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Low carbon hydrogen production and its final use

A widespread of low carbon H2 is only possible 
with  abundant and cheap electricity



These technologies cannot be designed without 
new fundamental science for H2 combustion  

Develop numerical tools and validate to 
design safe and reliable H2 power units

Piste 2 - Version couleur



Flashback

H2 combustion issues studied @ IMFT
Ignition 

Noise Thermoacoustics

Flame wall 
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Hot wall

6 test benches adapted to optical diagnostics and acoustic characterization 

Hydrogen combustion lab

WP4 : Submerged combustion 
and fluidized bed 



Air/N2 injection  
~1 bar 
Tu =300 - 700 K
250 nm3/h

Fuel injection conditions

Upstream boundary conditions
• Hotwire: mean, rms, time resolved
• Pressure drop
• Acoustic impedance
• Acoustic modulations

Downstream boundary 
conditions
• Velocity: PIV
• Temperature: radiative 

corrected thermocouples
• Species concentrations: 
O2, CO2, CO, CH4, H2           
NO, NO2
• Acoustic impedance
• Acoustic modulations

Zoomed diagnostics: 
Down to 2 mm x 2 mm
• Hot wire, PIV: u, urms
• PIV – OH-PLIF: flow, flame
• Raman scattering (mixing)
• Schlieren

Flow field analysis: up to 10 cm x 10 cm
• 2D stereoscopic PIV: mean, rms, phase synchro. 
• OH-PLIF : flame front, burnt gases
• CH* OH* : line of sight (high speed)

Walls:
• Temperatures: pyrometers, 

thermocouples, IR camera, 
LIP

• Heat flux 

CH4, C3H8, H2
Pi = 1 - 5 bar, Ti = 300 - 700  K
80 kW

Ignition
• Spark
• Laser

IMFT test rigs are designed and instrumented for CFD



1. Operability of multi perforated 
laminar premixed burners



Domestic boiler burners

Nominal operation with Natural Gas
<latexit sha1_base64="OWXdhTW7LzT3ej2fW3rFsG9eL0I="></latexit>
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0.65  �  0.85

Turndown ratio : 3 kW – 30 kW

Burner 1 Burner 2 

Aniello et al. IJHE (2022) 47:33067

Radiant mode Adiabatic mode
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Air excess ratio needs to 
be increased with H2 
content in the fuel (higher 
pressure drop)

CH4

H2

Aniello et al. IJHE (2022) 47:33067
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Hydrogen injection 
increases flashback 
propensity at low power



Demixing induced by preferential diffusion

CH4 - air

fi=1.00, SL=0.36 m/s

CH4/air mixture
Le ~ 1

fi=1.00

f ~1.00

f ~1.00

DNS A. Aniello @ IMFT

H2 - air

fi=0.45, SL=0.40 m/s

Lean H2/air mixture
Le < 1

fi=0.45

fm ~0.75

f ~0.23

0.4 0.6 0.8 1.0 1.2 1.4

¡

0.0

0.5

1.0

1.5

2.0

2.5

3.0

S
l
[m

s°
1 ]

CH4-air

H2-air

San Diego

Gri30

AP

For lean H2/air mixtures Le<1,
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injection hole
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Burner 1 

Blow off is not an issue for H2/air flames

holes
slits

Lean H2/air 
premixed flames 
stabilize in the 
wake of bluff 
bodies 
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Results and discussion

Flashback limits and impact of the burner thermal state

The regime of interest corresponds to flashback occurring
during the transient thermal state of the burner after ignition
for a fixed flow rate, equivalence ratio and hydrogen enrich-
ment. Fig. 4 illustrates the three steps of a typical flashback
event observed in this regime, as captured by a Nikon D8500
camera at 60 frames per second. Image (a) is right after igni-
tion. The flames are all well stabilized over each perforation.

The burner wall temperature clearly increases between im-
ages (a) and (b). Both ends of the burner remain colder due to
heat losses to the plenum (on the left) and to the window (on
the right). Flashback takes place between images (b) and (c).
Image (c) shows the outer flames being blown off accompa-
nied by a violent sound pressure peak. Blow off is the conse-
quence of the rapid gas expansion caused by the flame
suddenly propagating inside the burner.

