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Assessment of the combustion characteristics of
hydrogen transverse jets in supersonic crossflow

By M. Gamba, V. E. Terrapon, A. Saghafian, M. G. Mungal AND H. Pitsch

1. Motivation and objectives

In this work we are providing an assessment of the supersonic combustion model devel-
oped by Terrapon et al. (2009) and Saghafian et al. (2011) and integrated into Reynolds
averaged Navier-Stoke (RANS) and Large Eddy Simulation (LES) solvers. For this pur-
pose, the experiment of Gamba et al. (2011) of a reacting transverse jet in supersonic
crossflow is used. The aim of the work is to investigate the structure of the reaction zones
in the shear layer, the near-wall burning regions induced by the jet/bow shock interac-
tion (Gamba et al. 2011), and to assess how the features observed in the laboratory are
predicted by the RANS and LES approaches.

In the following sections, the experimental configuration and a brief description of the
experimental approach will be introduced. Then, the combustion model and its imple-
mentation in the RANS and LES solvers will be described. Finally, the flow and flame
structure, and an assessment of how both RANS and LES approaches approximate them
will be discussed.

2. Experimental considerations

In this section a description of the experimental configuration and techniques used for
the investigation will be briefly summarized. A more detailed account of the experimental
arrangement can be found in Gamba et al. (2011).

2.1. Transverse jet in supersonic crossflow and experimental arrangement
The flow of interest in the study was generated by a hydrogen jet issued perpendicu-
larly from a flat plate immersed in a crossflow. Figure 1 shows a three-dimensional (3D)
schematic diagram of the flat plate and of the flow field resulting from transverse injec-
tion into a supersonic crossflow. Fuel was injected through the contoured injector shown
schematically in Figure 2. Different cases were considered, but the work presented here
is based on the case with a jet plenum pressure pj,o = 2435 kPa, which results in a

momentum flux ratio J = ρjetU
2
jet

ρ∞U2
∞

of 5.0 and a jet Reynolds number of 3.2 × 105. The
crossflow (air) was generated in the Stanford Expansion Tube. Details on the experimen-
tal arrangement and calibration procedure can be found in Gamba et al. (2011).

For the flow conditions of the experiment, the 99% boundary layer thickness was esti-
mated to be 1 mm using analytical considerations (White 1991) and qualitative Schlieren
imaging. The unit Reynolds number U∞/ν∞ of the crossflow was about 3× 106 m−1 and
the local Reynolds number at the injector location was about 2×105. Under this condition
a laminar boundary layer would be expected (White 1991).

The experiments presented here were conducted at the Stanford 6” Expansion Tube
Facility developed and described in detail by Heltsley (Heltsley et al. 2006; Heltsley 2011).
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Figure 1. Three-dimensional schematic diagram of a
transverse jet in supersonic crossflow issued from a flat
plate.

Figure 2. Schematic diagram of the
contoured injector. Dimensions in
mm.

A discussion of the operation principle can be found in Trimpi (1962). More specific
details regarding the arrangement of the expansion tube for the current experiments can
be found in Gamba et al. (2011).

The crossflow conditions (p, T, M) were maintained fixed at p = 40kPa, T ≈ 1500K
and M = 2.4, with an expected shot-to-shot variation of less than 2.5% of the nominal
values. The test time duration was experimentally determined to be approximately 500µs.

Different imaging techniques were used to investigate the flow and reaction zone struc-
ture: Schlieren imaging was used to investigate the shock and jet structure, OH∗ chemi-
luminescence imaging was used to investigate ignition and overall flame penetration,
and OH planar laser-induced fluorescence (PLIF) was used to mark and investigate the
instantaneous reaction zone on several orthogonal planes. Due to the short test time du-
ration, the imaging experiments are single-shot realizations and were carried out at the
same nominal time delay with respect to the initiation of the flow, well after a steady
state was established.

