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Context of the study

2

Aerodynamically stabilized premixed flames 
are flashback prone via several mechanisms: 

▪ Wall boundary layer FB (Lewis & von Elbe 
1943) 

▪ Acoustic forcing FB (Keller et al. 1982) 

▪ Combustion induced vortex 
breakdown (Kröner et al. 2002) 

▪ Vortex core FB (Ishizuka 2002, Domingo & 
Vervisch 2007) 

▪ Autoignition in the injection duct 
The present study aims to show that a setup 
can be resistant to all these mechanisms 
separately, but flashback when two or more 
combine
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The CESAM-HP Bench at EM2C
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Pressurized bench (up to 2.5 bar) with lean premixed combustion: 
▪ Study of aerodynamic flame stabilization in a confined chamber 
▪ Choked nozzle offers realistic outlet conditions 
▪ Air and fuel mass flow rate can be split, offering a wide investigation range



Operation range
An experimental investigation has identified : 

▪ Long fluttering flame regimes for low mass flow rates 
▪ Compact flame regimes for air mass flow rate above 17 g/s
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Numerical domain
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Operating points

6

PREMIXED STAGED

�prem = 0.9 �stag = 0.85

ṁ

air
� ṁ

air
�

Experiment

ICS 1.0 0.0 1.0 0.0

Injector 1 8.5 0.95 7.0 0.0

Injector 2 8.5 0.95 10.0 1.53

LES

ICS 1.0 0.9 1.0 0.0

Injector 1 8.5 0.9 7.0 0.0

Injector 2 8.5 0.9 10.0 1.53

Table 1: Target operating points for experiments and LES.

Mass flow rates expressed in g s�1.

2.2. Experimental procedure

The CESAM-HP configuration does not allow

direct visualization of the flame movement up-

stream of the dump plane between injection duct

and combustion chamber. However, flame visu-

alization in the chamber indicates whether the

flame is anchored on the injection duct lips or

if it enters the injection duct (Sec. 2.2.1). More-

over, thermocouples are mounted in the injection

duct to provide a direct measurement of the flame

presence in this zone (Sec. 2.2.2).

2.2.1. Observation of the flame in the chamber

Optical access enables direct flame as well as

OH* chemiluminescence observations in the en-

tire combustion chamber, from the dump plane

to the nozzle inlet. OH* is a combustion radi-

cal classically used to obtain the flame position in

experimental combustion [34]. An ICCD camera

from Princeton Instruments with a pixel resolu-

tion of 512⇥512 and a spatial resolution of 190 µm

is used. It is equipped with a Nikkor 105mm UV-

lens and a narrow-band filter centered at 313 nm

and a band width of 10 nm. The exposure time for

each image is 400µs and averaging is performed

over 200 images. Averaged values of these im-

ages allow to identify the mean position and shape

of the flame. For example, these images show

whether the flame is stabilized on the injection

tube lips or flashbacked inside the tube.

2.2.2. Temperature measurements in the admis-

sion stage

Since the injection duct does not permit optical

access, two thermocouples are installed in order to

detect the flame’s presence upstream of the dump

plane. Each is installed in a swirler, and referred

to as TC1 and TC2 as shown in Fig. 1. The full

radius of the swirl tube can be probed. While

these are slow in response, they are su�cient for

global characterizations. K-type thermocouples

measuring temperatures up to 1200 �C are used to

obtain temperature profiles in the swirl tube on

the complete radius. These measurements allow

to evaluate the flame penetration depth into the

injection tube.

2.3. Numerical tools

The fully compressible explicit code AVBP is

used to solve the filtered multi-species 3D Navier-

Stokes equations with realistic thermochemistry

on unstructured meshes [35, 36]. A third-order

in space and time Taylor–Galerkin finite ele-

ment scheme called TTGC [37] is used to accu-

rately propagate acoustic waves. The NSCBC

[38, 39] approach is used for boundary condi-

tions, yielding control on their acoustic behav-

ior. The subgrid-scale stress model is the Sigma

model [40] and walls are treated as no-slip adi-

abatic interfaces. A Thickened Flame strategy

with Charlette-Meneveau e�ciency function [41]

6

Bench can be operated in fully 
premixed or fuel staging 
configurations. 