Fig. 5 shows a contour map of adiabatic flame tempera-
tures Tad, as a function of equivalence ratio and H2-hybridi-
zation power rate PH2. Adiabatic flame temperatures Tad of
methane/hydrogen/air mixtures are calculated at pa ¼ 1 bar
with the 1D-flame solver CANTERA using the GRI-MECH 3.0

mechanism for gases injected at Ta ¼ 300 K. The red dashed
line illustrates the reference temperature Tad ¼ 1915 K, cor-
responding to a methane/air flame at f ¼ 0.75. The equiva-
lence ratio must be reduced to about f ¼ 0.64 for a hydrogen/
air mixture to keep the same adiabatic temperature. The solid
line with triangle markers exhibits the flashback limit of the
burner for 3 kW thermal power. The flashback boundary was
obtained by firing the burner with increasing contents of
hydrogen at a given equivalence ratio, until flashback occurs.
This process was repeated for a wide range of equivalence
ratio. The target burnt gas temperature Tad ¼ 1915 K becomes

unreachable for combustible mixtures with hydrogen con-
centrations PH2 > 60% because of flashback. In the following,
flashback is investigated at operating conditions close to the
iso-line of interest Tad ¼ 1915 K.

Fig. 3 e Examples of determination of the preheated temperature Tu from the combustible mixture leaving the burner holes
deduced from exponential extrapolation of experimental data. Two operating conditions are presented. The external
metallic surface temperature Tw is 948 K (top) and 1010 K (bottom), leading to Tu/Tw ≃ 0.74 in both cases.

Fig. 4 e Flashback sequence recorded by a color-camera at 60 frames per second. Conditions are f ¼ 0.78, PH2 ¼ 65%,
P ¼ 3 kW. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

i n t e r n a t i o n a l j o u r n a l o f h y d r o g en en e r g y x x x ( x x x x ) x x x 5

Please cite this article as: Pers H et al., Autoignition-induced flashback in hydrogen-enriched laminar premixed burners, International
Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijhydene.2022.12.041

Analysis of flashback 

Tw burner wall 
temperature

No systematic relationship 
between Ub/SL and 
flashback limit

Aniello et al. IJHE (2022) 47:33067

Impact of wall temperature 

lines (Figs. 6(a-d)) is not constant and the ratio between the mean velocity through a burner

hole Ub and the laminar burning velocity SLvaries substantially as indicated in Tab. 5. This

Description �g ; PH2 T u (K) Tw (K) (Ub/SL)Tu

Stable* 1.0 ; 0% 771 ± 4 1100 ± 3.3 1.1

Stable 0.8 ; 0% 692 ± 6 1060 ± 3.2 1.9

Flashback 0.6 ; 45% 594 ± 5 973 ± 2.9 1.8

Flashback 0.5 ; 62% 521 ± 11 863 ± 2.6 2.8

Flashback 0.45 ; 76% 499 ± 11 820 ± 2.5 3.3

Table 5: List of operating conditions used to investigate the role of the ratio between the bulk flow velocity Ub and

the laminar burning velocity SL with respect to flashback occurrence. This ratio is calculated for the gas temperature

Tu(after being heated by the combustor walls), showing the decisive role of the unburned mixture temperature. The

first stable condition identified by * is not included in the stabilization maps since the wall temperature Tw overcomes

the overheating threshold of 1500 K, but is specifically considered in this table because of the low value of the ratio

(Ub/SL)Tu .

table lists five operating points for burner B1 at 4 kW, where two stable operating points are

compared to three conditions representative of flashback events. The ratio Ub/SL is calculated

considering flow and laminar burning velocity at the measured gas temperature T u, showing that

(Ub/SL)Tu increases considerably with the hydrogen content PH2 at different flashback conditions.

Hence, the H2-induced flashback cannot be simply predicted in view of the competition between

the bulk velocity Ub and the laminar burning velocity SL. With the goal of broadening the

number of operating conditions subjected to flashback and investigate this phenomenon, a different

measurement procedure is adopted. At the beginning, the burner is in thermal equilibrium with

ambient. Then, the targeted mixture composition is imposed. After few seconds, the burner is

ignited and the evolution of wall temperature with time is monitored. Three distinct regimes are

identified after ignition:

Regime I: Combustion remains stable and the burner evolves naturally towards thermal equilibrium.

Regime II: Initially the flame stabilizes on the multi-perforated burner surface but, as Tw reaches

a certain threshold, flashback occurs. This value is defined as Tw,fb.

