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 A B S T R A C T

In this work, compressible Large-Eddy Simulations are used to investigate a well-established swirl flame. 
This swirl flame is known for its strong self-excited thermoacoustic oscillations. Due to the availability of 
an extensive experimental database, the flame is frequently studied numerically, although a limited agreement 
is observed between experimental and numerical data. It is found that this limited agreement can be attributed 
to the investigated operational point which is close to an unstable region where the flame switches between 
attached and lifted state. This results in a configuration that is highly sensitive to small differences between 
the numerical and experimental boundary conditions. Targeted investigations are used to demonstrate that 
parameters such as the amplitude of the pressure oscillation as well as minor deviations in the operational point 
significantly influence the computational results. Taking these details into account, a very good agreement with 
experimental data is achieved. Subsequently, it is demonstrated that the processes inside the swirler, where fuel 
and oxidizer mix, are highly unsteady and must be modeled with caution. Moreover, coherent flow structures 
are found to be present during sporadic events of flame lift-off. Although this behavior is reported in literature 
at other operational points, this is shown for the first time for the operational point considered here.
1. Introduction

Thermoacoustic instabilities remain a major risk in the design and 
development of modern gas turbines. To mitigate this risk, model-
based approaches describing the phenomenon are essential. However, 
for such model-based approaches, the major challenge is that the 
computation of this type of instabilities is non-trivial and still an 
active research area. In literature, different modeling techniques ex-
ist to capture the complex feedback loop between heat release and 
acoustics. A rigorous approach is to solve such problems by means 
of compressible Large-Eddy Simulations (LES). This has the advantage 
that a solution to both the flow field as well as the acoustics is obtained 
simultaneously. The data from such compressible LES are extensive 
and can provide means to get deep insight into relevant physical 
phenomena. However, compressible LES are computationally expensive 
and require rigorous validation. For this reason, studies often focus 
on model combustors. Nevertheless, these model combustors are also 
relevant for the development of modern gas turbines, as they include 
key features such as swirling flows. One such model burner is the 
PRECCINSTA (also known as Turbomeca) combustion device [1–3]. 
This burner features a swirl stabilized flame that is operated under 
lean conditions at atmospheric pressure. Depending on the operational 
point, a strong self-excited thermoacoustic instability is observed. Such 
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an operational point is obtained for an equivalence ratio of 𝜙 = 0.7
at a thermal power of 𝑃th = 25 kW where the burner is operated 
at technically premixed conditions with methane as fuel and air as 
oxidizer. Here, technical premixing refers to a separate injection of fuel 
and oxidizer upstream the combustion chamber inside the swirler. The 
most comprehensive experimental study for this operational point is 
given in [3] and comprises velocity, species, temperature and OH∗-
chemiluminescence measurements with the intent of providing the data 
for validation of numerical methods. Numerous experimental studies 
followed upon the early studies of [3]. Examples are the investigations 
concerning the occurrence of coherent structures of the swirl stabilized 
flame demonstrated by [4,5] or the switching between attached and 
lifted flame by [6–9]. More recently, the work of [10,11] display the 
influence of hydrogen addition onto the thermoacoustic behavior of 
this swirled flame. In these studies, different operational points of 
the burner are investigated, covering both technical premixing and 
perfectly premixed conditions. However, the initial work of [3] re-
mains the most exhaustive data set for a thermoacoustically self-excited 
operational point. For this reason, the aforementioned operational 
point is often studied by means of compressible LES to either test 
new approaches or to further the understanding of the emerging ther-
moacoustic phenomena [12–21]. In these studies, the computational 
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results differ strongly concerning the dominant thermoacoustic mode 
frequency as well as the corresponding lift-off height of the flame 
above the burner. For some studies such as [12,13,19,20] the flame 
position based on the burner exit temperatures agrees well with the 
experiments of [3], but the frequency of the thermoacoustic instability 
is not matched. Others obtain a very good agreement of the dominant 
mode frequency [14,16,21] but fail to match the temperatures above 
the burner indicating a poor agreement of the flame position. To our 
knowledge, the studies of [15,17] show the best agreement for both, 
frequency and flame lift-off height, yet.

In the present work, we contemplate that these disagreements can 
not only be attributed to a lack in numerical model fidelity but could 
also be related to the thermoacoustic operational point chosen by [3] 
which resides close to an unstable region. The proximity to such an 
unstable region further results in a highly sensitive operational point 
where small deviations in setup (e.g. mass-flow rates and acoustic 
velocities) lead to major differences in flame behavior. This adds to the 
complexity of the chosen operational point and contributes to the fact, 
that despite numerous attempts this case has not yet been calculated 
numerically with sufficient accuracy.

In the present context, an unstable region is characterized by a ran-
dom switching between lifted and attached flame during the operation 
of the combustion device. Such behavior is already reported in [4–8] 
at different operational points for the investigated device. Concerning 
the operational point of [3], the studies of [21,22] already show 
clear discrepancies when even minor deviations in the experimental 
setup are present. Based on the averaged OH∗-Chemiluminescence data 
reported in [21], a lifted flame is observed, whereas an attached flame 
is found in [3]. Concerning the work of [22], again discrepancies 
with [3] are apparent. Here, under slightly richer conditions and a 
small decrease in thermal power, an unstable flame is found switching 
with approximately 10Hz between attached and lifted state. Based on 
these observations from literature, it can already be concluded that the 
operational point considered resides close to an unstable region.

The present work demonstrates that the difficulties observed in 
the literature regarding the satisfactory modeling of the burner are 
directly related to the fact that the selected operational point is close 
to a region where unstable flame behavior occurs. This manifests itself 
in an extremely high sensitivity of the numerical solution to model 
parameters that directly influence the flame behavior. To illustrate 
this, three different aspects of the numerical model are investigated 
in detail, namely (1) the acoustic velocity at the flame root, (2) the 
equivalence ratio in vicinity of the flame, and (3) the technical mixing 
of air and fuel. Regarding the first aspect, the acoustic velocities at the 
flame root are systematically modified by varying the transmissivity 
of sound waves at the outflow boundary. It is shown in Section 4.2, 
that a low transmissivity favors blow-off of the flame at the present 
operating conditions and affects strongly the numerical solution close 
to the burner exit. Likewise, for the second aspect, the effects of 
slightly more fuel-rich conditions in the flame zone is investigated in 
Section 4.3 through modifying the fuel and air mass-flow rates in the 
computation. To address the third aspect, the general assumption of a 
good, albeit not perfect, mixing for the reactant stream at the entrance 
to the combustion chamber is challenged in Section 4.5 (cf. [1–3,23]) 
through an investigation of the highly unsteady processes inside the 
swirler. Incorporating the findings of these three investigations into the 
numerical simulation, the operational point is studied in more detail in 
Section 4.6 with a particular emphasis on the dynamics that lead to 
sporadic flame lift-off at these unstable conditions. Such lift-off events 
for the operational point investigated have so far not been observed 
numerically. The presented results therefore advance the understand-
ing of the considered well-established model combustor and are also 
relevant for other technical devices where flame anchoring might be 
critically influenced through acoustic effects.
2 
2. The PRECCINSTA model burner

The schematics of the PRECCINSTA combustion device is given in 
Fig.  1. Here a cut through the 𝑥1−𝑥3 plane at 𝑥2 = 0mm is shown. 
As indicated, the origin of the coordinate system is placed at the tip 
of the central body. The combustor consists of several sections. Air is 
entering the system at the most upstream point and is channeled into 
the air plenum. From there, the air is guided into the swirler where it 
is mixed with the fuel coming from the fuel plenum. The swirler has a 
total of twelve vanes where each vane is equipped with an individual 
fuel port of 1mm diameter. In this way the fuel is injected with a high 
momentum into the air stream. Generally, a good mixing of air and 
fuel streams is assumed for this kind of configuration. The now techni-
cally premixed, swirled mixture is then channeled into the combustion 
chamber via a connecting duct. Inside this duct, the central body is 
placed concentrically. At the exit plane of the duct, the cylindrical 
cross-section transitions into a square with a lateral length of 85mm. 
The combustion chamber has a total length of 114mm and all four side 
walls are equipped with quartz glass windows each with a thickness 
of 1.7mm. These quartz glass sheets are held in place by four metal 
corner posts. At the downstream location of the combustion chamber, 
the cross section transitions back to a cylindrical shape, and the exhaust 
gases leave the device through the converging outlet section.