3. Numerical simulations

The experiment described above has been simulated at RANS and LES levels by
Saghafian et al. (2011) using the flamelet-based combustion model for the supersonic
regime developed in Terrapon et al. (2009). In the following sections, a brief overview of
the numerical implementation and models will be given.

3.1. RANS approach
The RANS solver used for the solution of the compressible Navier-Stokes equations is
based on a finite volume formulation and implicit time-integration on arbitrary poly-
hedral meshes (Pecnik et al. 2009; Terrapon et al. 2009). The Euler fluxes are com-
puted with an HLLC approximate Riemann solver (Toro et al. 1994; Batten et al. 1997).
Second-order accuracy is typically achieved by computing the states at each side of a
given cell face using second-order interpolation and then applying the same flux evalu-
ation scheme to the reconstructed states. Gradients are limited with a modified version
of the Barth and Jespersen slope limiter (Pecnik et al. 2009; Barth & Jespersen 2011;
Venkatakrishnan 1995). The system of conservation equations is solved fully coupled and
the resulting large sparse system (the Jacobian matrices are obtained using first-order
discretization) is solved with the generalized minimal residual method (GMRES) using
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the freely available linear solver package PETSc (Satish et al. 2009). The two-equation
turbulence model k−ω SST (Menter 1994) is used to describe turbulence. The turbulent
Schmidt and Prandtl numbers are set to 0.5.

For RANS calculations, the computational domain was defined over half of the flat
plate domain with uniform inflow, symmetry boundary condition on the center plane
of the domain (intersecting the injector), and outflow elsewhere. Because of the short-
duration of the experiment, a constant temperature (300 K) boundary condition was
imposed at the wall. The 3D RANS mesh contained about 2.2 million cells, with the first
mesh point off the wall at ∆+

y < 1 to correctly capture the boundary layer. Two limiting
cases were considered: (i) the boundary layer was assumed to be initially laminar and
transition to turbulence was then imposed at the position of the upstream recirculation
bubble (see below); (ii) the boundary layer was assumed to be fully turbulent.

3.2. LES approach

The LES solver is based on an energy-conserving unstructured finite volume discretization
with explicit third-order Runge-Kutta time integration (Mahesh et al. 2004; Ham &
Iaccarino 2004). The LES solver has novel operators with minimized numerical dissipation
and dispersion errors (Moureau et al. 2007; Shoeybi et al. 2010). The flux calculation
relies on a hybrid central and WENO method in which a shock sensor is used to identify
where the WENO scheme should be applied. The solver uses the dynamic Smagorinsky
model to close the sub-grid terms in the LES equations (Moin et al. 1991).

For LES calculations, the flat plate domain was considered with uniform inflow condi-
tions and constant temperature boundary condition at the wall. The LES mesh contained
about 30 million cells. The inflow boundary layer was assumed laminar.

3.3. Flamelet-based combustion model

The supersonic combustion model used in the study (Terrapon et al. 2009) is based on
a flamelet description of the flame structure (Peters 1984; Pitsch 2006). It is based on
the Flamelet/Progress Variable (FPV) approach of low-Mach number turbulent non-
premixed combustion (Pierce & Moin 2004). Chemistry is pre-computed and tabulated
as a series of laminar flamelet solutions for a given set of boundary conditions and
background pressure po. The non-premixed flamelet solutions are parameterized with
respect to the mixture fraction Z and a reaction progress variable C, which is defined here
as the mass fraction of water. Assumed Probability Density Functions (PDF) account for
turbulence/chemistry interaction. A β−PDF is assumed for Z and a δ−PDF for C. The
local thermochemical state (temperature T and species mass fractions Yi) is tabulated

with the Favre-averaged mixture fraction Z̃, mixture fraction variance Z̃”2, and progress
variable C̃ at constant po.