Regime III: Ignition itself generates a sudden flashback. In this circumstance the flame is never

22

j'aïe bulkflow
Bulk velocity Ub and burning velocity SL at flashback limit 



Flashback dynamics
Burner 2 with optical acccess
from the top

Before flashback After flashback

Pers et al. IJHE (2023) 48:10235

holes

hollow slot



High speed OH* emission during flashback, f=0.75, XH2=0.95, Tw=1050 K
16 kHZ

Hemispherical 
expansion

Flame acceleration 
with flame fingers 
along hot walls

Flame propagation 
in the bulk with 
thermo-diffusive 
instabilities  

(1)

(2)

(3)

Pers et al. IJHE (2023) 48:10235



wall initiation

ɸ = 0.78, PH2 = 65%, 3 kW

Flashback mechanisms
ɸ = 0.60, PH2 = 100%, 3 kW

hole initiation

Auto-ignition
AI-FB

Flashback can be initiated from a hole or from a hot solid surface

Pers et al. IJHE (2023) 48:10235

Hydrodynamics
HY-FB



FB-HY: Hydrodynamic flashback
Flores-Montoya et al. CNF (2023) 258:113058E. Flores-Montoya, A. Aniello, T. Schuller et al. Combustion and Flame 258 (2023) 113055 

Fig. 3. Sketch of the fluid domain, its geometrical parameters, and the applied 
boundary conditions. 
strategy is known as Neumann-Dirichlet coupling and the condi- 
tions for its stability are well known [32] . In this work, the ob- 
jective is to compute steady states until flashback so that the two 
codes can be de-synchronized in time. This means that between 
two coupling events, due to the the slow heat transfer controlled 
by diffusion in the solid phase, the time advancement in the solid 
is much larger than that in the fluid. This methodology has been 
extensively validated and successfully applied to the complex case 
of a gas-turbine blade [33] . More details about the numerics can 
be found in Appendix A of the Supplementary Material. 
3.2. Mesh and boundary conditions 

The two-dimensional fluid domain depicted in Fig. 3 allows the 
stabilization of a laminar flame on a thin slit, which is representa- 
tive of domestic boiler burners. The geometrical parameters of the 
burner, namely the slit width d = 1 mm, the wall length w = 1 mm 
and the wall thickness e = 0 . 5 mm are kept constant. The total 
length of the fluid domain is 4 h , with h = d + w . Boundary con- 
ditions are set using the NSCBC formalism [34] . The velocity u in , 
temperature, T in , and mixture composition, Y k 

in , are set at the in- 
let and the pressure p out is imposed at the outlet section. No- 
slip boundary conditions are applied on the inert solid surface. Fi- 
nally, periodic boundary conditions are applied to the sides. The 
inlet temperature is set at T in = 300 K and the outlet pressure is 
p out = 101325 Pa. 

The mesh characteristic size is 20 µm in the fluid and solid 
domains. This resolution ensures a minimum of 14 points within 
the flame thermal thickness in the worst case scenario, i.e. the 
C 3 H 8 / H 2 fuel blend, αP = 80% and iso–T ad strategy. The ARC 
scheme developed in [35] was used to model the kinetics of 
methane-hydrogen and propane-hydrogen fuel blends. It involves 
22 transported species, 173 reactions and 12 species in quasi- 
steady state. 
3.3. Flashback limit determination 

For a given hydrogen fraction αP , the equivalence ratio φ is ad- 
justed according to the fuel blend and the hybridization strategy, 
which determines the reactants composition Y k 

in . For each mixture, 
a stationary flame at thermal equilibrium with the solid wall is 
computed. Then, the inlet velocity is reduced in steps correspond- 
ing to a decrease of the thermal power by 125 W / m . The flash- 
back limit of a given αP and φ is defined as the smallest power 
for which a steady flame can be obtained. This minimal power is 
designated as flashback limit and denoted by P f . 
4. Results and discussion 

This section is devoted to the analysis of the flames at the flash- 
back limit. Their structure is first examined in order to identify the 
physical parameters driving the onset of flashback. Then, the dy- 
namics of the flame during flashback is presented. 

Fig. 4. Normalized heat-release rate for propane-hydrogen-air flames with increas- 
ing hydrogen content αP . 
4.1. Flame front structure 

Figure 4 shows the normalized fields of heat release rate at 
the flashback limit, for H 2 -enriched propane-air flames in the iso–
T ad and iso–δT hybridization strategies. The heat release rate ˙ ω T 
is normalized by the maximum value in the corresponding one- 
dimensional unstretched adiabatic flame with the same inlet con- 
ditions, ˙ ω 0 T . All cases are labeled with the hydrogen content αP and 
the equivalence ratio, φ. The corresponding figure for H 2 -enriched 
methane-air flames can be found in Appendix B of the Supplemen- 
tary Material. Additionally, the flame front is highlighted via a dot- 
ted line, defined as the coordinates (x f , y f ) where: 
(
u · ∇ ˙ ω T )x f ,y f = 0 (4) 

In this expression, u and ˙ ω T denote the local velocity and heat 
release rate respectively. In order to avoid a mathematical inde- 
termination near the walls where the velocity is null, the dotted 
line is stopped at 85% of ˙ ω 0 T . This criterion is somewhat arbitrary 
but does not alter the following qualitative interpretation. Finally, 
on each flame, the location of the maximum heat release rate is 
marked with a large filled circle. 

