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Abstract

The interaction of flames with walls and subsequent flame quenching can be a major cause of pollutant
formation in many practical combustion applications. Because of this, a better understanding of flame-
wall interaction phenomena is required to optimize future combustion systems. In this work, direct
numerical simulations (DNS) are used to study flame-wall interaction of a stoichiometric methane-air
flame in a turbulent channel flow. The simulation employs finite rate chemistry and a computational
mesh with 200 million cells to resolve the flame-wall interaction without turbulence and combustion
model assumptions. The turbulent flow is generated from a separate inert channel flow DNS with
periodic boundary conditions. The inert channel flow simulation and the reactive flame-wall interaction
simulation are run on the HoreKa cluster at the Karlsruhe Institute of Technology (KIT) and the Hawk
supercomputer at the High Performance Computing Center Stuttgart (HLRS) on up to 32768 CPU cores.
The simulation results are compiled into a numerical database, containing full three-dimensional data as
well as sampling of flame and turbulence properties on two-dimensional cutting planes and one-
dimensional lines for model validation. In total, the database consists of 3.5 TB of data. The DNS
resolves the smallest length scales in the turbulence-flame-wall interaction zone, so that the database is
suitable for developing advanced turbulent combustion models considering the effect of FWI.

Introduction

As emission limits for internal combustion engines become stricter, it is mandatory to increase the
efficiency and reduce the formation of pollutants like carbon monoxide and soot. One trend for
increasing efficiency is downsizing. However, this typically increases the ratio of wall surface area to
volume, leading to intensified flame-wall interaction. As a flame propagates toward a cold wall, it loses
heat and eventually quenches [1]. This incomplete combustion process produces increased pollutant
levels. Because a better understanding of flame-wall interaction phenomena is required, it has been
investigated experimentally [2-5] and numerically [6-9] in the past. However, a reliable and efficient
way of describing flame-wall interaction in numerical simulations is still needed. The detailed
investigation of flame-wall interaction is difficult because of the small length scales involved, as the
flame-wall interaction typically occurs in the sub-millimeter scale. Resolving this near-wall region
sufficiently, together with using finite rate chemistry which can introduce chemical time scales that
differ by ten orders of magnitude, means that the computational cost is very high.

Because of this, a direct numerical simulation (DNS) of a turbulent channel flow, where a stoichiometric
methane-air flame interacts with a cold wall, is performed on one of Germany’s fastest supercomputers
HPE Apollo Hawk. For the DNS, an in-house code is employed that is based on the open-source
computational fluid dynamics library OpenFOAM [10], and has been modified to allow the computation
of detailed molecular transport properties [11] and efficient evaluation of chemical reaction rates. The
DNS of flame-wall interaction for a V-shaped flame stabilized in a rectangular channel is split into two
parts:



e the DNS of the non-reactive turbulent channel flow, which is used to generate turbulent inflow
conditions for fully developed turbulent channel flow;

e asubsequent reactive DNS, where a cylindrical flame holder near the inlet creates a V-shaped
flame. The lower branch of that flame then interacts with the cold wall at the bottom of the
channel.

The second reactive DNS uses the flow field from the first DNS as input for inlet boundary conditions
and resolves the FWI zone, turbulent Kolmogorov scale, as well as the flame thickness with at least 15
cells, which allows an in-depth study of turbulence-flame-wall interaction. Focus of the work lies on
introducing the DNS database, not on a detailed description of the FWI mechanisms, which will be
covered in detail in future works.

Simulation Method
For the simulation of flame-wall interaction in turbulent flows, the fully compressible Navier-Stokes
equations are solved. This includes the conservation of total mass
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where p is the density, t is time and 4 is the bulk fluid velocity. The conservation of momentum is
expressed as
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where p is the pressure and 7 the stress tensor
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with u being the dynamic viscosity of the reacting mixture and I the unit tensor. The conservation of
species masses is expressed in terms of the mass fractions Y}, of species :
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wy, 18 the reaction rate of species k and j, its diffusive mass flux. The diffusive mass flux in this case is
computed by assuming a unity Lewis number
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where a is the thermal diffusivity of the gas mixture. Lastly, the conservation of energy is
expressed in terms of the total sensible enthalpy:
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hy, is the enthalpy of formation of species k and h the sensible enthalpy of the mixture and ¢
the diffusive heat flux computed from
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where A is the heat conductivity of the mixture, T the temperature and hg j, the sensible enthalpy
of species k.