!
Matching numerical setups are 
available for LES with the AVBP code 
(http://cerfacs.fr/4-26334-The-AVBP-code.php)

http://cerfacs.fr/4-26334-The-AVBP-code.php
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Figure 5: Solid line : time-averaged swirl number along the

injection tube taken from LES. Dump plane is at x = 0.

Dashed line: Kitoh [45] correlation with a1 = �0.015.

Dotted line: a1 = �0.03

Fig. 5 shows the swirl number as a function of

axial position in the current setup, for ICS00 in

non-reacting conditions. Three di↵erent sections

can be identified between the last injector ande

the dump plane:

�70mm to �45mm: the flow swirl is not yet

established after the second swirl plenum:

�45mm to�15mm: the swirl is established, and

decreases approximately linearly with axial

position, as expected from previous stud-

ies [45];

�15mm to 0mm: the e↵ect of the vortex break-

down in the chamber changes the value of

swirl.

In the linear decrease section, the fit with the re-

sults of Kitoh implies a value of a
1

that is dou-

bled. However, the swirl generation method used

by Kitoh di↵ers from the double swirler system

presented here. Therefore, obtaining the exact

same correlations is not expected. The similar-

ities are nevertheless su�cient to conclude that

the swirled flow reaches a well described state of

decay before it enters the chamber.

As a result, the swirl that would be achieved at

PREMIXED STAGED

r [mm] TC1 TC2 TC1 TC2

0 1021 1203 28 621

5 1171 1362 29 607

10 1012 1152 28 598

15 852 841 24 575

Table 4: Temperature profiles (in �C) in the admission

stage for both experimental operating points.

the dump plane if no vortex breakdown occurred

in the chamber is higher than the one measured

directly at that position. The swirl measured

10mm before the dump plane is a good measure

of this theoretical value. For this reason, the ref-

erence position for all swirl estimations hereafter

is x = �10mm.

Swirl control strategy. For OPEN-NR swirl-

oriented investigations, the following swirl-control

strategy is used: the total mass flow rate is kept

constant while the value of mass flow rate through

the ICS is varied between 0 and 20% of the total

mass flow rate. Each case is numbered as IC-

SXX where XX is the percentage of mass flow

rate through the ICS. The two experimental con-

figurations have a 5.6% ICS mass flow rate.

3. Experimental study

First experimental tests showed rapidly that

the PREMIXED case leads to permanent flash-

back, while the STAGED case allows to keep the

flame stabilized in the dump plane region. OH vi-

sualization (Fig. 6) of the flame in the chamber,

as well as temperature measurements in the injec-

tion duct (Fig. 4) are used to monitor the flame.

9

Mean	
  temperature	
  measurements	
  
in	
  the	
  injection	
  duct	
  (°C)

�
�
��
�

�

����������� �������� ����	
���� ����
�
���

��
 ��������������
�����
����
�������

����
�����

������

�������
���

�������������

�������������

���
��	 ���

������������



http://cerfacs.fr/4-26334-The-AVBP-code.php


Operating points

6

PREMIXED STAGED

�prem = 0.9 �stag = 0.85

ṁ
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global characterizations. K-type thermocouples

measuring temperatures up to 1200 �C are used to

obtain temperature profiles in the swirl tube on

the complete radius. These measurements allow

to evaluate the flame penetration depth into the

injection tube.

2.3. Numerical tools

The fully compressible explicit code AVBP is

used to solve the filtered multi-species 3D Navier-

Stokes equations with realistic thermochemistry

on unstructured meshes [35, 36]. A third-order

in space and time Taylor–Galerkin finite ele-

ment scheme called TTGC [37] is used to accu-

rately propagate acoustic waves. The NSCBC

[38, 39] approach is used for boundary condi-

tions, yielding control on their acoustic behav-

ior. The subgrid-scale stress model is the Sigma

model [40] and walls are treated as no-slip adi-

abatic interfaces. A Thickened Flame strategy

with Charlette-Meneveau e�ciency function [41]
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Bench can be operated in fully 
premixed or fuel staging 
configurations. 