In the iso–T ad strategy ( Fig. 4 (a)), the flame height at the flash- 
back limit is roughly constant until αP ∼ 40% but then increases 
rapidly. There is a five-fold increase in flame height between pure 

4 

is a constant 

that depends on mixture 
Lewis number LeD

Flashback theory for laminar flames

Ub bulk velocity at which flashback takes 
place in a slit of width d

<latexit sha1_base64="nQgIpGfiAcRlefZYUDMYy4376xs="></latexit>

Ub

SL
/ d

�T

E. Flores-Montoya, A. Aniello, T. Schuller et al. Combustion and Flame 258 (2023) 113055 

Fig. 7. Normalized bulk velocity versus effective Lewis number, at the flashback limit for different fuel blends and hybridization strategies. : CH 4 / H 2 iso–T ad ; : 
CH 4 / H 2 iso–δT ; : C 3 H 8 / H 2 iso–T ad ; : C 3 H 8 / H 2 iso–δT . 

Fig. 8. Evolution of the normalized lateral position of the maximum heat release 
rate versus diffusion-based Lewis number, Le D , for all cases. : CH 4 / H 2 iso–

T ad ; : CH 4 / H 2 iso–δT ; : C 3 H 8 / H 2 iso–T ad ; : C 3 H 8 / H 2 iso–δT . 

flame gets closer and the flame, which approaches the solid as 
it heats up. In principle, the numerical simulation of a flashback 
event would require the synchronization of the combustion and 
heat transfer solvers [45] . On the one hand, the physical time of 
this coupling scales with the characteristic time of heat diffusion 
in the solid, which can be estimated as t s = e 2 /α ! 27 . 5 ms, where 
α is the thermal diffusion coefficient of the solid and e is the thick- 
ness of the wall. On the other hand, the flame propagation through 
the burner slit is a much faster phenomenon with a time-scale 
of the order of t f = e/ S L , which for the considered cases lies be- 
tween 0 . 4 ! t f ! 2 ms. Consequently, there is a clear separation of 
time scales allowing to assume that the solid has a constant – yet 
nonuniform – temperature during the flashback. Because it is also 
quite unlikely that the increase in temperature of the burner while 
the flame is flashing back would drastically affect its dynamics, 
with the intent to save CPU time, the following procedure is cho- 
sen in this work. The initial condition corresponds to the last sta- 
ble flame that could be obtained with desynchronized coupling, i.e. 
the flames presented in Section 4.1 . The temperature of the solid 
wall is fixed and the inlet velocity is progressively reduced until 
the flame propagates upstream. 

Fig. 9. Evolution of the normalized displacement velocity S D /S L versus the dimen- 
sionless transverse coordinate 2 y/d for H 2 -enriched methane-air flames in the iso–

T ad (left) and the iso–δT (right) hybridization strategies. : αP = 0% ; : 
αP = 20% ; : αP = 40% ; : αP = 50% ; : αP = 60% ; : αP = 
80% ; : αP = 100% . 

This methodology is now applied to two representative cases: 
one below and one above the critical threshold of Le V = 0 . 5 . These 
flames are respectively αP = 20 % and αP = 60 % for the CH 4 / H 2 
and the C 3 H 8 / H 2 blends with the iso–T ad hybridization strategy. 
Figure 10 shows the flame front dynamics during flashback. 

In Fig. 10 (a), the flame remains symmetric during flashback and 
the fastest point is the flame tip, corresponding to the location of 
the maximum heat-release rate when Le V > 0 . 5 (cf. Fig. 8 ). How- 
ever, as exemplified in Fig. 10 (b), when Le V < 0 . 5 there is a sym- 
metry breaking and the fastest point in the flame front lies now 
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Impact of hole size Pers et al. CNF (2024) in revision

Reducing the hole size does not reduce flashback propensity



2. Jet flames ignition dynamics 



Ignition is a critical issue in many combustors
Courtesy of C. Mirat EM2C

• Systematic ignition of flammable 
mixture

• Smooth transition of flame kernel to 
burner stabilized flame with the 
desired shape  

• Limited pressure overshoot

Good ignition
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Ignition dynamics of CH4/H2/air mixtures
Premixed non-swirling jet burner 
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Impact of ignition sequence:
• Fuel first/spark after
• Spark first/fuel after 
• Variation of pre-fueling time 

With H2, transient flashback can occur over 
a broad part of the operability domain



