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Flame dynamics of a non-premixed turbulent
flame under transverse acoustic forcing

By D. Brouzet AND M. Ihme

1. Motivation and objectives

Combustion instabilities (CIs) are one of the major challenges for the design and oper-
ation of aviation and stationary gas turbines (Lieuwen & Yang 2005). These instabilities
are characterized by large self-sustaining pressure and heat release oscillations, resulting
from a coupling between combustion, acoustics and unsteady flow field. Recent studies
examined the development and characteristics of transverse CIs in annular combustors,
for instance, to analyze the nature of transverse modes (Wolf et al. 2012; Prieur et al.
2017) or global flame dynamics (Worth & Dawson 2013; Vignat et al. 2020). More fun-
damental studies have also used acoustic forcing to mimic the acoustic field with either
longitudinal (Rocha et al. 2008; Juniper et al. 2009) or transverse (O’Connor 2015; Worth
et al. 2017; Sim et al. 2020) forcing. This approach enables a thorough investigation of the
flame and flow behaviors and can help us understand the physical mechanisms leading
to CIs.

Even though transverse acoustics can have a direct impact on the flame behavior and
lead to transverse oscillations, the presence of longitudinal acoustics in burners, nozzles
or injectors will also perturb the flame. O’Connor et al. (2015) noted in their review that
pure transverse modes do not directly affect the flame heat release rate. However, axial
acoustics and flow disturbances dominate the flame response, which is dependent on the
inflow nozzle location relative to the acoustic field, the burner and plenum geometry, and
the boundary conditions. Indeed, the acoustic response of the combustion chamber and
other downstream or upstream components will be essential for an accurate prediction of
the inlet flow rates. Note that, the boundary conditions considered can radically change
the acoustic response and stability of the system. In typical annular combustors, the
annular plenum and chamber are connected by longitudinal burners, potentially resulting
in complex acoustics in the burners and thermoacoustic coupling (Bauerheim et al. 2016).

While most studies examined CIs for premixed systems due to their propensity to be
more unstable, the issue of CIs in partially premixed and non-premixed flames has been
demonstrated for a variety of configurations (Hantschk & Vortmeyer 2002; Chakravarthy
et al. 2007; Yu et al. 2008) and has caused challenges in the early development of industrial
gas turbines (Lieuwen & Yang 2005).

One of the obstacles to solve this problem is that the behavior of non-premixed flames
subjected to flow and acoustic fluctuations is less well understood than that of flames
in premixed systems. The response of non-premixed flames to transverse forcing has ac-
tually not been thoroughly investigated and most of the literature studies longitudinal
forcing. Using an analytical solution to the mixture fraction governing equation, Mag-
ina et al. (2013) showed that axial flow disturbances lead to convected flame wrinkling,
which induces fluctuations in the local heat release rate. Their result supports experi-
mental findings from Juniper et al. (2009) in laminar flames, even though they noted
that natural unstable modes tend to dominate the forced mode, potentially weakening
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the coupling between heat release and pressure. Forcing this buoyant unstable mode with
a low frequency of around 10 Hz produced large-scale structures downstream (Lovett &
Turns 1993). Forcing frequencies of an order of magnitude larger, which are more likely
to be found in CIs, altered the local mixing and combustion close to the jet exit. Studying
coaxial H2/air flames, Kim et al. (2009) identified that the enhanced mixing was caused
by large vortical structures in the near-field region. These differences in mixing charac-
teristics can in turn drastically change the flame behavior. In turbulent flames, Demare
& Baillot (2004) experimentally showed that axial forcing enhances mixing and can even
change the combustion regime depending on the forcing amplitude and frequency. Plas-
cencia et al. (2020) are one of the few researchers to have studied non-premixed flames
under transverse forcing. They found that under pressure node (PN) conditions, the flame
became more wrinkled but remained anchored even for large forcing amplitude. Under
pressure anti-node (PAN) forcing, however, the flame would periodically or completely
lift off and exhibit puff-like structures.

