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Abstract
A novel technique is presented to improve the initialization of compressible combustion 
LES, DNS or URANS by numerically turning the flame into a damper to quickly remove 
(artificial) pressure fluctuations and acoustic energy from the system. This is achieved by 
modifying the pressure dependency of the heat release rate, effectively modifying the Ray-
leigh Integral to achieve negative values, so that the acoustic energy is quickly removed 
from the system. The technique can (a) reduce the cost of simulations (by shortening the 
initialization), (b) contribute to stabilize the simulation, (c) help to avoid unrealistic ther-
moacoustic modes and, (d) potentially, be modified to compensate for excessive numerical 
dissipation of acoustic energy. Examples from LES of a thermoacoustic test case are pre-
sented to demonstrate the effective stabilization achieved.
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1 Introduction

Time dependent three dimensional simulations (LES or DNS) of flames are typically con-
ducted in a compressible framework, where thermoacoustics can occur. During the initial-
ization, the transition towards a statistically converged, stable flame will invariably lead 
to the formation of strong acoustic waves, pressure pulsations and oscillations within the 
computational domain, which can be amplified by thermoacoustic feedback of the flame. 
Suitable partially reflecting boundary conditions may help to reduce these oscillations by 
letting acoustic energy (acoustic waves) leave the computational domain—but this will 
normally be a slow process and may not always be sufficient to compensate for the energy 
added by thermoacoustic coupling. In the best of cases, these oscillations will only extend 
the duration of the simulation until meaningful statistics can be extracted, making the sim-
ulation more costly. In other cases, these pulsations may lead to (false) flash back, flame 
blow-off or causing the simulation to “crash”. In the worst of cases, these initializations 
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may trigger and stabilize the wrong thermoacoustic modes, so that unrealistic Eigenfre-
quencies and Eigenmodes may be predicted.

Efforts for removing unphysical acoustic oscillations from compressible (flame) sim-
ulations have been abundant and are typically applied as non-reflecting boundary condi-
tions (Poinsot and Lelef 1992), by adding a “sponge layer” (Israeli and Orszag 1981; Hu 
2001) or by altering the conserved flow variables of the Navier–Stokes equations inside the 
domain, e.g. (Queguineur et al. 2019).

With the present paper, we present a simple to implement technique for damping these 
initial oscillations, to (a) speed up convergence and reduce the computational cost, to (b) 
enhance the stability of simulations during the initialization phase, and to (c) help avoid 
inappropriate results in simulations of thermoacoustics.

The new damping technique is based on artificially enforcing a negative Rayleigh inte-
gral, which can be easily achieved by modifying the (weak) dependency of the heat release 
rate q̇ on the pressure p, which will be demonstrated and illustrated below, after other 
approaches for removing acoustic energy from simulations have been reviewed.

2  Artificial Damping Based on the Rayleigh Criterion

In compressible reactive simulations, the acoustic energy balance equation (Poinsot and 
Veynante 2005) with an additional term accounting for numerical dissipation d1 can be 
written as:

with the acoustic energy e1 and flux f1 , and a source term for the reaction r1 . The reaction 
source term depends on the ratio of specific heats � , the pressure p, and the unsteady heat 
release rate q̇1 . The subscripts denote a decomposition of a quantity in an acoustic (fluctuat-
ing) part (subscript 1) and a mean part (0). For highly resolved large-eddy simulations with 
accurate numerical schemes, the numerical dissipation d1 in the volume is small. Since 
higher numerical damping is inherently coupled to a loss in accuracy of momentum and 
scalar transport leading to, e.g., wrong flame shapes, its use to dissipate acoustic energy 
is limited. Therefore, without altering the Navier–Stokes equations directly and therefore 
changing e1 , acoustic energy inside the domain can, in high quality simulations, only be 
removed by two processes: a) acoustic energy is transported out of the domain over the 
boundaries, represented by ∇ ⋅ f1 , or b) the reaction source term r1 is negative and conse-
quently acts as a sink term.