3. Numerical method and modeling approach

In the following sections relevant modeling details and assumptions 
are stated. Starting with a definition of the set of equations needed to 
solve a compressible reactive system, the section is concluded with an 
overview of the numerical solution strategy and the numerical setup 
applied for the considered computational studies.

3.1. Filtered transport equations

The spatially Favre-filtered balance equations for mass, momentum, 
energy, and the transport equations for species mass fractions are given 
by (Einstein notation)
𝜕𝜌
𝜕𝑡

+
𝜕𝜌𝑢̃𝑖
𝜕𝑥𝑖

= 0, (1)

𝜕𝜌𝑢̃𝑖
𝜕𝑡

+
𝜕𝜌𝑢̃𝑖𝑢̃𝑗
𝜕𝑥𝑗

−
𝜕𝜏 𝑖𝑗 + 𝜏𝑡,𝑖𝑗

𝜕𝑥𝑗
+
𝜕𝑝
𝜕𝑥𝑖

= 0, (2)

𝜕𝜌𝐸
𝜕𝑡

+
𝜕𝜌𝑢̃𝑖𝐸
𝜕𝑥𝑖

+
𝜕𝑢̃𝑖𝑝
𝜕𝑥𝑖

−
𝜕𝑢̃𝑗

(

𝜏 𝑖𝑗 + 𝜏𝑡,𝑖𝑗
)

𝜕𝑥𝑖
+
𝜕𝑞𝑖 + 𝑞𝑡,𝑖
𝜕𝑥𝑖

= 0, (3)

and

𝜕𝜌𝑌𝛼
𝜕𝑡

+
𝜕𝜌𝑢̃𝑖𝑌𝛼
𝜕𝑥𝑖

+
𝜕𝑗𝛼𝑖 + 𝑗𝑡,𝛼𝑖

𝜕𝑥𝑖
= 𝑆𝛼 . (4)

In Eqs. (1)–(4), 𝑥𝑖 are the spatial coordinates, 𝑡 the physical time, 𝜌 the 
density, 𝑢𝑖 is the velocity vector, 𝑝 the pressure, 𝐸 is the specific total 
energy, and 𝑌𝛼 the mass fraction for the species 𝛼. The viscous stress 
tensor is defined through 

𝜏 𝑖𝑗 = 2𝜇
(

𝑆𝑖𝑗 − 𝛿𝑖𝑗
1
3
𝑆𝑘𝑘

)

, (5)

with 

𝑆𝑖𝑗 =
1
2

(

𝜕𝑢̃𝑖
𝜕𝑥𝑗

+
𝜕𝑢̃𝑗
𝜕𝑥𝑖

)

, (6)

where 𝜇 is the dynamic viscosity. The vector of the heat flux is given 
by 

𝑞𝑖 = −𝜆 𝜕𝑇
𝜕𝑥𝑖

+
𝑁𝑠
∑

𝛼=1
ℎ̃𝛼𝑗𝛼𝑖, (7)

and the diffusive mass flux is 

𝑗𝛼𝑖 = −𝜌𝐷𝛼
𝜕𝑌𝛼 . (8)

𝜕𝑥𝑖
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Fig. 1. Schematic drawing of the investigated combustion device [1–3].
Here, 𝜆 is the thermal conductivity, ℎ𝛼 the specific enthalpy of the pure 
substance 𝛼, and 𝐷𝛼 the respective diffusion coefficient. The chemical 
source term is given by 𝑆𝛼 whereas the specific total energy is defined 
as the sum of the specific internal energy and the specific kinetic 
energy. A mixture of thermally perfect gases is assumed where the state 
equation for an ideal gas applies. Filtered values are denoted by (⋅)
whereas a Favre-filtered value is denoted by (̃⋅). Due to the filtering, the 
subgrid-scale stress tensor 𝜏𝑡,𝑖𝑗 , the subgrid-scale heat flux 𝑞𝑡,𝑖, and the 
subgrid-scale species mass flux 𝑗𝑡,𝛼𝑖 arise. It is assumed that no further 
subgrid terms e.g. through the filtering of the ideal gas law are relevant. 
The models for the subgrid-scale terms are outlined in Section 3.3.

3.2. Numerical solution scheme

Eqs. (1)–(4) are solved using the Implicit Characteristic Splitting 
(ICS)-scheme as described in [24]. Using the ICS-scheme the set of 
transport and balance equations are split up into an advective and an 
acoustic subsystem. Both subsystems are solved independently from 
each other. The advective subsystem is discretized using a temporal sec-
ond order implicit Crank–Nicolson scheme where a Newton–Raphson 
method is used to solve the non-linear system. For the acoustic subsys-
tem a pressure correction equation is derived which is also solved in a 
fully implicit manner. The scheme is implemented in the in-house code 
ThetaCOM [25,26] using a cell-vertex [27] approach where based on a 
primary grid a median-dual mesh is constructed. A detailed description 
of the method is given in [24].

3.3. Closure models for subgrid-scale fluxes

The subgrid-scale stress term 𝜏𝑡,𝑖𝑗 is closed under the eddy-viscosity 
assumption modeling it as 

𝜏𝑡,𝑖𝑗 = 2𝜇𝑡
(

𝑆𝑖𝑗 −
1
3
𝛿𝑖𝑗𝑆𝑘𝑘

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
deviatoric

+ 2
3
𝜇𝑡𝛿𝑖𝑗𝑆𝑘𝑘

⏟⏞⏞⏞⏟⏞⏞⏞⏟
isotropic

. (9)

According to [28], the isotropic term is assumed to be small and is for 
this reason neglected. Here, the eddy viscosity 𝜇𝑡 is modeled according 
to the wall adapting local eddy viscosity (WALE) model of [29]. In 
this model a case dependent constant needs to be defined for which 
the value 0.1 is used. The subgrid-scale heat flux is modeled using a 
gradient diffusion approach given by 

𝑞𝑡,𝑖 = −𝜆𝑡
𝜕𝑇 +

𝑁𝑠
∑

ℎ̃𝛼𝑗𝑡,𝛼𝑖. (10)

𝜕𝑥𝑗 𝛼=1

3 
Here, 𝜆𝑡 is the turbulent heat conductivity coefficient calculated using 
the eddy-viscosity together with the turbulent Prandtl number 𝑃𝑟𝑡 and 
the isobaric heat capacity 𝑐𝑝 through 

𝜆𝑡 =
𝜇𝑡𝑐𝑝
𝑃𝑟𝑡

. (11)

A similar approach is chosen for the subgrid-scale species diffusion 
defined by 

𝑗𝑡,𝛼𝑖 = −𝜌𝐷𝑡
𝜕𝑌𝛼
𝜕𝑥𝑖

. (12)

The turbulent species diffusion coefficient is calculated using the eddy-
viscosity and the turbulent Schmidt number 𝑆𝑐𝑡 as 

𝐷𝑡 =
𝜇𝑡
𝜌𝑆𝑐𝑡

. (13)

In this work, the turbulent Prandtl and Schmidt numbers are set to 
𝑃𝑟𝑡 = 𝑆𝑐𝑡 = 0.4 for all reactive simulations.