The governing equations shown above are solved with the finite volume method (FVM). All
spatial derivatives are discretized with a fourth order interpolation method and time derivatives
are discretized with an implicit second order backward scheme. Transport coefficients like heat
conductivity and thermal diffusivity are computed by the open-source library Cantera [12]. The
open-source library Sundials [13] is used to integrate the chemical reaction rates over the
simulation time step to decouple the fast chemical time scales from the flow time scales. The
in-house code has been validated in previous works and applied to different physical setups [14-
27].

The reaction rate @ in Eq. (4) has been calculated based on detailed chemistry with Arrhenius’
law, which is computationally expensive. To enable the large-scale DNS presented in this work,
several performance optimization techniques are included in the in-house code that reduce the
time required to compute chemical reaction rates. These performance optimizations include an
automated code generation approach to obtain highly optimized machine code [28,29,30] and
a load balancing approach that specifically targets the computation of chemical reaction
rates [31]. Additionally, the I/O performance of the code has been optimized by utilizing
specific cluster hardware [32]. In total, these optimizations can reduce total simulation times
by up to 90 % compared to OpenFOAM’s standard implementations.

Non-reactive Turbulent Channel Flow

The incompressible DNS of the non-reactive turbulent channel flow case is conducted to generate
realistic inflow conditions for the subsequent reactive flame-wall interaction DNS. The computational
setup for the channel flow considers a channel with a length of 14 cm, a height of 2 cm and a width of
3 cm. All boundaries are periodic except for the top and bottom wall. A pressure gradient is adaptively
set to ensure a bulk velocity of 4.44 m/s. This corresponds to a Reynolds number of Re = 2770 with
respect to the half channel height and bulk velocity. In total, the mesh consists of 61 million hexahedral
cells on a block structured mesh. The mesh is refined toward the walls, where the smallest resolution in
wall-normal direction is 25 pm. In the wall-near region, the Kolmogorov length is about 45 pum.

The channel domain together with an iso-surface of the g-criterion from an instantaneous snapshot of
the simulation is shown in Figure 1. Every 3 ps, the velocity field on a two-dimensional cutting plane is
written to the hard drives, which then serve as inflow condition for the reactive DNS.
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Figure 1. Instantaneous turbulent flow structures visualized by the g-criterion.



Reactive Turbulent Channel Flow

The computational domain of the reactive DNS is similar to the non-reactive case, except that the
resolution is finer and the channel is shorter, having a total length of 10 cm. The methane-air mixture at
an equivalence ratio of unity enters the domain with a temperature of 300 K. The pressure is
atmospheric. Near the inlet, a cylindrical region with a fixed temperature of 2000 K ignites the gas and
serves as a flame anchor, creating the V-shaped flame shown in Figure 2. The lower branch of the V-
shaped flame then interacts with the cold wall at the bottom of the channel, which has a constant
temperature of 300 K, and thus leads to local flame quenching. The turbulent flow generated from the
previous non-reacting simulation enters the domain through the inlet on the left.

The mesh consists of 200 million cells, refined toward the bottom wall, with a minimum cell width in
wall-normal direction of 12 pm. The employed reaction mechanism is based on the CRECK model [33]
and includes 24 chemical species and 165 chemical reactions. To obtain time-averaged quantities, the
simulation has been carried out for twenty flow-through times or about 0.5 s.

Because of the large number of computational cells to ensure a good resolution of the flame structure
during the flame-wall interaction, this type of simulation is only possible on large supercomputers.
Therefore, the simulation has been performed on 32768 CPU cores on one of Germany’s largest
supercomputers, HPE Apollo Hawk. In total, the simulations of the non-reactive and the reactive channel
flow setup have required about 18 million CPU core hours.
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Figure 2. Computational domain for the reacting DNS. Depicted is an instantaneous iso-surface of heat release
rate, colored by fluid velocity. In the background, the time averaged velocity field is shown.

Code Performance

Because the large-scale parallel DNS described in the previous sections are only possible on large
supercomputers, a good code performance is mandatory. Because of this, a scaling test for the reactive
channel flow case has been performed on the supercomputer HoreKa at the Steinbuch Centre for
Computing (SCC) at the Karlsruhe Institute of Technology (KIT). Figure 3 shows the strong scaling
results, where the base case has been run on 4096 CPU cores and the final simulation runs have been
performed with 32768 CPU cores. The numbers in the plot show the parallel scaling efficiency. Even
with 32768 CPU cores, the parallel scaling efficiency is nearly at 90 %, demonstrating that the in-house
simulation code is able to efficiently handle these types of large parallel simulation cases.
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Figure 3. Strong scaling results on the supercomputer HoreKa for the reactive flow simulation.

