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Abstract

This study assesses the capabilities of the dynamically thickened flame and Eulerian
stochastic fields combustion models in predicting the thermoacoustic characteristics
of a highly strained, lean premixed hydrogen flame. Simulations were conducted in
OpenFOAM 10 using in-house solvers, finite rate chemistry, and broadband forcing,
applied to the NTNU-APSSR domain [&£sey, PhD thesis, Norwegian University of
Science and Technology, 2022] to enable experimental validation of both
combustion models. Results indicate that dynamically thickened flame simulations
better match the experimental data than the Eulerian stochastic fields model. This is
thought to result from the higher flame resolution of the Eulerian stochastic fields
model, producing a lower signal-to-noise ratio. Some remarks are further made about
the effect of strain on the thermoacoustic characteristics of the flame.

Introduction

Many governmental bodies around the world have set clear goals to reduce fossil
fuel use to prevent climate change. However, combustion is projected to maintain a
major role in the near future [1]. Hydrogen seems to be a viable fuel choice in this
regard, as it is carbon-free and, due to its high lower heating value, can be burned in
ultra-lean conditions to reduce emissions of nitrogen oxides. Nevertheless, lean
premixed flames, which are unduly turbulent at engine conditions, are prone to
thermoacoustic instabilities, which need to be prevented in practical systems. A
common method for studying the thermoacoustic characteristics of a flame is to use
Large Eddy Simulation (LES) combined with broadband forcing and System
Identification (SI) [2,3]. This method is used in this study to assess the capability of
two combustion models, the Dynamically Thickened Flame (DTF) and Eulerian
Stochastic Fields (ESF), to predict the dynamic response of the bluff-body stabilized
flame investigated experimentally by Asgy et al. [4]. To the authors’ knowledge,
this is the first time that broadband forcing with SI is used in LES with the ESF
model and finite chemistry. The comparison of the results obtained with ESF and
DTF models with experimental data allows for the identification of advantages and
limitations of the two approaches. In particular, the coupling between tangential
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strain and differential diffusion in hydrogen-air flames affects the thermoacoustic
response [5]. Considerations about this effect are provided in this study.

Methodology

For the DTF simulations, an OpenFOAM-10-based in-house code from the
Technical University of Munich (TUM) is used [6], dynamically thickening the
flame across 7 cells. For the ESF solver, an OpenFOAM-10-based in-house code
from Delft University of Technology (TUD) is used, employing the Interaction by
Exchange with the Mean (IEM) approach for micromixing. Both solvers use a low-
Mach Navier-Stokes formulation, which avoids complex non-reflective boundary
conditions without significantly affecting dynamic results [7]. Space and time
derivatives are discretized using 4th-order cubic and backward schemes,
respectively.

The NTNU-APSSR Ilab burner geometry [4], sketched in Fig. 1a, and associated
experimental results are used to conduct simulations and compare the numerical
results. The burner geometry, including the whole combustion chamber and 90 cm
of the feed pipe (including the screws used to stabilize the bluff body), is meshed
with a fully hexahedral and structured mesh consisting of 7.43 M cells. A simulation
at higher flame-strain is also performed using the DTF model on a mesh with 3.5 M
cells to collect preliminary understanding on the effect of strain on the
thermoacoustic response of the flame. Velocity forcing for all cases is applied for 75
ms of simulated time. The resulting time series data are used in the SI procedure to
determine gain and phase versus frequency results. The broadband forcing signal has
an amplitude of 4% of the mean inlet flow speed and is optimized to force the flame
up to 2000 Hz. The forcing amplitude is kept to this level to avoid non-linear effects
in the simulated flame. Further details of the SI method can be found in [2].

Results and Discussion

Fig. 1b compares the LES gain and phase results for both models against
experimental data, with shaded regions representing the Sl-calculated confidence
intervals. The dynamic results for the DTF simulations more closely match the
experimental ones. High-frequency DTF discrepancies can be attributed to flame
thickening acting as a spatial low-pass filter, damping the flame’s response to
velocity perturbations. For the lower frequencies, the discrepancy in DTF results can
be explained by the limited simulation time. Phase results for both simulations follow
experimental trends, though both consistently overestimate the phase in absolute
value, which suggest that excessive flame length was predicted.

Moving to the dynamic results of the ESF simulations, one can notice that this
method recovers the correct position of the middle peak of the gain. However, the
amplitude and frequency of the other peaks are underpredicted. These discrepancies
are believed to be due to a lower Signal-to-Noise Ratio (SNR) in the ESF case. The
flame in fact responds to both fluctuations due to the forcing signal as well as those
created by random turbulent motions. While the DTF approach acts as a spatial low-
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pass filter, the stochastic nature of the ESFs amplifies the noise. Furthermore, the
Wiener term used in the energy and species transport equations of the ESF model
introduces additional noise to the results. This effect is quantified by calculating SNR
as the variance of the model's predicted output signal divided by the variance of the
residual noise. The calculated SNR value was 0.869 for the ESF and 1.423 for the
DTF model. For ESF there is no spatial low-pass filtering coming from thickening,
thus the effect of random noise in the resulting integrated heat release rate signal is
much more pronounced.
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Figure 1. a) Sketch of the simulation domain. b) Comparison of gain and phase
data from the experiments and the numerical simulations.

A preliminary analysis is further conducted on the effect of strain on the
thermoacoustic response of the flame. In fact, it was shown in a previous work [5]
that, for laminar counterflow premixed hydrogen flames, the Markstein length
changes sign after a critical strain level, which in turn produces significant changes
in phase and gain of forced perturbations. For this purpose, the bulk velocity of the
flow is increased at the inlet from 17.14 m/s to 31.8 m/s, resulting in an average
increase of flame strain near the anchoring position of 39%. Results are presented in
Fig. 1b (black dashed lines). The higher strain results are significantly different from
the experimental ones, as expected. This is due to both hydrodynamic effect on the
flame dynamics and the increased tangential strain rate. In particular, the positions
of the peaks shift due to decreased time lag of the hydrodynamic mechanism acting
on the flame. The peaks in the case at higher strain are also observed to be more
broadband, which is attributed to the increase in axial momentum, resulting in an
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observed reduction of flame wrinkling. To quantify the effect of strain more directly,
a further analysis (not shown) is performed by calculating the transfer function of
average strain experienced by the flame to the velocity perturbations. This analysis
indicates that strain fluctuations have, at the strain levels reported in this study, a
damping effect on the HRR oscillations. These outcomes indicate that varying strain
is effective in modulating the thermoacoustic response in turbulent conditions,
opening the way to a possible novel strategy for the control of these instabilities.

Conclusion

The DTF and ESF combustion models were evaluated for predicting thermoacoustic
characteristics of a highly strained lean-premixed turbulent hydrogen flame. The
DTF approach outperformed the ESF approach in predicting the dynamic response
for the broadband forcing and the simulation time used in this study. The higher
accuracy of DTF in dynamic results can be attributed to the higher SNR of the DTF
data, which may be due to the spatial low-pass filtering effect of flame thickening.
Additional analyses were conducted on both the mean flame and the instantaneous
forcing results to determine the effect of flame strain on the dynamic results, showing
that strain oscillations may damp the HRR oscillations in this configuration.
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