3.4. Combustion modeling

For the thermoacoustically unstable operational point, the PREC-
CINSTA combustor is periodically switching between states of partial 
extinction and reignition. This behavior requires a combustion model 
that is able to capture these processes. For this reason, a finite-rate 
chemistry approach is chosen. The chemical kinetics are described 
using a reduced variant of the DLR-Concise (DC1S29) mechanism given 
in [30]. To close the filtered chemical source term 𝑆𝛼 , an assumed 
probability function approach is used. Details concerning this approach 
are found in [31].

3.5. Spatial and temporal discretization

A hybrid meshing approach is chosen for the spatial discretization of 
the combustor. In total, three different meshes are considered which are 
similar in topology but differ in the total amount of control volumes. An 
overview of the number of points and the number of cells in the primary 
grid for the three meshes is given in Table  1. As shown in Table  1, mesh 
one is the coarsest, containing the fewest mesh points, while mesh three 
is the finest with the highest number of points among the considered 
meshes. According to [12] it may be important to include the fuel 
plenum to match the dominant pressure mode. However, the results 
of [32] show that a good agreement can also be achieved without the 
explicit modeling of the fuel plenum. Nevertheless, the fuel plenum 
is included in the present study. This moves the fuel inflow bound-
ary away from the swirler vane injection holes, thereby allowing the 
capture of their acoustic characteristics. The grid topology is adjusted 
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Fig. 2. Cut through the swirler region. Displayed are meshes one to three.
Table 1
Number of points and number of cells in the primary grid for the 
meshes one to three.
 Mesh No. of points No. of cells 
 1 4.6M 11.8M  
 2 11.9M 32.2M  
 3 24.1M 91.6M  

to cluster a large number of cells in regions where highly dynamic 
processes such as mixing and combustion occur. For this reason, the 
smallest cells are found inside the swirler region and at the entrance 
to the combustion chamber. In this area, the shortest cell length scales 
of the tetrahedrals range from 0.5mm for mesh one to 0.1mm for mesh 
three. As an example, this is shown for the swirler region in Fig.  2, 
where a cut through the meshes one to three is given. Prism layers are 
placed at all solid walls to obtain a sufficient wall resolution. This is also 
shown in Fig.  2. The computational time step throughout the conducted 
simulations varies between 0.05 μs and 0.10 μs. This results in a maximal 
convective Courant–Friedrichs–Lewy (CFL) number in the range of 0.23 
to 0.84.

3.6. Boundary conditions

To allow acoustic disturbances to leave the computational domain 
at the outflow boundary, the Navier–Stokes Characteristic Boundary 
(NSCBC) method proposed by [33] is employed in this work. A detailed 
description of the approach in combination with the ICS-scheme is 
given in [24]. In [34] it is shown that the outflow modeling signifi-
cantly influences both the thermoacoustic mode frequency and flame 
dynamics. For this reason, the effect of the outflow boundary is inves-
tigated here systematically. To this end, two different computational 
runs are defined, namely cases one and two (cf. Table  2). For both 
cases, the outflow boundary is partially reflective, i.e. the characteristic 
wave associated with the amplitude variation 𝐿1 is modeled according 
to [35] by 

𝐿1 = 𝜎
(

1 −𝑀2
out

) 𝑐
𝐿out

(

𝑝 − 𝑝∞
)

. (14)

In Eq. (14), 𝑀out = 0.1 is the maximal occurring Mach number at 
the outflow, 𝐿out = 0.114m the characteristic domain size, and 𝑝∞ =
101325 Pa the ambient pressure. 𝜎 is the parameter which is used here 
to control the reflection of the outflow. For case one, the optimal value 
of 𝜎 = 0.27 [33] is used whereas 𝜎 = 0.06 is employed for case two. 
At the frequency of 275Hz, which is the base frequency of the pressure 
oscillations observed in this burner, this decrease in 𝜎 reduces the mag-
nitude of the reflection coefficient by a factor of four. Consequently, 
higher acoustic losses are obtained in case two. Concerning the inflow 
boundaries, reflective boundary conditions are used for cases one and 
two. In addition to these two cases, a third case is defined in Table 
2. This case three is essentially the same as case two, except that the 
mass-flow rates of fuel and air are slightly altered. Air is assumed to be 
a mixture of oxygen and nitrogen with a composition of 𝑌O2

= 0.233 and 
𝑌N2

= 0.767. The temperature of all incoming streams is kept constant 
at 𝑇 = 320K for all cases and is chosen in accordance to the data 
in

4 
provided in [3]. Considering the walls, constant temperature boundary 
conditions are assumed. For this purpose, the temperature profiles for 
the combustion chamber side walls as well as the base plate are taken 
from the measurement data provided in [6,36]. Based on the measured 
temperatures indicated by the symbols in Fig.  3, a polynomial fit is 
computed. This polynomial fit is used in the computation to express the 
spatial dependence of the wall temperatures for this case. The resulting 
temperature profiles are shown in Fig.  3 by the solid lines. It has to 
be noted that the measurements of [6] are carried out for a reduced 
thermal power under perfectly premixed conditions. The experimental 
results of [36] are obtained at the same thermal power for a combustor 
with a different swirler but with almost identical combustion chamber. 
However, in the experiment the temperature at the walls of the combus-
tion chamber depends on the operational conditions and may vary with 
flame position. Hence, the applied thermal boundary conditions in the 
present computations introduce simplifications through the assumption 
of constant temperature walls. As demonstrated in [37,38] through 
conjugate heat-transfer calculations, the thermal boundary conditions 
can influence the occurrence of thermoacoustic instabilities as well 
as flame anchoring. However, all these calculations are performed 
at a significantly lower thermal power of 10 kW, where an accurate 
computation of heat losses may indeed have an essential impact on 
the solution. For the present operational point at a significantly higher 
thermal power of 25 kW, the accurate modeling of wall temperatures 
appears to be of less importance. For example, computational data 
for constant wall temperatures given in [18,39] show a very good 
agreement to experimental data. Only the dynamic behavior of the 
flame close the burner exit appears to depend on the choice of thermal 
boundary conditions at the central body of the swirler [39]. However, 
one has to consider that in [39] a considerably coarser mesh is used 
compared to [37,38] which is suitable for capturing time averaged 
heat transfer rates but not sufficiently fine to resolve the ‘‘detailed 
boundary layer turbulence structure accurately’’ [39]. Therefore, one 
cannot clearly attribute in [39] the difficulties of capturing flame 
dynamics solely to a potentially insufficient modeling of the thermal 
boundary condition at the central body. For these reasons, the use of 
data given in conditions [6,36] to model the temperature distribution is 
justified for the present investigation. Additionally, wall temperatures 
obtained from the conjugate heat-transfer calculation in [38] also 
justify the use of the applied temperature profile data. Further, the 
temperature of the central body tip is set to 520K. Towards the swirler 
this value is reduced linearly until 320K is reached. This is also the wall 
temperature of the remaining constant temperature walls and matches 
the temperatures of the technically premixed mixture at the entrance of 
the burner reported in [3]. Further, the quartz glass panes are mounted 
floating between the base plate, metal corner posts and end plate in the 
experiment. No sealing is introduced, hence additional damping is to 
be expected in the experimental data (cf. [16,21]). However, as no data 
is available on the damping characteristics of the quartz glasses, this is 
not taken into account in the present work. Instead, the combustor side 
walls are assumed to be acoustically fully reflective.

