
ARTICLE IN PRESS 

JID: PROCI [m; August 8, 2018;7:53 ] 

Available online at www.sciencedirect.com 

Proceedings of the Combustion Institute 000 (2018) 1–8 
www.elsevier.com/locate/proci 

Computational realization of multiple flame 

stabilization modes in DLR strut-injection hydrogen 

supersonic combustor 

Kun Wu 

a , b , c , Peng Zhang 

b , ∗, Wei Yao 

a , c , ∗∗, Xuejun Fan 

a , c 

a State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 
100190, People’s Republic of China 

b Department of Mechanical Engineering, the Hong Kong Polytechnic University, Hong Kong 
c School of Engineering Sciences, University of Chinese Academy of Sciences, Beijing 100049, People’s Republic of China 

Received 23 November 2017; accepted 21 July 2018 
Available online xxx 

Abstract 

Inspired by the existence of multiple flame stabilization modes in cavity-assisted supersonic combustor, 
multiple flame stabilization modes of DLR hydrogen-fueled strut injection supersonic combustor were nu- 
merically realized and analyzed for a wide ranges of inflow stagnation temperature from 607 to 2141 K and 

overall equivalence ratio from 0.022 to 0.110. Finite-rate chemistry large eddy simulation with detailed hydro- 
gen mechanism was employed to capture unsteady flow characteristics and the effects of chemical kinetics. 
Two typical flame stabilization modes were identified and presented in a regime nomogram, which shows the 
dominant influence of the stagnation temperature and the secondary influence of overall equivalence ratio. 
At relatively low stagnation temperatures, the flame is stabilized in an “attached flame” mode, which requires 
a low-speed recirculation zone behind the strut for radical production and a high-speed intense combustion 

zone for heat release. At relatively high stagnation temperatures, the flame is stabilized in a “lifted flame”
mode, in which the effect of the low-speed recirculation zone is negligible, rendering most reactions take 
place in supersonic flow. At intermediate stagnation temperatures, blow-out was always observed and flame 
cannot be stabilized in the combustor even with initially forced ignition. 
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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1. Introduction 

Although scramjets have shown their great po- 
tential in air-breathing propulsion at high flight 
Mach numbers [1] , many technical problems re- 
main unsolved. One of the problems is the flame 
stabilization in scramjet with moderate flight Mach 
ier Inc. All rights reserved. 

realization of multiple flame stabilization modes 
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umbers of 3–4, where the intake flow temperature
s insufficiently high for subsequent auto-ignition
fter initial forced ignition and therefore additional
ame-holding device is required. Wall injection [2] ,
amp [3] , cavity [4] and strut [5] are widely-used
ame-holding devices to generate low-speed flow
egions where the local Damköhler numbers are ef-
ectively increased to enforce flame stabilization. 

The flame stabilization mode of cavity flame
older in a dual-mode combustor fueled by both
ydrogen and hydrogen/ethylene mixture was ex-
erimentally studied by Micak and Driscoll [6] .
hey found that the flame is stabilized either in

he cavity shear layer at relatively low inflow stag-
ation temperature ( T 0 ) or in the fuel jet-wake at
igher T 0 , and that combustion oscillates between
wo modes for intermediate T 0 . By employing CH 

∗

hemiluminescence to diagnose an ethylene-fueled
upersonic combustor with T 0 between 1200 K to
800 K, Yuan et al . [7] recently identified three
ame stabilization modes: (I) weak combustion in-
ide the cavity or in the cavity shear layer, (II) com-
ustion in the jet-wake, and (III) combustion oscil-

ation between modes I and II. 
Despite that these experiments are evidently

ifferent in combustor geometry, fuel injection
ocation and fuel reactivity, the flame stabiliza-
ion modes seem to be unified and the underly-
ng physics can be understood as follows. At rela-
ively low T 0 , the chemical reactions are extremely
low in the main stream and the cavity facilitates
ombustion by prolonging the flow residence and
uel/oxidizer mixing times, rendering a local region
f large Damköhler numbers. The cavity plays an

ndispensable role in providing hot spots and rad-
cals so that the reaction zone can reside either in
avity or in the cavity shear layer (mode I). Increas-
ng T 0 , the chemical reaction rates are increased ex-
onentially to mitigate the reliance of the stabilized
ombustion on the low-speed cavity flow. As a re-
ult, reactants can be mixed and auto-ignited over
 certain streamwise distance in the fuel jet-wake
mode II). Yuan et al . [8] hypothesized that the for-
ation of aerodynamic throat near the fuel injec-

ion is germane to the observation of mode III for
ntermediate T 0 . 