For (a), classic approaches include the above mentioned non-reflecting boundary condi-
tions or sponge layers. Due to their design, which targets the acoustic flux over the bounda-
ries, these methods are fundamentally restricted: they are not suitable to dampen acoustic 
modes with small acoustic flux over the boundaries of the numerical domain. In practice, 
an excitation due to the initialization of a simulation can lead to acoustic modes, which 
are confined in parts of the domain (e.g. the plenum and combustion chamber) with small 
acoustic flux over the boundaries. Without further intervention, these modes take a long 
time to decline due to the low numerical dissipation, leading to higher costs due to pro-
longed initialization periods.

To the knowledge of the authors, (b) has not been used to actively remove acous-
tic energy from simulations. Instead, the reaction source term r1 is a usually used as a 

(1)
𝜕e1

𝜕t
+ ∇ ⋅ f1 = r1 − d1, with: r1 =

𝛾 − 1

𝛾p0
p1q̇1
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quantitative measure to gauge the thermoacoustic stability of a combustion system, via the 
Rayleigh Criterion (Rayleigh 1878). Physically, if the pressure and heat release rate oscil-
lations are sufficiently in phase so that r1 is positive, energy is added by combustion to 
the acoustic energy. Vice versa, if the pressure and heat release rate oscillations are out of 
phase r1 is negative and acoustic energy is removed.

The authors propose to extend the heat release q̇ formulation of an arbitrary combustion 
model to include a scaling factor a for the pressure dependent change:

with subscript ref denoting a reference value for a given state of the mixture at the refer-
ence pressure in the combustion chamber. For a suitably chosen scaling factor, a < 0 in 
Eq. 2, a negative correlation between pressure and heat release rate is introduced. There-
fore, the proposed method will enforce a negative r1 and remove energy from the acoustic 
modes. It is necessary to consider the conservation of the integral total heat release during 
implementation, since Eq. 2 could change the heat release if the mean pressure p0 differs 
from the reference pressure pref .

3  Implementation in a Combustion Model

In the following, the implementation in the context of the flame-surface density (FSD) 
approach is demonstrated. In this approach, the heat release rate is modeled as:

with the density of the unburned mixture �u , the laminar flame speed sl , the efficiency func-
tion Ξ , the reaction regress variable b, the heat of reaction per mass of fuel H, the fuel mass 
fraction Yf  and the source term of the reaction regress variable �̇�b.

To impose the conservation of the total heat release rate, the alteration of the laminar 
flame speed sl is chosen as an alternative to directly modify q̇FSD . Modifications of sl will 
take effect on heat release rate q̇FSD via the reaction regress source �̇�b . Therefore, the modi-
fications do not violate mass, energy or species balances and will at most alter the flame 
length and shape. This modeling procedure is similar to the use of efficiency functions Ξ , 
which account for effects of subgrid wrinkling, but now applied for the effects of pressure 
changes. Furthermore, since the laminar flame speed is calculated during pre-processing, 
the alteration is straightforward to implement. Finally, the heat release rate is then calcu-
lated as:

During pre-processing, pressure dependency of the laminar flame speed is computed for the 
nominal operating conditions of the chosen test case using one-dimensional freely propa-
gating flame simulations. The pressure change due to the acoustic waves is assumed to 
be isentropic, therefore the inlet temperature is calculated acc. to Tin = Tref (p∕pref )

(�−1∕�) . 
For the reference case with a = 1 , the rightmost term in Eq. 4 is positive for p1 > 0 . Since 
q̇ ∝ sl , this means the effect of pressure changes onto the laminar flame speed transfers 
energy from the combustion into the acoustic modes. Notably, a pressure wave with 

(2)q̇ = q̇ref + a
𝜕q̇

𝜕p
p1

(3)q̇FSD = �̇�bHYf = 𝜌uslΞ|∇b|HYf

(4)q̇ = �̇�mod
b

HYf = 𝜌u

(
sl,ref + a

𝜕sl

𝜕p
p1

)
Ξ|∇b|HYf
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an amplitude of 1 % of the reference pressure only changes the laminar flame speed by 
approx. 0.2  %. The pre-processed laminar flame speeds are scaled and tabulated for a 
range of equivalence ratios and pressure levels and accessed at runtime based on the local 
conditions.

