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Abstract 

High-fidelity numerical simulations are used to study flame root stabilization mechanisms of cryogenic 
flames, where both reactants (O 2 and CH 4 ) are injected in transcritical conditions in the geometry of the 
laboratory scale test rig Mascotte operated by ONERA (France). Simulations provide a detailed insight into 

flame root stabilization mechanisms for these diffusion flames: they show that the large wall heat losses at the 
lips of the coaxial injector are of primary importance, and require to solve for the fully coupled conjugate heat 
transfer problem. In order to account for flame–wall interaction (FWI) at the injector lip, detailed chemistry 
effects are also prevalent and a detailed kinetic mechanism for CH 4 oxycombustion at high pressure is derived 

and validated. This kinetic scheme is used in a real-gas fluid solver, coupled with a solid thermal solver in 

the splitter plate to calculate the unsteady temperature field in the lip. A simulation with adiabatic boundary 
conditions, an hypothesis that is often used in real-gas combustion, is also performed for comparison. It is 
found that adiabatic walls simulations lead to enhanced cryogenic reactants vaporization and mixing, and to 

a quasi-steady flame, which anchors within the oxidizer stream. On the other hand, FWI simulations produce 
self-sustained oscillations of both lip temperature and flame root location at similar frequencies: the flame 
root moves from the CH 4 to the O 2 streams at approximately 450 Hz, affecting the whole flame structure. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

The global market of space launchers witnessed 

a marked and fast evolution at the beginning of 
the 2010s, with increased efforts to drastically cut 
ier Inc. All rights reserved. 
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own operation costs for example by developing
eusable launchers, such as the Falcon 9, designed
y SpaceX. These successes were largely due to
echnological adjustments on liquid rocket engines
LREs), which are now expected to be re-usable,
e-ignitable, and able to operate at variable-thrust
evels. To meet these constraints, engine designers
lan to employ CH 4 /O 2 cryogenic combustion, in
arious thermodynamic states at injection, namely
upercritical conditions (LOx/GCH 4 ) as well as
oubly transcritical conditions (LOx/LCH 4 ). Even
hough these new LREs are expected to be fully ex-
loitable by 2030, little is known on these new real-
as diffusion flames stabilized on coaxial O 2 /CH 4 
njectors. 

Fundamental reviews of physical processes
overning mixing, vaporization, and combustion
nder transcritical and supercritical conditions
re proposed in [1,2] . In the transcritical state
i.e., when pressure exceeds the critical pressure of 
he fluid, but temperature is below its critical tem-
erature) the fluid thermodynamic properties sig-
ificantly differ from that of a classic subcritical liq-
id: as surface tension vanishes jet dynamics are no

onger controlled by breakup and atomization, but
y mass transfer through turbulent mixing [3,4] .
ignificant efforts were carried out in the domain
f numerical simulation of real-gas combustion
ith pioneering works [5–7] investigating realistic
O 2 /GH 2 shear-coaxial jet flames. It was found

hat the flame root, dominated by diffusion effects
ue to large thermophysical properties gradients, is
tabilized in a region of high shear behind the in-
ector lip. Meanwhile, experiments of similar super-
ritical reactive flows have been carried out in dif-
erent facilities, including the Mascotte test bench
perated by ONERA (France) [8] . First the struc-
ure of supercritical LO 2 /GH 2 shear-coaxial flames
as characterized experimentally [9–11] , and these

esults were later recovered numerically with Large
ddy Simulation (LES) [12] . LO 2 /CH 4 flames un-
er various injection conditions were also exam-

ned experimentally [13] and numerically [14] . 
Most previous research efforts focused on super-

ritical flames where oxygen was injected in a dense
ranscritical state, and fuel (either H 2 or CH 4 ) as a
ight supercritical fluid (i.e., at a temperature above
ts critical temperature). Very few studies tackled
he problem of a doubly transcritical regime, where
oth reactants are injected in a dense transcritical
tate. The experimental work of Singla et al. [13] is
ne of the only analysis reporting characteristics
f such flames in a realistic shear-coaxial config-
ration, where the flame displays a specific struc-
ure consisting of two concentric conical layers of 
eactions. As this combustion regime is likely to
ccur in future LREs, a better understanding of 
overning phenomena in these specific conditions
s highly needed. In addition, most previous nu-

