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Abstract

Reactive Reynolds-Averaged Navier-Stokes (RANS) simulations, using the CEDRE software, were
conducted to investigate the combustion behavior resulting from fuel injection through a strut injector
into a confined transverse supersonic flow of vitiated air. The corresponding experimental conditions
were studied in the LAPCAT-II combustor, operating in the LAERTE facility at the ONERA Palaiseau
Research Center. This study examines four distinct operating conditions, characterized by variations in
stagnation temperature and equivalence ratio, covering a range from nominal combustion to regimes
approaching thermal choking. The first condition serves as a reference case for validating the numerical
methodology, through comparison with various experimental diagnostics, including pressure
measurements, reaction zone position via OH* chemiluminescence, shock positions using Schlieren
imaging, and single gas temperature measurement by CARS. Additionally, the stabilization mechanism
of the flame under this condition is analyzed. The three others are used to study the appearance of
thermal choking within the chamber.

Keywords: Supersonic Combustion; Strut injector; Scramjet; Hydrogen,; thermal Choking; RANS
simulation; Shock train

Nomenclature
Latin Greek
k — turbulent kinetic energy (m?-s2) a — Relative to the species
T — Temperature (K) ® — Equivalence ration (-)
P — Pressure (Pa) w — Pseudo-dissipation (s!)
V — flow velocity (m-s?) ® — Species production rate (s)

X, Y, z — cartesian coordinates (mm)
Y — mass fraction (-)
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1. Set-up

The LAPCAT-II combustor is fed with a Mach 2 hot vitiated air-stream issued from a Laval nozzle. This
vitiated air-stream is produced through a preliminary H2-air combustion, followed by oxygen
replenishment to maintain an oxygen molar fraction of 0.21. The inlet stagnation temperature is
adjustable within the range of 1300-1900 K, while the stagnation pressure can range from 0.1 MPa to
1.2 MPa.

The combustor features a constant width of 40 mm and consist of four consecutive sections. The initial
section, serving as the isolator, has a uniform cross-sectional area with an inlet height of 35.4 mm and
a length of 215 mm. It is followed by three additional sections with half angles of 1° (318 mm), 3°
(354.5 mm), and again 1° (305 mm). These divergent geometries are designed to delay or prevent the
onset of thermal choking within the chamber. The total length of the combustor, measured from the
Laval nozzle exit to the end of the final divergent section, is 1257 mm. Large optical access windows
are integrated along the combustor walls, enabling the use of advanced optical diagnostics. These
include single-point CARS (Coherent Anti-Stokes Raman Scattering) measurements, as well as flow
visualization techniques such as OH* chemiluminescence or Schlieren imaging, as well as planar laser-
induced fluorescence (PLIF) [1]. Figure 1 presents the geometry of the Mach 2 Laval nozzle alongside
the full combustor configuration, with the reference position x = 0 mm corresponding to the nozzle
throat.
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Figure 1 Geometry of the LAPCAT-II combustor

The combustion chamber is made of a copper alloy, with its inner walls coated by a 300 um thick
thermal barrier coating (TBC) made of Yttria-stabilized Zirconia (where Yttria refers to yttrium oxide).
The surface of the TBC exhibits a sandpaper-like texture, which has been characterized using scanning
electron microscopy (SEM), yielding an average surface roughness of approximately 65 um.

Hydrogen is injected into the primary supersonic vitiated air stream via a strut injector, depicted in
Figure 2. The strut is equipped with two injection ports, each 2mm in diameter, located symmetrically
on either side. These ports are positioned at x = 200 mm.

Figure 2 Geometry of the injection strut
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Combustion within the LAPCAT-II combustor, using the aforementioned strut injector, has been
investigated under four distinct operating conditions, summarized in Tableau 1. The effect of the inlet
stagnation temperature To is investigated via Case A and B, while cases B, C and D explore the influence
of the global equivalent ratio ®.

Tableau 1 Experimental conditions

Ref. To (K) )
Case A 1700 0.12
Case B 1400 0.12
Case C 1400 0.15
Case D 1400 0.2

2. Computational Model

This study is carried out using ONERA's computational fluid dynamics (CFD) platform CEDRE [2], a
multi-physics environment designed for the simulation of complex flow phenomena via specialized
solvers. Specifically, this study harnesses the capabilities of the finite volume three-dimensional
compressible and reactive Navier-Stokes solver CHARME.

Reynolds-averaged Navier-Stokes (RANS) numerical simulations are performed within the framework
of Menter’s k — w shear stress transport (SST) turbulence model [3]. The Reynolds fluxes of mass and
energy deduced from the turbulent diffusivity approximation by introducing turbulent Schmidt and
Prandtl numbers, which are set to a conventional value of 0.9 [4]. This turbulence model is used in
conjunction with a wall roughness model [5] , which is particularly important in this context as it
accounts for the residual surface roughness of the thermal barrier coating (TBC), a critical parameter
for accurately reproducing the experimental observations [6-8].

