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In this work, we investigate high-frequency thermoacoustic instabilities in a jet-stabilized gas turbine burner by

means of large-eddy simulation (LES). This burner is operated at 8 bar pressure with a mixture of hydrogen and

natural gas. Experimental data for the pressure oscillations in the combustion chamber are provided here to

validate the simulations. The LES is conducted using a splitting scheme for solving the equations for compressible,

reactive flows. To model the filtered chemical source terms in LES, two different models (namely an assumed

probability density function (APDF) model and a thickened flame (TF) model) are used. Time-resolved

computational data are analyzed using multiresolution proper orthogonal decomposition. It is found that mainly

three longitudinal modes and one mixed transverse–longitudinal mode cause the high-frequency instabilities in

the combustor. Computed frequencies of these modes agree excellently with measured frequencies. Amplitudes

of the modes are best reproduced by the use of the TF model. Further analysis of the computational data obtained

with the TF model reveals that heat release fluctuations caused by periodic distortion of the flame geometry and by

fluctuations in equivalence ratio play an important role in the thermoacoustic feedback.

Nomenclature

A = area, m2

a = temporal coefficient of multiresolution proper
orthogonal decomposition

CW = wall-adapting local eddy-viscosity model constant
CM = concentration of collision partner, mol∕m3

Cα = concentration of species α, mol∕m3

c = isentropic speed of sound, m/s
cv = specific heat capacity at constant volume,

J∕�kg ⋅ K�
Dα = diffusion coefficient of species α, m2∕s
DJC = diameter of jet carrier, m
E = specific total energy, J/kg
e = specific internal energy, J/kg
f = frequency, Hz
h = specific enthalpy, J/kg

h0f;α = formation enthalpy of species α, J∕kg
I = frequency band, Hz
I = indicator function of heat release zone
j = diffusive mass flux, kg∕�m2 ⋅ s�
jt = subgrid-scale mass flux, kg∕�m2 ⋅ s�
kkb = rate constant of backward reaction k (units are in

mol, m, s)
kkf = rate constant of forward reaction k (units are in

mol, m, s)
kt = subgrid-scale kinetic energy, m2∕s2
L1 : : : L5�α = amplitudes of characteristic waves

l = length scale, m
M = molecular weight, kg/mol
Ma = Mach number
N = length of time series
Ns = number of species
Nr = number of reactions
Prt = subgrid-scale Prandtl number
p = pressure, Pa
Q = global heat release, W
q = diffusive heat flux, J∕�m2 ⋅ s�
qt = subgrid-scale heat flux, J∕�m2 ⋅ s�
q = heat release, W∕m3

Rm = universal gas constant, J∕�mol ⋅ K�
S = chemical source term, kg∕�m3 ⋅ s�
Sct = subgrid-scale Schmidt number
StJC = Strouhal number of jet carrier
S = sensor function of heat release
s = specific entropy, J∕�kg ⋅ K�
s = strain rate tensor, 1/s
T = temperature, K
t = time, s
UJC = velocity scale in jet carrier, m/s
u = flow velocity, m/s
uac = acoustic velocity, m/s
un = normal flow velocity, m/s
ut;1; ut;2 = tangential flow velocities, m/s

V = volume, m3

wkb = backward reaction rate of reaction k,
mol∕�m3 ⋅ s�

wkf = forward reaction rate of reaction k, mol∕�m3 ⋅ s�
x = spatial coordinate, m
Yα = mass fraction of species α
δij = Kronecker delta

εS = minimum threshold of sensor function
ζ = arbitrary variable
λ = thermal conductivity, W∕�m ⋅ K�
μ = dynamic viscosity, kg∕�m ⋅ s�
μt = subgrid-scale viscosity, kg∕�m ⋅ s�
νM = exponent for third-body reaction
ναk = stoichiometric coefficient of species α in reac-

tion k
νbαk = backward stoichiometric coefficient of species α

in reaction k

νfαk = forward stoichiometric coefficient of species α in
reaction k
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ρ = density, kg∕m3

ρ0 = reference density, kg∕m3

σ2 : : : σ5�α = model parameters of characteristic waves
τ = viscous stress tensor, N∕m2

τt = subgrid-scale stress tensor, N∕m2

ϕ = spatial multiresolution proper orthogonal
decomposition mode

Subscripts

CC = combustion chamber
CD = computational domain
i; j; l = spatial index
k = summation index
RZ = reaction zone
trgt = target
α = species index
0 = reference value

Superscripts

T = transpose
0 = fluctuation over time average
� = filtered quantity
~ = Favre-filtered quantity

I. Introduction

T HE occurrence of thermoacoustic instabilities is a serious
problem in technical combustion systems. These types of

instabilities are typically caused by a positive feedback loop
between acoustic pressure waves propagating within a combustion
device and the unsteady heat release in the combustion chamber. If
fluctuations of heat release happen to be “in phase” with pressure
oscillations, acoustic energy builds up in the combustion system, and
oscillations of pressure as well as velocity can attain high amplitudes.
Such high-amplitude oscillations have a detrimental effect on the
operation of combustion systems, as they result in enhanced thermal
and mechanical loads on the walls of the combustor and even flash-
back, leading ultimately to premature material fatigue and mechanical
failure of the technical components [1]. High-frequency pressure
oscillations (i.e., frequencies above 1000 Hz [2]) appear to be excep-
tionally harmful, as they can cause high-frequency vibrations in the
mechanical structure of the combustion system, resulting in a rapid
fatigue of the material. Examples of such destructive instabilities are
reported in [3,4] for stationary gas turbines, but also the “screech”
phenomenon in aeroengines [5,6] and transverse instabilities in rocket
engines [7,8] fall in the category of such high-frequency instabilities
(HFI). To prevent the occurrence of HFI, model-based understanding
of the phenomena involved is of paramount importance. Among
different modeling approaches of varying complexity, compressible
large-eddy simulation (LES) has emerged as an essential tool for
studying combustion instabilities numerically [9]. The LES approach
is already used extensively for the computation of thermoacoustic
instabilities. Reviews on this topic with emphasis on gas turbine
combustion are given in [2,9], and in particular for rocket engine
combustion, numerous LES studies exist on self-excited high-
frequency oscillations [10–29]. By comparison, fewer studies
[30–41] address, to our knowledge, explicitly the computation of
self-excited HFI in gas turbine combustors.
The present work is concerned with HFI in a jet-stabilized gas

turbine burner. Such burners offer high fuel flexibility and are,
therefore, used in modern gas turbines that operate with different
fuels, such as blends of hydrogen and natural gas [42]. Advances in
the understanding of the mechanisms leading to HFI in such burner
systems are, therefore, of great technical importance. However,
there are, to our best knowledge, only a few LES investigations
available that address HFI in this kind of burner system [37,38,40].
Among these, only [37,40] investigate real burner geometries at
elevated pressure. In [37], mainly transverse and mixed transverse–
longitudinal modes at 5460 and 6897 Hz are found for pressure

oscillations in the combustion chamber, as well as a weaker longi-
tudinal mode at 2586 Hz. Compared to that, a higher frequency is

reported in [40] for a radial mode at 10,900 Hz, which is found
along with a mixed transverse–longitudinal mode at 5200 Hz. It is
observed in [40] that a second burner stage consisting of six nozzles

in a jet in a crossflow arrangement changes the dominant oscillation
mode from a mixed transverse–longitudinal mode to a radial mode
depending on the geometrical shape of these nozzles. However, a

verification of the numerical results in [37,40] by a comparison to
experimental data, in particular for frequency and amplitude of the
pressure oscillations, is lacking. Such a verification is reported in