erical approaches relied on two crude simplifica-
ions: (1) adiabatic boundary conditions were as-
Please cite this article as: C. Laurent et al., Flame–wall 
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
sumed at the coaxial injector lip [6,7] , and (2) sim-
plified chemistry, tabulated [14,15] or based on two-
step reduced schemes [12] , was employed. However,
as briefly mentioned in [6] , heat transfer is likely
to be important in the coaxial injector lip, due to
the combination of very high heat fluxes and thin
lips. This effect is expected to be even more pro-
nounced in the case of doubly transcritical combus-
tion, since both reactants are injected in a cryogenic
state. As a consequence the resolution of a fully
coupled conjugate heat transfer problem is neces-
sary to accurately account for temperatures varia-
tions within the wall. 

Following these observations, the present work
uses a two-dimensional quasi-DNS method with
complex chemistry to investigate flame root sta-
bilization mechanisms for a doubly transcriti-
cal LO 2 /LCH 4 combustion in the Mascotte test
rig [13] . This paper addresses FWI effects on flame
root stabilization, by considering the unsteady con-
jugate heat transfer problem, where the flame and
the lip temperature field are strongly coupled. To
the knowledge of the authors, this is one of the
first attempts to simulate doubly transcritical com-
bustion of shear-coaxial flames typical of modern
LRE, including FWI and detailed CH 4 /O 2 chem-
istry. Section 2 describes the numerical approach,
including details concerning the coupling strategy
between the fluid solver and the wall thermal solver,
as well as a brief summary of the operating con-
ditions. In Section 3 a detailed kinetic mechanism
for CH 4 oxycombustion is derived and validated for
high pressure conditions. Finally, Section 4 presents
an analysis of flame root structure and dynamics,
obtained for a fully coupled simulation and com-
pares them to a case where the lip walls are assumed
adiabatic. 

2. Numerical approach and operating conditions 

The unstructured solver AVBP [14,16] is used
to solve the two-dimensional compressible Navier–
Stokes equations for a reactive multi-components
mixture of fluids. Real-gas non-idealities are ac-
counted for thanks to the Soave–Redlich–Kwong
(SRK) equation of state [17] : 

p = 

ρ r̄ T 

1 − ρb m 

− ρ2 a m 

(T ) 
1 + ρb m 

(1)

where r̄ is the mixture gas constant, and b m 

and
a m 

( T ) are calculated as in [1] . Numerical schemes
and boundary conditions are adapted for real gas
thermodynamics. A specific local filtering proce-
dure is also used to handle strong density and pres-
sure gradients caused by real-gas non-idealities.
More details about this procedure as well as other
numerical parameters can be found in [14,18] . Ac-
counting for FWI in the flame root stabilization
mechanisms requires solving a fully coupled un-
steady conjugate heat transfer problem [19] . Here,
interaction effects on the flame root stabilization 
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Table 1 
Injection conditions (mass flow rate, reduced pressures and temperatures), and fluid thermal properties (effusivity e (SI), 
and effusivity ratio κ f ) for reactants and hot gases (HG). The global equivalence ratio is φg = 14 . 3 , the momentum flux 
ratio is J = (ρF u 2 F ) / (ρO 

u 2 O 

) = 33 . 3 , and the wall effusivity is e w = 1 . 9 × 10 4 (SI). 

Injection conditions Thermal properties 

˙ m in j / ̇  m 

O 2 
in j T 

in j 
R P in j 

R e f (SI) κ f 

O 2 1.0 0.55 1.49 260 75.5 
CH 4 3.59 0.62 1.64 2200 8.9 
HG – 80 245 

Fig. 1. The two-dimensional computational domain. 
Thick dark lines represent no-slip adiabatic walls for the 
fluid domain. Dashed lines are non-adiabatic no-slip walls 
were fluid and solid domains are coupled. The basis of the 
lip (hashed line) is an adiabatic boundary condition for 
the solid domain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a thermal solver named AVTP is used for the res-
olution of heat conduction in the coaxial injector
lip. Both fluid and thermal solvers are run using
a Parallel Coupling Strategy where exchange infor-
mation is performed through the OpenPalm super-
visor [20,21] : the flow solver provides a flux to the
conduction solver, while this one provides a tem-
perature to the fluid solver. Between two coupling
events, the flow solver (resp. the heat solver) per-
forms αf (resp. αw ) iterations with a timestep dt f 
(resp. dt w ), and exchange frequencies are adjusted
such that: α f d t f = αw d t w , in order to ensure phys-
ical synchronization and continuity of fluxes and
temperatures at the interface. 

