taken into account.
Then, the effect of flame stretch and curvature was studied by computing the mass
burning rate of 1D flames at different conditions. For unity Lewis numbers, the mass
burning rate decreases with stretch (direct stretch effect). For Lewis numbers different
than unity, preferential diffusion effects take place resulting in an enhanced mass burning
rate for lean hydrogen mixtures. Therefore, the mass burning rate of stretched hydrogen
flames is given by the sum of the stretch effect and preferential diffusion effects. The
results show that preferential diffusion effects are reduced with increasing temperature
and intensified with increasing pressure. Regarding curvature, the mass burning rate was
not affected by pure curvature effects in the absence of flame stretch.
DNS were also performed, first in a two-dimensional 8-by-8 mm domain. The
simulations are initialized with two flame fronts that propagate towards each other. The
flame fronts are separated by a planar turbulent jet that consists of a lean hydrogen/air
mixture. The simulations show the formation of flame pockets separated from the original
flame front, that burn at an enhanced rate, due to the higher diffusivity of hydrogen (see
Figure 11). These results also show that preferential diffusion effects take place in
stretched H2/air flames. These effects are reduced with increasing fresh gas temperature
and enhanced with increasing pressure.
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Figure 11. 2D DNS results showing progress variable and H radical mass fraction.

Additionally, three-dimensional DNS have been started with the same configuration as
described previously (two flame fronts that propagate towards each other). This is an
ongoing activity. The in-house developed DNS code DISCO is used for these simulations.
This code is optimized within WP5 of this project.
The short-term future plan includes the completion of DNS in 3D canonical geometries
under different conditions (e.g., varying Karlovitz number while keeping Reynolds
number constant) and these results will be analyzed in terms of flame stretch and
curvature effects in the context of LES sub-filter scale modeling. Then, hydrogen blends
(H2 + CH4) will be studied in DNS in canonical geometries.
After the completion of direct numerical simulations, TUE will also take part in sub-task
7.3.1, where LES of pure hydrogen combustion will be performed. These studies will be
performed first in canonical configurations and then in lab-scale burners. Hydrogen
blends will be later included in these studies as well.

APPLICATION 8: Combustion of metal particles
Partners: TUE
1. Aims
Combustion of metal particles has gained attention in the last years and the capabilities
to reduce pollutants formation. The main objective of this work is to study metal powder
combustion where the flames interact with metal particles.
2. Link to demonstrator
The present work is in direct link with demonstrator ECD10: “Combustion of metal
particles”
3. Codes
Alya (BSC)
4. Methodologies
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For the reactive sprays and burning metal particles subtask (T7.1.3), participants of the
Power and Flow Group at TU/e have recently (since November 2021) started working
along with BSC on implementing an iron particle combustion model [Hazenberg, 2021]
into Alya (BSC). This is also directly related to WP 4, Eulerian-Lagrangian methods for
particle transport. Currently, the iron particle combustion model has been implemented
with only a one-way coupling, in which it is assumed that the particle-phase combustion
doesn’t influence the thermodynamics of the gas phase. However, the extension to twoway coupling is pretty straightforward and is being currently developed.
The results from single-particle combustion with one-way coupling have been verified
against a simple 0-D FORTRAN code for the same model. In this test, a single iron
particle at an initial temperature of 300 K is introduced into an environment of air at a
temperature of 1000 K. Fig. 12 shows the results from Alya compared to that from the
FORTRAN code. Minor differences in temperatures are observed, especially in the
relaxation stage after the particle has completely combusted. These differences are
possibly due to how the temperatures are being calculated in the two codes. The
FORTRAN code calculates the change in enthalpies at the end of each time step and
derives the temperature from it, whereas in Alya, the change in temperatures at the end
of each time step are directly being calculated. This possibly introduces numerical errors
due to extra derivatives that are solved.

Figure 22 Comparison of Alya with 0-D FORTRAN code for (a) particle temperature and (b) particle
diameter for 10-micron particles with an air temperature of 1000 K.

In the near future, the two-way coupling (discussed above) will be implemented in Alya.
Once this has been achieved, we would like to run large scale simulations of actual
burners with a large number of iron particles. Currently, we have identified the hot
counterflow flat iron flame burner at McGill University [McRae, 2019] experiments as
appropriate cases to simulate with Alya. The experimental setup is shown in Fig. 13.
Once those results have been compared to their work, depending on the accuracy of the
results, we will possibly work on improving the iron particle combustion model as well
as the general physics of the model. An area of interest would be to include higher oxides
of iron in the model (currently we assume only FeO), which would give us the capability
to achieve more accurate results.
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Figure 13 (a) Front view and (b) top view schematic of the experimental set-up used at McGill University
for flat iron flames [McRae, 2019].