4. Results

First, the influence of the computational grids is investigated in 
Section 4.1. After the requirements for a sufficient spatial resolution 
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Table 2
Inflow and outflow conditions for the cases one to three.
 Case inflow outflow

 𝑚̇air
[

g∕min
]

𝑚̇fuel
[

g∕min
]

𝜎  
 1 734.2 30.00 𝟎.𝟐𝟕  
 2 734.2 30.00 0.06  
 3 𝟕𝟐𝟑.𝟎 𝟑𝟎.𝟒𝟓 0.06  

Fig. 3. Prescribed temperature profiles for the walls inside the combustion 
chamber. (a) temperature profile of the side walls. (b) temperature profile of 
the base plate. ( ) polynomial fit, ( ) measurement data Flame B from [36], 
( ) and ( ) measurement data of [6].

are obtained, the effects of the amplitude of the pressure oscillations 
and the acoustic velocities is investigated in Section 4.2. For this 
purpose cases one and two are compared. Subsequently, the effects 
of an enriched flame and, therefore, an increased flame speed are 
looked at in Section 4.3 by comparing cases two and three. Since 
case three shows the most promising results it is rigorously verified 
against available experimental data in Section 4.4. From this point 
on, all further investigations are based on case three. This includes a 
closer look at the mixing as well as the flame shapes and coherent flow 
structures in Sections 4.5 and 4.6.

4.1. Grid sensitivity study for inert flow

In order to obtain a sufficient spatial resolution, compressible LES 
are carried out. An inert flow is considered first on the meshes one to 
three (cf. Section 3.5). The boundary conditions are selected similar to 
those applied in the reactive cases as presented in Section 3.6. All three 
computations are started from an identical stationary incompressible 
solution. A comparison of the time-averaged axial velocity as well as 
the mixture fraction for the different meshes is given in Fig.  4. The axial 
velocity along the centerline inside the combustion chamber starting at 
the tip of the central body is shown in Fig.  4a. Comparing the axial 
velocities across the different meshes, it is apparent that the largest 
deviations are found for mesh one, which has the coarsest resolution. 
Especially the large recirculation zone extending approximately 60mm
into the combustion chamber is not well captured in comparison to 
the finer meshes. In Fig.  4b, the averaged axial velocity is displayed 
over the radius for two different heights above the base plate. The 
black lines denote profiles at 𝑥3 = 1.5mm whereas the profiles in 
red are taken at 𝑥3 = 35mm. In addition to time averaging, spatial 
averaging is performed over twelve equiangular spaced lines. It is 
observed that, at 𝑥3 = 1.5mm, the differences between the three meshes 
are small, whereas significant deviations are found at 𝑥3 = 35mm. In 
terms of velocity a good agreement is obtained for the meshes two 
and three. Concerning a transported scalar, the distributions for the 
averaged mixture fraction along the radius at the heights 𝑥3 = 6mm
and 𝑥 = 35mm are given in Fig.  4c. In contrast to the averaged axial 
3

5 
Fig. 4. Comparison of the inert simulations on meshes one to three. (a) axial 
velocity along centerline. (b) axial velocity along the radius at 𝑥3 = 1.5mm
(black) and at 𝑥3 = 35mm (red). (c) mixture fraction along the radius at 
𝑥3 = 6mm (black) at 𝑥3 = 35mm (red). ( ) mesh 1, ( ) mesh 2, ( ) 
mesh 3.

velocities, deviations directly above the burner are present between the 
meshes two and three. Further downstream, these deviations diminish 
as the distribution of the mixture fraction along the radius becomes 
more homogeneous. In addition to the computations of inert flow, a 
grid study is performed also for reactive flows on meshes two and 
three. Here, the thermoacoustic instabilities also strongly influence the 
spatial distribution of the computed quantities. For this reason, Fig.  5 
compares the mixture fraction and the 𝑢3-velocity for different heights 
above the base plate. The results presented in Fig.  5 for mesh two and 
three are averaged over a single period of pressure oscillation inside the 
combustion chamber. A comparison of the results again reveals good 
agreement for the 𝑢3-velocity. Additionally, also the mixture fraction 
shows reasonably good agreement between the two meshes at the inves-
tigated positions. This leads to the conclusion that mesh two provides 
a sufficient resolution for the reactive computation conducted herein. 
Therefore, mesh two is chosen for all subsequent reactive simulations, 
as it offers an acceptable balance between resolution and computational 
costs.

4.2. Influence of the outflow modeling

To assess the influence of the outflow modeling, case one and case 
two are compared. The lower reflection factor in case two permits 
for higher acoustic losses as compared to case one. This reduces the 
root mean square (RMS) values of pressure inside the combustion 
chamber from 1978 Pa for case one to 1548 Pa for case two. In Fig. 
6a, the power spectral densities (PSD) of the combustion chamber 
pressure are plotted for the cases one and two. Alongside the computed 
results, the experimental pressure PSD reported in [16] is shown. The 
pressure PSDs are computed using Welch’s method with a Hanning 
window function and an overlap of 50%. For the computed pressure 
signal, four overlapping, windowed segments are considered in the 
analysis. Comparing the PSDs of the computed chamber pressure, a 
slight increase in frequency is obtained for case two as compared to case 
one. Further, the maximal value at the dominant peak is slightly lower 
for case two. Considering the local maxima at the higher harmonics 
at 500Hz and 740Hz, the differences become more apparent and lower 
values are found for case two. Comparing the computed cases to the 
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Fig. 5. Comparison of meshes two and three for the reactive case at 𝑥3 ∈ {6, 15, 25, 35, 60}mm. Results of the mixture fraction and the 𝑢3-velocity averaged over 
one oscillation period of the combustion chamber pressure are shown. ( ) mesh 2, ( ) mesh 3.
Fig. 6. Comparison of case 1 and case 2. (a) power spectral density of the 
pressure inside the combustion chamber. (b) temperature above the burner at 
𝑥3 = 6mm. ( ) case 1, ( ) case 2, ( ) measurements from [16], ( ) 
measurements from [3].