Ub= 5 m/s, SL=0.25 m/s, Ub/SL=20 

No flashback

Transient flashback

Flashback

Yahou et al. (2023) PCI, 39:4641

PHO (CH4/air) 
No flashback 

For the same pressure overshoot, 
H2 flames have a higher 
propensity to flashback 

PH100 (H2/air) 
Flashback 

Pressure overshoot



Ub= 5 m/s, SL=0.25 m/s, Ub/SL=20 

Yahou et al. (2024) CNF,  in revision

<latexit sha1_base64="9q7u9PytQ8hc3BbM8Ve2AmtFm2A="></latexit>

� = Tb/Tu

Flame displacement speed 

<latexit sha1_base64="BfblRbUJjrzxF/3KovmvYRePjSM="></latexit>

Sd/�SL
Yahou et al. (2024)  Submitted Int. Symp. Comb., 2024

Thermodiffusive effects increase H2 flame speed 
H2 flames have  higher resistance to strain rate

5 kHz PIV / OH-PLIF



3. Partially premixed model gas 
turbine burner



Aerojet gas turbine MICROMIX concept

Disruptive technology with
a deep modification of 
combustion chamber architecture

MICROMIX injectors : many small
hydrogen jets in air cross-flow

Convential chamber Micromix chamber



Structure of lean premixed CH4/H2 swirled flame 
PIV and OH-PLIF measurements
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Effect of H2 add. on premixed flame stabilization
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Hydrogen enriched premixed flames are more compact and more resistant to 
aerodynamic strain and enthalpy losses leading to  increased thermal stress 
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As the H2 content increases, elongated V-flames transit to compact M-flames 
with an additional reaction layer stabilized in the OSL
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Fully premixed H2-air swirled burner

Turbulent lean premixed H2-air swirled flames are extremely sensitive to 
flashback

T ~ 800/900°C

S. Marragou PhD IMFT
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HYLON : Hydrogen Dual Swirl Low NOx burner
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• Late hydrogen injection Eliminate the flashback risk
• Swirled hydrogen injection Improve mixing to reduce NOx emissions
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Impact of Si on H2/air mixing rate
N2 Rayleigh scattering 
@ 532 nm 

N2 Raman scattering 
@ 680 nm 

1.7 Motivations and content of the thesis

1.7 Motivations and content of the thesis

This work is motivated by the need of a safe, low-emission and low-cost hydrogen injector for gas turbines
funded by the ERC advanced grant SCIROCCO no. 832248 (cerfacs.fr/SCIROCCO). A new injector was
developed at IMFT in collaboration with Safran. The system is a coaxial injector with swirl inside both
internal and annular channels used to inject hydrogen and air respectively. Work has started at the beginning
of this thesis at TRL 0 (concept) to reach TRL 4 (with proof of the concept tested with laboratory scale
prototype) at the end of this work. The manuscript is organized as follow.

Chapter 2: Experimental tools
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swirler
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CH4/air or air
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Chapter 2 describes the burner and the coax-
ial injectors used in this work. The external swirl
level Se is fixed for all experiments and the swirl
number in the central channel Si is varied. Two
fuel injection strategies are considered. The first
one, called DFDS for Dual Fuel Dual Swirl in-
jector is powered by a CH4/air mixture in the
annular channel and hydrogen flowing inside the
internal channel. The second one, called HYLON
for HYdrogen LOw Nox injector has only air in-
jected in the annular channel with here hydrogen
through the central lance. The results gathered
on a set of prototypes are presented in Chapter 3
to Chapter 7.

Chapter 3: Flame stabilization regimes
A parametric analysis is first conducted in

Chapter 3 to identify the di�erent flame stabi-
lization regimes for the DFDS and HYLON in-
jectors. Flame images in the visible and UV
spectrum are used to highlight the influence of
the hydrogen content Xf

H2 in the CH4/H2 global
fuel mixture, the inner swirl level Si, the injec-
tor recess distance yi between the outlet of the
internal and external coaxial channels and the
injection velocities ue and ui in the annular and
central channels. The influence of these param-
eters is further analyzed to determine the best
configuration in order to obtain aerodynamically
stabilized flames over the largest range of oper-
ating conditions. These configurations are then
determined for H2/air flames produced with the
HYLON injector for several combinations of in-
ner swirl level Si and hydrogen injector recess
yi.
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4.2 Influence of injector recess

Figure 4.5 – Impact of the inner swirl level Si on the normalized diameter of the CRZ dCRZ/di along the
normalized vertical axis y/di.
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Figure 4.6 – Mean velocity field in the axial plane close to the central injector outlet for an inner swirl level varying
from Si = 0.0 (a) to Si = 0.9 (d) without hydrogen injector recess yi = 0 mm. The fields are normalized by the bulk
air velocity ue = 28.5 m/s in the external channel. The central injection velocity is ui = 34 m/s. The white dashed
lines delineate the boundary uz = 0 m/s of the CRZ. Air is injected in the external channel. Helium is injected in

the central lance.