Numerical Database

The database created from the reactive DNS consists of about 3.5 TB of data. Most of the data volume
is comprised of full three-dimensional solution fields. In total, about 2.6 TB, or 25 time steps taken every
10 ms, are available. They contain the mass fractions of all species, temperature, density, their
instantaneous, mean and rms values, as well as the chemical reaction rates of all species. Additionally,
mixture properties like isobaric heat capacity, heat conductivity, viscosity and absolute enthalpy are
available, too. Lastly, since the focus of the case is to provide validation data for flame-wall interaction,
the heat fluxes at the cold wall at the bottom of the channel are included in the database.

In addition to the full three-dimensional solution fields, about 8000 two-dimensional cutting planes
(800 GB) parallel to the cold wall at the bottom of the channel at different heights are sampled,
containing the same quantities as the three-dimensional fields described above. The cutting planes are
generated every 0.25 ms. An example of a cutting plane of the temperature field is given in Figure 4.
Lastly, the quantities are also sampled every 0.25 ms along 70 one-dimensional lines at different
positions and different orientation.
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Figure 4. Instantaneous temperature field on a cutting plane parallel to the cold bottom wall in a distance of
z = 2 mm to the bottom wall.



Flame-wall Interaction

Figure 5 shows the instantaneous flame shape as well as time averaged solution fields on a two-
dimensional cutting plane in the x — z plane (see Figure 2) in a region near the bottom wall of the
channel. In Figure 5a, the instantaneous temperature field illustrates the wrinkled surface of the flame
due to the interaction of with the turbulent flow. The time-averaged temperature field in Figure 5b shows
the smooth shape of the V-shaped flame. The thin reaction zone of the flame is illustrated by the reaction
rate of CO; in Figure 5c. Near the bottom wall, the region marked with the red box is where the flame
wall interaction occurs. As shown by the carbon dioxide reaction rate, the flame quenches in close
vicinity to the cold wall. The time-averaged field of the CO, reaction rate is shown in Figure 5d.

The turbulent flow field can be seen in Figure Se from the instantaneous values of the stress tensor from
Eq. (3), which is homogenized in the high temperature regions created by the burnt gases.
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Figure 5. Different quantities on a two-dimensional cutting plane near the bottom wall of the channel. a)
instantaneous temperature field; b) time-averaged temperature field; c¢) instantaneous reaction rate of CO»; d)
time-averaged reaction rate of CO»; e) instantaneous magnitude of the stress tensor T from Eq. (3).



Figure 6 shows a close up of the mass fraction field of CO; (top), reaction rate of CO, (center) and heat
release rate (bottom) in the flame-wall interaction (FWI) zone highlighted in Figure 5c. The quenching
process can be clearly seen by the CO; reaction rate and heat release rate only being able to approach
the cold wall within the quenching distance and full extinction further downstream.
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Figure 6. Zoom to different instantaneous quantities within the flame-wall interaction zone (FWI) from Figure 5.
Top: mass fraction of CO»; center: reaction rate of CO»; bottom: heat release rate (HRR).
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Figure 7. Profiles of the reaction rate of CO; along lines L1 and L2 from Figure 6 showing local broadening of
the flame reaction zone.



Due to the flame’s reaction zone being fully resolved, other effects can be observed as well. The CO,
reaction rate field in Figure 6 shows that the reaction zones becomes locally broadened before the
quenching point due to the unsteady interaction with the turbulent flow. Two lines are marked in
Figure 6 in the center plot: Line 1 (L1) is taken perpendicular to the flame about 9 mm away from the
quenching point, while line 2 (L2) is taken perpendicular to the flame front directly before the quenching
point. The profile of the instantaneous reaction rate of CO, is plotted in Figure 7, where the local
broadening can be clearly seen. These types of phenomena that require a full spatial and temporal
resolution of the flame-wall interaction can be investigated with the generated data from the DNS.

Summary and Outlook

A DNS of a turbulent channel flow has been conducted, where a premixed V-shaped methane-air flame
interacts with a cold wall. The flame-wall interaction in the turbulent flow is resolved with a smallest
wall-normal grid resolution of 12 um and the flame quenching process is considered with finite rate
chemistry. The simulation results have been compiled into a database, that can be used for model
validation and development targeting flame-wall interaction. For example, the joint PDF between
reaction rates and chemical scalars or the local burning speed can be derived from the database in
dependence of the flame-to-wall distance.

Currently, the database is used to test the performance of Quadrature-based Moment Methods regarding
flame-wall interactions [34].
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