[38], but only for an experiment under atmospheric conditions with
a simplified burner geometry featuring a single nozzle. The aim of
this work is, therefore, to close this gap by LES investigations of a

technically relevant burner experiment where a burner consisting of
multiple nozzles is operated at elevated pressure, and where exper-
imental data for HFI are provided in terms of frequency and ampli-
tude of the pressure oscillations.
For this purpose, we resume investigations on HFI for the jet-

stabilized burner presented in [37]. Compared to [37], an operating
point at a higher pressure is considered here. Also, for the first time,
experimental data for pressure are provided for this particular burner
configuration along with data for OH* chemiluminescence. These

experimental data are used to validate the LES. In addition, the
numerical and the modeling approaches are drastically improved
compared to [37] as outlined in Sec. III. In particular, closure

models for turbulence chemistry interaction are taken into account,
which is not the case in [37], where the chemical source term is
evaluated based on laminar chemistry. Furthermore, a numerical

scheme is used, which ensures monotone solutions.
The main goal of the present work is to provide data on HFI by

means of compressible LES in order to elucidate the mechanisms
that affect flame stabilization and to investigate the processes lead-
ing to heat release oscillations and, subsequently, to HFI. The modes

involved in HFI of this burner are of particular interest in this
investigation. For this purpose, the computational data obtained in
this work are analyzed using multiresolution proper orthogonal

decomposition (MRPOD). Modal analysis methods such as proper
orthogonal decomposition (POD) [43,44] and dynamic mode
decomposition (DMD) [45,46] are used widely in fluid mechanics

to analyze complex numerical and experimental data sets. The main
objective of mode analysis based on POD and DMD is to reduce
the dimensionality and the degrees of freedom by extracting
important modes [47,48]. To this end, POD decomposes the data

set into modes that capture most of the energy content, whereas
DMD extracts the modes from a linear approximation of the
dynamic processes in a data set [47]. To perform mode analysis

on LES data of HFI, POD and DMD have already been applied
extensively in previous work. Examples involve [31], where POD
is used, and [17,23,25,29,34,35,49], where DMD is utilized (an

exception is [37], where the mode analysis is based on a selective
fast-Fourier-filtering approach). A direct comparison of POD ver-
sus DMD of LES data is reported in [50]. The MRPOD approach,

which is used here instead of POD and DMD, is motivated by the
fact that conventional POD identifies spatial modes solely by their
energy content. Conventional POD may therefore miss modes that

are important to the dynamics of a variable but at the same time
have a relatively low energy content. The MRPOD of [51,52]
overcomes this problem by incorporating a multiresolution analy-

sis (MRA) on the basis of wavelets (i.e., the cross-correlation
matrix of a variable is decomposed using wavelets before comput-
ing the POD). In this way, a unique frequency band of a variable is
considered in the spectral domain. Compared to DMD, MRPOD

offers the distinct advantage that it resolves closely packed fre-
quency components and captures nonperiodic fluctuations, as well
as intermittencies [51,52]. Therefore, MRPOD is used in this work

to conduct mode analysis of simulation results. Results of the
present MRPOD analysis are summarized in Sec. V, where the
thermoacoustic feedback loop in this burner is also investigated in

detail.
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II. Test Case

A detailed description of the burner, which is the subject of the

present investigation, is given in [37]. The burner is a 12-nozzle, jet-

stabilized gas turbine burner [53] where high-velocity jets of fuel are

mixed with air in jet carriers before they enter the combustion

chamber (cf. Fig. 1). The gas mixture discharges with high momen-

tum from the jet carriers into the combustion chamber, where it

causes exhaust gas recirculation, which aids flame stabilization. In

the present study, the burner is fueled with a mixture of hydrogen

and natural gas (the mass fractions of hydrogen and natural gas are

22% and 78%, respectively) at a global equivalence ratio of 0.625

(the air and fuel mass flows amount to 505.88 and 15.74 g/s). The

combustion chamber (which has a hexagonal shape [54]) is
equipped with quartz-glass windows for optical access. The whole
burner is mounted into the high-pressure test rig HBK-S of the DLR
Institute of Combustion Technology, where experiments at 8 bar
pressure are performed. Details on this test rig are given in [55–58].
The pressure oscillations in the combustion chamber are recorded
during the operation of the burner by using Kistler dynamic pressure
sensors in order to provide validation data for LES. Compared to the
pressure measurements presented earlier in [59], we improve the
accuracy of the data by taking into account that the pressure sensor
is not flush-mounted in the wall. Instead it is connected by a short
probe of 9 mm length and 4 mm diameter to the combustion
chamber. The transfer function of this probe in terms of magnitude
and phase is shown in Fig. 2. An attenuation of the pressure signal is
observed for frequencies between 2390 and 5410 Hz. With the help
of this transfer function, the pressure signal is corrected. A segment
of the corrected pressure signal is given in Fig. 3. Compared to the
raw signal, the corrected signal shows a larger amplitude.
To provide an impression of the average flame shape and position

in the experiment, an image of OH* chemiluminescence is given in
Fig. 4. The image is taken such that four nozzles are visible, as
indicated on the left side of Fig. 4. Due to the camera position, the
OH* chemiluminescence of the flames at nozzles one and two
overlaps the OH* chemiluminescence of the flames at nozzles three
and four. It is clear from the OH* chemiluminescence at nozzles one
and two that on average the flames anchor at the exit of the jet
carriers. The flames are short and compact; i.e., the flame length
appears to be of the order of a few diameters of the jet carrier (the jet
carrier diameter is DJC � 12 mm, an indication of this length scale
is given in the contour plot in Fig. 4). From this perspective, which
is not perpendicular to the flames, a precise quantification of the
flame length is not possible.

III. Modeling Approach

A. Filtered Equations

In this work, we are interested in solving numerically the Favre-
filtered balance equations for mass, momentum, and energy along
with the Favre-filtered transport equations of species mass fractions.
These equations are given by

Fig. 1 Solution domain for the LES of the jet-stabilized gas turbine
burner.

Fig. 2 Magnitude and phase of transfer function of pressure probe.

Fig. 3 Normalized measured pressure. The raw signal recorded by the pressure sensor and the corrected signal are given.

Fig. 4 Side view of OH* chemiluminescence in the combustion chamber during the experiment.
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∂�ρ
∂t

� ∂�ρ ~ui
∂xi

� 0 (1)

∂�ρ ~uj
∂t

� ∂�ρ ~ui ~uj
∂xi

� −
∂ �p
∂xj

� ∂��τij − τt;ij�
∂xi

(2)

∂�ρ ~E

∂t
� ∂

∂xi
�ρ ~ui ~E� �p

�ρ
� ∂ ~uj��τij − τt;ij�

∂xi
−
∂� �qi � qt;i�

∂xi
(3)

∂�ρ ~Yα

∂t
� ∂�ρ ~ui ~Yα

∂xi
� −

∂� �jiα � jt;iα�
∂xi

� �Sα (4)

Here, t is the time, xi the spatial coordinate, ρ the density, p the
pressure, uj the velocity vector, Yα the mass fraction of the species α
(there are a total ofNs − 1 linearly independent species, where Ns is
the total number of species), and E the specific total energy. Note
that τij is the viscous stress tensor, qi is the vector of the diffusive
heat flux, and jiα and Sα are the diffusive mass flux vector and
chemical source term of the species α, respectively. The Favre-
filtered specific total energy is given by

~E � ~e� 1

2

3

j�1

~u2j � kt (5)

where e is the specific internal energy and kt is the subgrid-scale
kinetic energy. The operator �• in the above equations denotes a
filtered value. A Favre-filtered value ~• is defined in terms of filtered

quantities as ~• � �ρ•�∕�ρ. It is assumed that the fluid is a mixture of
thermally perfect gases and that the equation of state is given by the
ideal gas law. The Favre-filtered internal energy of the mixture is
expressed as

~e �
Ns

α�1

~Yα ~eα (6)

where eα is the internal energy of species α. For a thermally perfect
gas, the specific heat capacity at constant volume of a species α
(defined as cv;α) depends on temperature T only. Hence, the Favre-

filtered specific internal energy of a species α is modeled as

~eα ≈ eα� ~T� � h0f;α �
~T

T0

cv;α�T� dT (7)

h0f;α is the formation enthalpy of species α and T0 the reference

temperature. The temperature dependence of cv;α is given by the

polynomial representation of NASA [60]. The equation of state is
written in terms of filtered variables as

�p � �ρRm
~T

Ns

α�1

�Yα

Mα
(8)

where Mα denotes the molecular weight of species α and Rm the
universal gas constant. The filtering operation of the balance and
transport equations leads to the subgrid-scale stress tensor τt;ij, the
subgrid-scale heat flux qt;i, and subgrid-scale species mass flux jt;iα.
Models for these quantities and for the filtered chemical source term
are outlined in Secs. III.C and III.E, respectively. The modeling of
the molecular transport phenomena is outlined in Sec. III.D.

