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Combustion is based on multi-physics process that interact in a chamber

Reactive
mixture

Turbulent combustion is an unsteady process
that generate interactions between
velocity, pressure and temperature,
in strong interactions with the boundaries of the system.

(Horton and Price 1962)

Combustion is based on multi-physics process that interact in a chamber
Amplitude growth

Small perturbation

Limit cycle

Pressure signal in a burner
(Horton & Price, 1962)

Most of the time, combustion chambers are instable and
we try to minimize the amplitude of the limit cycle.

of the
pressure perturbations
in source
the surrounding
LeMastering
bruit indirect
de combustion
comme autre
de bruit. of the chamber is
one the challenges in combustion

4

Noise depends on the operating conditions.

diffusion flame

premixed flame

Typical sound pressure level spectra in the far field of
unconfined, turbulent, premixed and diffusion flames.
AIAA paper No.73-1023, Oct.1973

+30 dB

Strahle et al., (1975) AIAA Paper 75-127
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LACOM Bench at ONERA test the influence of outlet conditions on the pressure field.

Couplings

Pressure field perturbations are due to numerous
couplings that need intense data processing to
understand

Candel, 2002

Record forof
a T-data
Burnerdecomposition to characterize couplings.
ThePressure
importance
(Horton and Price 1962)

The challenge is to keep pressure
amplitudes in a safe domain.
Understand the transient and limit
phases.
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These amplitudes depend on
- the acoustic sources (jet, combustion, vortex, shear layer…),
- the damping mechanisms (acoustic impedance, damping, turbulence),
- and propagation medium (upstream in fresh gases, downstream in burnt gases…)

Data decomposition helps in separating time and space scales.

IC Engine Example
Modal decomposition of the unsteady flow field in compression-ignited combustion chambers
A. Torregrosa, A. Broatch, J. García-Tíscar, J. Gomez-Soriano
Combustion and Flame 188 (2018) 469–482
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where r is the scale factor and, Lbase and Lscaled are the base cell
size and the new grid size, respectively.
A scale factor of three was applied to the combustion chamber and ports walls, in the spray zones and in the whole combustion chamber during the combustion process. These adjustments

Pressure inside the engine has a broadband frequency content.
(7)

ches
as a
tage
s "i

474

A.J. Torregrosa et al. / Combustion and

(8)

covalue,

(9)

flow
comput-

Fi
ce
st

near
un[48].
more

n his
odes’
ix G

b
th
la
a

(10)

d

Then
e "i

ti
c
sh

(11)

that
purr inms–
ahan
done
pro-

Fig. 1. Computational domain at IVC, including the intake and exhaust pipes and
valves, cylinder walls and the combustion chamber on top of the piston. Details of
the mesh sizing and its refinements at different zones are also provided.
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Several Power Density modes have to be collected to describe
the spatial pressure evolution
A.J. Torregrosa et al. / Combustion and Flame 188 (2018) 469–482

4. Fourier analysis of the combustion pressure signal. Pressure spectrum, averaged across all selected cells in the domain, is plotted along its standard deviatio
e characteristic “bumps” are identified and marked, accompanied by the spatial distribution of the Fourier transform restricted to each selected frequency range

The signal is not periodic.
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From the zoomed-in detail view included in the figure, it can be

A reduced number of POD modes concentrate most of the energy.
A.J. Torregrosa et al. / Combustion and Flame 188 (2018) 469–482
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Fig. 8. Spatial distribution of POD modes !1–12 across the simulated combustion chamber. Each mode except for the homogeneously distributed !1 is represented by
coloured isovolumes indicating the 10% (blue) and 90% (red) percentiles of the distribution of the real values of each individual mode ℜ{! }. The geometry of the piston
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A geometrical modification of the injection reduces
the pressure amplitude fluctuations
A.J. Torregrosa et al. / Combustion and Flame 188 (2018) 469–482
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POD used on numerical simulations

POD is efficient when
- a few modes concentrate a large amount of energy
- the energy is distributed over a large range of frequencies
- the signal is not periodic
- the time resolution is low

DMD cannot be used to decompose transition signals
and require a high time resolution.