APPLICATION 9: Early Flame Kernel Development in Open Domains
Partners: RWTH
1. Aims
For the development of new LES models, fully resolved DNS of turbulent combustion
phenomena are used as a benchmark tool since they offer extensive, spatial, and temporal
resolved data. Current soot-turbulence interaction models often fail in predicting correctly
the oxidation of soot. LES of a combustion chamber was performed by Wick et al. [Wick
et al., 2017] and compared to experimental results. It was shown that oxidation at the
sides of the combustion chamber was occurring much faster in comparison to the
experiment, suggesting the oxidation source term as a major source of uncertainty in the
results. Yang et al. [Yang et al., 2019] also showed, using the dataset from Attili et al.
[Attili et al., 2014] in an a priori analysis, that the flamelet model seems to overpredict
soot oxidation. In order to improve the state-of-the-art models, the lack of relevant data
needs to be filled.
2. Link to demonstrator
The present work is in direct link with demonstrator ECD4: “Prediction of pollutants
and design of low-emission burners”
3. Codes
CIAO
4. Methodologies
For the soot emission subtask (T7.1.2), RWTH is currently performing a large-scale DNS
of a three-dimensional non-premixed ethylene/air turbulent sooting temporal jet flame. A
configuration, which promotes a strong mixing and rapid fuel consumption, has been
selected in order to study the soot-chemistry interaction when strong oxidation is present.
Differently from other currently available datasets, such as the one from Attili et al. [Attili
et al., 2014], where the fuel core is located in-between the two shear layers of a temporally
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evolving jet, in this configuration the fuel is confined in two narrow stripes which
partially overlap with the mixing layer formed by the two opposite streams (schematically
shown in Fig. 14). The initial condition for the chemical species is taken from a flamelet
1D solution

Figure 14 Schematic of DNS configuration for soot

Soot particles and aggregates are described by their volume and surface and the bivariate
HMOM method [Mueller et al., 2009] is utilized to describe their evolution. As discussed
in the work of Scialabba et al. [Scialabba et al. 2021], soot molecular diffusion is usually
negligible and it has not been included here. The resulting advection-reaction equations
for the statistical soot moments are solved with a Lagrangian particle method, due to their
stiffness [Attili et al., 2013]. An in-house stand-alone C++ library handles the single point
computation of the soot moments source terms and their respective closure.

Figure 15 Soot volume fraction conditioned mean on mixture fraction

The DNS is being performed at the High-Performance Computing Center in Stuttgart
(HLRS), specifically on the HAWK machine. The employed grid consists of a total of
1.5 billion points (1554x1860x519) and two Lagrangian particles per cell have been used
for the soot moments’ transport (3 billion particles total). A chemical mechanism with 41
species, including Naphthalene for soot formation, has been selected. The DNS is being
carried out with CIAO, an in-house code for DNS and LES of turbulent reacting flows.
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Figure 16 Cut of the soot volume fraction at 6 ms

The total physical time of the simulation is 12 ms, and the DNS is characterized by
different stages. Only the first half of the simulation has been performed so far. An initial
substantial build-up of soot can be seen and a peak value of 0.2 ppm was found after the
first 6 ms (Fig. 15 and 16). After reaching this point, the peak mixture fraction is already
below 0.4, conditions at which naphthalene is no longer produced, and which has been
mostly consumed. Soot particles are then no longer formed and PAH-based growth
becomes negligible, while surface growth (due to the HACA mechanism) remains the
predominant growth mechanism. Simultaneously, soot is transported towards the
oxidation layers and starts to be significantly consumed. At 6 ms, the peak value of soot
oxidation is found around Z = 0.24, which corresponds to the mixture fraction location of
peak OH radicals, the main source of soot particle consumption.
The remaining part of the simulation is currently being performed. Later stages of the
simulation will be characterized by strong oxidation, hence an almost full consumption
of formed particulate. The dataset will be thoroughly analyzed using a priori analysis and
used for LES model development. Possible parameter variations will be considered for
future simulations to further investigate the interaction between soot oxidation and
turbulence.
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