!
Matching numerical setups are 
available for LES with the AVBP code 
(http://cerfacs.fr/4-26334-The-AVBP-code.php)
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…
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Figure 5: Solid line : time-averaged swirl number along the

injection tube taken from LES. Dump plane is at x = 0.

Dashed line: Kitoh [45] correlation with a1 = �0.015.

Dotted line: a1 = �0.03

Fig. 5 shows the swirl number as a function of

axial position in the current setup, for ICS00 in

non-reacting conditions. Three di↵erent sections

can be identified between the last injector ande

the dump plane:

�70mm to �45mm: the flow swirl is not yet

established after the second swirl plenum:

�45mm to�15mm: the swirl is established, and

decreases approximately linearly with axial

position, as expected from previous stud-

ies [45];

�15mm to 0mm: the e↵ect of the vortex break-

down in the chamber changes the value of

swirl.

In the linear decrease section, the fit with the re-

sults of Kitoh implies a value of a
1

that is dou-

bled. However, the swirl generation method used

by Kitoh di↵ers from the double swirler system

presented here. Therefore, obtaining the exact

same correlations is not expected. The similar-

ities are nevertheless su�cient to conclude that

the swirled flow reaches a well described state of

decay before it enters the chamber.

As a result, the swirl that would be achieved at

PREMIXED STAGED

r [mm] TC1 TC2 TC1 TC2

0 1021 1203 28 621

5 1171 1362 29 607

10 1012 1152 28 598

15 852 841 24 575

Table 4: Temperature profiles (in �C) in the admission

stage for both experimental operating points.

the dump plane if no vortex breakdown occurred

in the chamber is higher than the one measured

directly at that position. The swirl measured

10mm before the dump plane is a good measure

of this theoretical value. For this reason, the ref-

erence position for all swirl estimations hereafter

is x = �10mm.

Swirl control strategy. For OPEN-NR swirl-

oriented investigations, the following swirl-control

strategy is used: the total mass flow rate is kept

constant while the value of mass flow rate through

the ICS is varied between 0 and 20% of the total

mass flow rate. Each case is numbered as IC-

SXX where XX is the percentage of mass flow

rate through the ICS. The two experimental con-

figurations have a 5.6% ICS mass flow rate.

3. Experimental study

First experimental tests showed rapidly that

the PREMIXED case leads to permanent flash-

back, while the STAGED case allows to keep the

flame stabilized in the dump plane region. OH vi-

sualization (Fig. 6) of the flame in the chamber,

as well as temperature measurements in the injec-

tion duct (Fig. 4) are used to monitor the flame.
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ṁ1 ṁ2
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ṁICS

ṁ1 ṁ2

ṁ
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OPEN Setup (Fig. 4(b)) CHOKED Setup (Fig. 4(a))

Case name OPEN-NR OPEN-FO CHOKED-PR CHOKED-ST

Domain OPEN OPEN CHOKED CHOKED

Outlet Non-reflecting Acoustic forcing Choked nozzle Choked nozzle

Operating Point PREMIXED PREMIXED PREMIXED STAGED

Exp. data NO NO YES YES

Table 2: Numerical setups for the CESAM-HP test bench

2.5. Swirl control

The main parameter controlling the flow swirl

is the flow split between ICS (ṁICS) and the two

swirled injectors (ṁ
1

, ṁ

2

). The flow through the

ICS is not swirled, whereas the flow through the

two plenums is strongly swirled. As a result, the

staging balance between the ICS and the plenums

controls the flow swirl at the dump plane. Swirl

is measured in the simulation according to the

classical formula :

Sw =

RRR
(S)

⇢U(rW ) dS

R

RRR
(S)

⇢U

2

dS

(1)

where S is a section normal to the flow axis and

R is the duct radius. The choice of this section is

di�cult for complex industrial swirler geometries.

Usually the plane is chosen close to the flame, but

in a section representative of the swirler size and

not of the chamber. The present burner however

is fed by a constant section tube with no geometric

perturbations in the last 70mm before the dump

plane. Swirl can be computed according to Eq. (1)

in any section before the burner.