Pressure Record for a T-Burner
(Horton andchamber
Price 1962) feature
Limit cycles observed in combustion
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Computational investigation on combustion instabilities in a rocket combustor
Acta Astronautica
Volume 127, October–November 2016, Pages 634-643
LeiYuan, Chibing Shen

DMD generates a decomposition of the data based on the frequencies.
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Peter Schmid,
J. Fluid Mech.
(2010)

time
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Multi-variables DMD

light emission

data field
at time i

velocity field

i-th column

DMD generates a decomposition of the data based on the frequencies.
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Peter Schmid,
J. Fluid Mech.
(2010)

modes

time

CESAM Experimental test bench reproduce most of the coupling phenomena
encountered in aeronautical combustion chamber
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CESAM Experimental test bench reproduce most of the coupling phenomena
encountered in aeronautical combustion chamber
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Simultaneous acquisition
• PIV @15kHz
• 10 microphones @16kHz
• OH* et CH* emission @16kHz

ICS (off)
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30

OH*

10

Lamraoui, A. et al. Journal of Engineering for Gas
Turbines and Power 133.1, 011504, p. 011504.
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Multi-variable DMD highlights correlation
between physical quantities
Two strategies are still available.

1 - Multi-variable DMD
Velocity 1
.
.
.
Velocity M
Pressure 1
.
.
Pressure P

2 - Extended DMD
Pressure 1
.
.
Pressure P
Optimal DMD
base for pressure
Velocity 1
.
Velocity M

Bi

This gives a unique optimal base for
all the diagnostics
Values have to be normalized to
take into account their volume and
their absolute value.

The amplitude of velocity modes
projected on the base Bi highlight the
correlation between the two quantities.

Quantitatives informations

•

Velocity has a diﬀerent dynamic
than pressure

•

Heat release is sensitive to both
the pressure and velocity
fluctuations

•

Damping strongly depends on
the modes

Velocity maximum frequencies

Emission maximum frequencies

180 Hz
130

ICS (off)
280

Hz

M3

ICS (on)

110

PSD [dB]

Pressure maximum frequencies

90
30

OH*

10
0

200

400
600
Frequency
Frequence [Hz]
[Hz]

800

1000

Flow dynamics
DMD highlight coupling between acoustics and flow.

275 Hz

482 Hz

Reconstruction of the acoustic source
The phase between the diagnostics is recovered within the modes.
157 Hz

285 Hz

549 Hz

Acoustic energy

Acoustic source term

Data decomposition for model reduction

ustion Institute 33 (2011) 1121–1128

1127

To create models, the strategy is to
separate the signal in few modes
and amplitudes :

Fig. 9. Temporal
signals
of the ofself-sustained
instability
F. Boudy
et al. / Proceedings
the Combustion
33 (2011) 1121–1128
m. Upper
boxes display the normalized
for L1 ¼ 0:54Institute
velocity measured by the hot wire probe and the pressure
of microphone M 2 . Lower box corresponds to the shorttime Fourier spectral density of the pressure signal.

rates trajectories for modes 2 and 3, plotted in
subfigure C in Fig. 7, feature subcritical and

The problem is to identify the modes
that allow to describe the system
whatever the operating point.
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acoustics
(CCA) and
Computational
Combustion systems
experience
bifurcation
that Flame
Dynamics
(CFD)
make the
modeling
complex.

037102-9

Sayadi et al.

L1 = 52 cm

L1 = 46 cm

The system experience two kind of dynamics
depending on the bifurcation parameter.
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Dynamics
Chemiluminescence
from flames is(CFD)
recorded forP
different values of the bifurcation parameter.

1

80 images, 6 kHz

L

FIG. 6: Experimental setup for an investigation of a bifurcating flame.

(a) Case A, t1

(b) Case A, t2

(c) Case A, t3

(d) Case B, t1

(e) Case B, t2

(f) Case B, t3

FIG. 7: Flame images, at three di↵erent time instances for two cases (see text).

The poor quality of the images is due to the high sampling frequency
and the low emission
level
of isthe
flames.
Parametrized
DMD
applied
to eighty, temporally equi-spaced flame images taken at a rate of 6000 frames p

second for each case. These frames are eighty consecutive realizations from the camera. We stress that, for efficien
28
reasons, the time spacing between two consecutive images for the two cases should be the same. The DMD-eigenvalu
and the amplitude distribution, from the parametrized DMD, are shown in figure 8. The amplitude distribution

Data processing of the experiments

We saw the multivariable DMD :

1
u1

u21

Parametric DMD uses data recorded at different
time but with the same sampling rate.

ut1

p1L1

ptL1

p1L2

ptL2

9. DMD-eigenvalues µ and amplitude-distribution for the bifurcating flame. , optimized amplitudes; •, modes sel
e sparsity-promoting
(b) Amplitude-distribution.
t
1
2 algorithm. (a) Eigenvalues.

un

1
p1

un

un

t
2
1
t
p
p1
p
p
Ln and comparison with Ln
TABLE II. Dominant1 identified frequencies
experiment.