Is the occurrence of these flame stabilization
odes unique for cavity-based supersonic combus-

or? Can we observe them in strut-based supersonic
ombustor by varying T 0 or fuel injection? Bear-
ng these questions in mind, we noted that a strut-
njection hydrogen supersonic combustor was es-
ablished by Institute of Chemical Propulsion of 
he German Aerospace Center (referrer to DLR
ombustor [9] , hereinafter). The DLR experiments
ave been widely used for validating various numer-

cal methods and codes, but only a few studies con-
ern about its flame stabilization mode. Huang et
l . [10] reported in their LES study that the wall-
eflected oblique shock induces combustion in the
ubsonic bubble after the strut. Gong et al . [11] re-
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
garded the oscillation of the recirculation zones
as the dominating mechanism for flame stabiliza-
tion. Recently, Wu et al. [12] proposed a three-stage
flame stabilization mechanism based on the anal-
ysis of generation, transportation and consump-
tion of radicals. Regardless of the different expla-
nations, the DLR combustion is agreed to be cate-
gorized to mode I in which the flame is attached to
the fuel injection strut. This is because the relatively
low T 0 hinders auto-ignition, and the combustion
behind the strut, which plays the same role as cavity
in creating a low-speed recirculation zone, is neces-
sary to sustain combustion in the downstream. 

Because of the fixed T 0 (607 K) and fuel injec-
tion, the DLR supersonic combustion experiment
does not show any evidence for mode II or III. Qin
et al . [13] carried out a LES study on the DLR
combustor with three different T 0 of 460 K, 568 K
and 960 K, but with fixed Mach number and global
equivalence ratio. They found that, the stabilized
flames at 460 K and 568 K are similar to modes I
but the combustion eventually dies out at 960 K af-
ter initial forced ignition. Therefore, the problems
still remain unsolved that whether mode II and III
can exist for the DLR combustor and that what is
the underlying physics in terms of flow-chemistry
interaction. The present study aims to computa-
tionally reproduce and characterize main features
of these different flame stabilization modes in strut-
injection DLR combustor. 

2. Computational specifications 

2.1. Numerical methods and physical models 

The numerical methods and physical models
adopted by the present study have been expatiated
in great detail and sufficiently validated in [12] . As
a brief summary, the spatially filtered equations for
three-dimensional, compressible, multicomponent,
reacting flow are solved. The ideal gas mixture is
assumed to be linear viscous fluid abiding Fourier
heat conduction and Fickian diffusion; the viscos-
ity is calculated by Sutherland’s law; thermal con-
ductivities and mass diffusivities are obtained from
viscosity by assuming constant Prandtl number
( Pr = 0 . 7 ) and Schmidt number ( Sc = 0 . 7 ). The
subgrid turbulence terms are closed by employing
the one-equation kinetic energy model [14] . Turbu-
lent Prandtl number, Pr t , and Schmidt number, Sc t ,
are set to 0.72 and 0.9, respectively. The filtered re-
action rates are modeled using the partially stirred
reactor (PaSR) model [15] , which and its variation
[16] have been extensively used in the studies of self-
ignition [17] and supersonic combustion [18] . 

A density-based flow solver, astroFoam, which
was developed based on the OpenFoam platform,
was adopted in the study. The convective fluxes at
faces are constructed using a second-order TVD
(Total Variation Diminishing) scheme. The time-
realization of multiple flame stabilization modes 
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Fig. 1. Schematic of the DLR combustor (unit in mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

integration is marched by the second-order Crank–
Nicholson scheme [19] . This code has been exten-
sively validated for non-reactive highly underex-
panded jet [20] and supersonic combustion [21] . 