Experimental studies and numerical investigations based on simplified governing equa-
tions have shown that transverse forcing can greatly affect the behavior of non-premixed
flames. This might occur directly from the response to transverse velocity fluctuations
as well as from the axial fluctuations resulting from the acoustic coupling of the injec-
tors. However, the flow, mixing and combustion processes occurring in non-premixed
flames require further examination to understand how they can couple and lead to an
unstable behavior. Specifically, high-fidelity numerical studies of acoustically excited tur-
bulent non-premixed flames can shed some light on the flame response mechanisms under
axial and transverse forcing. This paper investigates the dynamics of a turbulent non-
premixed flame subjected to transverse acoustic forcing. A large-eddy simulation (LES)
is conducted to examine the flow, mixing and combustion processes and to understand
the mechanisms involved in the flame response.

2. Numerical set-up

The configuration, based on the experiments conducted by Plascencia et al. (2020), is
shown in Figure 1. The x, y and z directions are shown in the figure and the origin is
located at the center of the fuel injector outlet. The rectangular chamber features no-slip,
adiabatic walls on the x-y and y-z planes. The two x-z boundaries model the speakers,
from which acoustic waves are injected using a Navier-Stokes Characteristic Boundary
Condition (NSCBC). The simulation is performed for the first PAN forcing mode (i.e.,
at f = 360 Hz) and therefore the waves injected at both ends are in phase. An exhaust
port with a diameter of 88.9 mm is positioned concentrically above the injector exit and
is modeled as a non-reflecting NSCBC outlet.

Figure 1 also shows more in detail the injector, which consists of a center round tube
(inner diameter, Df = 4.0 mm, post thickness Tp = 0.36 mm) that supplies the fuel
(methane). The Reynolds number in this study (Re = 5,300) corresponds to the methane
jet in the center and is based on the tube exit diameter, bulk velocity (Ub = 25 m/s),
and fluid properties of methane calculated at atmospheric chamber conditions. To model
the fully developed flow field in the fuel injector, a synthetic turbulent flow is computed
following the method proposed by Xie & Castro (2008) with the modifications of Touber
& Sandham (2009). The mean and root mean square (RMS) profiles at an equivalent
Reynolds number are used to define the fully developed pipe flow characteristics using a
turbulent length scale of 0.3Df . Surrounding the fuel tube is an oxidizer coflow section
(outer diameter,Dc = 88.9 mm) to shield the jet from outside entertainment and suppress
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Figure 1. Two-dimensional schematic of the domain considered in the LES.

recirculation. The coflow, which is injected at 1 m/s, consists of a mixture of 60% nitrogen
and 40% oxygen by mass. Both the fuel and the oxidizer are injected at a temperature
of 293 K.

The coflow annulus and fuel tube length are reduced to a few jet diameters in the LES
configuration. In the experiments, the fuel injector and the coflow annulus were Lf = 370
mm and Lc = 168 mm long, respectively. Considering the full geometry would have
been computationally expensive given the resolution necessary to fully resolve turbulent
pipe flows. Because both flows were controlled by choked upstream conditions and the
boundary conditions were well defined, the acoustic response of the injectors was modeled
assuming 1-D waves in the injector components. Preliminary acoustic simulations were
performed to validate the model and ensure that the pressure and velocity fluctuations
were correctly predicted. The transverse acoustic forcing is equal to 300 Pa and the
corresponding longitudinal velocity fluctuations in the coflow and the jet are equal to 1.3
m/s and 6.7 m/s, respectively.