The Mascotte geometry consists of a coaxial in-
jector with a central oxygen stream of diameter d O 2
surrounded by an annular methane stream [13,14] .
As the present study focuses on flame root sta-
bilization, computations are performed on a two-
dimensional domain refined in the near-injector re-
gion ( Fig. 1 ). The area of interest, of dimensions
2 d O 2 × 1 d O 2 , is located near the injector lip of thick-
ness δlip , and consists of cells of dimension 0.03 δlip

(i.e., a few μm). The diffusion flame reactive thick-
ness (of order 100 μm for the strain rate levels con-
sidered here) implies a high resolution of the front
with at least 10–16 cells across the reactive thick-
ness. Injection conditions ( Table 1 ) are similar to
the operation point T1 in [13] . The only difference
is that the chamber pressure has been increased
Please cite this article as: C. Laurent et al., Flame–wall
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
to 75 bar (instead of 54 bar in the experimental 
study), giving higher reduced pressures. This dis- 
crepancy with the experimental conditions of [13] is 
expected to strongly affect the flow features, and di- 
rect comparison with experimental data of [13] is 
therefore ruled out. However, the aim of the present 
work is not to quantitatively reproduce experimen- 
tal results, but rather to qualitatively describe flame 
stabilization mechanisms occuring in LREs condi- 
tions. The computation of this higher pressure op- 
eration point was motivated by two elements: (1) 
a pressure of 75 bar is still relevant to LREs con- 
ditions, and it remains a worthy qualitative analy- 
sis; (2) at the experimental pressure (54 bar), both 

reactants pass near their respective critical point 
as they are heated up, resulting in high fluctua- 
tions of pressure and density, due to the numeri- 
cal resolution of extremely large density gradients 
combined with highly nonlinear thermodynamics. 
These numerical oscillations destabilize the com- 
putation, unless a significant artificial viscosity is 
added. On the contrary, at 75 bar these numerical 
oscillations are less important and do not require 
the addition of an important artificial viscosity, 
thus yielding a higher-fidelity computation. One- 
seventh power-law velocity profiles are imposed at 
both reactants inlets through NSCBC boundary 
conditions [22] adapted for real-gas thermodynam- 
ics. Only the temperature field in the lip of the cen- 
tral injector is coupled with the fluid domain. The 
mesh used by the thermal solver is uniform, with a 
finer cell size of δlip /120, in order to avoid aliasing 
due to interpolation errors at the interface. At this 
point it is interesting to define some quantities rel- 
evant to conjugate heat transfer. The fluid effusiv- 
ity is defined as e f = (ρC p λ) 1 / 2 , with λ the thermal 
conductivity and C p the specific heat capacity. We 
also define the fluid effusivity ratio by κ f = e w /e f . 
The effusivity allows to evaluate the ability of a 
body to exchange heat with its surrounding. Thus 
for κ f � 1, temperature at the solid/fluid interface 
is mostly determined by the wall temperature, and 

this one can be considered as isothermal. On the 
contrary, if κ f � 1 the interface temperature is im- 
posed by the fluid and the wall may be considered 

as adiabatic. Intermediate values of κ f correspond 

to boundaries that are neither adiabatic nor isother- 
mal. Thermal properties ( Table 1 ) show the domi- 
nant thermal influence of the cryogenic CH 4 stream 
 interaction effects on the flame root stabilization 
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Fig. 2. Comparison between flame structures obtained with GRI3.0 (dark lines), and the reduced GRI HP scheme (light 
lines), for a CH 4 /O 2 counterflow diffusion flame at P = 75 bar, φg = 4 , injection temperatures T in j = 200 K, and strain 
rate a T = 1000 s −1 . Normalized mass fraction profiles of selected species (left), temperature and heat release (right) are 
presented in mixture fraction space. Vertical lines represent the stoichiometry Z = 0 . 20 . Computed with Cantera. 
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n the lip. None of the interfaces can be considered
s adiabatic. Moreover, the wall conduction char-
cteristic time scale is τw = (δ2 

l ip ρC p /λ) = 0 . 6 ms ,
hich is comparable to that of unsteady motions

n the fluid, justifying the need for a conjugate heat
ransfer problem, where both the solid and the fluid
emperatures vary on similar time scales. 