experimental results, approximately 20Hz lower frequencies are found 
for the numerical results at the dominant mode. Nonetheless, the abso-
lute values for the peak amplitude are matched well compared to the 
experimental findings given in [16]. Additionally, a pronounced third 
peak at around 740Hz is found for case one whereas this is not seen in 
the experimental data nor for case two. Overall, a good agreement is 
found for both cases comparing the computed results with the available 
experimental data. However, the modification concerning the outflow 
in case two results in a slight improvement of the overall agreement 
between computed combustion chamber pressure and the experimental 
data. By contrast, significant differences between the cases one and 
two are found close to the central body as shown in Fig.  6b. Here, 
the Favre averaged temperatures are displayed along the 𝑥1-axis at a 
height above the burner at 𝑥3 = 6mm for both cases. While case two 
does match the temperatures very well, the temperatures at 𝑥1 below 
10mm are found to be too low in case one. A possible reason for the 
differences in the averaged temperature is a significant variation in 
flame behavior between cases one and two. In case one, the lower 
averaged temperatures may result from numerous low temperature 
events evoked by flame lift-off. These events then accumulate to the 
6 
observed lower averaged temperatures. By contrast, fewer lift-off events 
might be present for case two resulting in an overall higher temperature 
directly above the burner. Indeed, this is confirmed by the temporal 
evolution of temperature above the burner, as shown in Fig.  7a. For 
case one, a frequent switch between low and high temperature events 
takes place whereas this is not observed for case two. Additionally, Figs. 
7b and 7c show the instantaneous heat release in the 𝑥1−𝑥3 plane at 
𝑥2 = 0mm at two distinct time instances. Here it becomes clear that 
these low temperature events are accompanied by a temporary flame 
lift-off. For instance, this is observed at 𝑡1 = 49ms, where for case one 
a low temperature and a lifted flame is found. In return, for case two 
the temperature remains high and the flame is attached to the central 
body. However, for the second time instance at 𝑡1 = 74ms in both 
cases high temperature and attached flames are found. To obtain a 
better understanding of the differences in the transient flame behavior, 
a video sequence is available in the supplemental materials Video S2. 
In the video, unsteady isocontours of temperature in the 𝑥1−𝑥3 plane 
as well as the volume rendering of the three dimensional heat release 
demonstrate differences in the flame characteristics. A detachment of 
the flame root from the central body and a subsequent flame lift-off is 
observed during phases of low temperature above the central body for 
case one only. However, flashback into the duct connecting swirler and 
combustion chamber occurs in both cases. The temporary lift-off events 
in case one are caused by higher velocity fluctuations at the entrance 
into the combustion chamber as compared to case two. This is shown in 
Fig.  8a where the area averaged velocity fluctuations in the 𝑥1−𝑥2 plane 
at 𝑥3 = 0mm are plotted over time. Alongside the temporal data, the 
standard deviations are annotated. Comparing the data given in Fig.  8a, 
it is seen that overall, higher values are found for case one as compared 
to case two. In detail, the modifications to the outflow boundary reduce 
the standard deviation of the velocity fluctuations by 20% near the 
flame anchoring point, thereby encouraging an attached flame for case 
two. Acoustic fluctuations appear to be an important source of these 
velocity fluctuations. To verify this we assume an upstream traveling 
pressure disturbance. In this case, the acoustic velocity fluctuations 
can be calculated using 𝑢ac(𝑡) = -𝑝′(𝑡)∕(𝜌0𝑐0). Here, 𝑝′ is the pressure 
fluctuation whereas 𝜌0 and 𝑐0 are the reference values for density and 
speed of sound. The acoustic velocity fluctuations 𝑢ac are computed 
from the instantaneous pressure fluctuations 𝑝′ in the 𝑥1−𝑥2 plane 
at 𝑥3 = 0mm. At each instant the spatial average of 𝑢ac over this 
plane is taken, and the resulting time series is plotted in Fig.  8b. 
The reference values 𝜌0 and 𝑐0 are obtained in the same plane by 
calculating the time averaged values of 𝜌 and 𝑐. Comparing the data 
in Fig.  8b, it is found that the acoustic velocity fluctuations are in 
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Fig. 7. Comparison of the temporal evolution of the temperature above the burner as well as instantaneous heat release for case 1 and case 2 at two different 
time instances. In (a) the temperature over time is extracted at the location marked in the contour plots. ( ) case 1, ( ) case 2. On the left half of the 
contour plots (b) and (c) case 1 is shown whereas on the right half case 2 is displayed.
phase with the velocity fluctuations displayed in Fig.  8a. Additionally, 
higher values are found for case one as compared to case two. This 
leads to the conclusion that the fluctuations at the flame anchoring 
point are indeed influenced by acoustic effects inside the combustion 
device. These findings align well with the observations of [40] where 
the authors investigate a different swirl burner with acoustic excitation. 
Depending on the excitation amplitudes, a lifted or attached flame is 
obtained. Additionally, a switching between attached and lifted flame 
is also reported for the swirl burner considered in the present study, 
though for different operating conditions (cf. [7,22]). Summarizing, 
at the considered operational point, case two yields results closer 
to experimental findings. This indicates that a correct amplitude of 
pressure oscillation is important for a realistic computation of this case. 
Moreover, frequent lift-off events that have been reported in previous 
numerical investigations (cf. [16,17]) are not observed for case two. 
According to the temperature data, these lift-off events are also absent 
in the experimental studies of [3].

4.3. Uncertainties concerning the operational point

In [3] it is indicated that at a height of 𝑥3 = 80mm above the base 
plate the mixture should be homogeneous and in chemical equilibrium. 
The corresponding measured single shot data for temperature and 
mixture fraction are shown in Fig.  9a. Based on these data, standard 
deviations of 4.95% for temperature and 5.75% for mixture fraction 
are obtained (cf. Table  3). For both, temperature and mixture fraction 
these values exceed the measurement tolerances given in [3]. At the 
operating conditions considered here, this means that the combustion 
gases are not yet fully mixed, and are also not in chemical equilibrium 
either in some cases. This is evidenced by the presence of a few 
outliers with temperatures considerably lower than the equilibrium 
temperature. Further, considering the average of the mixture fraction 
indicated by the vertical line in Fig.  9a, a relative error of 5.88% to the 
7 
Fig. 8. (a) velocity fluctuations and (b) acoustic velocity fluctuations at the 
entrance into the combustion chamber in the 𝑥1−𝑥2 plane at 𝑥3 = 0mm. ( ) 
case 1, ( ) case 2.

nominal value of 𝑧nom. = 0.0391 is found. In [3] it is suspected that a 
combination of errors from the flow-meters and Raman measurements 
could be responsible for these differences. This assumption appears, 
however, to be unlikely. For one, the results from the simulation of 
cases two and three given in Figs.  9b and 9c reveal that a similar 
spread is obtained as compared to the experimental results in Fig. 
9a. Also the standard deviations (cf. Table  3) display a very close 
agreement to experiments for both cases. However, differences are 
found for the average mixture fractions indicated by the vertical lines 
in Fig.  9. Here, case three does show the best agreement with the 
measurement data. This reveals that for the measurements a systematic 
error in the operational point towards the fuel rich regime is present. 
The observed differences cannot be explained through a combination of 
errors between flow-meters and Raman measurement, but they can be 
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Fig. 9. Temperature over mixture fraction at 𝑥3 = 80mm. (a) measurements from [3], (b) case 2, (c) case 3. ( ) adiabatic equilibrium, ( ) laminar flame 
with strain rate 𝑎 = 1 s−1.
Table 3
Standard deviations of mixture fraction and temperature corresponding to 
results shown in Fig.  9.
 Variable exp. [3] case 2 case 3 
 Std. mixture frac. 5.75% 6.27% 6.49% 
 Std. temperature 4.95% 4.57% 4.83% 

Fig. 10. Comparison of case 2 and case 3. (a) power spectral density of the 
pressure inside the combustion chamber. (b) temperature above the burner at 
𝑥3 = 6mm. ( ) case 2, ( ) case 3, ( ) measurements from [16], ( ) 
measurements from [3].

attributed solely to a shift in the operational point that lies within the 
flow-meters accuracy. Comparing the results for cases two and three, a 
slight improvement in the agreement to the experimental data for the 
averaged temperatures close to the base plate is found. This is displayed 
in Fig.  10b and confirms the shift of the operational point present in the 
experimental data. However, considering Fig.  10a, the pressure signal 
does not seem to be as sensitive towards the operational point.