2.2. Computational setups 

The DLR combustor [9] is schematized in
Fig. 1 . Coordinates in both x and y directions are
normalized to ˆ x and ˆ y using combustor’s charac-
teristic length L and height H . Ma = 2.0 vitiated
air was supplied through a rectangular-shaped en-
trance of 50 mm in height and 40 mm in width. The
combustor upper wall diverges slightly by 3 ° from
ˆ x = −0 . 039 to compensate the growing boundary
layer. Hydrogen was sonically injected from an ar-
ray of 15 evenly-spaced injectors on the base of a
wedge-shape strut. The strut is 32 mm in length and
6 ° in half divergence angle and installed along the
combustor center line. The fuel orifices at ˆ x = 0 are
1.0 mm in diameter and their adjacent distance is
2.4 mm in the z-direction. 

In the DLR experiment, the air stagnation pres-
sure and temperature are 0.78 MPa and 607 K. The
vitiated air was composed by oxygen of 23.2%, ni-
trogen of 73.6% and vapor water of 3.2% in mass.
The fuel stagnation pressure and temperature are
0.189 MPa and 288 K; the overall equivalence ratio
is φoverall = 0 . 034 . For the present computational
study, the inflow stagnation temperature ( T 0 ) varies
over a wide range from 607 K to 2141 K and φoverall

varies significantly from 0.022 to 0.110. To facili-
tate the following discussion, velocity, temperature
and heat release rate are presented in dimensionless
form of ˆ u i = u i /U 

air 
∞ 

, ˆ T = T /T 

air 
∞ 

, d ˆ Q = dQ/ C p T ,
and 

ˆ T 0 = T 0 /T 

exp 
0 . 

The present work adopts the 2D computational
model proposed by Wu et al. [12] . In the 2D model
shown in the Support Materials (Fig. S1), the fuel
orifice is replaced by a 2D slot-like injector with a
periodic injection scheme to keep φoverall the same
as in the experiment and meanwhile retains the lo-
cal flow structures in the vicinity of the strut. The
applicability of the 2D model in capturing the spa-
tial distributions of pressure, velocity, and temper-
ature was fully validated, and its uncertainty in
resolving the near-field turbulent wake structures
was also recognized [12] . It should be emphasized
that the 2D model can remarkably reduce the com-
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
putational cost, particularly when the computa- 
tion is integrated with the Burke et al . ’s [22] de- 
tailed hydrogen oxidation mechanism consisting of 
9 species and 19 reactions, to enable the systematic 
study of flame stabilization and the result analysis 
from the perspective of chemical kinetics. 

Block-structured hexahedral grids were used 

with clustering applied at the strut shear layer and 

wake region. The average and maximum of the 
grid resolution in the mixing region are 0.08 mm 

and 0.15 mm, respectively. They are smaller than 

0.25 mm (in average) in the hybrid LES/RANS 

study of Potturi and Edwards [23] and 1.0 mm (in 

average) in the LES study of Génin and Menon 

[24] . The comprehensive grid convergence study 
based on three sets of grid (0.19, 0.27 and 0.52 Mil- 
lion) has been presented in [12] and further study 
in the Supporting Materials (Fig. S2-S3). Dirich- 
let boundary conditions are used for all variables 
at the air and fuel inlet except for velocity. The ve- 
locity profile at the inflows is specified as a super- 
position of their mean values and sinusoidal per- 
turbation with 5% of their amplitude of the mean 

values. At the combustor outlet, all variables are 
extrapolated from the interior. At the combustor 
and strut walls, no-slip boundary condition is used 

for velocity while zero gradient conditions are used 

for all other variables. The physical time step is set 
to 3 . 5 × 10 −9 s which corresponds to a maximum 

Courant–Friedrich–Lewy number of 0.4. The sim- 
ulations were run for about 14 flow-through times 
( t f = L/ U ∞ 

≈ 3 × 10 −4 s), where 7 t f was used to 

ensure statistical steady state while the remainder 
to collect statistical data. 