Globally, the same trends are observed for the evolution of the flow in the near field of the injector outlet
when the swirl level in the central channel is increased. The better resolution of the measurements allows a
better characterization of the central jet. The increase of the central jet angle –i with the inner swirl level
Si can now be measured accurately and the values are reported in Tab. 4.1. The angle of the central jet –i

increases with the swirl level. Moreover, the flow blockage at the outlet of the central lance increases with
the inner swirl level. A small recirculation zone appears above the injector lips. Figure 4.2 already showed
that the angle of the annular jet flow –e increases slightly with the inner swirl level. These data are used in
the following to model mixing between the two jets.

4.2 Influence of injector recess

The internal swirl level is now fixed to Si = 0.6 to explore the e�ect of the recess distance yi of the
internal injector with respect to the annular channel outlet. Figure 4.7 shows the structure of the mean
velocity field when the recess increases from yi = 0 to yi = 8 mm. The wide CRZ in Fig. 4.7.a without
recess yi = 0 mm pushes the annular flow radially that features an angle –e = 42¶ with respect to the burner
axis. The recirculation velocity in the CRZ reaches in this case values close to |ue|/4 on the burner axis.
For the cases with a recess yi = 2, 4 or 8 mm, the flow field inside the injector is not visible, but Figs. 4.7.c
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0.0
H2 Air H2 Air

Cold flow velocity field (PIV) 

S. Marragou PhD IMFT

CW laser
@ 532 nm

Swirling hydrogen 
improves the 
mixing rate at the 
burner outlet

H2 molar fraction
y/di = 0.67

Si = 0.0

Si = 0.9X iX H
2

Well mixed limit



Two stabilization regimes

a) b)

Flame A Flame B

a) b)

Flame A Flame B

Anchored Lifted

𝑇 ~ 600/700°C 𝑇 ~ 200/300°C

Marragou et al. (2022) IJHE 47: 19275
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Analysis of flame re-anchoring
Reduction of the hydrogen 
injection velocity Ui



Line of sight OH* visualization (16 kHz)

Edge flame  

High speed image of flame re-anchoring
Aniello et al. (2023) CNF, 249:112585



TFUP : Triple Flame Upstream Propagation zone

TFUP zone: 𝑢#< 𝑆$
Marragou et al. PCI (2023)  255:112908

H2 Air H2 Air

Anchored Lifted

TFUP

Z0 Z0

TFUP

ut < Sd ut < Sd
Triple flame displacement speed 
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Flame stabilization deduced from 
• cold flow PIV: ut
• cold flow Raman scattering: Z0
Marragou et al. CNF (2023) 39:4345



Flame re-anchoring prediction

Hydrogen swirl level

Impact of swirl, p=1 atm, T0=300 K 
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Si

Marragou et al. CNF (2023) 39:4345

Ui : hydrogen velocity at which transition to anchored flame takes place

Impact of air preheating, p=1 atm, Si=0.6
Magnes et al. JEGTP (2024) 146:051004 
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High pressure test @ ONERA

High pressure ONERA Palaiseau Micado test rig 

Attached

Lifted

Test at engine relevant 
thermodynamic conditions

G. Pilla, ONERA



NOx emissions 

At high power, NOx are 
independent of thermal power 

NOx scale with adiabatic flame 
temperature and residence time

Magnes et al. JEGTP (2024) 146:051004 

p=1 atm



Mean OH-PLIF Instantaneous OH-PLIF snapshots

Blow off
p=1 atm, T0=300 K 

Flame front fragmentation at 
the tip (local extinctions) at very
lean operating conditions

Magnes et al. ASME Turbo Expo, June 2024, London
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Interplay between unburnt and NOx emissions 
Magnes et al. ASME Turbo Expo, June 2024, London

p=1 atm, ue = 40 m/s 

Compromise between NOx and unburnt emissions. Combustion efficiency increases 
with preheat temperature. 