In the low-Mach number approximation, temperature and species mass fractions are
assumed to depend only on

(
Z̃, Z̃”2, C̃

)
. However, in the supersonic regime where com-

pressibility and viscous heating effects are important, the internal energy ẽ computed
as part of the flow solution is inconsistent with the internal energy of the tabulated
chemistry. This inconsistency is resolved by inferring temperature from ẽ in a closed
form using an approximate linearization of ẽ about its flamelet solution ẽo, where the
linearization parameters are tabulated in the flamelet library (Terrapon et al. 2010). The
error committed by this approximation is about 5 K for a temperature 300 K away from
the flamelet solution. However, this approximation does not take into account changes in
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Figure 3. Time-averaged (20 µs) Schlieren image of the transverse jet at J = 5.0.

Figure 4. Time-averaged (200 µs) OH∗ chemiluminscence image for J = 5.0 jet.

composition with corrected temperature. Pressure is then computed from the ideal gas
law using the corrected temperature.

A pressure rescaling of the source term in the transport equation of C, ¯̇ωC , was assumed
and proposed (Terrapon et al. 2010; Saghafian et al. 2011) as an approximate correction
to account for compressibility/chemistry interaction. With this approximation, ¯̇ωC is

rescaled as ¯̇ωC = ¯̇ωCo

(
p
po

)α

, where ¯̇ωCo is the tabulated source term computed at po.
The scaling exponent α was estimated from an analysis of the pressure dependance of

¯̇ωC computed from a set of flamelet solutions. For hydrogen chemistry, it was found that
α ≈ 2, which is explained by the predominance of two-body reactions in the oxidation of
hydrogen.

The chemistry model is based on an improved version of the GRI-Mech v3.0 mechanism
and consists of 9 species and 28 reactions. Details on its implementation are reported in
Terrapon et al. (2009).

4. OH LIF model

A simplified two-level model is used to simulate the OH LIF signal from RANS and LES
calculations.The model is introduced to approximately account for temperature, compo-
sition, and collisional quenching effects on OH LIF. These factors limit the interpretation
of the signal, especially in the context of a direct comparison with numerical simulations.
With this approach, a more consistent comparison of measured and simulated quantities
can be attempted.

4.1. Two-level model
Laser-induced fluorescence is comprised of two stages: absorption of radiation to an upper
quantum state, followed by relaxation back to the ground state (Eckbreth 1996). The
two-level LIF model (e.g., Eckbreth 1996) approximates this process and is constructed
to approximately describe the excitation/collection scheme used in the experiment.
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Taking a rovibronic transition to occur between quantum states 1 and 2, the LIF signal
Sf in the linear, quenching-dominated limit (neglecting predissociation, photoionization,
and line-shape effects) is Sf ∼ χOHfB,1B12

A21
Q21

Iν . In this expression χOH is the OH mole
fraction; B12 and A21 are the absorption and spontaneous emission coefficients for the
selected rovibronic transition; Q21 =

∑
i χiσ̂i 〈vi〉 is the total collisional quenching rate

between all collisional partners of mole fraction χi (σ̂i is the collisional cross-section, 〈vi〉
is the mean relative speed); Iν is the incident laser irradiance; and fB,1 is the Boltzmann
population fraction of the lower quantum state. For reacting flows, the pool of collisional
partners changes locally based on the progress of reaction, i.e., Q21 locally depends on
the local instantaneous chemical composition. It is therefore derived from the solution
of the combustion model. Note that Sf depends linearly on the OH mole fraction but it
also depends on local temperature and composition through fB,1 and Q21, which might
render the interpretation of Sf as a tracer of χOH ambiguous.

5. Results

5.1. Flow structure as visualized by the experiment

The global structure of the flow and burning regions are found to depend on the momen-
tum flux ratio J . Details on how these features change with J can be found in Gamba
et al. (2011). Here, only the case of J = 5.0 will be discussed.