3. Results and discussion 

3.1. Numerical validation 

The present 2D model has been validated in 

[12] against the DLR experiment [9] , and compared 

with Potturi et al . ’s [23] simulation results. To fur- 
ther examine its uncertainty in predicting turbu- 
lent flow, the LES results of Fureby et al. [25] on 

the full-scale DLR combustor including all fifteen 

fuel injectors are presented in Fig. 2 for compari- 
son. The streamwise locations are annotated in Fig. 
1 where ˆ x A = 0 . 048 , ˆ x B = 0 . 251 , ˆ x C = 0 . 390 , ˆ x D 

=
0 . 498 , ˆ x E = 0 . 606 and ˆ x F = 0 . 719 . 

The DLR experiment reported the measure- 
ment of streamwise velocity at locations A, B and 

E, as shown in Fig. 2 (a)–(c). At location A, the 2D 

model overpredicts the streamwise velocity, proba- 
bly attributable to its uncertainty in resolving the 
three-dimensional flow structure in the near field 

around the strut rear. Qualitative discrepancies can 

be found between Fureby et al.’s prediction and the 
experimental data. At location B, the predicted ve- 
locity profile, albeit narrow in width, agrees well 
with the trend of the experimental data. At loca- 
realization of multiple flame stabilization modes 
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Fig. 2. Time-averaged profiles of streamwise velocity, streamsise velocity fluctuation, and temperature at streamwise lo- 
cations. 
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Fig. 3. Representative case of attached flame stabilization 
mode with T 0 = 607 K and φoveral l = 0 . 034 : (a) instanta- 
neous Y OH 

, (b) instantaneous mixture reactivity and (c) 
instantaneous heat release rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ion E, the present result shows very good agree-
ent with the experimental data, but Fureby et al.’s

esults however show an opposite trend. The com-
arison with 3D simulation has been elaborated in
ef. [12] . Although the present 2D model may re-

ult in the single temperature peak due to the rela-
ive deficiency in fully capturing the 3D flow char-
cteristics in the vicinity of the strut, it produces
ood predictions in all the downstream locations. 

The experimental fluctuation velocity profiles
re available at locations A, B and C, as shown in
ig. 2 (d)–(f). The present results show very good
greement with experimental data, indicating that
he 2D model can well capture the unsteadiness of 
he streamwise flow that dominates the DLR flow.
ureby et al . ’s results slightly overshoot the experi-
ental data at location C. Figure 2 (g)–(i) show the

ime-averaged temperature profiles at location A, B,
nd F. It can be seen that the both simulated tem-
erature profiles do not reproduce the two temper-
ture peaks at location A, while they achieve sat-
sfactory good agreement at the downstream loca-
ions B and F. Due to the lack of experimental data
t higher T 0 , the present 2D model was further val-
dated against 3D simulation for T 0 = 2141 K, the
ighest T 0 considered in the study. These results are
hown in the Supporting Materials (Fig. S4-S5) and
urther validate the 2D model at high T 0 . 

.2. Attached flame stabilization mode 

A representative (original experimental) case of 
he attached flame stabilization mode is shown in
ig. 3 , where T 0 = 607 K and ɸ overall = 0.034. As has
een thoroughly analyzed in [12] , the entire com-
ustion process can be divided into three stages
long the streamwise direction, such as the induc-
ion stage where ignition occurs and active radicals
re produced, the transitional stage through which
adicals are advected to the downstream, and the
ntense combustion stage where most heat release
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
occurs. From the mass fraction of OH radicals, as
shown in Fig. 3 (a), the three-stage combustion sta-
bilization mode can be clearly observed, indicat-
ing the radical production, transportation and con-
sumption are essential in attached flame stabiliza-
tion mode. Moreover, the time-averaged result, as
seen in Fig. S6 in the Supporting Materials, also
shows similar characteristics and further substan-
tiates the assertion of the three-staged flame stabi-
lization mode. 