Kitoh [45] showed experimentally that far from

inlet or outlet side e↵ects, swirl in a tube is ex-

pected to decay exponentially with the distance

from inlet, according to:

Sw = Swrexp

⇢
2a

1

x� xr

d

�
(2)

Re a

1

Kitoh [45] 50000 �0.014

100000 �0.013

150000 �0.013

Present study 20000 �0.03

Table 3: Exponential decay correlations by Kitoh [45] and

in the present study

where Swr and xr are the swirl number and axial

position at a given reference point, a
1

is the de-

cay coe�cient, a negative value, and d the tube

diameter. The same study suggested orders of

magnitude of �0.01 for a

1

, so that when the

swirled flow is maintained for many tube diam-

eters, strong swirl decay is observed. It o↵ers no

correlations for Re below 50000. In the present

case, Re = 20000 and the correlations cannot

be directly compared. However, for the values of

Sw encountered in this study, these correlations

have little dependency on Re, as shown in Tab. 3.

The values of a
1

can therefore be extended to this

study as an indication of similar behavior.

Here the swirled flow only spans approximately

2 tube diameters before reaching the dump plane

however, hence the decay is expected to be small

and approximately linear, and it simplifies to:

Sw ⇡ Swr

✓
1 + 2a

1

x� xr

d

◆
(3)
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Numerical simulations offer the possibility to explore the effect of 
outlet condition.  « OPEN » (non reflecting or forced) condition 
or realistic choked nozzle (highly reflecting) can be used.
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ṁ
out

OPEN

OPEN Setup (Fig. 4(b)) CHOKED Setup (Fig. 4(a))

Case name OPEN-NR OPEN-FO CHOKED-PR CHOKED-ST

Domain OPEN OPEN CHOKED CHOKED

Outlet Non-reflecting Acoustic forcing Choked nozzle Choked nozzle

Operating Point PREMIXED PREMIXED PREMIXED STAGED

Exp. data NO NO YES YES

Table 2: Numerical setups for the CESAM-HP test bench

2.5. Swirl control

The main parameter controlling the flow swirl

is the flow split between ICS (ṁICS) and the two
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is fed by a constant section tube with no geometric

perturbations in the last 70mm before the dump

plane. Swirl can be computed according to Eq. (1)

in any section before the burner.

Kitoh [45] showed experimentally that far from
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pected to decay exponentially with the distance

from inlet, according to:
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1
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where Swr and xr are the swirl number and axial

position at a given reference point, a
1

is the de-

cay coe�cient, a negative value, and d the tube

diameter. The same study suggested orders of

magnitude of �0.01 for a

1

, so that when the

swirled flow is maintained for many tube diam-

eters, strong swirl decay is observed. It o↵ers no

correlations for Re below 50000. In the present

case, Re = 20000 and the correlations cannot

be directly compared. However, for the values of

Sw encountered in this study, these correlations

have little dependency on Re, as shown in Tab. 3.

The values of a
1

can therefore be extended to this

study as an indication of similar behavior.

Here the swirled flow only spans approximately

2 tube diameters before reaching the dump plane

however, hence the decay is expected to be small

and approximately linear, and it simplifies to:

Sw ⇡ Swr

✓
1 + 2a

1

x� xr

d

◆
(3)
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ṁICS
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ṁICS
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ṁICS
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ṁ1 ṁ2
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OPEN numerical setup shows: 
▪ The « quiet » setup is flashback-resistant 
▪ Classical acoustic flow reversal produces 

intermittent flashback… 
▪ … or full flashback for high amplitude forcing
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ṁ1 ṁ2
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Full setup ?