The above presented implementation can be adopted for all combustion models which 
use the laminar flame speed. For complex combustion models, which are based on kinetic 
reaction rates, another implementation is necessary. Using the isentropic pressure tempera-
ture relation, the temperature change caused by the pressure field can be calculated at runt-
ime. This information can be used to alter the temperature, at which the chemical reactions 
are evaluated, to reduce the influence of pressure waves on the reaction progress and there-
fore also on the flame speed.

4  Demonstration of the Damping Technique

Compressible, reactive large eddy simulations of a high frequency thermoacoustics test 
case have been carried out to examine the initialization of the simulation. For a detailed 
introduction of the test case and the modeling approach, the reader is referred to Sharifi 
et al. (2021).

The test case has been designed for experimentally investigating self-excited high-fre-
quency thermoacoustics and features a single methane air jet flame. The numerical domain 
includes the full geometry of the test case, including the outer and inner plenum, combus-
tion chamber, downstream plenum and exhaust passage. The outer and inner plenum are 
separated by four inlet holes, restricting the acoustic energy flux in the upstream direc-
tion. In this work, the unstable operating point is simulated using a coarser mesh with 
higher numerical damping, leading to a slowly declining acoustic mode in the combustion 
chamber after the initialization. Combustion is modeled using the flame-surface density 
approach, and non-reflecting boundary conditions are used at the outlet to allow acoustic 
flux over the boundary.

In Fig. 1, the pressure signal at a probe location inside the combustion chamber (LP3 
in Sharifi et al. (2021)) after the initialization is shown. In the time series, it can be clearly 

Fig. 1  Pressure signal for probe location inside the combustion chamber. Left: time series, right: discrete 
Fourier transform for the range 0.025 < t < 0.05
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seen, that simulations with higher damping factors show an accelerated decline of the 
characteristic high frequency acoustic mode of the test case. For a more detailed analysis, 
on the right side the resulting discrete Fourier transform of the pressure signal between 
0.025 and 0.05 s is depicted. As in the time series, the suppression of the high frequencies 
is clearly visible. Furthermore, for high dampening factors ( a = −50 ), amplitudes in the 
lower frequency region are also effected.

Notably, for all damped cases but a = −50 , a second peak at approx. 800 Hz occurs, 
which is not appearing in the reference case. The authors interpretation of this behaviour is, 
that the high-frequency mode may be suppressing the secondary mode at approx. 800 Hz.

Figure 2 shows a comparison of the instantaneous axial velocity field between the refer-
ence case and the dampened case with a = −50. Comparatively, the flow fields are nearly 
identical and the small structures are equally well resolved in the dampened case. Further-
more, the flame position and length, indicated by the isoline of the mean regress variable 
b̄ = 0.5 is only changed marginally. This indicates a small impact of the proposed method 
on the prediction accuracy of flames outside of the introduced dampening behaviour, even 
with the high scaling factors considered here.

5  Conclusion

A novel technique has been presented to improve the initialization of compressible flame 
simulations, to (a) reduce the cost, to (b) enhance stability, and to (c) help avoid incorrect 
results. The technique is based on artificially lowering the Rayleigh integral by modifying 
the dependency of the heat release rate on pressure fluctuations. The technique is easy to 
implement and has proven to be effective and without impact on the numerical accuracy of 
momentum and convective transport.

Perspectively, the approach of modifying the Rayleigh integral by tuning the pressure 
dependency of the heat release rate is not constrained to enhancing the initialization of a 
simulation: the technique might, potentially, be also used to recover thermoacoustic oscil-
lations in over-dissipative simulations, or to establish stability margins in simulations of 
thermoacoustics.

Finally, the findings imply that the pressure dependency of the heat release rate may 
have a larger effect on thermoacoustic oscillations than is frequently assumed, and that 
reaction kinetics may have a greater than expected effect on thermoacoustics.

Author Contributions J.E.: Detailed development, implementation and test of the developed method, writ-
ing the paper. A.K.: Conceptualisation, proof reading. C.B.: Discussion, proof reading.

Fig. 2  Instantaneous axial velocity in the combustion chamber for the reference and the damped ( a = −50 ) 
case. Black (dashed red) isoline indicates the flame position defined as b̄ = 0.5 for the reference (damped) 
case
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