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ARTICLE INFO ABSTRACT

Keywords: Hydrogen (H,) has become a key in the decarbonation process of the aeronautical field and new gaseous
Combustion injection systems must be designed to suit hydrogen’s specific properties (high laminar flame speed, high
Hy‘_ir”gen adiabatic temperature, large flammability limits and fast diffusivity (Le<1)). In this study, Large Eddy
S"_Vlrle‘i Simulation (LES) and Direct Numerical Simulation (DNS) are performed for a co-axial injector including an
High pressure . . . e . . .

CFD annular premixed hydrogen-air, swirled injection surrounding a central axial pure hydrogen lance. LES of the

injector installed in a full chamber are performed at 12 bar and the LES resolution issues associated with these
high pressures are presented. LES reveals that the flame is stabilized on the rim separating the premixed and
the pure hydrogen streams. The stabilization is produced by a structure called RSE for Rim Stabilized Edge
Flame. To avoid resolution issues of the LES, the RSE flame structure is analyzed using CANTERA 1D flames
and a 2D DNS of the attachment region. Extinction limits are described and implications for flame stability

are discussed.

1. Introduction

In a decarbonation context of the gas turbines, hydrogen is an
excellent candidate to replace kerosene [1]. However, switching to
hydrogen requires new types of injection systems. Specific properties
of hydrogen such as high laminar flame speed, high adiabatic flame
temperature, large flammability limits and fast diffusivity (Le<1) makes
the development of new injectors even more challenging.

Nowadays many injectors and burners specific to hydrogen are
developed: HYLON at IMFT Toulouse [2], IHI at ONERA [3], AHEAD
at TU Berlin [4], MICROMIX at Aachen University [5] or PPBB at
NTNU Trondheim [6]. At the same time at a smaller scale, DNS are
also conducted to understand hydrogen flame specificities such as flame
turbulence interaction [7,8]. The development of these technologies is
costly and Computational Fluid Dynamics (CFD) has become a key tool
in the design process or in the prediction of their behavior at high
pressure.

The scope of the present work is to use Large Eddy Simulation (LES)
on a high pressure injection system to understand the flame topology
for tuning purposes.

A crucial issue for LES of H, injection systems is accuracy. While
kerosene-air computation have been performed and tuned for decades,

hydrogen computations at high pressures raise a number of new diffi-
culties. Indeed, hydrogen flames are very thin: premixed flame thick-
nesses vary as the invert of pressure (1/P), which makes the computa-
tions of real application at high pressure even more challenging from a
numerical point of view. Since kinematic viscosity also decreases like
1/ P, going to high pressure also increases the Reynolds number of the
flow leading to additional resolution constraints. Here, computations
were performed with the CFD code AVBP, developed at CERFACS
and used by many laboratories such as IMFT in Toulouse, EM2C in
Centralesupelec, TU Munich, Von Karmann Institute or ETH Zurich and
industries such as Safran Aircraft Engines, Safran Helicopter Engines
or ArianeGroup. AVBP is used in LES (Section 2) and Direct Numerical
Simulation (DNS) modes (Section 5.2)

For CFD of turbulent reacting flow the regime in which combustion
proceeds: premixed or diffusion controls the choice of the models. The
topology of H, flames is an issue in itself, depending often on the
details of injection. The present hydrogen injection system is devel-
oped in the PHYDROGENE project (Fig. 1) by adapting the existing
MICADO injector of ONERA [9,10] which was used for hydrocarbons.
The injector has two inlets for hydrogen: H, is injected in a central
tube, surrounded by a swirled premixed H,/air gas. Therefore the

* Corresponding author at: DMPE, ONERA, Université de Toulouse, 31000 Toulouse, France.

E-mail address: justin.bertsch@onera.fr (J. Bertsch).

https://doi.org/10.1016/.proci.2024.105660
Received 27 November 2023; Accepted 10 July 2024
Available online 13 August 2024

1540-7489/© 2024 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).