4.4. Validation of the computational model

So far, case three yields the best results in comparison to the 
experimental data presented. Hence, starting from this point, only case 
three is considered for the following discussions and investigations. 
However, first a rigorous validation is required for case three in order 
to draw further conclusions regarding the occurring phenomena inside 
the investigated swirl combustor. For this purpose, the additional mea-
surement data available from [3] are used. This includes velocity data 
as well as data for density, temperature, and mass fractions for ma-
jor species. Further, OH∗-Chemiluminescence and planar laser-induced 
OH fluorescence measurement results are present. As an example, a 
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comparison against the experimental data for the averaged axial ve-
locities, the averaged fuel mass fractions and the respective standard 
deviations is given in Fig.  11. Here, an exceptional agreement with 
the measurement data is found. This very good agreement extends to 
the remaining available measurement data from [3]. For brevity, these 
data are not shown here. However, the complete dataset is provided in 
the supplemental material MMC S1. Also the proposed feedback loop 
of the self sustained pulsations as described in [3] is reproduced and 
confirmed. A more detailed description, together with a short video 
sequence, is provided in the supplementary material MMC S1 and
Video S3. To assure that the computed modes of the occurring pressure 
oscillations align with prior observations made for this combustion 
device, a multiresolution proper orthogonal decomposition (MRPOD) 
according to [8,41,42] is performed (this method is also used in [43] 
for the identification of thermoacoustic modes). A short description of 
the method alongside the chosen frequency intervals analyzed is given 
in Appendix  A. The resulting first spatial MRPOD pressure modes in the 
frequency band 𝐼1 = [100, 390]Hz and 𝐼2 = [390, 540]Hz are displayed 
in Fig.  12. These two MRPOD modes are the dominant modes in their 
respective frequency bands and contain 88% and 87% of the relative 
energy. Alongside the contours in the 𝑥1−𝑥3 plane, extracts following a 
path through the combustion device are displayed. It is revealed, that 
according to the first spatial mode in 𝐼1 denoted by 𝜑1,𝐼1 (𝑝), the air 
plenum and the combustion chamber oscillate in phase, whilst larger 
oscillations are found in the air plenum as compared to the combustion 
chamber. By contrast, the first spatial mode in 𝐼2 however, shows that 
the chamber and air plenum oscillate in phase opposition. This is in line 
with the observations made by [37,38] where similar results concerning 
the mode shapes are found using a Helmholtz solver.

4.5. Technical premixing of fuel and air

To mix fuel and air, a jet-in-crossflow configuration is used in the 
present burner. Here, a fuel jet is injected into a crossflow of air inside 
each swirler vane. This is done through dedicated fuel ports. For this 
reason, a good mixing of fuel and air is typically assumed for the 
investigated burner, i.e. the gases entering the combustion chamber 
are considered to be reasonably well mixed  [2,3,22,37,38,44–49]. 
However, as variations in the equivalence ratio are known to be an 
important driver of thermoacoustic instability, even small inhomo-
geneities might be significant for the present case. This is even more 
important as also experimental data of [3] confirms a certain amount 
of unmixedness directly above the central body. In order to obtain an 
estimate of the quality of mixing, two mixing efficiency factors 

𝜂mix,1 =
𝑚̇mixed
𝑚̇total

=
∫𝐴 𝜓𝜌𝑢𝑖 d𝐴
∫𝐴 𝜌𝑢𝑖 d𝐴

, (15)

with 𝜓 =

{

1, if (1 − 𝜖)𝑓nom. < 𝑓 < (1 + 𝜖)𝑓nom.
0, otherwise,

and 

𝜂mix,2 =

√

1
𝐴 ∫𝐴 𝑓𝜎2 d𝐴
1

, (16)

𝐴 ∫𝐴 𝑓 d𝐴
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Fig. 11. Comparison with the measurement results from [3]. (a) averaged 
axial velocity at 𝑥3 = 1.5mm. (b) averaged fuel mass fraction at 𝑥3 = 6mm. (c) 
standard deviation of the fuel mass fraction at 𝑥3 = 6mm. ( ) case 3, ( ) 
measurements.

are introduced and evaluated at various locations in the swirler and 
duct sections. The first metric given by Eq. (15) loosely follows the 
approach of [50,51]. Here, the ratio of mixed and total area weighted 
averaged mass flows is calculated. For this purpose, the mixed mass 
flow is computed using a masking function based on the deviation of 
the averaged mixture fraction 𝑓 from the nominal mixture fraction 
𝑓nom. by a threshold 𝜖. While 𝜂mix,1 gives an estimate concerning the 
homogeneity of local mixture fraction (high values indicate a good 
mixing), the variance of mixture fraction is equally important. In a 
well mixed setting this variance becomes small. Thus, the ratio of the 
area weighted averaged variance of the mixture fraction 𝑓𝜎2  with the 
area weighted averaged mixture fraction is calculated as described in 
Eq. (16). Both metrics are evaluated on five slices as indicated on the 
right side of Fig.  13. The corresponding results for 𝜂mix,1 and 𝜂mix,2 are 
shown on the left side of Fig.  13. It is apparent that according to the 
evaluated metrics a rather poor mixing is obtained directly at the exit 
of the swirler at the cylindrical slice C1. Towards the exit of the duct 
the mixing is getting better as indicated by the increasing values for 
𝜂mix,1 and the decreasing values of 𝜂mix,2. This shows that a large part 
of mixing is happening in the duct rather than inside the swirler vanes 
and therefore contradicts the general assumption of well mixedness 
due to the jet-in-crossflow configuration. To take a closer look into the 
swirler region where the fuel is injected into the air flow Fig.  14 is 
given. Here, Fig.  14a displays the phase averaged pressure in the air 
plenum and combustion chamber whereas the averaged velocities at 
the swirler entrance as well as the fuel injection ports are given in Fig. 
14b. Additionally to the velocities, the phase averaged jet momentum 
ratio is plotted. Finally, in Figs.  14c–f a section of the swirler and duct 
is displayed where streamlines based on the phase averaged velocities 
as well as isocontours for the methane mass fractions are shown for 
the phases 𝜙3, 𝜙4, 𝜙6 and 𝜙1. Starting from the phase averaged pressure 
signals displayed in Fig.  14a it is apparent that the combustion chamber 
pressure exceeds the air plenum pressure in the phases 𝜙2 to 𝜙3. This 
leads to a modulated mass flow into the combustion chamber which is 
an essential part of the thermoacoustic oscillation cycle of the present 
swirl flame (cf. [3,17,21]). However, this reversal in pressure does not 
only impact the processes in the combustion chamber but influences 
also the flow inside the swirler vanes and consequently the mixing of 
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fuel and air. Considering the phase averaged velocities of the jet and 
the crossflow in Fig.  14b this becomes clear. As pressure oscillates, 
both the velocity of the jet and the crossflow are modulated. However, 
while the fuel jet maintains a rather high momentum throughout the 
whole oscillation cycle the crossflow does not. During phases 𝜙3 to 
𝜙4 the crossflow nearly ceases, whereas peak crossflow velocities are 
observed during phases 𝜙6 to 𝜙8. Computing the momentum ratio of 
crossflow and jet velocities a wide spread of values during an averaged 
oscillation cycle is revealed (cf. Fig.  14b). The momentum ratio peaks 
between phases 𝜙3 and 𝜙4 obtaining values of almost 900 while a 
very small momentum ratio is obtained at phase 𝜙6. For reference, 
the simple correlation 𝑥3,pen. = 1.15𝑑jet𝐽 0.5 proposed in [52] yields a 
momentum ratio of 𝐽 = 22 for a jet diameter of 𝑑jet = 1mm, with a 
jet penetration depth of 𝑥3,pen. = 5.375mm into the center of the swirler 
vanes. Overall, this indicates that for the present thermoacoustically 
unstable operational point the jet-in-crossflow configuration does not 
operate as expected for large parts of the oscillation cycle. This becomes 
even more apparent considering Figs.  14c–f. At phase 𝜙3 displayed 
in Fig.  14c the crossflow velocity of air is low compared to the jet 
velocity of the fuel stream through the fuel ports. This results in a 
large momentum ratio and the fuel jets impinge onto the top walls of 
the swirler vanes where fuel accumulates close to the wall. Continuing 
with phase 𝜙4 in Fig.  14d, the crossflow accelerates and the momentum 
ratio decreases whilst still being too high to achieve a good mixing 
as fuel continues to impinge on the upper walls of the swirler vanes. 
For high crossflow velocities such as in phase 𝜙6 the conditions are 
reversed (cf. Fig.  14e). Here, the momentum ratio is too small in order 
to achieve good mixing and the fuel jet is not able to penetrate far 
into the crossflow. However, due to the high crossflow velocities the 
accumulated fuel rich regions close to the upper walls of the swirler 
vanes are being convected into the duct section. Finally, moving to the 
next phase in the cycle, the crossflow velocities decrease again and 
at least for phase 𝜙1 displayed in Fig.  14f a good mixing appears to 
take place inside the swirler vanes, temporarily. This is characterized 
by the fuel jet neither impinging the upper swirler vane walls nor 
being pushed towards the bottom walls. Overall this reveals that the 
conditions inside the swirler are more complex as often expected. This 
means that for an accurate numerical simulation a high amount of 
resolution is required to correctly represent the mixing of fuel and air 
at the operational point considered here.