The typical shock and jet structure observed in transverse jets in supersonic crossflow
is shown in Figure 3, where a time-averaged (20 µs exposure) Schlieren image of the
transverse jet at J = 5.0 is shown (in all figures, the crossflow is from left to right).
Some of the more important shock structures that were schematically shown in Figure 1
can be recognized, such as: (i) the bow shock curving around the jet, (ii) the separation
oblique shock, (iii) the deformed barrel shock that terminates in the Mach disk, (iv) the
re-compression shock on the lee-side of the transverse jet, and (v) the outline of the shear
layer of the jet. Note also that the incoming boundary layer is rendered by the imaging
technique as the thin bright layer which, at the position of the separation shock, appears
to fold up as it undergoes separation.

The 3D bow shock has a strong impact on the flow and flame structure (Gamba et al.
2011). The bow shock inevitably interacts with the incoming boundary layer which,
in response, separates, especially in laminar boundary layers (Dowdy & Newton 1963;
Rogers 1971a,b). As a result, a thin recirculation region forms in front of the jet which
sustains a separation shock (see Figure 3). The strength and size of these flow features
are related to the level of blockage and to the strength of the induced bow shock, which
are related to J . Downstream of the injection port the outline of the wake of the jet is
visible and it is not affected by significant shocks. In fact, the pressure distribution in
the wake quickly recovers to the undisturbed value (Everett et al. 1998; Gruber & Goss
1999).

Figure 4 shows a time-integrated (200 µs) OH∗ chemiluminescence image of the jet
at J = 5.0 and shows the overall ignition and flame characteristics of the system. For
J = 5.0, burning in the shear layer, in the wake of the jet close to the wall and upstream
of the injection port near the wall, is observed. This latter feature has been associated
with the reacting upstream recirculation region, which acts as a stabilization mechanism
(Huber et al. 1979). Independently of the value of J , experimental observation found
that most of the OH∗ was detected close to the wall rather than in the shear layer.
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Figure 5. Instantaneous (top) and 11-frame average (bottom) OH PLIF image for the
J = 5.0 case on the x− y symmetry plane.

Figure 6. Instantaneous OH PLIF image for the J = 5.0 case on a x− z plan-view 0.25d
off the flat plate.

5.2. OH PLIF visualization of the reaction zone and burning regions
OH PLIF imaging was carried out on several orthogonal planes to identify the instanta-
neous reaction zone (Gamba et al. 2011). However, only imaging results on the symmetry
side-view plane and on a plan-view plane at 0.25d off the wall are considered here.

Figure 5 shows an example of the instantaneous reaction zone marked by OH PLIF for
the symmetry plane of the transverse jet. An 11-frame average OH PLIF image is also
shown in the figure. For this high value of J , three major flow features are observed: (i)
a stable reacting recirculation region upstream of the jet, (ii) a reactive shear layer on
the windward side of the transverse jet, and (iii) a highly reactive boundary layer. This
latter feature is clearly identified by the plan-view imaging of Figure 6 and it is found to
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extend laterally for several jet diameters off the jet centerplane. Furthermore, the near-
wall burning region is observed to be the dominant feature over a wide range of J values
(Gamba et al. 2011). It seems reasonable to conclude that the intense near-wall burning
observed from OH∗ chemiluminescence is primarily due to the dominant OH regions near
the wall shown in Figure 6. On the contrary, the combustion zones in the shear layer
are localized, intermittent, thin, convoluted and with extinction-induced discontinuities.
This intermittent, thin flame structure is then responsible for the weak OH∗ distribution
as identified above.

It is interesting to note that, although the transverse jet is immersed in a supersonic
crossflow and is characterized by a jet exit Reynolds number on the order of 3.2×105, the
instantaneous reaction zone in the shear layer of the jet is confined in thin, laminar-like,
convoluted structures which resemble the structure of low-speed nonpremixed flames.
This gives some support to a description of the combustion process using a flamelet-
based approximation as in the FPV combustion model of Terrapon et al. (2009). On
the other hand, regions near the wall (Figure 6) are characterized by broad and diffuse
OH regions that enfold the base of the jet and their morphology depends on J . In
these regions, the traditional form of the flamelet approximation might not be the most
accurate combustion model, and further work is required to assess it.