J. Bertsch et al.

flame structure is unknown: premixed as well as diffusion flamelets are
expected and they might also interact. Moreover, LES is performed here
at 12 bar, making resolution issues more critical. Another specificity is
the existence of thermodiffusive instabilities which are still an open
issue for lean hydrogen flames [11,12]. At P = 10bar, T = 700 K,
¢ = 0.5 the wrinkling characteristic length is estimated at 0.015 mm [13]
which cannot be captured by a typical LES grid of 0. mm. Attempts
have been made to include such a model in LES [14,15]: here the
model proposed by Aniello et al. [16] is used to tackle this issue in
the artificially thickened flames framework (TD-TFLES). The TD-TFLES
model increases the local reaction rate in very lean premixed flames to
model the subgrid-scale wrinkling due to cell formations.

This paper first presents a full LES of the PHYDROGENE injection
system, mounted in the MICADO combustion chamber at 12 bar. Sec-
tion 2 describes the geometry and the numerical setup, while Section 3
presents LES results with several grid refinements up to 220 Mcells.
While LES reveals that the flame base is controlled by two coupled
flamelets (a lean premixed and a stoichiometric diffusion one), the
question of the accuracy is handled in Section 4 to analyze this dual
flame structure differently without having to worry about LES resolu-
tion. In Section 5 two canonical flame structures are used to elucidate
the flame topology observed in the LES (Section 3): a dual flame
computed with CANTERA [17] and a Rim Stabilized Edge (RSE) flame
is also computed using AVBP in a DNS mode, zooming on the lips of the
PHYDROGENE setup. Results confirms that the flame structure revealed
by LES is also captured by detailed 1D and 2D simulations. While
these results are consistent, they do not prove that LES will always be
accurate in this stabilization zone where the meshing requirements are
much too stringent to be fulfilled as shown in Section 4 and models
(such as TFLES) will always be required.

2. PHYDROGENE injector & numerical set-up

High pressure pre-heated air is injected in the left plane and will
be called main injection (Fig. 1). Pure hydrogen is then added in
the stream with 8 radial holes with a diameter of 1 mm each (Inj.
1 to 8) before the swirl blades. The back-plane of the chamber is a
multi-perforated wall that injects cooling air in the chamber. At the
downstream tip of the injector, a 2 mm wide hole injects pure hydrogen,
this inlet is called pilot.

Fig. 1. PHYDROGENE injector — Main air (blue, left) and cooling air (blue, right)
injection, fuel injection holes (red, left), pilot injection (red, right). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

As a first numerical approach, this technically premixed injection is
replaced by a perfectly premixed H, — air mixture. The injection holes
are not simulated and the hydrogen mass flow is added to the main
air injection (Table 1). Numerical boundary conditions are presented
in Fig. 2. NSCBC [18] is used for the main (a), pilot (g), cooling
inlet (b) and for the chamber outlet (e) as well. Chamber walls (c,
d) are considered as iso-thermal walls at 7 = 800 K. Injector lips are
iso-thermal walls at 7" = 400 K. All other walls are adiabatic.
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Table 1
Inlets properties.
Main Pilot Cooling

d (8/5) 435 0.530 176
T (K) 750 290 750
Y, 0.0110 1 0
Yo, 0.2305 0 0.233
Yy, 0.7585 0 0.767
¢ 0.4 ) 0

9

Fig. 2. Numerical boundary conditions: entire domain (left) and zoom on the injector
lips (right) — (a) Inlet NSCBC, (b) Inlet NSCBC, (c) Iso-thermal wall T = 800 K, (d)
Slip iso-thermal wall T = 800 K, (e) Outlet NSCBC P = 12bar, (f) Iso-thermal wall
T =400 K, (g) Inlet NSCBC.

e |

Fig. 3. +Z normal cuts of the computational meshes colored with cell sizes — (A)
96.10° elements (geometric refinement), (B) 220.10° elements (Static Mesh Refinement
using Tekigo and MMG3D).

A cold-flow is first stabilized on a coarse mesh with geometrical
refinement zones, then refined before ignition by applying an iso-
factor to the cell sizes which leads to Fig. 3A mesh containing 96.10°
elements. Thanks to the mean results obtained from mesh (A), a mesh
(B) containing 220.10° elements is built using the mesh refinement
tools Tekigo [19] and MMG3D [20] to refine zones based on physical
phenomena, measured by metrics fields rather than on geometrical
shapes. Two new meshes of 74 and 160.10° elements (called 74M and
160M) are generated from the mesh (B) by applying an iso-factor of
1.5 and 1.25 respectively. The Lax-Wendroff convection scheme (2nd
order) [21] is used and FE 24 scheme for diffusion [22].