B. Numerical Method

To solve Eqs. (1–4) we use the “implicit characteristic splitting–
weighted average flux” (ICS-WAF) [61] scheme, which is available
in the DLR in-house code ThetaCOM (this scheme is an extension
of the “implicit characteristic splitting” (ICS) scheme given in [62]).
The ICS-WAF scheme is a two-step splitting scheme that consists of

an advective step followed by an acoustic step. The equations of the
advective step read

∂�ρ
∂t

� ∂�ρ ~ui
∂xi

− �ρ
∂ ~ui
∂xi

� 0 (9)

∂�ρ ~uj
∂t

� ∂�ρ ~ui ~uj
∂xi

− �ρ ~uj
∂ ~ui
∂xi

� ∂��τij − τt;ij�
∂xi

(10)

∂�ρ ~E

∂t
� ∂�ρ ~ui ~E

∂xi
− �ρ ~E

∂ ~ui
∂xi

� ∂ ~uj��τij − τt;ij�
∂xi

−
∂� �qi � qt;i�

∂xi
(11)

∂�ρ ~Yα

∂t
� ∂�ρ ~ui ~Yα

∂xi
− �ρ ~Yα

∂ ~ui
∂xi

� −
∂� �jiα � jt;iα�

∂xi
� �Sα (12)

The equations of the acoustic step of the ICS-WAF scheme are
expressed as

∂ �p
∂t

� �ρ �c2
∂ ~ui
∂xi

� 0 (13)

∂ ~uj
∂t

� 1

�ρ

∂ �p
∂xj

� 0 (14)

∂ �s
∂t

� 0 (15)

∂ ~Yα

∂t
� 0 (16)

where c denotes the isentropic speed of sound. Note that the specific
entropy s and the composition Yα remain constant over time during
the acoustic step, but they may vary in space. Compared to the ICS
scheme (where a pressure correction equation is solved in the
acoustic step [62]), the ICS-WAF scheme solves the hyperbolic
equations (13) and (14) directly under the constraints imposed by
Eqs. (15) and (16). The advantage of this approach is that the
monotonicity of the solution is ensured [61].
The ICS-WAF scheme has been introduced recently as a novel

method for computing the mildly compressible flows. Details on the
scheme’s accuracy and applicability to fluid mechanical problems
are summarized in [61]. The scheme is of second-order accuracy in
space and time as shown in [61]. Its stability is also proven in [61]
by a von Neumann stability analysis for a linear, hyperbolic model
problem. Due to its novelty, the scheme is extensively verified for
fluid mechanical problems in [61]. This involves inviscid flows (i.e.,
Riemann problems, including rarefaction waves and mild shocks,
propagating acoustic waves, as well as standing pressure waves) and
viscous flows (i.e., lid-driven cavities for different Reynolds num-
bers, laminar boundary-layer flows for Mach numbers between 0.1
and 0.9, Taylor Green vortex for Mach numbers between 0.001 and
0.1, and LES of complex flow). The correct convergence rate of the
ICS-WAF scheme into the incompressible limit in terms of Mach
number is also verified in [61].
In order to perform LES of the jet-stabilized burner experiment

described in Sec. II, the domain shown in Fig. 1 is discretized with
an unstructured grid. On this primary grid, a median-dual grid is
created for ThetaCOM, which consists of about 10 million control
volumes. The highest mesh resolution is found in the jet carriers and
the combustion chamber, where the edge length of the primary grid
ranges between 0.25 and 0.5 mm. In addition to this coarse grid, a
fine grid with 36 million control volumes is also used in one LES in
order to study the grid dependency of the solution. In this fine grid,
the size of control volumes is reduced by a factor of two in order to
achieve twice the grid resolution compared to the coarse grid. This
refinement is applied to the area in the jet carriers, in the fuel
nozzles, and in the region of flame stabilization at the exit of the
jet carriers. The computational time step is 0.1 μs (this corresponds
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to a maximum Courant–Friedrichs–Lewy number of about 0.55 and
1 on the coarse and fine grid, respectively, based on the Favre-
filtered flow velocity).
Depending on the closure model for the filtered chemical source

term, the LES involves 29 or 31 variables. To reduce computational
cost for the LES on the fine mesh, we start this LES after the
exponential growth phase of the combustion instability is over.
These initial values are obtained from LES on the coarse mesh by
interpolating the LES solution from the coarse grid onto the fine
grid. With this approach, one single LES requires a computing time
of about 8 million core-hours on both meshes. 2560 cores and 8192
cores of AMD EPYC 7702 processors (64 cores per CPU and 2 GHz
CPU frequency) are used for the computations on the coarse mesh
and the fine mesh, respectively. A single run requires about 3
months of wall time on the coarse mesh and about 2 months on
the fine mesh.

C. Subgrid-Scale Flux Models

To close the system of equations presented in Sec. III.B, models
for the subgrid-scale stress tensor and the subgrid-scale heat and
species mass fluxes are required. For the former, we use the wall-
adapting local eddy-viscosity (WALE) approach of [63] with a
WALE constant of CW � 0.1. The anisotropic part of the subgrid-
scale stress tensor reads

τt;ij −
δij
3

3

l�1

τt;ll � −2μt ~sij −
δij
3

3

l�1

~sll (17)

where ~sij � 1∕2�∂ ~ui∕∂xj � ∂ ~uj∕∂xi� is the Favre-filtered strain

rate tensor, δij the Kronecker delta [64], and μt the subgrid-scale

viscosity, which is given in [63]. The isotropic part of the subgrid-
scale stress tensor is neglected for low-Mach-number compressible
flows, as discussed in [65]. The subgrid-scale species mass fluxes
and energy flux are closed using gradient diffusion approaches [64].

jt;iα � −
μt
Sct

∂ ~Yα

∂xi
(18)

qt;i � −
μt
Prt

∂ ~h
∂xi

(19)

where the velocity triple correlation is neglected in the energy flux
[66]. Sct and Prt are the subgrid-scale Schmidt and Prandtl num-

bers, respectively. Note that ~h � ~e� �p∕�ρ is the Favre-filtered
specific enthalpy.

D. Molecular Transport Models

The viscous stress tensor is given in terms of the Favre-filtered
strain rate tensor as

τij � 2μ ~sij −
δij
3

3

l�1

~sll (20)

where μ is the dynamic viscosity. For the diffusive species mass
flux, a simplified Fickian approach is employed:

jiα � −�ρ �Dα
∂ ~Yα

∂xi
(21)

Individual species diffusivities Dα are used. The diffusive heat flux
reads

qt;i � −�λ
∂ ~T
∂xi

�
Ns

α�1

~hαjiα (22)

where ~hα � ~eα � Rm
~T∕Mα is the specific enthalpy of species α,

and λ is the thermal conductivity of the mixture. The thermal

conductivity and the molecular viscosity of the gas are computed

as mixture-averaged values by using filtered variables. Likewise, the

molecular viscosity is also computed based on filtered variables.