4.6. Flame type and coherent flow structures

In general, the present model combustor is known to operate with 
two distinct flame types. One is a M-shaped flame and the other is 
a V-shaped flame. This notation stems from the characteristic shapes 
of the averaged OH∗-Chemiluminescence measurements. Essentially, 
the M-shaped flame is associated with a flame that is lifted from the 
nozzle whereas the V-shaped flame remains attached. Whether the V- 
or M-shaped flame is present depends on the operational point and is, 
therefore, mainly a function of thermal power and equivalence ratio. 
A detailed experimental study for the perfectly premixed configuration 
is presented in [5], mapping a wide range of operational points. The 
authors show that only for M-shaped flames an unsteady coherent flow 
structure known as precessing vortex core (PVC) is able to emerge. 
Based on linear stability analysis, the authors identify density gradients 
as the cause of PVC-suppression for V-shaped flames. However, this 
hypothesis is recently challenged in [9] where a disruption of the 
internal flow feedback at the tip of the central body is proposed as the 
main cause for PVC-suppression. As such, the investigation of the PVC-
suppression appears to be still an active field of research for this burner. 
In [5], operational points are found that display an unstable behavior, 
resulting in a constant switching between M- and V-shaped flames. 
Despite applying a perfectly premixed configuration, it is worth noting 
that the operational point investigated here is in the close vicinity of 
such an unstable flame. However, as shown in Section 4.2, the present 
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Fig. 12. Spatial MRPOD pressure modes 𝜑1,𝐼1 (𝑝) (left) and 𝜑1,𝐼2 (𝑝) (right) for interval 𝐼1 and 𝐼2 in the 𝑥1−𝑥3 plane (top) and extracted along a path (bottom) for 
case 3. The path is displayed in the contour plots through ( ).
 
(a) 

  
(b) 

 

Fig. 13. Comparison of mixture indices as defined by Eq. (15) ( ) for 𝜖 = 10% and Eq. (16) ( ), evaluated at the cylindrical surface C1 and the planes P2, P3 
and P4 indicated in the schematic drawing on the right side based on the averaged flow field data.
operational point measured by [3] is essentially an attached flame 
and hence a V-shaped flame. This is confirmed further by the OH∗-
Chemiluminescence measurements presented in [3] also given in the 
supplementary material MMC S1. Still, in the numerical data sporadic 
events of low temperature above the central body are present even for 
case three. Whether these events coincide with lift-off and shape switch 
of the flame as reported in [5] is investigated in the following. For this 
purpose, according to [5] the flow asymmetry in the 𝑥1−𝑥3 plane is 
evaluated using 
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with 𝑢𝑎, 𝑢𝑟, and 𝑢𝜃 being the axial, radial, and tangential velocity 
components. The resulting flow asymmetry together with the temper-
ature in a monitor point placed at 𝑥3 = 6mm is plotted over time 
in Fig.  15a. Alongside the flow asymmetry, velocity streamlines as 
well as the computed hydroxyl mass fraction in the 𝑥1−𝑥3 plane at 
𝑥2 = 0mm for two distinctive timesteps are given in Figs.  15b–c 
and Figs.  15d–e, respectively. Starting with the flow asymmetry over 
time given in Fig.  15a, the signal oscillates without major outliers 
up to about 77ms. Between 77ms to 86ms a sudden peak in flow 
asymmetry is observed followed by a second peak. Another similar 
event is recorded between 93ms to 102ms. For the remaining signal no 
major outliers are found. Concerning the temperature above the central 
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body, temporarily lower values are found together with these higher 
flow asymmetries. According to [5], an increase in flow asymmetry 
might indicate the presence of a PVC and likewise a switch in flame 
shape. Such a PVC can be recognized in the swirled flow field through 
a zig-zag flow pattern in the streamline plots in the respective plane. 
Now, as an example, results for two distinctive timesteps are picked 
from the time series as indicated by the dashed vertical lines in Fig. 
15a. The first result is evaluated at about 𝑡 = 45ms having a low 
flow asymmetry whereas the second timestep at 𝑡 = 80ms resides 
within the first peak of flow asymmetry. Their corresponding velocity 
streamline plots are given in Figs.  15b–c. Comparing Fig.  15b and Fig. 
15c differences are apparent. While for Fig.  15b a symmetry in the 
flow patterns with respect to the 𝑥3-axis is visible, a characteristic zig-
zag pattern emerges in Fig.  15c. This zig-zag pattern already suggests 
the presence of a PVC. Interestingly, by comparing the contour plots 
of the hydroxyl mass fraction at the same time instances in Fig.  15d-e 
identical patterns as described in [5] are found. In detail, at 𝑡 = 45ms
an attached flame is found whereas for 𝑡 = 80ms a clear detachment of 
the flame from the central body is observed. In order to clarify if the 
observed zig-zag pattern in Fig.  15c stems from the presence of a PVC 
structure, the high-order filtered Q-criterion is analyzed. The high-order 
filtering of the Q-criterion is necessary because in the present refined 
simulation large coherent structures such as a PVC are fully masked 
by the small resolved vortices. For the high-order filtering, the implicit 
filter of [53] is applied following the approach of [54] for unstructured 
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Fig. 14. Mixing of fuel and air inside the swirler vanes. (a) phase averaged pressure in the combustion chamber ( ) and air plenum ( ). (b) phase averaged 
velocity of the jet ( ), crossflow ( ), and jet momentum ratio ( ). (c)–(f) cut through the swirler showing phases averaged velocity streamlines and 
methane mass fraction isovolumes (𝑌CH4