The averaged chemical source terms @, in the species transport equations are modeled using the Well-
Stirred Reactor (WSR) approach. This framework assumes that subgrid-scale fluctuations in composition
are negligible at the resolved level, such that @, = @, (T,¥,). This assumption is widely used in high-
speed combustion simulations [9-12]. The chemical reaction rates are computed based on the detailed
kinetic mechanism developed by Jachimowski [13].

3. Numerical Results
3.1. Comparisons to the experimental results

To evaluate the accuracy of the numerical simulations, the computational results are compared against
multiple experimental measurements. Local static pressure data, acquired along the upper wall of the
combustion chamber, as well as gas temperature CARS measurements, are directly compared with the
corresponding numerical predictions. Additionally, visualizations from the experiments are compared to
their numerical counterparts, synthetic Schlieren fields, estimated from the norm of the density
gradient, and heat release rate integrated across the full width of the chamber.

3.2. Pressure measurements
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Figure 3 Wall pressures levels for case A to D

The comparisons to pressure measurements for each set of experimental condition is presented on
Figure 3. For each condition, black dots refer to the pressure profile recorded in non-reactive conditions
(no injection of H2), while colored dots are the the reactive case. Profiles A, B and C reveal a series of
successive peaks downstream of the injection strut, located at x=200mm. These peaks result from
shock reflections on the chamber walls, as illustrated by the Schlieren visualizations in Figure 4. These
peaks are rapidly followed by the combustion development, which leads to a rise in global pressure
levels observable in the region 250<x<350mm, a shown in Figure 5. In contrast, Case D exhibits a
pressure rise upstream of the injection strut located at x=130mm in the simulations and between x=140
and x=160mm in the experiments. This behavior is indicative of thermal choking occurring within the
chamber [14]. The observed discrepancies between numerical and experimental results in this region
may be attributed to several modeling limitations, including the choice of turbulence model, the
combustion representation, or the lack of detailed turbulence—chemistry interaction (TCI) modeling.
Further downstream (x>350mm), the simulations and experiments diverge in their predicted pressure
trends. While the numerical results show a gradual pressure decrease, consistent with the chamber’s
divergent geometry, the experimental data reveal a pressure plateau that remains unexplained. This
plateau behavior has also been observed in other pressure measurements conducted in the LAPCAT-II
combustor [6-8], suggesting a recurring feature whose origin has yet to be convincingly interpreted.

3.3. Visualizations comparisons

Schlieren and OH* chemiluminescence imaging were performed for all four operating conditions. The
corresponding numerical visualizations were generated using two approaches: a numerical Schlieren
field derived from the density gradient along the streamwise direction, and the heat release rate (HRR)
integrated across the full width of the combustor. The dark thick line located above the strut on the
Schlieren images on Figure 4 results from deposit on the windows. The comparisons between
experimental and numerical visualizations are presented in Figure 4 and Figure 5. For Cases A, B, and
D, the shock structures induced by the strut injector are well captured by the simulations. In particular,
reflected shocks in the vicinity of the combustion ignition region are accurately reproduced. In Case C,
a shock structure is also observed upstream of the strut, both in experiments and simulations. This
case approaches the thermal choking limit, making it especially sensitive to the modeling strategy. The
numerical simulation appears to trigger early manifestations of choking under these conditions. OH*
comparisons, shown in Figure 5, demonstrate a satisfactory agreement between experiments and
simulations in terms of flame location and structure for all four cases. For Cases B, C, and D, both the
experimental OH* signal and the simulated HRR indicate a progressive increase in combustion intensity
with rising equivalence ratio, suggesting that a greater amount of hydrogen is burned in the same
region as fuel availability increases.
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Figure 4 Experimental (left) and numerical (right) Schlieren. Case A to D (Top to bottom)
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Figure 5 OH* chemiluminescence (left) and Heat Release Rate (right). Case A to D (Top
to bottom)

3.4. Temperature measurements

CARS temperature measurements were carried out along the lines indicated in Figure 6. This diagnostic
technique, previously validated under other LAPCAT-II injection conditions [15] is employed here to
provide detailed thermodynamic insight. Comparisons with simulation results are presented for Case 1
only. The measurement lines were selected to probe both the incoming freestream and the combustion
development downstream of the strut injector. In particular, one streamwise line upstream of the
injector (i.e line 1) captures the thermal state of the vitiated air prior to fuel injection, thus characterizing
the inlet conditions impinging on the hydrogen jet. Additionally, three vertical lines (2, 3 and 4)
positioned downstream of the strut are used to probe vertical evolution of combustion along the flow
path. Two horizontal lines (5 and 6) were also investigated. The first, located in the mid-height of the
chamber, lies outside the core combustion region and primarily reveals temperature peaks associated
with shock structures. The second, aligned with the elevation of the injection holes, traverses the main
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combustion zone, offering direct insight into flame development and heat release. The CARS setup
exploited in this experiment emits 1kHz trains of pulses enabling up to kHz measurements of the
temperature within a cylinder shape of approximatively 0.1 mm in diameter and 1.5 mm long. N2 CARS
spectra were acquired at a rate of 100Hz (10-shot integration) for line 1, and at 10Hz (100-shot
integration) for the remaining lines.