. Methane–oxygen chemistry in LRE conditions 

FWI is expected to produce large heat losses at
he injector lip, causing strong coupling between
eat fluxes and chemistry, and requiring a relatively
etailed kinetic scheme to account for low tem-
erature chemistry near the lip. However, fully de-
ailed mechanisms are too computationally expen-
ive for multi-dimensional numerical simulations,
nd very few reduced mechanisms have been de-
ived and validated for CH 4 /O 2 combustion in con-
itions relevant to those found in LREs. Here a
echanism is derived from the detailed GRI3.0

cheme, through a reduction algorithm proposed
y Pepiot-Desjardins and Pitsch [23] . The resulting
cheme, denoted as GRI HP , consists of 9 species, 82
eactions, and 7 quasi-steady state species. The re-
uction process was also applied to other detailed
chemes adapted for CH 4 high pressure combus-
ion, such as the RAMEC [24] , but the resulting
educed mechanisms did not exhibit any signifi-
ant difference when compared on diffusion coun-
erflow flames, and the GRI HP was therefore re-
ained for this study. It was validated against data
rom GRI3.0 on a number of test cases, includ-
ng 1D-counterflow diffusion flames over a large
ange of pressures, strain rates, and equivalence ra-
ios ( Fig. 2 ). For all these flames, gaseous O 2 and
H 4 injection is used, because reactants are ex-
ected to be fully vaporized when they enter the
ame zone [15] . The heat release profiles obtained
ith both mechanisms are quite similar, present-
Please cite this article as: C. Laurent et al., Flame–wall 
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
ing three reaction peaks: a primary peak in the rich
side of the flame ( Z = 0 . 25 ), a secondary weaker
peak in the lean side ( Z = 0 . 07 ), and an endother-
mic zone in the rich side ( Z = 0 . 3 ). Although the re-
duced mechanism tends to underestimate the maxi-
mum temperature ( −2.5%), and to overestimate the
primary reaction peak (+20%), an overall satisfac-
tory agreement is observed. A good agreement be-
tween GRI3.0 and GRI HP is also found for auto-
ignition delay times in isobaric reactors at high
pressure (not shown here). The flame displayed in
Fig. 2 is expected to be roughly representative of 
combustion modes encountered in the numerical
simulation, and it is therefore used in the follow-
ing of this paper as a reference for comparison.
In particular, the average volumetric heat release
rate ˙ 	0 = 3 . 5 × 10 11 W / m 

3 is used to normalize the
heat release computed in the numerical simulations
(noted HR 

∗), and the heat release per flame sur-
face area 
0 = 40 . 4 MW / m 

2 (obtained by integra-
tion over the flame thickness) is used to normalize
the wall heat flux (noted 
∗

w ). The thickness of this
flame in physical space is 125 μm, which is much
larger than the smallest cell size. 

4. Results and discussion 

Two simulations were performed, the first one
(superscript C ) using conjugate heat transfer at the
injector lip ( Fig. 1 ) thanks to the coupling strategy
described in Section 2 , and the second one (super-
script A ) with adiabatic boundary conditions at the
lip. 

4.1. Flame root structure 

Both simulations were run and averaged over
12 ms, which roughly corresponds to 5 convective
times relative to a fluid particle in the slow dense
oxygen core, or equivalently to 20 characteristic dif-
interaction effects on the flame root stabilization 
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Fig. 3. (1) Averaged temperature field and velocity streamlines in the fluid. Averaged heat flux magnitude and vector 
field in the wall. (2) Averaged heat release rate and velocity vector field in the fluid. Averaged temperature and heat flux 
streamlines in the wall. (3) Scatter plot of the flame structure in mixture fraction space, compared to the flame displayed in 
Fig. 2 . Superscripts A (resp. C ) denote the simulation with adiabatic conditions at the lip (resp. the conjugate heat transfer 
problem). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

fusion times in the solid. Averaged fields of heat re-
lease rate, fluid temperature, wall temperature, and
heat flux are shown in Fig. 3 . The flame root struc-
ture obtained in the adiabatic case presents some
distinguishable features. In Fig. 3 -(1 A ) Two corotat-
ing recirculation zones are visible: a first one ( R 