5.3. LES and RANS predictions
After describing the structure of the burning regions as observed in the experiments, we
will now consider LES and RANS predictions of this configuration (Saghafian et al. 2011).
In this section, the results of the RANS simulation with a laminar incoming boundary
layer is considered first; the turbulent boundary layer case is considered in the next
section. For consistency with the experiment, the results (T and χi) of the computations
were converted to an equivalent simulated OH LIF signal.

Figure 5.3 shows the instantaneous distribution of OH mole fraction from the LES
computation (top) compared to the simulated OH LIF (bottom). Both quantities reveal
the same morphological structure of the reacting jet, and there are only minor differences
in the relative distribution of the OH mole fraction values and simulated OH LIF signal.
In particular, some of the variation that exists in OH mole fraction going from the near-
field to the far-field (in the shear layer but also in the wake near the wall) is attenuated.
Overall, however, the OH PLIF is able to reproduce the main characteristics of the OH
layers and the relative distribution across the measurement plane.

The results of Figure 5.3 show that many features observed in the experiments (Figure
5) are captured by the LES computation. In particular, the long, reacting recirculation
region standing in front of the jet is predicted, along with the structure of the wind-ward
side of the shear layer. However, the LES solution indicates intense OH LIF regions just
downstream of the injector near the wall that are not observed in the experiment. This
discrepancy could result from temperature and pressure effects that are currently not
accounted for in the combustion model. In fact, the lee-side region of the jet experiences
lower temperatures and pressures as the (cold) fuel jet exits the injector and undergoes
further expansion.

The mole fraction distribution of OH on the symmetry plane as computed by the
RANS model is shown in Figure 8, and it has been converted to simulated OH LIF signal
in Figure 9. As it was observed for the LES simulation, OH mole fraction and simulated
OH LIF signal indicate, for the most part, the same structures. Simulation shows higher
OH mole fraction in the near-wall wake than in the shear layer. This difference is then
attenuated once the OH mole fraction has been converted to simulated OH LIF signal.
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Figure 7. LES simulation of the J = 5.0 jet: instantaneous OH mole fraction (top)
compared to simulated OH LIF (bottom) on the symmetry plane.

Figure 8. RANS simulation of the J = 5.0 jet: OH mole fraction on the symmetry plane.

Figure 9. RANS simulated OH LIF with stoichiometric contour (solid line) and average
location of the OH layers extracted from measurements (symbols).

Compared to experiments and LES prediction, the results of Figure 9 show that a few
morphological differences exist. First, the reacting recirculation region upstream of the
jet is shorter and less full than what was observed above. Furthermore, when compared
to the experiment in Figure 5, the shear layer thickness is less pronounced. The latter
discrepancy is a result of the RANS model being incapable of capturing the intermittency
and complexity of the shear layer. Nevertheless, the RANS model well captures the
overall penetration of the transverse jet. This was assessed in Figure 9 by comparing
the stoichiometric contour (shown as the solid line and which compares well with the
location of local maximum OH mole fraction) with the average location of the OH layers
(shown as symbols) extracted from the OH PLIF imaging experiments. The RANS model
reproduces with reasonable accuracy the penetration and deflection trajectory of the
mean location of the reaction zone in the near field and well approximates it further
downstream into the wake of the jet.
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The structure of the reacting zones near the wall predicted by LES and RANS ap-
proaches will now be investigated. Figure 10 shows the instantaneous structure of the
OH zones on the 0.25d plan-view plane as visualized in the experiment (top half) and
predicted by the LES simulation (bottom half). The LES captures well the upstream
extent of the recirculation region and also the overall structure of the broad OH zones.
The lateral extent, however, is over-predicted. The curved, solid line in Figure 10 (on the
left side of the domain) outlines the foot of the bow shock, which is defined as the points
on the imaging plane extracted from the simulation at which pressure is 10% above the
freestream value. Comparison of the shock foot location with the upstream envelope of
the OH layers supports the idea introduced previously that the near-wall OH structure
might be driven by the fluid dynamic interaction of the bow shock with the jet and
the incoming boundary layer. The processes resulting from the interaction would then
sustain and enhance entrainment and mixing, and would allow for longer flow residence
times.