OPEN numerical setup shows: 
▪ The « quiet » setup is flashback-resistant 
▪ Classical acoustic flow reversal produces 

intermittent flashback… 
▪ … or full flashback for high amplitude forcing
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ṁ1 ṁ2

ṁ
out
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ṁ
out

OPEN

OPEN Setup (Fig. 4(b)) CHOKED Setup (Fig. 4(a))

Case name OPEN-NR OPEN-FO CHOKED-PR CHOKED-ST

Domain OPEN OPEN CHOKED CHOKED

Outlet Non-reflecting Acoustic forcing Choked nozzle Choked nozzle

Operating Point PREMIXED PREMIXED PREMIXED STAGED

Exp. data NO NO YES YES

Table 2: Numerical setups for the CESAM-HP test bench

2.5. Swirl control

The main parameter controlling the flow swirl

is the flow split between ICS (ṁICS) and the two

swirled injectors (ṁ
1

, ṁ

2

). The flow through the

ICS is not swirled, whereas the flow through the

two plenums is strongly swirled. As a result, the

staging balance between the ICS and the plenums

controls the flow swirl at the dump plane. Swirl

is measured in the simulation according to the

classical formula :

Sw =

RRR
(S)

⇢U(rW ) dS

R

RRR
(S)

⇢U

2

dS

(1)

where S is a section normal to the flow axis and

R is the duct radius. The choice of this section is

di�cult for complex industrial swirler geometries.

Usually the plane is chosen close to the flame, but

in a section representative of the swirler size and

not of the chamber. The present burner however

is fed by a constant section tube with no geometric

perturbations in the last 70mm before the dump

plane. Swirl can be computed according to Eq. (1)

in any section before the burner.

Kitoh [45] showed experimentally that far from

inlet or outlet side e↵ects, swirl in a tube is ex-

pected to decay exponentially with the distance

from inlet, according to:

Sw = Swrexp

⇢
2a

1

x� xr

d

�
(2)

Re a

1

Kitoh [45] 50000 �0.014

100000 �0.013

150000 �0.013

Present study 20000 �0.03

Table 3: Exponential decay correlations by Kitoh [45] and

in the present study

where Swr and xr are the swirl number and axial

position at a given reference point, a
1

is the de-

cay coe�cient, a negative value, and d the tube

diameter. The same study suggested orders of

magnitude of �0.01 for a

1

, so that when the

swirled flow is maintained for many tube diam-

eters, strong swirl decay is observed. It o↵ers no

correlations for Re below 50000. In the present

case, Re = 20000 and the correlations cannot

be directly compared. However, for the values of

Sw encountered in this study, these correlations

have little dependency on Re, as shown in Tab. 3.

The values of a
1

can therefore be extended to this

study as an indication of similar behavior.

Here the swirled flow only spans approximately

2 tube diameters before reaching the dump plane

however, hence the decay is expected to be small

and approximately linear, and it simplifies to:

Sw ⇡ Swr

✓
1 + 2a

1

x� xr

d

◆
(3)
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R
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2
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(1)
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plane. Swirl can be computed according to Eq. (1)
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from inlet, according to:
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1
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d
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1
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where Swr and xr are the swirl number and axial

position at a given reference point, a
1

is the de-

cay coe�cient, a negative value, and d the tube

diameter. The same study suggested orders of

magnitude of �0.01 for a

1

, so that when the

swirled flow is maintained for many tube diam-

eters, strong swirl decay is observed. It o↵ers no

correlations for Re below 50000. In the present

case, Re = 20000 and the correlations cannot

be directly compared. However, for the values of

Sw encountered in this study, these correlations

have little dependency on Re, as shown in Tab. 3.

The values of a
1

can therefore be extended to this

study as an indication of similar behavior.

Here the swirled flow only spans approximately

2 tube diameters before reaching the dump plane

however, hence the decay is expected to be small

and approximately linear, and it simplifies to:
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1
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ṁ
out

OPEN CLOSED

Time0



Quiet initialization strategy :

CHOKED setup numerical investigations

13
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OPEN - No forcing solution + Matching Nozzle 
solution

OPEN CLOSED

Time0

The initial solution is « quiet » : very low acoustic levels in the 
chamber because OPEN solution is used
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ṁ1 ṁ2
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ṁ1 ṁ2

ṁ
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Self-excited thermoacoustic instability induces: 
▪ Classical flow reversal intermittent flashback… 
▪ …and eventually permanent vortex core flashback
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ṁ1 ṁ2

ṁ
out

PREMIXED STAGED

�prem = 0.9 �stag = 0.85

ṁ

air
� ṁ

air
�

Experiment

ICS 1.0 0.0 1.0 0.0

Injector 1 8.5 0.95 7.0 0.0

Injector 2 8.5 0.95 10.0 1.53

LES

ICS 1.0 0.9 1.0 0.0

Injector 1 8.5 0.9 7.0 0.0

Injector 2 8.5 0.9 10.0 1.53

Table 1: Target operating points for experiments and LES.