By comparing hydrogen oxidation mechanisms
at various different levels of reduction, the con-
trolling reaction steps were identified by Wu et al .
[12] to be the two chain branching reactions (R1)
H+ O 2 → O + OH and (R2) O+ H 2 → H + OH ,
both of which produce OH radicals, and (R3)
H 2 +OH → H+ H 2 O , which consumes OH radi-
cals and releases heat. To quantitatively measure
the competition among these reaction steps, we
adopted the mixture reactivity, λ, defined by Boivin
realization of multiple flame stabilization modes 
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Fig. 4. Distribution of λ, Y OH 

and d ̂  Q in Mach number 
space with T 0 = 607 K and φoverall equals to (a) 0.022, (b) 
0.034, and (c) 0.058. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Lifted flame stabilization mode with T 0 = 1784 K 

and φoveral l = 0 . 058 : (a) instantaneous Y OH 

, (b) instan- 
taneous mixture reactivity and (c) instantaneous heat re- 
lease rate. 
et al . [26] as λ = 2 k 1 c O 2 [ ( 1 + 2 B ) 1 / 2 − 1 ] /B, where
B = 4 k 1 c O 2 ( k 1 c O 2 + k 2 c H 2 + k 3 c H 2 ) / k 2 k 3 c 2 H 2 

. k 1 , k 2

and k 3 are the rate constants of R1, R2 and R3,
and c the molar concentration of species. Accord-
ing to the definition, the mixture reactivity index
λ is inversely proportional to the auto-ignition de-
lay time under homogeneous conditions. Conse-
quently, a large value of λ means that reaction R1
and R2 control the reactivity of the mixture and
facilitate ignition. For small λ, reaction R3 domi-
nantly consumes OH radicals and therefore retards
ignition. 

Figure 4 shows λ, Y OH 

, and d ˆ Q in a Mach num-
ber space. The evident concentration of λ and Y OH
in the subsonic regime reemphasizes the important
role of the low-speed recirculation zone behind the
strut in producing active radicals. In contrast, d ˆ Q is
distributed over the whole Mach number range, in-
dicating that both the recirculation zone and the
downstream intense combustion zone are respon-
sible for the heat release. 

With decreasing φoverall to 0.022, as shown in
Fig. 4 (a), peak values of λ and Y OH 

tend to shift
to higher subsonic regime. This can be understood
that, because of the reduced total heat release at the
smaller φoverall , the thermal expansion of the reac-
tion zone becomes smaller as shown in Fig. S7(a)-
S9(a) in the Supporting Material. Therefore, the in-
fluence of the reaction zone on the main stream is
reduced. With increasing φoverall to 0.058, more heat
release and the wider reaction zone can be seen, as
shown in Fig. S7(c)-S9(c) in the Support Material.
This in turn decelerates the main stream so that the
combustion in the strut wake is intensified. This
tendency can be seen in Fig. 4 (c) where the reac-
tion zones show subsonic-shifting and the peak val-
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
ues of λ and Y OH 

move to smaller Ma. Regardless 
of these changes, the main feature of the attached 

flame stabilization mode is retained. Furthermore, 
the backpressure caused by the increased heat re- 
lease in the present case is insufficient to alter the 
combustor inflow condition. Therefore, the com- 
bustor unstart observed by Zhang et al . [27] in cav- 
ity flame-holding supersonic combustor by increas- 
ing fuel injection was not observed in the present 
study. 

3.3. Lifted flame stabilization mode 

Figure 5 shows the case with T 0 = 1784 K and 

φoverall = 0 . 058 . The low-speed recirculation zone 
indicated by the converging streamlines behind the 
strut is suppressed by the main flow to a very small 
region, where Y OH 

is negligibly small. The distri- 
bution of λ is similar to that of Y OH 

and again in- 
dicates that R1–R3 are all suppressed in the strut 
wake flow. The little reliance of the flame stabi- 
lization on the local recirculation zone and the 
far downstream location of the lifted flame sug- 
gest that the present stabilization model resem- 
bles the fuel jet wake in the cavity-based super- 
sonic combustion experiment [6] . Furthermore, the 
time-averaged result, as shown in Fig. S10 in the 
Supporting Materials, also resembles similar lifted 

flame stabilization characteristics. It is noted that 
the present fuel injection is made on the base of the 
strut so that the jet wake is in the downstream of 
the strut. In the cavity-based supersonic combus- 
tor [7,8] , a cross-flow of fuel was injected to the up- 
stream of the cavity and the jet wave is above the 
cavity. 