The Sigma LES model [23] is used to model sub-grid scale stresses,
while chemical kinetics rely on the San Diego mechanism for H, [24]
that contains 9 species and 21 reactions. Flame/turbulence interaction
is modeled using the thickened flame approach [25] with a relaxation
sensor [26] and Charlette efficiency function [27] with a constant g =
0.3. Takeno [28] conditioning is used to identify premixed and diffusion
flames and thus thickening regions. Thickening is applied only in the
premixed zones.

Here, the diffusivity of H, raises a first adaptation : the TFLES model
requires an evolution of the local value of the equivalence ratio ¢. In
usual TFLES formulation, ¢ is obtained from the local passive scalar
z by ¢ = z(1 — z,)/(z4(1 — z)) where z is computed using the Bilger
definition [29]. Using Bilger’s definition is not easily compatible with
TFLES which require reference flame speeds and thickness upstream
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of the reactions zones where no preferential diffusion occurs. This is
why we rely on an additional passive scalar [30] leading to monotonic
(non-monotonic using Bilger [13]) variations of z and ¢ for H, flames.

3. Numerical results and analysis
3.1. Instantaneous results and recirculations zones

Fig. 4 displays a snapshot of the stabilized flow on a 2D cut in
the stream-wise direction, for the velocity magnitude, temperature and
heat release rate. The flame is anchored on the lip separating the H,
central duct and the premixed injection (Fig. 4, right). It is stable while
the downstream part of the flame is more turbulent, which is confirmed
by looking at the downstream part of the velocity magnitude field
(left). The most striking result is that two reaction zones can be seen
at the flame base (right): the main external premixed branch forms the
“V” shape of the flame while a central dome corresponds to the pilot
diffusion flame that burns with the remaining air of the main premixed
branch.

vel. mag. (m/s) HR (J/m3/s)

— 290 \ ] le+11
: I ses10
0 g & 6e+10

~ 4e+10
2e+10

- 100

Fig. 5. Instantaneous iso-contour of heat release rate equal to 2¢10J/m’ /s colored by
temperature - (a) side view, (b) top view - 220M mesh.

A heat release rate isocontour colored by temperature (Fig. 5)
reveals the fluctuating behavior of the flame in the downstream region
(Fig. 5a) while the bottom part is stabilized with the high swirling
motion. The external part of the flame is under 1500 K (Fig. 5a)
while the top view reveals (Fig. 5b) a hot dome in the middle that
corresponds to the pilot diffusion flame where temperature is above
2300 K. Recirculation zones are represented with an isocontour of u =
0m s~! on the mean 3D solution of the 220M mesh averaged over
8ms, and an isocontour of 7 = 1000 K is also added (Fig. 6). The
biggest recirculation zone is internal (IRZ), while two small recircu-
lation zones are observed, CRZ (Corner Recirculation Zone) and ERZ
(External Recirculation Zone), located at the cooling plane boundaries.
The cooling inlet reduces the temperature in the bottom part of the
chamber (T" < 1000 K) but velocity is not sufficient to suppress the
recirculation zone in the four corners of the chamber which leads to
pockets of hot gases (ORZ).
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Fig. 6. Recirculation zones visualized by an iso-contour of axial velocity equal to zero
(u=0m s™') (top left) and stream lines (bottom) - Isocontour of T = 1000K (top right)
and blue line (bottom) - 220M mesh. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3.2. Mesh effect on flame topology

Due to the particular topology of the flame at its base where the pi-
lot injection encounters the main premixed injection, an in-depth study
of this region is needed because it controls the downstream flow and
the overall flame stabilization. Fig. 7 highlights the main characteristics
of this particular region. Results are from temporal average of 8 ms
and spatial average over 180 planes in the azimuthal direction. The
most refined mesh (Fig. 7a) serves as a reference for normalization and
comparison.