A 
1 ) is

located in the lip’s wake, while the second one ( R 

A 
2 )

generated by upstream flow separation lies beneath
the lip, in the oxygen injection stream. A smaller
vortex appears to be trapped and stretched between
R 

A 
1 and R 

A 
2 , where a pocket of hot gases ( HG 

A )
is trapped underneath the lip. The density isoline
ρ = 0 . 9 ρ in j 

O 2 allows to visualize the position of the
dense oxygen core, and this one appears to retract
under the influence of HG 

A , which facilitates cryo-
genic O 2 pseudo-boiling. In Fig. 3 -(2 A ) , two dis-
tinct reaction zones can be identified: an intense
primary reaction zone ( P 

A 
R ) is located in the lip’s

wake, at a distance of approximately 1.5 δlip from
the lip’s end, in a region of high shear between the
two streams. This stabilization mechanism is sim-
ilar to that described in [6] for a LO 2 /GH 2 flame.
However, unlike the LO 2 /GH 2 flame, the present
case also displays a weaker secondary reaction zone
( S 

A 
R ), situated in the zone of high shear between R 

A
1 

and R 

A 
2 . This secondary reaction zone, anchored

onto the lip within the oxygen stream, is fueled
through the pocket of hot gases HG 

A , which facili-
tates cryogenic reactants vaporization, and there-
fore their mixing. This effect is noticeable as S 

A
R 

lies close to the stoichiometry line Z = 0 . 2 : gaseous
Please cite this article as: C. Laurent et al., Flame–wall
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
CH 4 invades the dense O 2 stream and is responsi- 
ble for the anchoring of the secondary flame front 
beneath the lip. Compared to the LO 2 /GH 2 flame 
studied in [6] , this stabilization mechanism is prob- 
ably due to a significantly higher momentum flux 
ratio J = (ρF u 2 F ) / (ρO 

u 2 O 

) ( J = 33 . 3 here, while J =
0 . 24 in [6] ). The stabilization mechanism in the adi- 
abatic case seems extremely dependent on the for- 
mation and the expansion of the pocket of hot 
gases HG 

A . The temperatures reached by the lip ex- 
tremity for this adiabatic case range from approxi- 
mately 300 K to 3500 K, and are not realistic. On 

the contrary (see Fig. 3 -(2 C )) , the fully coupled 

problem yields a relatively cold time-averaged lip 

temperature, which does not exceed 450 K at its 
extremity. It is also worth noting the large tem- 
perature gradient across the lip thickness, varying 
from 450 K at the lower corner of the lip ( L low ) 
to 300 K at the point L up near its upper corner. 
The cold lip induces significant heat losses at the 
wall (up to 
∗

w = 4 . 5 , see Fig. 3 -(1 C )) and prevents 
the formation of the region of hot gases HG 

A seen 

for the adiabatic case, thereby changing the entire 
stabilization mechanism. The two main recircula- 
tion zones R 

C 
1 and R 

C 
2 still exist, but are slightly 

more separated than in the adiabatic case, so that 
no area of high shear is found at their common 

frontier. Mixing is also notably affected by wall heat 
losses: because of lower temperatures at the lip, re- 
actants vaporization is less efficient, and gaseous 
CH 4 is not transported within the oxygen stream, 
 interaction effects on the flame root stabilization 
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Fig. 4. (1) Instantaneous temperature field and heat release contours in the fluid. The dark line represents the ρ = 0 . 9 ρ in j 
O 2 

isoline. Instantaneous heat flux magnitude and vector field in the wall. (2) Instantaneous heat release rate and velocity 
vector field in the fluid. The blue line represents the stoichiometry line Z = 0 . 2 . Instantaneous temperature field with 
heat flux streamlines in the wall. Subscripts u (resp. l ) denote an instant when the flame root is located at the point L up 
(resp. L low ). (For interpretation of the references to color in this figure, the reader is referred to the web version of this 
article.) 
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s in the adiabatic case. Only one primary region
f reaction ( P 

C 
R ) is observed in the coupled simu-

ation. It is located close to the lip extremity, and
xtends over a long narrow area spreading from
he lower corner L low to the point L up closer to the
pper corner. This suggests periodic oscillations of 
he flame, as discussed below. A wider downstream
ame brush also tends to indicate large amplitude
uttering of the flame front induced by oscillations
f the flame root. Detailed flame structures ( Fig. 3 -
3 A ) and (3 C )) in the mixture fraction space show
hat with adiabatic boundary conditions, the flame
ostly burns in a pure diffusion mode, as its struc-

ure is very close to that of the one-dimensional
ame presented in Section 3 . Conversely, the cou-
led problem gives a flame that burns in diffusion as
ell as partially-premixed modes: reactions do not
ccur close to the wall due to low temperatures, and
eactants can mix before reacting. 