To further reveal the difference between 

two flame stabilization modes, plots of Y OH 

, 
λ, d ˆ Q in the mixture fraction space are pre- 
sented in Fig. 6 . The mixture fraction (de- 
noted by Z) refers to the conventional definition 
realization of multiple flame stabilization modes 
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Fig. 6. Scatter points’ distribution in mixture fraction space for attached flame stabilization mode at T 0 = 607 K and lifted 
flame stabilization mode at T 0 = 1784 K. 

Fig. 7. Distribution of λ, Y OH 

and d ̂  Q in Mach number 
space with (a) T 0 = 1696 K, (b) T 0 = 1784 K, and (c) T 0 = 

2141 K. 
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Fig. 8. Dependence of the flame lifted length on T 0 for 
the strut-based lifted flame stabilization mode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

28] as Z = ( υY F − Y O2 + Y O2 , 2 ) / ( υY F , 1 + Y O2 , 2 ) in
hich υ is the stoichiometric oxygen-to-fuel mass

atio. In the strut shear layer and wake flow near
he fuel injection, the mixture ranges from fuel rich
o nearly stoichiometric rendering Z ≥ Z st . As the
esult of the mixing between the fuel jet and main
ir flow, Z gradually decreases in the downstream.
or the attached flame mode at T 0 = 607 K, most
H appears around Z st , implying that it forms

n the recirculation zone with long flow residence
ime for mixing. Similar trend can be found for

since it represents the competition among re-
ction R1–R3 for OH radicals. For the lifted
ame mode at T 0 = 1784 K, most OH appears
t Z < Z st , implying that it is not formed in the
fuel-rich” recirculation zone but in the “fuel-lean”
ar downstream. 
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
Figure 7 shows λ, Y OH 

, and d ˆ Q in Mach num-
ber space for various T 0 . Regarding Y OH 

and d ˆ Q ,
the most prominent feature of the lifted flame mode
is the transition of the primary combustion zone to
the supersonic regime, compared with that in Fig. 4 .
It is also found that the lifted flame at T 0 = 1696 K
moves to farther downstream and significantly de-
creased radical formation and heat release occur
in the supersonic regime, indicating the increasing
tendency of the flame blow-out with decreasing T 0 .

It is rather interesting to investigate the flame
lift-off distance as an indicator of flame blowout
trend. By following the definition introduced by
Micka and Driscoll [6] , an iso-line characterizing
the reaction zone border was defined in instanta-
neous OH contour with prescribed threshold value,
i.e., Y OH 

( T hreshold ) = 10 −5 . The most upstream
axial locations of a series of temporal snapshots
were calculated then averaged to get the final sta-
tistical result as shown in Fig. 8 . To verify that the
flame lift-off distance is insensitive to the threshold,
two different thresholds by an order of magnitude
were used and both show the consistent tendency as
follows. In the present problem with a fixed Mach
number, higher T 0 means higher static temperature
realization of multiple flame stabilization modes 
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Fig. 9. Regime nomogram for the DLR flame stabiliza- 
tion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T and speed of sound ( c ∼ √ 

T ), which tends to
push the flame further downstream. In the mean-
time, the increased temperature will exponentially
increase chemical reaction rates [ ∼ exp ( −E a /RT ) ],
rendering the intense combustion in higher veloc-
ity flow possible. This explains the lift-off distance
in the lifted flame stabilization mode decreases
with T 0 . 