E. Chemical Source Term Closure

The constitutive equation for the chemical source term reads

Sα � Mα

Nr

k�1

ναk wkf −wkb (23)

The stoichiometric coefficient ναk � νfαk − νbαk is expressed in terms

of the forward stoichiometric coefficient νfαk and backward stoichio-
metric coefficient νbαk. Nr represents the number of reactions. The

forward and backward reaction rates are wkf and wkb, respectively.

They are given by

wkf � kfk

Ns

α�1

C
νfαk
α CνM

M (24)

wkb � kbk

Ns

α�1

C
νbαk
α CνM

M (25)

where Cα � Yαρ∕Mα is the concentration of species α, and CM is

the concentration of a collision partner (the exponent νM is one for

third-body reactions and zero otherwise). Note that kfk and kbk are
the rate constants of the forward and backward reactions, respec-

tively; kbk is computed by using kfk and the chemical equilibrium

constant. To close the filtered chemical source �Sα term in Eq. (12),

two different model approaches are pursued in this work, which are

based on Eq. (23). Firstly, an assumed probability density function

(APDF) model proposed in [67,68] is used in one LES. In this

statistical approach, the filtered chemical source term is modeled as

an expectation on the basis of the APDF. This model requires the

solution of two additional transport equations for subgrid-scale

temperature variance and the trace of the subgrid-scale covariance

matrix of species mass fraction. Secondly, a thickened flame model

(TF) given in [69] is used. The thickness factor of the model is

computed dynamically as suggested in [70], i.e., based on the ratio

of the local grid size and the local thickness of a laminar premixed

flame. The latter quantity is obtained here from computations of

laminar, freely propagating premixed flames. The flame thickness

data are tabulated as a function of mixture fraction for use in the

TF model.

F. Boundary Conditions

An important aspect is the treatment of in- and outflow bounda-

ries. Here we use the Navier–Stokes characteristic boundary con-

ditions (NSCBC) approach [71]. In the present work, the fuel and air

inflow boundaries are fully reflective since a constant mass flow rate

is prescribed at these boundaries. Temperature and composition are

taken to be constant at these inflow boundaries: the air temperature

is 673.1 K, and the fuel temperature is 343.4 K. The composition of

the fuel is given in Table 1; for air we assume an oxygen mass

fraction of 0.23 and a nitrogen mass fraction of 0.77. The inflow and

outflow of the exhaust plenum depicted in Fig. 1 are nonreflective.

Table 1
Composition of fuel

Species Mass fraction

CH4 0.626

H2 0.220

C2H6 0.032

CO2 0.096

N2 0.026
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The amplitudes of the incoming characteristic waves, i.e., L2 to
L5�α, are modeled at the nonreflective inflow boundaries as
[62,64,71,72]

L2 � −σ2� ~T − ~Ttrgt� (26)

L3 � σ3� ~ut;1 − ~ut;1;trgt� (27)

L4 � σ4� ~ut;2 − ~ut;2;trgt� (28)

L5 � σ5� ~un − ~un;trgt� (29)

L5�α � σ5�α� ~Yα − ~Yα;trgt� (30)

In these equations, the vector �un; ut;1; ut;2�T denotes the velocity

vector at the boundary (the coordinates of this velocity vector are
expressed for each boundary face in a local coordinate system that is
aligned with the normal vector of a boundary face). The index trgt
denotes target quantities that have to be specified. For the target
temperature and target composition, we assume an adiabatic–iso-
baric chemical equilibrium (i.e., for an air–fuel mixture at an
equivalence ratio of 0.625 and a pressure of 8 bar). The target
normal velocity un;trgt is set to 40 m/s, and the tangential velocity

components ut;1;trgt and ut;2;trgt are set to 0 m/s. The model param-

eters σ2 to σ5�α are set to σ2 � 100 kg∕�m ⋅ s3 K�, σ3 � σ4 �
100 kg∕�m2 ⋅ s2�, σ5 � 3× 105 kg∕�m2 ⋅ s2�, and σ5�α � 100 s−1.
For the outflow of the exhaust plenum, only one characteristic wave
amplitude needs to be specified, i.e.,

L1 � σ1 1 −Ma2
�c

l
�p − �ptrgt (31)

where the approach of [73] is used. The parameters for the outflow
boundary (i.e., Mach number Ma, length scale l, target pressure
�ptrgt, and model parameter σ1) are Ma � 0.17, l � 0.1075 m,

�ptrgt � 8 bar, and σ1 � 3. All wall boundaries are acoustically fully

reflective. They are assumed to be adiabatic with the exception of
the combustion chamber walls. For the side walls forming the
hexagon and the outflow duct, a constant temperature of 800 K is
assumed. At the base plate of the combustion chamber, a constant
temperature of 766.44 K is used (this value is obtained from
measurements).

G. Reaction Mechanism

An important aspect in this LES is the reaction mechanism used
to describe the oxidation of the hydrogen–natural gas mixture. The
natural gas itself is a mixture of various gases (cf. Table 1). It
appears to contain about 3% C2H6. Hence, a reaction mechanism
is required that accurately describes the C2 chemistry as well as the
chemistry of CH4–H2 mixtures. To this end, a reduced reaction
mechanism is derived in this work from the DLR Concise reaction
mechanism [74]. During the reduction process the reaction mecha-
nism is validated against experimental data: Ignition delay times as
well as laminar flame speeds of C2H6 and various mixtures of H2

and CH4 are considered at pressures ranging from 1 atm up to
60 atm. The resulting mechanism consists of 25 species and 126
reactions. Details on the reduction and results of its validation are
available as supplementary material in Supp_Data_S1.pdf, and the
reaction mechanism is available as supplementary materials in
Supp_Data_S2.txt, Supp_Data_S3.txt, and Supp_Data_S4.txt.

IV. MRPOD Method

In this work the MRPOD method [51,52] is used to analyze the
computational data. To compute the MRPOD, the LES solution is
sampled during the limit cycle at a frequency of 20,000 Hz (the
Nyquist frequency is 10,000 Hz). Each sample includes the solution
variables in the entire computational domain. The spatial resolution
of each sample is determined by the resolution of the computational

grid. These samples are used to compute the correlation matrix for
the MRPOD. To account for the nonuniformity of the computational
grid, the correlation matrix for the MRPOD is weighted by the
normalized size of the control volume as described in [75]. In the
present work, the MRPOD is applied to the pressure and the velocity
vector only. For the velocity vector, the correlation matrix is com-
puted as described in [76]. Formally, the MRPOD of a variable
ζ�xi; t� in a frequency band I is expressed as

ζ�xi; t� 0I �
N

k�1

ak;I�ζ; t�ϕk;I�ζ; xi� (32)

where N denotes the length of the time series, ak;I�ζ; t� the kth
temporal coefficient in the frequency band I, and ϕk;I�ζ; xi� the

corresponding spatial mode. The operator • 0 denotes the fluctuation
of a variable over its time average given by the operator h•i, i.e.,

ζ�xi; t� � hζ�xi; t�i � ζ�xi; t� 0 (33)

To perform the MRA required for MRPOD, maximum-overlap
discrete packet wavelet transform (MODPWT) is used, which is
based here on Daubechies least asymmetric, compactly supported
wavelet [77] with a filter length of 12, denoted by LA(12) [78]. For
these wavelets, a decomposition level of three is employed; i.e., the
frequency domain up to the Nyquist frequency of 10,000 Hz is
divided into eight equally spaced scales (or frequency intervals)
with a width of 1250 Hz. Since the gain of each individual wavelet
filter does not provide a good approximation to a bandpass filter on
all of these eight scales, we combine two filters on adjacent scales as
outlined in [51]. In detail, the filters on the first and second, third
and fourth, and fifth and sixth scales are combined with each
other. The squared gain, which results from this combination of
filters, is shown in Fig. 5. The wavelet filters act as bandpass filters
on the nominal frequency bands I1 � �1717 Hz; 3100 Hz�, I2 �
�4218 Hz; 5782 Hz�, and I3 � �6700 Hz; 8400 Hz�, which are the
relevant frequency ranges for HFI in this burner as discussed
in Sec. V.