.2. Flame root dynamics 

In the adiabatic case, the primary reaction zone
 

A 
R does not exhibit significant oscillations, and
imilarly to the LO 2 /GH 2 flame of [6] , it is stabi-
ized in the highly sheared mixing layer between the
wo reactants streams. The weaker secondary re-
ction zone S 

A 
R , anchored beneath the lip is more

ensitive to perturbations in the cryogenic oxidizer
tream, and undergoes slight intermittentcy. The
ame root obtained with FWI effects is more un-
table and displays strong periodic self-sustained
uctuations. The primary reaction zone P 

C 
R oscil-

ates between two positions L low located near the
Please cite this article as: C. Laurent et al., Flame–wall 
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
lower lip corner, and L up closer to the upper lip cor-
ner. Meanwhile, the lip temperature field changes
in phase with the flame root motion: at the lower
corner L low , temperature varies between 345 K and
505 K, while it varies between 278 K and 355 K at
the upper corner. Snapshots of temperature, heat
release, wall heat flux, and wall temperature fields
at two instants t up and t low , corresponding to the two
distinct flame root locations, are provided in Fig. 4 .

When P 

C 
R is close to the point L up , the flame is

subjected to an important shear due to the prox-
imity of the high momentum CH 4 stream. As a
consequence, the flame root is a relatively straight
and unperturbed segment, followed by large scale
vortices downstream. At the same time, wall heat
losses contribute to rapidly heat up the upper cor-
ner of the lip ( 
∗

w = 8 . 5 ), resulting in a relatively
homogeneous temperature field across the lip thick-
ness ( T Low = 360 K and T up = 340 K). Conversely,
when the main reaction zone P 

C 
R is located near the

lower corner L low , shear is less important due to low
velocities in the oxygen stream. The flame root is
stretched and rolled up by large scale vortical struc-
tures in the mixing layer, and it undergoes a flap-
ping motion. In the meantime, the wall temperature
gradient across the lip thickness reaches its max-
imal value ( T Low = 490 K and T up = 280 K), due
to the proximity of the reaction zone to the lip’s
lower corner. In order to further investigate cou-
pling mechanisms responsible for the self-sustained
oscillations affecting simultaneously the flame root
and the wall temperature, two quantities of inter-
est are recorded over time. The first one is the ra-
dial location y fr ( t ) of the flame root (noted fr),
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Fig. 5. Left: time-series of the flame root location y fr ( t ) and the wall hotspot location y wh ( t ). Right: Fourier spectra asso- 
ciated to these two signals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) Phase-portrait of the coupled system in the 
plane ( �y (t) , ˙ �y (t) ). Red circles indicate unstable equi- 
librium points at cusps in the trajectory. Green squares 
represent unstable attracting points. (b) Schematic view 