3.4. Regime nomogram for strut-based flame 
stabilization 

To systematically quantify the influence of T 0
and φoverall on the flame stabilization, we studied
21 cases with T 0 varies from 607 K to 2141 K and
φoverall from 0.022 to 0.110. Details of all the cases
are listed in Table S2–S3 in the Supporting Mate-
rial. It is noted that the variation of T 0 with the
fixed Mach number slightly changes the air flow
rate and thus the overall equivalence ratio by 13%
in maximum, which does not cause qualitative dif-
ference to the flame stabilization modes, as has been
substantiated above. 

The identified flame stabilization modes are de-
picted in Fig. 9 as a regime nomogram in the T 0 −
φoverall space. Under relatively low T 0 , the flame in
the DLR combustor stabilizes in attached mode
while T 0 ≥ 1696 K the flame can again be stabi-
lized however in another distinct mode. It is also
seen that the variation of φoverall in the range con-
cerned does not cause transition between attached
and lifted flame stabilization modes, indicating that
overall equivalence ratio is a secondary factor in
determining flame stabilization mode in the DLR
combustor. The influence of φoverall on the com-
bustion characteristics is shown in Fig. S11–S14 in
Supporting Material. 

In the intermediate temperature range of 
1044 < T 0 < 1696 K, the flame cannot be stabilized
even being forced ignited initially. This has been
confirmed by our repeated simulation runs by us-
ing different initial conditions and ignition meth-
ods. In fact, at the fixed inflow Mach number, the
inflow velocity increases with T 0 and causes more
Please cite this article as: K. Wu et al., Computational 
in DLR strut-injection hydrogen supersonic combustor,
https://doi.org/10.1016/j.proci.2018.07.097 
heat loss from the combustion zone to the main 

air flow, therefore tending to destabilize the flame. 
This can be used to explain why combustion os- 
cillation, which was hypothesized to occur in this 
temperature range, was not observed in the present 
simulation. As elaborated in the introduction, the 
formation of aerodynamic throat is essential for 
oscillation flame stabilization mode but the com- 
bustion in DLR configuration is unable to provide 
sufficient heat release to thermally chock the com- 
bustor. Therefore, the oscillation between the two 

modes could not be realized in the present study. A 

possible solution to the problem is to modify the ge- 
ometry of the DLR combustor to increase the pos- 
sibility of thermal chocking. This hypothesis merits 
future investigations. 

4. Concluding remarks 

In the present study, flame stabilization modes 
in a hydrogen-fueled strut injection DLR super- 
sonic combustor were systematically investigated 

employing finite-rate chemistry large-eddy simula- 
tion with detailed hydrogen mechanism of Burke 
et al . [22] . Two different flame stabilization modes 
were identified by multiple metrics such as flow field 

visualization, radical evolution, and heat release, in 

both Mach number and mixture fraction spaces. 
For the attached flame stabilization mode oc- 

curring at relatively low T 0 (607–879 K), the en- 
tire combustion process can be divided into three 
stages, such as the induction stage where ignition 

occurs and active radicals are produced, the transi- 
tional stage through which radicals are advected to 

the downstream, and the intense combustion stage 
where most heat release occurs. The low-speed re- 
circulation zone behind the strut is indispensable 
to the combustion stabilization by producing active 
radicals. 

For the lifted flame stabilization mode occurring 
at relatively high T 0 (1696–2141 K), a lifted flame is 
manifest and the effect of the low-speed recircula- 
tion zone behind the strut becomes negligible. Fur- 
thermore, the flame lifted distance deceases with in- 
creasing T 0 because the exponentially increased re- 
action rates shorten the distance between the fuel 
injection and the autoignition. In contrast to that 
the main combustion zones of the attached flame 
mode resides in subsonic regions, the main combus- 
tion zone in the lifted flame mode is in the super- 
sonic region. 

The present parametric study shows that signif- 
icant variation in the overall equivalence does not 
cause the change of stabilization mode. In the inter- 
mediate range of T 0 (1044 to 1506 K), the hypothe- 
sized combustion oscillation was not observed and 

the initially forced ignition always results in even- 
tual blowout. The existence of combustion oscil- 
lation mode in the DLR supersonic combustor re- 
mains an unsolved problem. 
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