A block-structured mesh with 3.9 million hexahedral elements is used, with 40 and
8 elements across the fuel injector and the post thickness wall, respectively. The fully
compressible finite-volume solver charLESx (Ma et al. 2017) is used to conduct the simu-
lations. It solves the continuity, momentum and energy equations with a fourth-order ac-
curate spatial discretization scheme and a third-order accurate strong-stability-preserving
Runge-Kutta scheme. Turbulent subgrid stresses (SGS) are modeled using the Vreman
model. The flamelet/progress-variable (FPV) approach is used to model the combustion
process in which the thermochemical properties are parameterized as a function of fil-

tered mixture fraction Z̃, filtered progress variable C̃, and mixture fraction variance Z̃ ′′2.
The chemistry model for the methane/air combustion process is described by the GRI3.0
mechanism, which consists of 53 species and 325 reactions. The progress variable is de-
fined as C = YCO2 +YCO +YH2O +YH2 (Ihme et al. 2012) and the stoichiometric mixture
fraction is Zst = 0.098. Constant Prandtl and Schmidt numbers of 0.7 are assumed for
the scalar SGS model (Pantano 2004).

Due to the high Froude number Fr = U2
b /(gDf ) = 1.6 × 104, where g is the gravita-

tional acceleration, gravity forces are not considered in the simulations. For this Froude
number, the expected buoyancy-related flickering frequency is around 5 Hz (Sato et al.
2000), of which period of oscillation is longer than the LES duration.
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3. Results and discussion

We start our analysis by qualitatively discussing snapshots over a forcing cycle in Fig-
ure 2(a-e), where tf = ft represents the normalized time. The temperature field at the
x-y centerplane is shown in these panels and displays puff-like characteristics. The isoline
represents Zst = 0.098, representative of the flame position, and is colored by the local
scalar dissipation rate χ. The flame is significantly corrugated by the surrounding flow
field in the first ten jet diameters downstream from the inlet. As it is convected down-
stream, the flame expands radially and diffusion weakens the wrinkles. The isosurfaces
for the heat release rate with Q̇ = 5 GW/m3 are also shown in the figure and tend to
be located in the lowest part of the flame, where the scalar dissipation rates are the
highest. To examine the coupling between heat release and pressure, we compare the
temporal evolution of these isosurfaces with the traces of the integrated heat release rate
fluctuations (Ω̇′) and the inflow fuel mass flow rate, shown in Figure 2(f). From panel
(a) to panel (d), the fuel flow rate and Ω̇′ transition from a minimum to a maximum
value. As the inlet flow rate increases, the jet core expands radially due to the increased
streamwise velocity. This has the effect to increase the Q̇ isosurface area, which illustrates
the increased integral value. These results show the potentially strong causal relationship
between the mass flow rate and the heat release rate fluctuations at the core of the de-
velopment of CIs. In the following we discuss in more details the flame, flow and mixing
dynamics to understand this relationship.

Spectral Proper Orthogonal Decomposition (SPOD) is used to identify the main flame
and flow features. This method identifies spatially orthogonal modes at particular fre-
quencies, based on a cross-correlation tensor of realizations of the temporal Fourier trans-
form. Contrary to POD, this method identifies structures that evolve coherently in both
space and time. The SPOD modes optimally represent second-order space-time flow
cross-correlation statistics and have been argued to be the optimally averaged dynamic
mode decomposition (DMD) modes (Towne et al. 2018). This method has been success-
fully applied to non-reacting (Schmidt et al. 2018) and reacting (Karami & Soria 2018;
Brouzet et al. 2020) flows. A full description of the methodology has been detailed by
Schmidt & Colonius (2020).

Figure 3(a) shows the dominant SPOD modes of the temperature field at the lowest
attainable frequency with the current simulation duration (120 Hz) and at the forcing
frequency (360 Hz). The first main feature identified at the forcing frequency can be seen
in the jet region and represents the mass flow forcing in the fuel injector. The second
main flame feature is located near the inflow and represents the streamwise oscillation
of the flame base along the post thickness wall and the subsequently induced transverse
deformations. These structures are identified up to x/Df ' 3. Analysis of the mode
at 120 Hz shows that the temperature oscillations subsist for x/Df > 3, but at a lower
frequency. A transfer of energy is occurring from the forcing frequency towards the natural
unstable frequency of the flame, which is of the order of 10 Hz for a methane/air flame
(Juniper et al. 2009). Unfortunately, this natural frequency cannot be resolved due to
the limited time duration of the simulation.