of an analogous forced double-well oscillator. (For inter- 
pretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.) 
and the second one is the radial location y wh ( t ) of 
the wall hotspot (noted wh), defined as the point
of maximum temperature in the lip ( Fig. 4 right).
Both locations are normalized by the lip thick-
ness δlip . Coordinates origin is taken at the point
L up indicated in Fig. 4 . Temporal evolution and
Fourier spectra of the two signals are shown in
Fig. 5 . A strong correlation between flame root and
wall hotspot fluctuations appears. Both are domi-
nated by two modes, with a first fundamental mode
at roughly 450 Hz and its harmonic at approx-
imately 900 Hz. Thus, self-sustained oscillations
affecting the flame root seem to result from a com-
plex flame/heat transfer coupling at the wall. Pres-
sure fluctuations were also recorded at several lo-
cations in the domain, and as resulting spectra did
not exhibit any of the previous frequencies, the
influence of acoustics was ruled out as a poten-
tial cause of the unsteady flame anchoring. The
wall hotspot and flame root coupled dynamics can
be further studied by considering the difference
�y (t) = y wh (t) − y f r (t) (still normalized by the lip
thickness δlip ). One-dimensional Dynamic Mode
Decomposition [25] is used to isolate the most en-
ergetic components of the signals y fr ( t ) and y wh ( t ),
corresponding to the peaks in Fig. 5 . The result-
ing phase-portrait in the plane ( �y (t) , ˙ �y (t) ) is dis-
played in Fig. 6 . The origin (0,0) in the phase-plane
represents instants where wall hotspot and flame
root face each other and move at the same speed. A
quick examination of the phase-portrait allows to
rule out the existence of any distinct closed limit-
cycle, as the trajectory is chaotic and alternates be-
tween small orbits around the origin (i.e., fr and wh
are close to each other and have similar motion),
and larger orbits (i.e., fr and wh are far from each
other). Most importantly, 4 cusps located near the
origin are clearly visible on the trajectory showing
that y fr ≈ y wh is an unstable equilibrium position.
After reaching a cusp, the trajectory is sent back to
a larger orbit. These dynamics are very similar to
that of a sphere in a forced double-well oscillator,
the central bump representing the unstable equilib-
rium situation where wall hotspot and flame root
face each other. The sphere cannot reach exactly the
Please cite this article as: C. Laurent et al., Flame–wall
mechanisms of a doubly-transcritical LO 2 /LCH 4 cryogen
(2018), https://doi.org/10.1016/j.proci.2018.05.105 
top of the central bump, and slight overshoots in 

its displacement cause it to fall back on the other 
side and oscillate on a larger orbit. Analogously, 
flame root and wall hotspot are never exactly in 

phase, and overshoots in the flame displacement 
cause this equilibrium situation to diverge to large 
values of �y . Thus, the coupled dynamics consists 
of a combination of small-amplitude oscillations 
around the equilibrium state y fr ≈ y wh , and larger- 
amplitude oscillations with the flame root position 

y fr and the wall hotspot position y wh decorrelated 

from each other. Physically, this unsteady coupling 
can be explained by unsteady heat convection phe- 
nomena occurring in the fluid. (1) When the flame 
is stabilized near the point L up large vortices down- 
stream of the straight flame root bring hot gases 
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lose to the lower corner L low (see in Fig. 4 ). The lip
otspot then moves from the point L up to L low , and
he flame root follows its motion. (2) Conversely,
hen the flame is stabilized near L low , vortices con-
ect hot gases towards the upper corner, and the
everse mechanism takes place. 

. Conclusions 

Two-dimensional high-fidelity simulations have
een used to characterize flame root stabilization
echanisms in the case of doubly transcritical
O 2 /LCH 4 combustion produced at the lips of a
oaxial injector. Flame Wall Interaction (FWI) ef-
ects are accounted for by solving the coupled con-
ugate heat transfer problem at the injector lip, and
y using an appropriate detailed kinetic scheme for
H 4 oxycombustion in LRE conditions. Signifi-

antly different stabilization mechanisms are found
etween simulations using adiabatic walls and the
ully coupled computations. More precisely, in the
ormer case, the flame is mainly stabilized in a
heared mixing layer between reactants streams,
imilarly to LO 2 /GH 2 flames. However, adiabatic
alls appear to facilitate cryogenic reactants va-
orization and therefore their mixing. This effect
esults in the formation of a secondary reaction
ront within the O 2 injection stream. Conversely,
he coupled problem exhibits no stable mixing layer
nd strong self-sustained oscillations of the flame
oot and of the temperature field in the lip. Both
ere found to be bimodal and to oscillate at sim-

lar frequencies, indicating a strong influence of 
eat transfer in the lip on the flame root loca-
ion. As a result, successive flame root locations
ere observed (1) in the proximity of the CH 4 

tream, where the flame is stabilized by high shear,
2) and in the proximity of the O 2 stream where
he flame root is stretched and rolled-up by vor-
ical structures. The chaotic coupled dynamics of 
his system can be compared to that of a sphere
liding in a forced double-well oscillator. These self-
ustained oscillations are expected to be important
or the flame response to external forcing, but also
or the overall flame stabilization process. Finally,
ote that this study assumes perfectly smooth injec-
or walls. Although this point was not investigated,
ow features taking place at such small scale are
xpected to be highly sensitive to wall roughness,
hich could potentially alters the reported flame

oot stabilization mechanisms. 
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