Combustion noise

PH20 (H2+CH4/air) PH100 (H2+air) 

Combustion roar noise 
peaks at  higher frequencies
with hydrogen 

P = 7.5 kW, ReD=25000, f~0.5 HYLON DFDS version

Marragou, Paniez



Thermo-acoustic stability  
100% H2 (PH100) 

Free of thermoacoustic 
instability (TAI)

Low frequency TAI ~ 500 Hz

High frequency TAI ~ 5 kHz

Blow
 off

100% CH4 (PH00) 25% H2 (PH25) 

Blow
 off

Low frequency TAI 
~500 Hz

Higher H2 content results in (1) broader conditions experiencing TAI 
(2) emergence of high frequency TAI

SPL [dB]

Paniez PHD IMFT



High frequency instabilities Paniez et al.  Submitted Int. Symp. Comb., 2024

Helical hydrodynamic pattern
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Spinning pressure wave
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Conclusion
Efforts to characterize hydrogen flames at IMFT will be pursued with its
partners

Piste 2 - Version couleur

Ignition, combustion noise, hydrogen gaseous leaks, 
flame wall interactions 

Thermoacoustics

High pressure

P < 5 bar (2024)
P < 10 bar
<100 kW

High pressure
Micado test rig



Francazal and HYROPE

Francazal H2 techno campus 2025
200 m2 combustion lab
6 new slots for experiments 
2 high pressure test facilities

HYROPE ERC SINERGY (2024-
2030)

P < 10 bar (2026)





Conclusion
• Decarbonization requires high volumetric fractions of (green) hydrogen

in the fuel mixture

• Fuel injectors and block gas regulation systems need to be adapted to
fuel blends with reduced Wobbe index and reduced calorific value

• In premixed systems, large air excess ratio are needed to limit NOx
emissions and flashback but generate in turn higher pressure drops

• Injector nozzle thermal stress and flashback are the main issues due to
high flame displacement speed and high resistance to strain of H2 flames

• Growing number of hydrogen injectors are tested worldwide in order to
improve burner reliability and operability with limited NOx
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But many issues need to be addressed
• Ignition is more violent with hydrogen

• Higher autoignition risk due to lower ignition delay
• Turbulent hydrogen fueled flames are noisier than NG fueled flames
• Thermo-diffusive instabilities need to be considered (not only for laminar 

flames)

• Hydrogen fueled flames are more receptive to incoming flow disturbances
• H2 kinetics needs to be improved to predict pollutant concentrations (NO, 

NO2, N2O)

• Near wall H2 chemistry is not well known
• ….

H2 combustion raises many exciting 
challenges for the combustion community



Urgent need of experiments for model 
and CFD validations 

• Fundamental properties of H2/air flames 
• Canonical laminar and turbulent configurations with detailled data 
• Engine relevant thermodynamic conditions : T=1000 K, p=30 bar 

Take away message



Thanks to 
H. Pers L. Selle
H. Magnes T. Poinsot
T. Yahou
T. Morinière
A. Aniello
S. Marragou
E. Flores-Montoya

Piste 2 - Version couleur



H2 combustion in porous media Poster
Enrique Flores Montoya



Poster of the HYLON flame



Flashback

H2 combustion dynamics issues we are not able to predict
Violent 
ignition Noise

Combustion 
instabilities 



Burners powered by natural gas

Systems powered by natural gas are challenged by H2 injection

two examples

Domestic boilers
p=1 atm
T= 20°C, ambiant air

Air excess ratio

Laminar flames stabilized on perforates
New boilers are ready for 20% H2

<latexit sha1_base64="OWXdhTW7LzT3ej2fW3rFsG9eL0I="></latexit>

1.15  �  1.55
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0.65  �  0.85 p= 20-40 bar, T=700-900 K, swirling flames
Some turbines already handle 50-70% H2 in 
the fuel blend

Gas turbines
Domesticgasboiler

Gasboilerforheatingandhotwaterproduction

Usingafullpremixburner

Fedbythenaturalgas

HeatcellBurner(premix)

PhDThesisDefense
YiDINGJune19,2018

IntroductionFlamechemiluminescenceIonizationcurrentDemonstrativesystemConclusion
3/30



Domestic boiler burners
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Pipeline natural gas

Effect of adding hydrogen to natural gas

Workshop CEN-ENTSOG, Brussels

Red area: CBP natural gas specification limits as reference

LNGImpact of hydrogen in natural gas network
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Relative gas density with 
respect to air @ 15°C 
and 1 atm

Hydrogen reduces Wobbe index 
and calorific value of natural gas 
when mixed with it 

http://www.marcogas.org/


CH4/H2 fuel blends
Stoichiometric combustion 

Table 1: CH4/H2/Air mixture

XH2 0 0.20 0.50 0.80 1.00

YH2 0 0.03 0.11 0.33 1.00

PH2 0 0.07 0.23 0.54 1.00

EF [-] 1.00 0.93 0.77 0.46 0

XCH4CH4 +XH2H2 + 2

✓
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3

2
XH2

◆
�! XCH4CO2 + (2�XH2)H2O (1)

1
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H2 volume fraction
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Fraction of power originating 
from H2 combustion