Mass flow rates expressed in g s�1.

2.2. Experimental procedure

The CESAM-HP configuration does not allow

direct visualization of the flame movement up-

stream of the dump plane between injection duct

and combustion chamber. However, flame visu-

alization in the chamber indicates whether the

flame is anchored on the injection duct lips or

if it enters the injection duct (Sec. 2.2.1). More-

over, thermocouples are mounted in the injection

duct to provide a direct measurement of the flame

presence in this zone (Sec. 2.2.2).

2.2.1. Observation of the flame in the chamber

Optical access enables direct flame as well as

OH* chemiluminescence observations in the en-

tire combustion chamber, from the dump plane

to the nozzle inlet. OH* is a combustion radi-

cal classically used to obtain the flame position in

experimental combustion [34]. An ICCD camera

from Princeton Instruments with a pixel resolu-

tion of 512⇥512 and a spatial resolution of 190 µm

is used. It is equipped with a Nikkor 105mm UV-

lens and a narrow-band filter centered at 313 nm

and a band width of 10 nm. The exposure time for

each image is 400µs and averaging is performed

over 200 images. Averaged values of these im-

ages allow to identify the mean position and shape

of the flame. For example, these images show

whether the flame is stabilized on the injection

tube lips or flashbacked inside the tube.

2.2.2. Temperature measurements in the admis-

sion stage

Since the injection duct does not permit optical

access, two thermocouples are installed in order to

detect the flame’s presence upstream of the dump

plane. Each is installed in a swirler, and referred

to as TC1 and TC2 as shown in Fig. 1. The full

radius of the swirl tube can be probed. While

these are slow in response, they are su�cient for

global characterizations. K-type thermocouples

measuring temperatures up to 1200 �C are used to

obtain temperature profiles in the swirl tube on

the complete radius. These measurements allow

to evaluate the flame penetration depth into the

injection tube.

2.3. Numerical tools

The fully compressible explicit code AVBP is

used to solve the filtered multi-species 3D Navier-

Stokes equations with realistic thermochemistry

on unstructured meshes [35, 36]. A third-order

in space and time Taylor–Galerkin finite ele-

ment scheme called TTGC [37] is used to accu-

rately propagate acoustic waves. The NSCBC

[38, 39] approach is used for boundary condi-

tions, yielding control on their acoustic behav-

ior. The subgrid-scale stress model is the Sigma

model [40] and walls are treated as no-slip adi-

abatic interfaces. A Thickened Flame strategy

with Charlette-Meneveau e�ciency function [41]

6
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measuring temperatures up to 1200 �C are used to

obtain temperature profiles in the swirl tube on

the complete radius. These measurements allow

to evaluate the flame penetration depth into the

injection tube.
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used to solve the filtered multi-species 3D Navier-

Stokes equations with realistic thermochemistry

on unstructured meshes [35, 36]. A third-order

in space and time Taylor–Galerkin finite ele-

ment scheme called TTGC [37] is used to accu-

rately propagate acoustic waves. The NSCBC

[38, 39] approach is used for boundary condi-
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Fuel staging between injectors 1 and 2 leads to a lean core 
and prevents flame propagation along the vortex axis.  

CHOKED STAGED : No flashback
ṁICS
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PREMIXED STAGED

Experiment Flashback Chamber 
Stabilized

LES Flashback Chamber 
Stabilized

▪ Quiet system is flashback robust 
▪ Full flashback can be triggered 

by sufficiently strong acoustic 
forcing combined with vortex 
core flame propagation 

▪ This forcing occurs naturally due 
to a self-excited thermoacoustic 
instability

▪ Fuel staging produces a lean 
vortex core and prevents flame 
propagation

The LES predicted 
flashback before the 

experimental confirmation
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Initialization strategy
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Non-reflecting 

Outlet

NOZZLE 
Non-reflecting 

Inlet
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Natural 

conditions