Fig. 7. Isocontour of T/T,,, varying from 0.9 to 0.975 (blue line), HR/HR,,, from

0.6 to 0.95 (red line), u = O0m s~! (green line) and stoichiometric line (black line) on
azimuthal means - (a) 220M, (b) 160M, (c) 74M. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

max

Main heat release and temperature zones are encapsulated between
the internal recirculation zone (IRZ at ¥ = Om s~!) and the main
swirling flow: the flame position is totally driven by the flow. The
maximum heat release rate and temperature zones are not located
at the same location: the maximum temperature (blue line) is not
at the place where the lean premixed flame burns (red line). It is
shifted towards the pure H, stream as the premixed flame is lean and
is located on the stoichiometric line. In fact, the stoichiometric line
divides the high temperature region in two zones: a lean premixed
flame and a diffusion flame. The lean premixed reaction creates a first
but limited increase of temperature. Then the burnt gases from the lean
premixed flame with the remaining air meet the pure hydrogen from
the pilot injection and create a pseudo-diffusion flame that elevates the
temperature to reach 7,,,. = 2200 K.

The results on mesh (c) in Fig. 7 seem under resolved but meshes
(a) and (b) give essentially uniform results. The flame structure still
exhibits a double structure with maximum heat release rate and maxi-
mum temperature region close to each other. Thus to retrieve the main
characteristics of the flame at a reduced computational cost, mesh (b)
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0.2 mm

Fig. 8. Normalized azimutal mean (220M mesh) of HR.F with (b) and without (a) TD-
TFLES, (a) serves as reference - iso-contours varies from 0.6 to 0.95 - white iso-contour
is equal to 1.

(@) 12
= o
E %f?(f? %
: 1mm imm |

Cooling air
T = 750K

Fig. 9. Proposed flame topology — (a) Global view, (b) Zoom on the chamber bottom.

with 160M cells is sufficient. The TD-TFLES [16] impact on the flame
is evaluated in Fig. 8 on the 220M mesh. In the PHYDROGENE LES, the
TD-TFLES does not have a significant impact on the heat-release field
with a limited increase up to 20%. As its main area of effect is inside
the white iso-contour, which is small (~ 0.4 mm in length), it does not
modify the flame structure.

The previous results suggest a global topology for the flame base
depicted in Fig. 9. While those results can be used for design, the rest
of this paper focuses on one issue: is this LES accurate? To answer this
question, resolution issues are first considered in Section 4.

4. Resolution

The LES of Section 3 are performed at 12bar, ¢ = 04 and T =
750 K. At this conditions the thermal thickness of the flame is equal
to §,;, = 0.034mm which is more than 13 times smaller than at
atmospheric pressure at the same ¢ and T condition (5,, = 0.46 mm).

At atmospheric pressure, T = 290 K, the thermal thickness is equal
to &, = 0.63mm thus the premixed branch can be easily computed
and resolved with a grid of 4, = 0.1 mm leading to 6.3 points in the
flame front. However at 12 bar with a pre-heated air, the flame front is
too thin to be fully resolved even with any mesh refinement approach.
Knowing this, the previously presented LES results at the flame base
must be verified by other means: thus 1D CANTERA flames are used,
as well as a 2D DNS limited to the near lip zone. Table 2 summarizes
the resolution properties for the 3D LES, 1D CANTERA simulations and
a 2D DNS.

A simple indicator of resolution used in Table 2 is R = §,,/4,. R
indicates the number of mesh points used to resolve the inner premixed
flame structure. While this indicator does not handle diffusion flame or
vorticity zones, it is obviously mandatory to guarantee flame resolution
in the PHYDROGENE setup even though it may not be sufficient.