V. Results

A. Grid Study

In a first step, the grid dependency of the LES is investigated. For
this purpose, LES with the TF model is performed on the coarse and
the fine grid. The average values obtained from these computations,
i.e., runs one and three in Table 2, are compared to assess the
dependency of the solution on the grid resolution. This comparison
is given in Fig. 6 for the average values of Favre-filtered temperature
and Favre-filtered u1 velocity. The data are plotted as a function of

Fig. 5 Squared gain of filters in MODPWT.

Table 2 Overview on computational runs

Run Closure for filtered chemical source term Grid

1 Thickened flame Coarse
2 Assumed probability density function Coarse
3 Thickened flame Fine
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radius at five different locations x1∕DJC downstream of the jet

carrier exit plane. The coordinate system used to denote these

locations is shown in Fig. 1, and the origin is located at the center

of the combustion chamber’s base plate. A jet carrier whose center is

located at x2 ≈ 11 mm, and x3 ≈ 41 mm is considered in Fig. 6. The

solutions on these two grids show only minimal differences and

follow the same trend. A similar degree of agreement is found also at

all other jet carriers in this burner. For this reason, the coarser grid is

used in the subsequent investigations in order to reduce the compu-

tational cost of the simulations.

B. Frequency Spectrum

To assess the fidelity of the two different models for the filtered

chemical source term (i.e., the APDF and the TF model), we

investigate first the pressure in the combustion chamber. The relative

pressure computed with these two models (i.e., runs one and two in

Table 2) is shown in Fig. 7. The results are normalized with the

operating pressure of 8 bar. Both computations are started from a

reactive LES, which is performed with an incompressible pressure

correction method (i.e., compressibility is neglected in this initial

solution). In both computations the pressure oscillations grow ini-

tially exponentially over time, where a large growth rate is observed

in the LES with the APDF model. In contrast to that, the pressure

amplitudes computed with the TF model grow first slower over time

but increase rapidly after approximately 0.02 s. The amplitude

reaches maximal values between 0.03 and 0.04 s, where an “over-

shoot zone” is observed. This “overshoot zone” is followed by a

limit cycle where pressure amplitude remains constant. Such an

“overshoot zone” is missing in the LES with the APDF model.
Instead, after approximately 0.035 s, the exponential amplitude
growth of the pressure amplitude ceases, and the amplitude oscil-
lations enter a limit cycle. Compared to the simulation with the TF
model, the amplitude of the APDF model appears to be about 45%
higher in the limit cycle. The measured normalized pressure is
shown in Fig. 3 (curve “corrected signal”). A direct comparison
of Figs. 7 and 3 shows that the measured amplitudes are about
2.2 times lower than the computed amplitudes of the TF model and
even 3.2 times lower than the computed amplitudes of the APDF
model. This overestimation of amplitudes by both computations is
reflected in the amplitude spectral density (ASD) of pressure, which
is shown in Fig. 8. In order to compute the ASD for each LES, a
single data ensemble is used with a total of 140,000 data points. For
a sampling frequency of 10 MHz, a spectral resolution of 71.4 Hz is
obtained. A Hann window function is used to compute the ASD.
The frequencies of the four major “peaks” observed in the experi-
ment, i.e., 2390, 4770, 5670, and 7199 Hz, are captured extremely
well by LES with both the APDF and TF models. Also, the
amplitudes of the modes at 4770 and 7199 Hz are computed
accurately by both models. The amplitude of the first mode at
2390 Hz is, however, clearly overestimated by both models. A
noteworthy discrepancy between both LES and the experiment is
the occurrence of a double peak in the experiment close to 2390 Hz.
This peak is not reproduced by either LES. A closer analysis of the
experimental data reveals that both modes are simultaneously
present in the measured pressure; i.e., no switching between two

Fig. 6 Average value of Favre-filtered temperature and u1 velocity for different grids (LES with TF model).

Fig. 7 Normalized computed pressure.
Fig. 8 Amplitude spectral density of pressure in the combustion
chamber.
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frequencies occurs. A possible explanation for why this double peak
is not observed in LES is presented in Sec. V.D. At 5670 Hz, there
appears to be a big difference between the results of the models. The
amplitude of this mode is well reproduced by the LES with the TF
model. The LES with the APDF model overestimates the amplitude
by a large factor of almost 100. Since the LES with the TF model,
i.e., run one in Table 2, appears to give the better agreement to
available experimental data, we focus the following investigations
on the results of this particular LES.

C. Averaged Fields of LES with TF Model

To provide an impression of the flowfield within the combustor,
streamlines are shown in Fig. 9 for the LES with the TF model along
with contour plots of averages of Favre-filtered OH mass fraction,
temperature, heat release, and u1 velocity. The computations have
been run for 55 ms, which corresponds to about 7.8 residence times.
The averaging is started once the limit cycle is reached, i.e., after

40.95 ms. The data shown in Fig. 9 are extracted in a plane at
x2 � 11 mm. It is clear from Fig. 9 that a recirculation zone is
formed within the combustion chamber, which transports continu-
ously hot combustion products back to the root of the flame and thus
aids its stabilization. On average the flame appears to be anchored at
the exit of the jet carrier, as the heat release indicates. This is in
agreement with the experiment where, on average, compact anch-
ored flames are observed at the exit of the jet carriers (cf. OH*
chemiluminescence in Fig. 4).

D. Analysis of Pressure Modes for LES with TF Model

To elucidate the modes associated with the four frequencies pre-
sented in Sec. V.B, we perform an MRPOD of the computed pressure
field as described in Sec. IV. Results for the spatial pressure modes
ϕk;I�p� in each of the frequency bands I1, I2, and I3 are given in

Fig. 10. The first modes, i.e., ϕ1;I1�p�, ϕ1;I2�p�, and ϕ1;I3�p�, contain
most of the energy in these frequency bands, as an examination of the

Fig. 9 Averaged fields of Favre-filtered OH mass fraction, temperature, heat release, and u1 velocity (LES with TF model).

Fig. 10 MRPOD modes in burner. The data are extracted from LES with TF model.

8 Article in Advance / FIOLITAKIS ET AL.

D
ow

nl
oa

de
d 

by
 D

L
R

 D
eu

ts
ch

es
 Z

en
tr

um
 f

ue
r 

L
uf

t u
nd

 R
au

m
fa

hr
t o

n 
O

ct
ob

er
 7

, 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.B

39
88

5 



relative energy content in Fig. 11 reveals. They contain between 57%
and 94% of the energy. These three modes are purely longitudinal
modes in the combustion chamber and outflow duct, where ϕ1;I2�p�
and ϕ1;I3�p� are the second and third harmonics of ϕ1;I1�p�. The
frequencies of these three modes can be deduced from the fast Fourier
transforms (FFT) of the temporal coefficients a1;I1�p�, a1;I2 �p�, and
a1;I3�p�, which is given in Fig. 12. It appears that the mode ϕ1;I1�p�
oscillates at a frequency of 2390 Hz, whereas ϕ1;I2�p� and ϕ1;I3�p�
oscillate at frequencies of 4770 and 7199 Hz, respectively. Hence, the
HFI observed experimentally at these three frequencies is attributed to
purely longitudinal modes. As shown in Fig. 12, the modes ϕ2;I1�p�
and ϕ2;I2�p� contribute also to the HFI at 2390 and 4770 Hz. The

mode ϕ2;I1�p� causes mainly HFI in the air plenum. It could be due to

such a plenum mode that two peaks are observed experimentally at
2390 Hz, as shown in Fig. 8. In the MRPOD of the LES data, it is
found that such a plenum mode may still cause low-amplitude
pressure oscillations in the combustion chamber. The frequency of
such a mode might depend on the modeling of the inflow boundary
condition for the main air flow. In the LES presented here, we
use a fully reflective inflow boundary condition as outlined in
Sec. III.F. The use of a partially reflective inflow boundary might
modify the frequency of this mode in such a way that two modes are