Figure 3(b) shows the dominant SPOD mode for the radial component of the velocity
field. An instantaneous isoline of the stoichiometric isosurface is shown by the black line.
At 360 Hz, large velocity fluctuations can be seen close to the inflow. These introduce
the transverse temperature oscillations seen in Figure 3(a) as the positive radial velocity
brings the hot gases outwards. These velocity modulations, however, do not alter the
flame position, which remains in the jet shear layer. The flow behavior further down-
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Figure 2. (a-e) Evolution of the flame on the x-y centerplane over a forcing cycle. The color-
plots represent the temperature field, the isolines show Zst = 0.098 colored by the local scalar
dissipation rate and the isosurfaces show Q̇ = 5 GW/m3. (f) Corresponding inlet fuel flow rate
and integrated heat release rate. The scatter points represent the instants shown in panels (a-e).

stream is illustrated by the dominant SPOD mode at 120 Hz. The streamwise growth
and decay of these structures are again indications of a transfer of energy to lower fre-
quencies. This is likely the result of a lower convective velocity and vortex merging, which
were also observed by Kim et al. (2009) in their acoustically forced H2/air non-premixed
coaxial flames. In the downstream region, the velocity field is strongly corrugating the
flame, resulting in cusp-like shapes and large transverse fluctuations of the flame.

The most unstable mode for the non-premixed flame studied is around 5 Hz, and the
related vortices and flickering motion of the flame are expected further downstream. As
part of a preliminary study, an unforced case was run, and no vortices or flame fluctuating
motion was observed in the near inflow. Therefore, the structures observed in Figure 3
are caused by the acoustic forcing.

A key quantity in non-premixed flames is the scalar dissipation rate, which represents
the local mixing and affects the flame structure and heat release rate. It is computed
as χ = 2Dk|∇Z|2, where the molecular diffusion coefficient Dk was evaluated using
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Figure 3. Dominant SPOD modes for (a) temperature and (b) transverse velocity at 120 Hz
(left panels) and at the forcing frequency, i.e., 360 Hz (right panels).
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Figure 4. Snapshots of the scalar dissipation field χ and isoline of u = u(x = 0, y = 0) at the
x-y centerplane.

Fick’s law and assuming Lewis and Prandtl numbers equal to Le = 1 and Pr = 0.7,
respectively. Figure 4 shows consecutive snapshots of the χ field, as well as the streamwise
velocity isolines u = u(x = 0, y = 0), which enables us to visualize the forcing phase.
When the maximum velocity is reached at a given streamwise location, the jet expands
radially, resulting in a large scalar dissipation rate further away from the centerline. This
is particularly evident at tf = 0.4, where large χ values are observed to expand radially
around x/Df = 2.5; further downstream at x/Df = 10, the maximum χ lies close to the
centerline.

These results indicate a causal relation between the inlet mass flow rate and the radial
location at which the scalar dissipation rate reaches its maximum. This is verified by
computing, for a range of streamwise locations, a normalized cross-correlation between
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Figure 5. Normalized maximum cross-correlation Rṁχ,norm between the inlet fuel mass flow
rate and the radial position of maximum χ, with corresponding time delay τ .

these two quantities as Rṁχ,norm(x, τ) = Rṁχ(x, τ)/
√
Rṁṁ(x, 0)Rχχ(x, 0), where Rṁχ

denotes the cross-correlation coefficient. Figure 5 shows the maximum Rṁχ,norm between
the two signals and the time delay τ at which it was obtained. The cross-correlation
exceeds 0.5 up to x/Df = 10 and decreases further downstream, which confirms the
strong relationship between the flow forcing and the mixing in the lower part of the
flame. The time delay follows a linear behavior and is of the order of 1 millisecond for
the present configuration.