In the 3D LES, R is below unity, confirming that TFLES approach is
needed, leading to a thickening factor of approximately 15 to obtain 5
points in the flame front. On the other side, in CANTERA simulations
and the 2D DNS of Section 5.2, higher resolutions can be achieved to
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Table 2
Resolution index R for 3D LES (Section 3), 1D CANTERA (Section 5.1) and 2D DNS
(Section 5.2)

3DLES 1D CAN. 2D DNS
P (bar) 12 12 1.01325
T (K) 750 750 290

¢ 0.4 0.4 0.4

8,5, (mm) 0.034 0.034 0.63

A, (mm) 0.1 5.107° 0.03
R=36,/4, 0.34 > 600 21

fully resolve the flame front without models. To be able to achieve
the DNS, pressure is brought back to atmospheric pressure and the
configuration is two-dimensional so that resolution issues can be solved
(at 12 bar cells of 3.4 pym are required to obtain R = 10). CANTERA and
DNS are now used to understand the flame base topology to provide a
reference topology for the LES.

5. The RSE flame: lean premixed against pure fuel
5.1. Dual 1D flames in CANTERA

Rich methane-air mixture against oxidizer have already been inves-
tigated in a stagnation plane which leads to a flame structure similar
to the one observed in the LES [31] of Section 3: a first rich premixed
flame, followed by a diffusion flame that burns with the remaining fuel
in the burnt gases. We will call it a dual flame. This dual structure
is not a new configuration: for example, Hamins et al. [32] studied
the structure and extinction of a partially premixed, diffusion flame
stabilized between a vaporizing surface of heptane and a gaseous
stream of CH,, O,, and N,. They observed a dual structure, including
a premixed flame close to a diffusion flame. This structure is not yet a
RSE flame because it is adiabatic and does not include heat losses to
the rim wall, which is important for the RSE flame.

Dual flames in the PHYDROGENE conditions were reproduced (pure
fuel against lean premixed gases) in CANTERA [17] at P = 1bar and
12bar for a wide range of global strains, defined as follow [33],

_Zﬂ[l+uf'pf:|

A=
H Uo\/Py

@

with H the width of the domain, u the velocity, and p the volumetric
mass while f and o denotes the fuel and oxidizer. Pure H, is considered
as the fuel. The premixed mixture is set at T = 750 K and ¢ = 0.4 while
pure hydrogen is set at T = 290 K (same conditions as the 3D LES).
Fig. 10 presents the hydrogen source terms for the computed flames
with a strain range varying from A = 4000s~! to 430 000s~!. Pure
hydrogen is coming from x = 0.3 while premixed mixture from
X = 0.6 side.

norm

norm

P =1 bar P =12 bar

=

W, (kg/m>/s)
1e5

Wy, (kg/m3/s)
1e7

w

0.75

Extinction 0.50

[}

A(s~1)/1e5

0.25

0.0

0.3 04 05 0603 04 05 06

Xnorm Xnorm

Fig. 10. Scatter plots of H, source term of 1D dual flame for multiples strains:
P =1 bar, 20 mm domain (left) - P = 12 bar, 2 mm domain (right).

At 12 bar (Fig. 10, right) for strain values under 100 000s~! (Fig. 11)
the lean premixed mixture burns as a classical premixed flame F,
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F4 Fp
Ty
! T
— \
H, Burnt \ Hy — Air
- gases | -
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T / /\2 14
WH,.d
|"sz| J \

Fig. 11. Illustration of the topology of a dual flame (for A < 100 000s~' at 12bar
and A < 51000s™" at 1bar): lean premixed against pure fuel - Temperature (top) and
hydrogen source term (bottom).

and creates a first hydrogen consumption peak wy,, leading to a
temperature plateau T,. Burnt gases produced by F, are then used as
an oxidizer for the H, fueled diffusion flame F,. F, creates another
smaller hydrogen consumption peak wy, , leading to the maximum
temperature T;.

At higher strains (A > 100 000s~!, Fig. 10, right) the dual struc-
ture merges as one global temperature/hydrogen source term peak as
observed by Hamins et al. [32]. Here, a reduction of the maximum
temperature is observed but the temperature remains over 2000 K. No
extinction phenomena has been captured even at A = 430 000s~!. At
atmospheric pressure (Fig. 10, left) the same dual flame is observed,
however when the two branches merges at A ~ 51 000s~! extinction
appears.