Experiment
Parametrized DMD
Dominant mode

L 1 = 46 cm (case A)

LL12 = 52 cm (case B)

512 Hz
493 Hz
mode 3

768 Hz
740 Hz
mode 4

Four dominant modes are identified (1 to 4).
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d as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/term

Dynamics
(CFD)
Depending on the bifurcation parameter, the weight of each mode changes.

(a) Case A, mode 2

(b) Case A, mode 3

(c) Case A, mode 4

(d) Case B, mode 2

(e) Case B, mode 3

(f) Case B, mode 4

FIG. 9: Modal shapes of selected DMD modes.
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base of the flame for case A. Mode 3 captures the overall behavior of P2 accurately. There appea

Depending on the bifurcation parameter, the weight of each mode changes.

Before bifurcation

— experiment
- - mode 3
o mode 4

After bifurcation
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DMD generates a decomposition of the data based on the frequencies.
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time
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C

Peter Schmid,
J. Fluid Mech.
(2010)
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DMD generates a decomposition of the data based on the frequencies.
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J. Fluid Mech.
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modes

Spatial DMD
- Combustion LOx/LH2 ;
- Chamber pressure 30 bar ;
- External acoustic modulation ;
- Sampling frequency 25 kHz.

MASCOTTE (ONERA, Palaiseau)

Spatial DMD

MASCOTTE (ONERA, Palaiseau)

Spatial DMD
Average light emission from the flames

Coaxial
injectors
Flow
direction

(a)
15 cm

Spatial DMD
Since the flow is acoustically modulated from an external source,
pressure sensors detect mainly this frequency

(a)

Modulation frequency

(b)

ure 2: (a) DMD spectrum of CH* emission under a 1T1L acoustic

he peak observed on the pressure spectrum, whic
Spatial DMD
ves an intense coupling between acoustics and th
A first multi-variable DMD is performed with the pressures and light emission.
t release rate in the chamber. The spatial structure

a)

Modulation frequency
Mean value

recorded
Spatial DMD
olution is
t the
data
All the
dynamics is concentrated
on one mode.
(a)
els. This
mages and
snapshots
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tial structure of the forced 1T1L mode, the peripheral
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terize the respective e↵ect of velocity disturbances and
transverse pressure perturbations on cryogenic coaxial
ow field,
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in
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next
section.
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3.2. DMD of CH
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(b)
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Figure 3: Dynamic modes corresponding to the two dominant
the eigenvalue
values (a) Mean field: ↵0 and (b) second dynamic mode:
↵1T 1L . Thea
structure
injection backplane is shown on the left hand side of monic
the pictures.
(i.e. along the x
(b)

Spatial DMD
DMD is first used to filter the emission field
at the modulation frequency.
mode

time

Modulation
frequency

time

space

D=

Spatial DMD
The time evolution of one mode is rebuilt
together with the average convective field.
modes

space

Filtered
data

Time

time

D=

wave
number

space

Spatial
Spatial DMD is performed on two
subdomains of the chamber.

(b)

(a)

(c)

As the spatial frequencies and structure
DMD
associated to ↵ s1 and ↵ s2 are close to e
computes their sum, called mode M1 in
Mode M1 structure depends on the x po
(a)
it is plotted (its wavelength 1/↵ s1 along
is finite). The region of interest is at the
(x = 0) where acoustics can have a d
the injection process. Unfortunately, in
quartz window is blinded by a thick soot
the hot fire test. As the mode structure
can be represented at x = 2/↵ s1 (position
with the same phase as at x = 0. This is
in Fig. 7. The same alternate pattern of
rate is observed on the three central fl
expected, the two peripheral flames exhi
heat release rate with respect to the dens
This symmetric pattern is associated to
oscillation. Besides, the external flame
opposition.

Finally, a second decomposition is
a subdomain with the same size but
Figure 6: (a) Negative view of a SA5 image showing the processe
middle of the image (Position B in F
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is the wavenumber. The calculated values of v s1 and v s2
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as the estimated amplitude of the acoustic velocity: v0 = p0 /(⇢c), meaning
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that
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the other to a longitudinal modulation generated by the injection lines.
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Pressure Record for a T-Burner
(Horton and Price 1962)

Conclusion
One of the challenge in combustion is
to predict the pressure evolution in
the chamber.
To reduce low order models, we need to
understand the couplings taking place
at different time and space scales.

Decomposition methods allow to
separate time scales and space
scales then simplify the
understanding and the modeling.
D=

Space

time

modes

By adapting the decomposition
strategy to the case of study,
relevant information can be
extracted.