ascertainable at 2390 Hz. Such a hypothesis requires, however,
further verification. The mode ϕ2;I2�p� entails also a HFI in the

plenum, which appears to be the second harmonic of ϕ2;I1�p� at a
frequency of 4770 Hz. In addition, HFI are observed in the outflow
duct as well as in the jet carriers. Both of these modes have a relatively
low energy content compared to the first modes, as shown in Fig. 11
(approx. 6% for ϕ2;I1�p� and approx. 20% for ϕ2;I2�p�). An excep-

tion to the aforementioned modes is the mode ϕ3;I2�p�. This mode

has a very low energy content compared to modes one and two in the
frequency band I2. Its energy content amounts to about 2%. This
mode, however, is mainly responsible for the HFI observed at
5670 Hz, as the FFT of a3;I2�p� in Fig. 12 shows. Compared to the

other MRPOD modes, ϕ3;I2�p� is a mixed transverse–longitudinal

mode. Its position appears to be stationary; i.e., no spinning in the
transversal direction is found here (spinning requires a pair of modes
at the same frequency, which is not found here). It is for this particular
mixed transverse–longitudinal mode that the biggest differences
between the LES with the APDF and TF model are found in Fig. 8.
For the present burner configuration, it seems, therefore, that the
computation of mixed HFI mode is particularly sensitive to the
closure of the chemical source term in Eq. (12).

E. Investigation of Thermoacoustic Feedback Loop in LES with TF
Model

In order to further the understanding of HFI in this burner, we
investigate the thermoacoustic feedback loop between heat release
and pressure oscillations based on the results of the LES with the TF
model. For this purpose, the effects of fuel–air mixing and flowfield
on heat release are examined in detail in the following subsections.

1. Average Heat Release Distribution

We consider first in Fig. 13 the average spatial distribution of heat
release on a cylindrical surface of 42 mm radius, which intersects
the jet carriers and the fuel nozzle. In contrast to Fig. 9 (where only
two nozzles are shown in a planar contour plot), the left illustration
in Fig. 13 clearly reveals that the spatial distribution of average heat
release shows a rotational symmetry about the x1 axis. For each
flame anchoring at the exit of a jet carrier, the maximum heat release
is found at point “C,” as illustrated on the right of Fig. 13. Further,
on the right, isolines of the average heat release are superimposed on
a contour plot of the average u1 velocity field. It appears that the
average u1 velocity field follows the same rotational symmetry
about the x1 axis. At the entrance of each jet carrier, two opposite
sharp edges exist, as shown in Fig. 13, where flow separation
bubbles denoted by “A” and “B” are formed. These flow separation
bubbles have different sizes. The larger one is located at point “B,”
i.e., on the same side as point “C,” where the maximum heat release
is found. The larger size of the separation bubble at point “B” can be
explained by the retarding effect of the large heat release at point
“C.” The large heat release at point “C” leads to a strong dilatation of
the velocity field due to thermal expansion of the gases [79]. Due to
this effect, the gas velocities ahead of point “C” are reduced. This

Fig. 12 FFT of the time coefficients.

Fig. 11 Relative energy content.

Fig. 13 Average heat release and u1 velocity in combustion chamber.
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promotes the flow separation at point “B.” Such a blockage of

incoming flow by flow dilatation is also observed in [30]. A further
consequence of this flow dilatation at point “C” is that the flow is

being diverted toward the edge opposite of “C.” This leads to an

increased velocity in the area denoted by “D.” This increase in flow

velocity in the area “D” is accompanied by a reduction of heat
release in this area (compared to the point “C”). Thus, the oncoming

flow from edge “A”meets less flow resistance, and consequently the

separation bubble is smaller compared to the one at point “B.”
In a similar manner, the spatial distribution of average mixture

fraction shows the same rotational symmetry about the x1 axis (the
mixture fraction definition given in [80] based on element mass

fractions is used here). In Fig. 14, average mixture fraction is plotted

along with average heat release on the same cylindrical surface as in

Fig. 13. Fuel-rich areas, where the average mixture fraction is
clearly above its global average value of 0.0302, coincide with the

region of maximum heat release, as shown in the left illustration of

Fig. 14. The mixing of fuel and air in the jet carriers is also affected

by the hydrodynamic instabilities at the entrance of the jet carrier.
As shown in the right illustration of Fig. 14, the transport of fuel is

biased toward the side of the large separation bubble that is formed

at the point “B.” To quantify the effect of these flow separation

bubbles on velocity and mixture fraction, average u1 velocity and
average mixture fraction are plotted in Fig. 15 along an arc of

42 mm radius spanning in the plane at x1 � 0 m from “C” to

“D.” At an angle of 15.2° (this point is in the area “D”), average

velocities of about 115 m/s are found, which exceed the velocity of

83 m/s at 0.5° (this point is in the area “C”) by 39%. With regard to
average mixture fraction, fuel-rich areas, where the global mixture

fraction is exceeded by almost 50%, are found in Fig. 15 on average

between 0° and 8°, i.e., in the region “C” of low average u1 velocity.
Beyond 11°, the average mixture fraction decreases below its global
average value and reaches almost one-third of its global value at

about 16°. This decrease coincides with the region “D” of high flow

velocities. These results show that there is a direct relation between

the flow separation bubbles at the inlet of a jet carrier and the

average velocity and fuel distribution at its exit and, thus, on the
spatial distribution of average heat release. The influence of these
flow separations on the dynamic behavior of the heat release zone is
investigated next.

2. Dynamic Behavior of Heat Release Zone

To show the time-resolved interaction between heat release and
flowfield in more detail, both the instantaneous heat release and the
instantaneous u1 velocity obtained from LES are evaluated over the
duration of a single pressure oscillation. Exemplary, one such
pressure oscillation is extracted from the instantaneous LES results
and shown in Fig. 16. In this figure, different points in time denoted
by t1 to t6 are highlighted, which cover different phases of the
pressure oscillation. Instantaneous images of heat release and u1
velocity are shown in Fig. 17 for each of these points in time. At
time t1 the cycle begins in a pressure maximum, and we observe two
separation bubbles at points “A” and “B.” At this point in time, the
largest heat release occurs in the proximity of point “C,” resulting in
a large separation bubble at point “B.” As detailed in Sec. V.E.1, the
dilatation caused by strong heat release at point “C” and the flow
separation at point “B” sustain each other. In contrast, the opposite

Fig. 14 Average heat release and mixture fraction in combustion chamber.

Fig. 15 Average value of Favre-filtered u1 velocity and Favre-filtered mixture fraction at nozzle exit.

Fig. 16 Pressure in combustion chamber during one thermoacoustic
cycle (obtained from LES with TF model).
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happens at points “A” and “D.” Here, high flow velocities at point
“D” coincide with flame blow-off, which leads (in the absence of

strong flow dilatation at point “D”) to a small separation bubble at
point “A.” This flow pattern prevails for the times t2 and t3. At time
t4, the pressure in the combustion chamber reaches its minimum

(cf. Fig. 16), and the u1 velocity in the jet carrier reaches its
maximum value. At this point in time, the flame is almost com-
pletely blown off and the separation bubbles are diminished in size

as the flow attaches to the walls. As the flow is forced to attach to the
wall, the flow passing the sharp edges in “A” and “B” experiences
strong centrifugal forces and begins again to separate. For this

reason we observe again at the time point t5 the formation of
separation bubbles at both edges. Strong heat release appears now
temporarily both in the points “C” and “D,” and the pressure in the

combustion chamber increases. At the time point t6, the whole cycle
starts from the beginning.
To show the dynamic processes involved in the mixing of fuel and

air, the instantaneous mass fraction of fuel, i.e., the sum of the mass

fractions of hydrogen, methane, and ethane, is shown in Fig. 18
together with isolines of instantaneous heat release over the entire
cycle defined in Fig. 16. Compared to heat release, the periodic

oscillation of fuel mass fraction cannot be easily ascertained from
this image. However, Fig. 18 shows that at most of the points in time