CANTERA can be used to understand the topology of the dual flame
away from the lips but cannot predict the lifting or anchoring of the
RSE flame. Multiple theories have been proposed to predict the lift-
off of diffusion flames [34-36] but none of them have been proven to
apply to Rim Stabilized Edge (RSE) flame since the flame structure is
different. Even the CANTERA simulation is insufficient because it does
not include flow and thermal effects at the cold lips of the injector.
Since dual flame also exists at 1 bar a DNS is performed at atmospheric
pressure in Section 5.2 to fully describe the RSE flame where all
mechanisms are included in a limited size, simplified geometry.

5.2. 2D DNS of a RSE flame

A 2D DNS is computed in a domain of 50 mm by 51 mm with a step
of 3mm wide (same size as PHYDROGENE lips) and 1 mm long at the
bottom of the computational domain (Fig. 12).

On the bottom-left side, pure hydrogen is injected while on the
bottom-right side, a premixed H, — Air mixture at ¢ = 04 is in-
jected. Temperature of both inlets is set at 7 = 290 K and pres-
sure to 1.01325bar. The velocities are, uy, o ~ 100m s~! and
Upmax R 45m s~! which represents reasonable speeds for this type
of injection system. The step which represents the injector lips is an
isothermal wall at T = 290 K. A slip boundary condition is used to
mimic the far field, represented here by the left and right walls. Cell
sizes varies from 0.03 mm in the center of the domain (flame region) to
0.5mm in the far field, leading to a resolution of 21 points in the flame
front (Table 2) which is twice more than usual values.

Fig. 13 presents instantaneous views (cropped domain) of the hydro-
gen source term for multiple equivalence ratios on the premixed side
and with hydrogen on the pilot injection (top) and with nitrogen on
the pilot injection (bottom).
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50 mm
Outlet NSCBC
t t ¢t ¢ttt t tttt
g
ey

51mm

slip wall
slipwall * :

. H:Bmm‘

t ottt Ittt
Inlet NSCBC Inlet NSCBC
Pilot injection Premixed air — H,

Fig. 12. DNS numerical setup.

The mixture fraction z (Eq. (2)), is used to plot the stoichiometric
line (z = z,,) represented in white.

_ (5Yp =Yo) = (sYpp = Yo))

z= (2
sYp = Yo — (s¥po —Yp,)
1
Zyt = Vi 3
Yo,=5YF)

where F indicates fuel (H,) and O oxidizer (O,) streams, while index 1
is the pure fuel stream and 2 is the premixed stream. In our case Yy,
is equal to zero and Y, is not and depends on the case as well as Y ,.
s is the stoichiometric ratio.

$=04

Pilot H,

LBO LBO

Fig. 13. Instantaneous views of the hydrogen source term for equivalence ratio of the
premixed side varying from ¢ = 0.4 to 0.1 (columns) with H, as pilot injection (top)
and N, (bottom) - Stoichiometric line (white).

These flames almost do not move so that their steady structure
can be directly analyzed and no intrinsic flame instability is observed.
With hydrogen in the pilot injection (Fig. 13, top), the decrease of the
equivalence ratio of the premixed stream leads to an intensity reduction
of the premixed branch (right), so that the burnt gases used as the
oxidizer for the diffusion branch (left) contain more O, which enhances
its intensity.

The same flame is computed at 12bar with a pre-heated mixture
(T = 750 K) and ¢ = 04 with a mesh size of 5 um leading to
R ~ 7 (Fig. 14). The same flame structure is obtained at the lip at high
pressure, making the 1bar case valid for a parametrical study.

To understand the role of the H, pure injection, this stream is
replaced by N, (at 290 K), using the same velocity. This is an arbitrary
choice which increases the flow rate of the left stream of the N,
compared to the H, case. However we checked that it plays a limited
role. As expected, without H, as a pilot injection the RSE structure
disappears (Fig. 13, bottom) and a classical premixed flame is obtained.
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(a) P =1 bar

(b) P = 12 bar

Fig. 14. Hydrogen source term of RSE flame at (a) P = lbar, Ty,, = 290 K,
Axpesp, = 30 pm and (b) P = 12bar, Ty, =290 K, T, = 750 K, 4x,,,, = 5 pm, with
a lip size of 3mm, premixed mixture at ¢ = 0.4.