= 0.06).
grids. The visualizations shown in Figs.  15f–g, are generated using 
an eighth order implicit filter with a width of 14mm. Comparing Fig. 
15f and Fig.  15g, the differences are obvious. For 𝑡 = 80ms a large 
helical structure representing the PVC is visible whereas for 𝑡 = 45ms
no such clear structure emerges. To further clarify whether a PVC 
is present, a modal analysis of the pressure is performed using the 
MRPOD-method. According to [5] the PVC at the given operational 
point and under perfectly premixed conditions emerges at a frequency 
of 595Hz. Hence, the frequency band for the MRPOD is set to 𝐼3 =
[540, 3250]Hz (cf. Fig.  17). Inspecting the resulting spatial pressure 
modes from the modal analysis, two modes (𝜑5,𝐼3  and 𝜑6,𝐼3 ) associated 
with a PVC structure are found. The corresponding contours shown 
in Figs.  16a and 16b reveal the expected zig-zag patterns. Moreover, 
the associated three-dimensional isocontours shown in Fig.  16c clearly 
reveal the helical nature of the emerging structure. A time-frequency 
analysis of the temporal coefficients 𝑎5,𝐼3  and 𝑎6,𝐼3  given in Figs.  16d 
and 16e shows that this PVC structure does not only occur sporadically 
but almost periodically over the time of the simulation. However, these 
scaleograms also show that the PVC is most pronounced at 𝑡 = 80ms
where it is also observed via the filtered Q-criterion. Furthermore, 
the PVC does not appear to prevail at a fixed frequency but exists 
over a frequency range as can also be observed by the broad spectra 
given in Figs.  16f and 16g where the PSDs of the temporal coefficients 
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𝑎5,𝐼3  and 𝑎6,𝐼3  are shown. This is due to the strong thermoacoustic 
instabilities occurring in the technically premixed case which strongly 
modulate the volumetric flow rate as shown in Fig.  16f leading to 
this transient behavior. Additionally, at 𝑡 = 45ms faint traces of the 
PVC are also detected in the modal analysis where it is not found 
in the instantaneous flow fields. Also, as indicated in Fig.  15d, the 
flame remains attached. This shows that in the present LES most of the 
time a V-shaped flame without a pronounced PVC is obtained. Still, 
sporadic events exist for which the flame detaches and switches to a 
M-shaped flame as indicated in [5]. Together with the M-shaped flame 
a strong PVC is able to emerge for a short period of time. However, 
shortly after the switch to a M-shaped flame the flame reattaches and 
switches back to a V-shape resulting in the very good agreement with 
the experimental data of [3].

5. Summary and conclusions

Based on the given results, it is shown that the self-excited ther-
moacoustic operational point chosen in [3] resides close to a point 
where the flame becomes unstable switching from an attached V-shape 
to an detached M-shape. This type of behavior is already observed in 
literature for perfect premixing of fuel and air in [5,7,8]. However, 
for perfectly premixed operation, the duration of these transitions 
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Fig. 15. Flame shapes and coherent flow structures. (a) flow asymmetry ( ), temperature above central body ( ) and selected timesteps ( ). (b, c) 
velocity streamlines in 𝑥1−𝑥3 plane. (d, e) hydroxyl mass fraction in 𝑥1−𝑥3 plane. (f, g) isosurfaces of high-order filtered Q-criterion (𝑄qcrit = 107 s−2).
spans over several milliseconds in contrast to the present work. The 
transitions reported here (under technical premixing) occur within the 
duration of a single acoustic oscillation (i.e., a few milliseconds) which 
is in line with the experimental observations of [22] for technical 
premixing at very similar operating conditions in terms of thermal 
power and equivalence ratio. Likewise, intermittent changes between 
lifted and attached flames within a few milliseconds are also reported 
in [11] for technically premixed operation with methane (equivalence 
ratio and thermal power are 0.65 and 20 kW, respectively, in [11]). 
In [11], the occurrence of a PVC is also reported during phases of flame 
lift-off. Hence, the experimental data [11,22] appear to support the 
present numerical findings. Furthermore, this conclusion is supported 
by the strong influence of the amplitude of pressure oscillations onto 
the flame’s shape and location as demonstrated by a comparison of 
cases one and two. By reducing the reflection coefficient at the outflow 
boundary for case two, the amplitude of pressure oscillation inside 
the combustion chamber is lowered. While the exact mechanisms that 
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leads to flame lift-off cannot fully be isolated in this complex flow, 
these lower acoustic velocities likely decrease both strain rates and 
convective transport, thereby promoting an attached flame. Therefore, 
the low temperature events above the central body are reduced which 
leads to an excellent agreement in temperature close to the central 
body with respect to the measurement data. This influence of the 
amplitude of pressure oscillation on the flame shape has so far been 
neglected in previous work on this operational point. In this work 
we showed that for the considered operational point this has a major 
influence on the overall results. Nonetheless, intermittent events of 
low temperature above the central body are still present as shown for 
case three. These low temperature events coincide with a switch of 
flame shape as described in [5] albeit for perfect premixed conditions. 
Alongside the temporary switch from V-shaped flame towards an M-
shaped flame a strong PVC is able to emerge for a short period of 
time. Due to the thermoacoustic instabilities and the resulting strong 
modulation of the volume flow rate at the nozzle exit, the PVC occurs 



M. Pries and A. Fiolitakis Applications in Energy and Combustion Science 27 (2026) 100524 
Fig. 16. Modal analysis for frequency band 𝐼3. (a) slice in the 𝑥1−𝑥3 plane of the spatial mode 𝜑5,𝐼3 . (b) slice in the 𝑥1−𝑥3 plane of the spatial mode 𝜑6,𝐼3 . (c) 
isocontours showing the helical structures of 𝜑5,𝐼3  (red) and 𝜑6,𝐼3  (blue). (d) and (e) showing the scaleograms of the temporal coefficients 𝑎5,𝐼3  and 𝑎6,𝐼3 . (f) and 
(g) PSD of the temporal coefficients 𝑎5,𝐼3  and 𝑎6,𝐼3 . (h) volumetric flow rate at the nozzle exit.
over a frequency range instead of a fixed frequency as often observed 
in literature for other operating conditions. In contrast to numerical in-
vestigations found in literature, flame lift off only happens sporadically 
and on average an attached flame similar to the experiments of [3] is 
found. Further, it is numerically shown that during the measurements 
of [3] a slight shift towards a richer regime occurred. Although these 
errors are within the tolerances of the mass-flow controllers, taking 
them into account does slightly improve the overall agreement with the 
experimental data for case three in contrast to case two. Furthermore, 
the processes within the swirler as well as the mixing of fuel and air 
are more complex as typically assumed, necessitating careful modeling 
to ensure accurate results. Consequently, a superior agreement between 
numerical computation and experimental measurements is achieved for 
the considered operational point.
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Appendix A. Multiresolution proper orthogonal decomposition

The multiresolution proper orthogonal decomposition (MRPOD) of-
fers the possibility to perform proper orthogonal decompositions on 
discrete frequency bands. To conduct such a multiresolution analysis 
a maximum-overlap discrete packet wavelet transform is employed. In 
this work, this is based on Daubechies least asymmetric, compactly 
supported wavelet with a filter length of 16 and a decomposition level 
of 7. The applied frequency bands are denoted by 𝐼 and given in Fig. 
17 alongside the PSD for case three. In this sense, the MRPOD of a 
fluctuating quantity 𝜁 (𝑥𝑖, 𝑡)′ in the frequency band 𝐼1 is expressed as 

𝜁 (𝑥𝑖, 𝑡)′ =
𝑁
∑

𝑎𝑘,𝐼1 (𝜁, 𝑡)𝜑𝑘,𝐼1 (𝜁, 𝑥𝑖). (18)

𝑘=1
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Fig. 17. Definition of frequency bands used for the MRPOD analysis. Squared 
gain of the intervals 𝐼1 ( ), 𝐼2 ( ), and 𝐼3 ( ). Power spectral density 
of pressure for case 3 ( ).

Here, 𝑎𝑘,𝐼1 (𝜁, 𝑡) represents the 𝑘th temporal coefficient of the fre-
quency band 𝐼1, 𝜑𝑘,𝐼1 (𝜁, 𝑥𝑖) the corresponding spatial mode, and 𝑁 the 
length of the time series. Further, 𝜁 (𝑥𝑖, 𝑡)′ denotes the fluctuating part 
of the decomposition expressed by 𝜁 (𝑥𝑖, 𝑡) = ⟨𝜁 (𝑥𝑖, 𝑡)⟩ + 𝜁 (𝑥𝑖, 𝑡)′, where 
⟨𝜁 (𝑥𝑖, 𝑡)⟩ represents the time average of the quantity 𝜁 (𝑥𝑖, 𝑡). A more 
detailed explanation of the method can be found in [8].

Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.jaecs.2026.100524.
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