(except for t5), fuel-lean conditions are found in the region “D,”
where the mass fraction is below its global value of 0.0265 (this

global value corresponds to a fuel mass fraction where the streams
of air and fuel are perfectly mixed). These lean conditions lead to a
drop in flame speed, which, in combination with high flow speeds,

favors flame blow-off in region “D.” Significant heat release at “D”
occurs only at the time t5 when a reduction in flow velocity and an
increase in fuel mass fraction happen to coincide in this area. By

comparison, fuel-rich conditions with fuel mass fractions well above
their global value prevail in the region “C.” The resulting higher
flame speed provides, in combination with low flow velocities,

favorable conditions for flame stabilization. It is for this reason that
we observe in Figs. 17 and 18 almost for all points in time a flame
that is preferentially anchored at “C” and that is distorted by the

turbulent flow conditions. The only exception is time t4, where,
despite the presence of sufficient fuel, the flame is blown off by
the flow.
These observations made on the basis of a single cycle can also be

substantiated statistically on the basis of phase averages for mini-
mum and maximum pressure points in time, such as t1 and t4.
Contour plots of phase-averaged fuel mass fraction and u1 velocity
are summarized in Fig. 19. The phase averages for minimum
pressure confirm that a low amount of fuel at point “C” coincides,

Fig. 17 Instantaneous heat release and u1 velocity in combustion chamber during the pressure oscillation given in Fig. 16.

Fig. 18 Instantaneous heat release and fuel mass fraction in combustion chamber during the pressure oscillation given in Fig. 16.
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on average, with high u1 velocities at point “C” and in the area “D.”
Isolines of phase-averaged heat release are not visible at minimum
pressure since the maximum of average heat release is below the

threshold value of 1011 W∕m3 for the isolines. For phases of
maximum pressure, the situation is reversed; i.e., the flow velocity
at point “C” and in region “D” is low, and the fuel mass fraction at
point “C” is high. In agreement with the behavior observed for a
single cycle, the heat release is highest at point “C” during phases of
maximum pressure, where on average a flame sheet appears to be
anchored. During phases of maximum pressure, the phase average
of u1 velocity confirms the presence of a small flow separation
bubble downstream of point “A” and a larger one downstream of
point “B.” These flow separations almost disappear during phases of
minimum pressure. Profiles of phase-averaged u1 velocity and fuel
mass fraction are plotted in Fig. 20 along an arc of 42 mm radius
spanning in the plane at x1 � 0 m from “C” to “D.” The drastic rise
in u1 velocity from phases of maximum pressure to phases of
minimum pressure is clearly recognizable with increases of at least
30% and up to 66%. Likewise, very fuel-rich conditions are found
during phases of maximum pressure with fuel mass fractions of
almost double the global value. By comparison, during phases of

minimum pressure, the fuel mass fraction is close to the global
value, deviating by at most 20%.
To summarize the findings, the flow separation bubbles at the

entrance of the jet carrier are critical for the flame stabilization in the
burner. They cause at the exit of each jet carrier an inhomogeneous
distribution of flow velocity and lead to poor mixing of air and fuel.
This is manifested in the asymmetrical profiles of average u1
velocity and average mixture fraction at the exit plane of the jet
carrier (cf. Fig. 15). As a direct consequence, the flame is only able
to anchor in the regions of low flow velocity and high fuel content.
In regions with less fuel, it appears to be susceptible to blow off.
This explains the rotational symmetry of average heat release
observed in Figs. 13 and 14.
To shed more light on the dynamics of these hydrodynamic

instabilities, we investigate the u1 velocity field with the help of
MRPOD. Results for different modes in the frequency bands I1 and
I2 are summarized in Fig. 21; the FFT of the temporal coefficients
and the relative energy content for each mode are summarized in
Figs. 22 and 23. Due to the strong pressure oscillations, most of the
energy is concentrated in the first modes ϕ1;I1�u1� and ϕ1;I2�u1�.
The hydrodynamic instabilities in the region of the jet carrier are

Fig. 19 Phase averages of fuel mass fraction, u1 velocity, and heat release for phases of minimum and maximum pressure.

Fig. 20 Phase-averaged value of Favre-filtered u1 velocity and Favre-filtered fuel mass fraction at nozzle exit.
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contained in the second MRPOD modes ϕ2;I1�u1� and ϕ2;I2�u1�.
From the contour plot in Fig. 21, it is clear that the dynamics of the
separation bubble are mainly contained in ϕ2;I1�u1�. In this illus-

tration the different sizes of the separation bubbles “A” and “B” can
be clearly ascertained. The frequency f of the separation is found to
equal 2390 Hz, i.e., the frequency of the first longitudinal mode.

This corresponds to a diameter-based jet carrier Strouhal number
of StJC � fDJC∕UJC ≈ 0.24 (for a jet carrier velocity scale UJC �
120 m∕s). This dimensionless frequency equals typical values
found in other flows with hydrodynamic instabilities (e.g., flows
in a bent pipe [81,82] and axisymmetric jet flows [83]).

3. Heat Release Fluctuations

In a final step we examine the heat release fluctuations. To identify
different causes for heat release fluctuations, we follow the approach
in [84] and distinguish between effects that modify the local internal
structure of the reaction zone and its global geometry. Concerning the
latter effect, the modification of geometry, it is already clear from
Figs. 17 and 18 that, due to blow-off and distortions of the flame, the
reaction zone geometry undergoes drastic changes during a single
pressure oscillation. To quantify the overall distortion of geometry,
we compute the overall volume of the reaction zone VRZ�t� in this
burner as a function of time. For this purpose, we define an indicator
function I of the heat release zone as

I�xi; t� � 1; if S�xi; t� > εS
0; else

(34)

where S is a sensor function of heat release and εS � 10−4 a lower
threshold value for this sensor. The sensor S for the heat release
zone is given by

S�xi; t� � max
4

3
tanh

�q�xi; t�
q0

−
1

3
; 0 (35)

in terms of the local filtered heat release q and its reference value

q0 � 30 W∕mm3. This function is positive within the reaction zone
and zero elsewhere. To check the accuracy of this sensor definition,
we verify that the region identified by this sensor contains most of
the global heat release. The volume of the reaction zone VRZ�t� is
obtained by integration of the indicator function in Eq. (34) over the
volume of the entire computational domain VCD, i.e.,

Fig. 21 MRPOD modes of u1 velocity in combustion chamber.

Fig. 22 FFT of the time coefficients.

Fig. 23 Relative energy content.

Article in Advance / FIOLITAKIS ET AL. 13

D
ow

nl
oa

de
d 

by
 D

L
R

 D
eu

ts
ch

es
 Z

en
tr

um
 f

ue
r 

L
uf

t u
nd

 R
au

m
fa

hr
t o

n 
O

ct
ob

er
 7

, 2
02

5 
| h

ttp
://

ar
c.

ai
aa

.o
rg

 | 
D

O
I:

 1
0.