At an equivalence ratio ¢ < 0.2 a lean blow off (LBO) is observed,
showing that the pure H, injection is effective at pushing LBO to lower
values.

In conclusion, DNS show that, at every equivalence ratio studied
with H, as pilot injection, the premixed branch strongly interacts with
the diffusion branch. This interaction helps to stabilize the premixed
branch at an equivalence ratio equal or below ¢ = 0.2. This interaction
needs to be further studied, for example for hot walls to determine
which branch really controls the stabilization process.

An important factor controlling the RSE flame is the heat loss by
the flame to the cold lip. This impact can be measured by comparing
the local temperature T to the equilibrium temperature T,, which
can be evaluated with CANTERA. To ensure a proper comparison of
T,, with T in the premixed zone, the local equilibrium temperature
(T,,) is conditioned using the progress variable based on H,0 mass
fraction [37] such as, T,,, = T,,.c + T,(1 — ¢), with ¢ = Yy, 0/Y,0,5umm
and T,, being the fresh gases temperature. Fig. 15 presents the hydrogen
source term for the RSE flame at ¢ = 0.4 from Fig. 13 with contours of
temperature (7) minus local corrected equilibrium temperature (7,,,).

Dif fusion
flame

Fig. 15. Hydrogen source term for RSE flame at ¢ = 0.4 with contours of T—T,,, equal
to —500, —800 and —1400K.

Diffusion and lean premixed branch merge into one point called
the double point, which is stabilized in the Cold Rim Thermal Zone
(CRTZ) where more than 1400K are lost compared to the corrected
equilibrium value T,,,: in this zone the structure of the RSE flame is
strongly controlled by the heat losses to the cold rim and it does not
move anymore. It is not a standard propagating adiabatic edge flame.

These DNS results allow us to propose a conceptual model for RSE
flames shown in Fig. 16.

This flame is close to a triple flame [38] without the rich premixed
branch. However, while triple flames propagate at a speed larger than
the premixed flame speeds, the RSE flame stops propagating when it
reaches the cold zone near the rim. This type of edge flames obviously
requires more studies to analyze its structure and resistance to flow and
heat constraints.
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Fig. 16. Conceptual model for a RSE (Rim Stabilized Edge) flame formed when the
pure H, injection stream meets the premixed air — H, stream.

6. Conclusion

The stabilization of a pure H, versus premixed H,-air flame has
been successfully simulated using the CFD code AVBP at high pressure
(P = 12bar) in LES mode, revealing that the flame base was controlled
by a dual premixed/diffusion structure.

A priori resolution criteria show that even if the LES achieved mesh
convergence, resolution was too low to fully rely on the LES data so that
the structure of this flame was then investigated during 1D simulations
and DNS of 2D RSE flames with much higher resolutions.

CANTERA counterflow flames simulations confirm the dual flame
structure and reveal that even at a high level of global strain (up to
A =100000s~! at 12 bar) a double structure is obtained. Since CANTERA
cannot account for heat transfer to the lip and flow effects, a 2D DNS
was also performed to understand the flame topology at its attachment
point near the lips leading to a RSE flame. The RSE flame obtained
in the DNS exhibits two branches like a dual flame but merges at a
double point where the diffusion and the lean premixed branch merge
as one near the lip. At very lean conditions (¢ < 0.2) the premixed
flame cannot be stabilized without the H, pilot injection, confirming
that the RSE flame structure helps stabilize lean premixed flames.

Future works will focus on a Coupled Heat Transfer (CHT) ap-
proach to determine the injector’s lips and chamber wall temperatures
which can impact the topology of the flame by modifying recirculation
zones [39] and the double point location at the injector’s lips which
can dramatically change the flame topology.

Novelty and significance statement

The paper describes how a hydrogen flame produced on a co-
axial injector (pure hydrogen next to hydrogen/air mixture) stabilizes
on a cold lip, through a structure called here a Rim Stabilized Edge
Flame (RSE). The RSE flame is studied at high pressure using LES and
CANTERA 1D simulations and at atmospheric pressure using DNS. It
combines a diffusion and a premixed flame stabilized by the heat losses
to the lip.
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