The RANS prediction of the near-wall burning regions is shown in Figure 11. Contrary
to the LES model, the RANS simulation tends to under-predict the size of the upstream
recirculation region and the lateral spreading of the OH zones near the wall. Furthermore,
the bow shock foot predicted by RANS indicates a bow shock somewhat narrower than
the LES prediction and which does not envelope the OH distribution predicted by the
RANS simulation. The RANS predicted location of the shock foot, however, agrees well
with the location of the diffuse OH zone observed in the experiments. Note that in
the experiment the location of the shock foot is not known. However, the favorable
agreement of the side-view location of the bow shock (i.e., Figure 3) predicted by RANS
and observed in the experiment (not shown) supports the assumption that RANS might
be able to capture the overall 3D structure of the bow shock and of the flow around
the jet. Therefore, the shock foot location predicted by RANS might be used as an
approximate marker of the location of the shock foot in the experiment. These results
provide reason to assume that the lateral extent of the near-wall burning region is driven
by the bow shock/boundary layer interaction around the jet. The following section further
investigates how this feature is influenced by the characteristics of the incoming boundary
layer and bow shock.

5.4. Effect of boundary layer on near-wall burning regions
Comparison of the characteristics of the OH regions predicted by LES and RANS with
experimental observation has identified key differences in the near-wall region. In this
region, both experiments and LES indicate lateral OH zones bounded upstream by the
bow shock. On the contrary, the RANS prediction shows a more narrow OH distribution
near the wall which does not follow the location of the bow shock. However, the RANS
calculation was performed with a rather crude approximation of the more complex lami-
nar/turbulent transition that might occur at the bow shock foot in the experiment (recall
that the transition point in RANS was imposed at the location of the recirculation bub-
ble). If the near-wall OH region results from the bow shock/boundary layer interaction,
it seems plausible that the outcome is sensitive to details of the incoming boundary layer
and its modeling. This could explain the large difference observed in the RANS results.
Although it is not clear at this stage whether these near-wall burning regions are dynam-
ically important in a global sense (for example, they might have a limited contribution to
the energy deposition into the flowfield), it is important to understand the link between
their characteristics and the characteristics of the boundary layer. Because the RANS
results are inconclusive, it is also important to understand the ability (or limitations) of
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Figure 10. LES of the J = 5.0 jet: instantaneous simulated OH LIF (bottom half) on the
0.25d plan-view plane compared to experiment (top half). Solid line indicates shock foot
location in the LES simulation.

Figure 11. RANS of the J = 5.0 jet: simulated OH LIF (bottom half) on the 0.25d
plan-view plane compared to instantaneous experiment (top half). Outer solid line: shock
foot location from RANS; inner solid line: Z = 0.005 iso-contour line.

RANS to capture these processes that might be critical in other regions, under different
conditions, or in cases where shock/flow interaction dominates the flowfield and the com-
bustion process. In order to assess these aspects further, additional imaging experiments
were carried out with a turbulent boundary layer generated by tripping the flow near the
leading edge of the flat plate. Additional RANS calculations assuming a fully turbulent
boundary layer from the leading edge were also performed for comparison.

Figure 12 shows the instantaneous OH distribution near the wall (0.25d) visualized
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Figure 12. Effect of laminar (bottom half)
and turbulent (top half) boundary layer on
near-wall (0.25d) OH distribution as visual-
ized by OH PLIF in the experiment.