Decarbonization of combustion devices requires 
large volumetric fractions of H2 in the fuel mixture

Fuel Emission 
Factor (gCO2/MJ)
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PH2 =
YH2QH2

YCH4QCH4 + YH2QH2

Fraction of power originating 
from H2 combustion

Decarbonization of combustion devices 
needs large volumetric fractions of H2
in the fuel mixture

We are here
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CH4/H2-air mixture properties

For lean combustible mixtures (f < 0.8), hydrogen injection does not alter 
Tad for XH2 < 0.2, but drastically increases S0

L for  XH2 > 0.1
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H2/air mixtures properties
Adiabatic flame simulations, UCSD chemistry, p=1 atm, T=300 K 

Thermodynamic 
equilibrium

To limit NOx emissions, 
increase of air excess ratio:
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Tad < 1800 K

Flame still burns 2 times
faster than NG/air flames
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Flame speed of H2/air mixtures

Courtesy of Jean-Jacques Hok @ Cerfacs

H2/air - T=300 K, p=1 atm

Wide disparity of laminar 
burning velocity for lean 
H2/air flames 

Constant volume bomb experiments
Beeckmann et al, PCI (2017) 36:1531



Thermo-diffusive instabilities of lean H2/air flames 
H2/air - f = 0.36, T=300 K, p=1 atm

Hok et al. ICDERS 2022

The displacement 
speed of lean 
hydrogen premixed 
flames is strongly 
altered by non 
equidiffusive
transport properties

Berger et al. CNF (2022) 240:111935 
Berger et al. CNF (2022) 240:111936 
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NOx formation pathways et emissions 
Capurso et al. CNF 2023: 112581 Magnes et al. GT 2023-103192

NOx emissions remain  under 
control, but why?  
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Thermodiffusive instabilities in turbulent H2 flames 

32

Berger et al. (2022) CNF: 111935 & 111936 

DNS, Tu=298 K, p=1 atm

The consumption speed of lean 
hydrogen premixed flames is strongly 
altered by thermodiffusive instabilities

MOVIE

MOVIE
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Regime III: Flashback takes
place immediately after
ignition, Tw,fb=Ta

Regime I:  combustion 
remains stable. The burner 
temperature Tw naturally 
evolves towards thermal 
equilibrium.

Regime II: stable 
combustion for Tw<Tw,fb. 
Flashback takes place 
when Tw=Tw,fb



Boiler supplied with natural gas and equipped with an
induction mixer. The metal enclosure “breathes” with
flames that expand and contract periodically at very
low frequency 10-20 Hz

Film

Thermoacoustic instabilities

D. Durox, EM2C

Natural gas fueled domestic boiler



Thermoacoustic instabilities 

H2 fueled domestic boiler

Strong tonal noise emission at high at f=1.8 kHz!



Ignition dynamics

30

T. Yahou PhD IMFT/NTNU

PH0 PH100 

Fully premixed non-swirling jet burner Ub= 5 m/s, SL=0.25 m/s, Ub/SL=20 

Hydrogen powered systems have violent ignition dynamics possibly
leading to a temporary reversal flow (flashback)



Aerojet engine gas turbine
…… are powered by kerosene Hollow cone fuel spray injector

How to switch to hydrogen?  

2x105 frames/s T. Morinière PhD IMFT



Premixed swirled CH4/H2-air flames

Guiberti et al. (2015) PCI, 35:1385
Mercier et al. (2016) CNF, 171:42

Swirled injector

CH4/H2/air 
mixture

Radial swirl vane

Swirl number :  S=0.4
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Flame stabilization
P=10 kW Si=0.9  Se=0.7 
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f = 0.58
fe ~ 0.01
J=7
ue = 24 m/s
ui = 36 m/s
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Effect of pilot jet injection on NOx emissions 
P= 4 kW,  f=0.8 @ PH2=0, Si=0, Se=0.55 
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PH2 [%]

H2 pilot

CH4 pilot

Fully premixed 

NOx emission abatement can only be 
achieved with a better mixing 26

Oztarlik (2020) CNF 214



HYLON : NOx emissions 

a) b)

Marragou et al. (2022) IJHE 47: 19275--19288

Lifted flames lead to reduced NOx emissions
29
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8 mm

18 mm

Dual fuel dual swirl non-premixed injector
Swirling the fuel yields compact and lifted flames 
Degenève et al. (2019) JEGTP 141:121018

H2

Internal 
swirl Si

CH4/AirCH4/Air

External
swirl Se

Aerodynamically stabilized flame

64 mm
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P = 10 kW,� = 0.79,PH2 = 0.4

S. Marragou’s iphone picture 14