25
14

/1
.B

39
88

5 



VRZ�t� �
VCD

I�xi; t� dV (36)

where V is the volume in this equation. VRZ�t� is plotted together
with the global heat release Q�t�, which is defined as

Q�t� �
VCD

�q�xi; t� dV (37)

in Fig. 24. Both the reaction zone volume and heat release are in
phase. During the limit cycle, the reaction zone volume falls below
its mean value by approx. 40% and exceeds it by up to 60%, which
represents a significant disturbance. The velocity fluctuations,
which contribute to these fluctuations in reaction zone volume via
flame blow-off, are related partly to the acoustic velocity at the exit
of the jet carrier. To demonstrate this, we define first at the exit plane
x1 � 0 m of the jet carriers the area averages of Favre-filtered u1
velocity and filtered pressure, i.e., fu1gA�t� and fpgA�t�, as

fu1gA�t� �
1

AJC AJC

~u1�xi; t� dA (38)

fpgA�t� �
1

AJC AJC

�p�xi; t� dA (39)

and compute their temporal fluctuations fu1g 0A�t� and fpg 0A�t�.
The area integration in Eqs. (38) and (39) is performed across the

cross-sectional area of the jet carriers AJC. Based on fpg 0A�t�, the
acoustic velocity uac�t� induced by the pressure wave is defined as
uac�t� ≈ −fpg 0A�t�∕�ρ0c0�. This definition assumes that the acous-

tic velocity is caused by a disturbance traveling upstream of
the combustion chamber into the jet carrier (i.e., in negative x1
direction). The reference density ρ0 and reference speed sound
c0 are computed for a perfectly mixed state of fuel and air,

yielding ρ0 � 4 kg∕m3 and c0 � 512 m∕s. Figure 25 plots uac
and fu1g 0A�t� alongside the global heat release Q�t� and combus-

tion chamber pressure pCC�t�. Both Q�t� and pCC�t� are in phase

in the limit cycle. As discussed in Sec. V.E.2, global heat release
reaches its minimum value when the u1 velocity reaches its
maximum value and blow-off occurs. At these time instances,
the fluctuation fu1g 0A�t� and the acoustic velocity uac�t� are both

in phase and follow the same temporal evolution, reaching the
same peak values between 50 and 70 m/s, as depicted in Fig. 25.
This indicates a velocity coupling between heat release fluctua-
tions and pressure oscillations, i.e., the increase of velocity, which

ultimately contributes to flame blow-off, is caused directly by
acoustic velocity.
Another important factor adding to heat release fluctuations are

changes in the internal structure of the flame. To quantify this at
least to some extent, we investigate the fluctuation of mixture

Fig. 24 Plot of global heat release Q�t�, volume of reaction zone VRZ�t�, and mixture fraction in reaction zone ZRZ�t�.

Fig. 25 Plot of velocity fluctuations (acoustic and area average) at exit of jet carrier, global heat release, and combustion chamber pressure.
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fraction (i.e., equivalence ratio) in the reaction zone. To this end, we
compute the mixture fraction in the reaction zone ZRZ�t� as

ZRZ�t� � VCD
I�xi; t��ρ�xi; t� ~Z�xi; t� dV
VCD

I�xi; t��ρ�xi; t� dV
(40)

where ~Z is the Favre-filtered mixture fraction. Figure 24 plots this
mixture fraction versus time. An FFT analysis shows that the
mixture fraction appears to be lagging behind global heat release
by a phase angle of 49°, which corresponds to a time lag of about
60 μs. The mixture fraction oscillations amount to about 10% of the
mean value, which is less in comparison to the fluctuations in the
volume of the reaction zone. However, to relate quantitatively this
mixture fraction fluctuation to heat release fluctuations, we retrieve
for the mean, minimum, and maximum value of mixture fraction the
heat release from calculations of laminar premixed flames at these
three mixture fractions. In order to account for the effect of strain
rate on heat release, we compute steady one-dimensional premixed
counterflow flames using the software Cantera [85]. The computa-
tions are performed for 8 bar pressure, and the temperature and
composition of fuel and air for the stream of reactants are set to the
same values as in the LES. The thermodynamic state of the oppos-
ing flow is obtained from the chemical equilibrium of the premixed
reactants. By considering steady laminar flames, we neglect, based
on [86], the influence of pressure fluctuations on heat release for the
present conditions. From these computations a heat release of

68 W∕mm3 (which is an average value across the reaction zone)
is obtained for the mean mixture fraction of 0.0302. For mixture
fractions of 0.0272 (i.e., 10% below the mean value) and 0.0332
(i.e., 10% above the mean value), heat releases of 56 and

84 W∕mm3 are found, respectively. Thus, a deviation of 10% from
the mean mixture fraction can decrease the heat release by about
18% and increase it by 24%, which is not negligible. Fluctuations in
the local equivalence ratio add, therefore, considerably to the overall
fluctuation of heat release in this LES. With regard to the oscillation
frequency of Q�t�, ZRZ�t�, and VRZ�t�, the spectral densities (SD)
are shown in Fig. 26. For all these variables, the highest energy of
the oscillations is contained at 2390 Hz, i.e., the frequency of the
first longitudinal mode of the pressure oscillations. The second and
third harmonics of the frequency 2390 Hz, i.e., 4770 and 7199 Hz,
contribute, at lower levels, also energy to the oscillations. Thus, the
distribution of energy on different modes is, for these variables,
similar to the energy distribution of pressure oscillations given
in Fig. 8.

VI. Conclusions

In the present work, compressible LES of reactive flow is used to
investigate HFI in a 12-nozzle jet-stabilized gas turbine burner that
is operated at 8 bar at globally lean conditions with a mixture of

hydrogen and natural gas. The set of governing equations is solved

numerically using the ICS-WAF scheme. In- and outflow boundary

conditions are handled via the NSCBC approach. LES results

obtained with two different models for the filtered chemical source

term, namely an APDF and a TF model, are compared to exper-

imental data for pressure, which are obtained in this work for the

first time in this particular burner. It is found in the experiments that

HFI occurs at four frequencies of 2390, 4770, 5670, and 7199 Hz.

These frequencies are reproduced accurately by the compressible

LES with both the APDF and TF models. The measured amplitudes

of the HFI appear to be well reproduced by the use of the TF model

with the exception of the amplitude of the first mode at 2390 Hz,

which is overestimated. The APDF model strongly overestimates

the amplitude of the third mode at 5670 Hz as well as the amplitude

of the first mode at 2390 Hz.
Since the LES with the TF model appears to give a good agree-

ment to available experimental data, the results of this LES are

analyzed further in order to understand the modes of HFI and the

thermoacoustic feedback cycle. Using MRPOD, it is found that the

frequencies of 2390, 4770, and 7199 Hz are associated with a

longitudinal mode in the combustion chamber and its higher har-

monics, whereas the frequency of 5670 Hz corresponds to the first

mixed transverse–longitudinal mode in the combustion chamber. It

is for this mixed mode that the APDF and TF model show the largest

differences in pressure amplitude. It is therefore concluded that for

the present burner, the choice of model for the filtered chemical

source term is crucial for capturing correctly the amplitudes of

transverse HFI modes. Analysis of the thermoacoustic feedback

based on the data of the TF model reveals that the HFI is mainly

caused by periodic distortions of flame geometry and fluctuations in

equivalence ratio. Both occur at 2390, 4770, and 7199 Hz and

contribute to the fluctuation of global heat release. Acoustic velocity

plays an important role in distorting the flame since it leads to flame

blow-off when combustion chamber pressure is at its minimum.

Flow separation bubbles, i.e., hydrodynamic instabilities that occur

periodically at 2390 Hz at the entrance of each jet carrier, also

indirectly play a role in the feedback loop. They cause an inhomo-

geneous velocity and fuel distribution in the jet carriers, favoring,

thus, the periodic blow-off of the flame. These inhomogeneities

manifest themselves in a rotational symmetry of average heat

release about the burner axis.
These LES results indicate different measures to prevent the

occurrence of HFI in this burner. The suppression of the hydro-

dynamic instabilities by modifying the entrance to the jet carriers

could be a first step in order to reduce the unmixedness in the stream

of reactants and in order to dampen fluctuations in equivalence ratio.

With regard to improving the mixing, it could also be useful to

increase the length of the jet carriers. A better mixing of fuel and air

might, in addition, prove useful for flame stabilization and, thus, for

reducing the distortion of flame geometry.
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Fig. 26 Spectral densities of global heat release Q�t�, mixture fraction in reaction zone ZRZ�t�, and volume of reaction zone VRZ�t�.
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