We now analyze the relation between the scalar dissipation rate, the heat release rate
and the Zst surface position. To this end, Figure 6 shows the joint probability density
functions (PDFs) between several quantities at the Zst surface. The conditional mean
and RMS are shown by the dashed white and red lines, respectively. Figure 6(a) shows
the joint PDF of the Zst surface radial position and the scalar dissipation rate. The strong
and monotonous increase in χ as the flame gets closer to the centerline can be explained
by the higher radial gradient of the mixture fraction. Furthermore, the conditional RMS
increases substantially when the flame is closer to the jet. The jet pulses and subsequent
radial expansion of the maximum scalar dissipation rate demonstrated in Figure 4 provide
an explanation: when the flame is brought closer to the jet by the outer vortices, the
mixing at its surface will be periodically enhanced by the fuel tube forcing.

These results have direct implications on the local mean and RMS of the heat release
rate, as illustrated by the joint PDF between χ and Q̇ in Figure 6(b). The heat release
rate has a monotonous and quasi-linear dependence on χ, consistent with the steady
laminar flamelet theory for which

Q̇ = −1

2
ρχcp

∂2T

∂2Z
, (3.1)

where cp is the specific heat. This result corroborates the qualitative description from

Figure 2, confirming the higher mean and fluctuating Q̇ when the flame is closer to the
jet. This result was also verified using the joint PDF of the Zst surface radial position
and the local heat release rate (not shown here). Above a certain scalar dissipation rate
threshold, quenching should occur, but this is not observed in the current configuration
as shown in Figure 6(c). The temperature at Zst does decrease with χ but still indicates
combustion at χ = 250 s−1, consistent with steady flamelet calculations.
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Figure 6. Joint PDFs at the Zst surface of (a) scalar dissipation rate χ and radial position, (b)
heat release rate and χ, (c) temperature and χ and (d) streamwise and radial Zst position. The
conditional mean and RMS are represented by the white and red dashed lines, respectively.

Finally, the joint PDF of the streamwise and radial Zst positions gives a better indica-
tion of the spatial locations where the mixing and heat release rate will be the highest.
From Figure 6(a), it can be established that χ is significantly enhanced for r/Df < 1.5.
Figure 6(d) indicates that the flame might be in this radial location in the first 15Df .
It is therefore expected for the heat release rate oscillations to be the most significant
in that region. Further downstream, both the large flame radial position and the weak
alteration of the mixing field by the jet forcing (see Figure 5) will lead to a weak flame
response.

It is important to note that two different mechanisms are necessary to obtain the
described behavior: 1) a transverse deformation of the flame by large vortices in the
shear layer and 2) a jet forcing to enhance the mixing. The behavior was achieved in this
configuration because the coflow annulus and the fuel tube had significant streamwise
velocity fluctuations associated with their respective acoustic response. As a result, heat
release rate oscillations were observed in the lower part of the flame.

4. Conclusions

A turbulent non-premixed methane/air flame under transverse forcing was studied to
understand the acoustics and flow mechanisms affecting the flame response and their
contribution to the development of CIs. The coaxial flame was subjected to a standing
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PAN wave, where pressure oscillations are maximum and transverse velocity oscillations
are null at the nozzle exit.

A LES of the flame was performed to analyze the flow, mixing and flame processes and
unveil the flame response mechanisms. Vortices in the outer shear layer arising from the
coflow forcing significantly deformed the flame front in the near-nozzle region, altering
its distance from the jet. Simultaneously, the jet forcing enhanced the mixing at greater
radial locations. The combination of these two mechanisms periodically increased the heat
release rate where the flame was close enough to the jet. Hence, the axial fluctuations in
the coflow and the jet played complementary roles leading to heat release rate oscillations.
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