Figure 13. Effect of turbulent boundary
layer on near-wall (0.25d) OH distribution of
J = 5.0 jet. RANS simulation (bottom half)
and OH PLIF (top half). Solid line: bow shock
foot; dash lines stoichiometric and Z = 0.005
contours.

by OH PLIF for the case of a turbulent (top half) and laminar (bottom half) incoming
boundary layer, respectively. As demonstrated by these results, the incoming boundary
layer has a strong impact on the near-wall burning regions. For example, the near-wall
OH zone for a turbulent boundary layer is more confined around the injector than for a
laminar boundary layer. The length of the upstream recirculation region (a characteristic
size of this feature) is found to be about three times smaller for the turbulent case than
for the laminar one.

Figure 13 shows a comparison of the instantaneous OH zones near the wall at 0.25d with
a turbulent boundary layer observed in the experiment (top half) with RANS prediction
(bottom half). The shock foot (solid line) and two iso-contour (dash) lines of the mixture
fraction are also shown. In this case, RANS well replicates the size and location of the OH
zones seen in the experiment. The outer dash line defining the Z = 0.005 iso-contour line
well bounds the OH zones in both the RANS calculations and experiment. Furthermore,
many other details of the OH distribution are well predicted. For example, both the
RANS calculation and the experiment found a high OH mole fraction (OH LIF signal)
in the upstream portion of the reacting horse-shoe region around the injector which
then decreases downstream. In both cases there is a low OH mole fraction region just
downstream of the injector which ends at the lee-ward side reattachment point. The
main difference is in the regions downstream of the reattachment point where the high
OH mole fraction region predicted by RANS near the centerline is not observed in the
experiment. In general, it seems that RANS could be a viable approach to predict even
these complex regions.

6. Conclusions

This work investigates the structure of the reaction zones of hydrogen transverse jets
in supersonic crossflow. The final objective is to provide an assessment of the supersonic
combustion model of Terrapon et al. (2009) and Saghafian et al. (2011) implemented in
LES and RANS solvers by simulating the experiment of Gamba et al. (2011).

In the experiments, the flame structure was visualized by OH PLIF on the symmetry
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side-view plane and on a plan-view plane 0.25d off the wall. The experimental work
identified thin, convoluted, laminar-like OH layers in the shear layer of the jet and broad
OH regions near the wall within the boundary layer. These latter regions are believed
to result from the upstream separation region and horse-shoe vortex system developing
around the base of the jet in combination with the interaction of the bow shock with the
incoming laminar boundary layer. The structure of the near-wall burning region was also
found to depend strongly on the incoming boundary layer (laminar or turbulent).

The LES simulation well captures the spatial distribution, structure and intermittency
of the reacting layers found in the experiments. However, the LES computation showed
an overestimation of the OH zone structure at the wall, which might be due to compress-
ibility effects not fully accounted for in the combustion model. On the other hand, the
RANS simulation well predicts the flame penetration into the crossflow, and the lateral
extent of the OH region close to the wall for turbulent incoming boundary layers, but
under-predicts the broadening of the shear layer induced by the large-scale intermittency.

In the laminar boundary layer case, the RANS approach was not able to predict the
correct dynamics of the interaction between the bow shock and the incoming boundary
layer, resulting in a large under-prediction of the lateral extent of the near-wall burning
region in this case. This was shown to be directly related to the ad-hoc treatment of
transition, where the turbulence model was simply turned on at a fixed location upstream
of the injection. It might be conjectured that a more adequate model of the transition
process could improve those results. Although it is not clear whether the observed near-
wall burning regions are important to the overall energy deposition budget (other than
possibly being an important flame stabilization and flame-holding mechanism), these
results highlight the sensitivity on the incoming boundary layer of the processes that
might be most important to mixing, entrainment and flame stability near walls and under
conditions when shock/flow interaction is important. Because under realistic conditions
of a supersonic combustor turbulent flow is more likely, the shortcomings of the RANS
model and sensitivity to the details of laminar flow conditions might not play a significant
role.

In light of these results, we can conclude that the proposed combustion model shows
promise for both RANS and LES, and is able to capture the key features observed in the
experiment. Future work will focus on further improvements of the model to account for
compressibility effects.
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