Table 2. CARS measurements lines
Reference X (mm) y (mm) z (mm) Freqguency (H2)
1 171 Variable 0 100
2 10 mm downstream strut ~ Variable 0 10
3 80 mm downstream strut ~ Variable 0 10
4 290 Variable 0 10
5 Variable 0 0 10
6 Variable -8 0 10
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Figure 6 CARS Measurements lines

The comparison between simulation results and experimental CARS temperature measurements is
presented in Figure 7. A satisfactory agreement is observed for vertical lines 2, 3, and 4, particularly
from the upper part of the flowfield down to the region where a temperature rise is detected,
corresponding to the onset of combustion. However, for line 3, notable discrepancies appear near the
lower wall, a region not shown for lines 2 and 4 due to the absence of experimental data. This behaviour
is particularly intriguing, given the low flow velocity in this area and the presence of active combustion,
as evidenced by OH* chemiluminescence in the corresponding visualizations.
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Figure 7 Comparison to CARS measurements along the corresponding line
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Temperature measurements upstream the strut (i.e. line 1) reveal a distribution that deviates slightly
from the numerical predictions. Specifically, the experimental data show higher temperatures in the
freestream core and lower temperatures near the walls, whereas the numerical simulations assume a
uniform inlet temperature profile. This discrepancy is attributed to the simplified thermal boundary
condition at the inlet, which assume the temperature as uniform. A similar trend has previously been
observed with TDLAS measurements [6] in other experimental campaigns conducted on the LAERTE
facility. Although refining the inlet temperature profile could improve agreement in the upstream region,
such refinement is not deemed critical for the current study, as combustion in this configuration is not
governed by auto-ignition. Along line 5, a temperature offset of approximately 200K is observed
between simulations and CARS measurements. This offset is consistent with the mismatch observed at
the mean axial location on line 1. Nevertheless, the position of the temperature peaks is accurately
reproduced. The final measurement line 6, analysed shows excellent agreement between experimental
and numerical temperature profiles. This consistency suggests that the combustion process is well
captured by the numerical model under the investigated conditions.

3.5. Description of the flow

To further analyze the internal flow dynamics, Case A is examined in greater detail. The most prominent
feature in this configuration is the strut injector, which supplies fuel to the combustor. This geometric
protrusion, positioned within the supersonic crossflow, generates a system of shock waves that
propagate and reflect within the chamber. Figure 8 presents numerical Schlieren visualizations,
integrated either along the width or the height of the combustor. These images clearly show the shock
structures originating from the strut and their subsequent reflections on both the top and side walls of
the chamber. Notably, reflected shocks intersect the hydrogen mixing layer at approximately x=230,
245 and 260mm. These shock—mixing layer interactions play a crucial role in promoting ignition and
supporting combustion stabilization of the injected fuel.
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Figure 8 Numerical Schlieren of case A integrated along the width (top) and height
(bottom) of the combustor

Figure 9 illustrates the hydrogen mixing process through cross-sectional planes located at x=[108; 215;
225; 250Jmm shows the atomic equivalence ratio, showing the distribution of the atomic equivalence
ratio. The geometry of the strut, combined with the flow characteristics typical of a Jet in Supersonic
Crossflow (JISC), promotes the development of a distinct vortical topology, namely a counter-rotating
vortex pair (CVP). These vortices are clearly visible in the figure through streamlines superimposed on
the equivalence ratio contours. Near the injection ports, the CVP gradually transports the hydrogen
downstream in the vicinity of the strut. Further downstream, the vortices begin to merge, resulting in
a broader and more uniform distribution of the fuel in the far field.
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Figure 9 Streamlines superimposed to equivalence ratio contour downstream the strut

A recirculation region, identified through velocity contours shown in Figure 10 forms and stabilizes
immediately downstream of the injection strut. This low-velocity zone plays a crucial role in initiating
combustion. The influence of this recirculation is further evidenced in Figure 11 which displays elevated
temperature levels in the same region, consistent with the reduced flow velocity.
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Figure 10 Velocity contour with streamlines in the plane z=0
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Figure 11 Temperature contour with streamlines in the plane z=0
3.6. Analysis of the combustion ignition

The role of shock waves in combustion ignition is emphasized in Figure 12 which shows that regions of
maximum heat release rate (HRR) coincide with the locations where shocks reflect onto the hydrogen
mixing layer observable on Figure 13. To further illustrate this mechanism, Figure 14 presents the
longitudinal gradient of the HRR, highlighting areas where the heat release increases sharply. Four
distinct regions of elevated HRR gradient are identified. The first three correspond to positions where
reflected shocks intersect the fuel-air mixing layer, confirming their direct contribution to ignition. The
fourth region aligns with the interface between the downstream recirculation zone and the incoming
fresh gases, indicating that this recirculation bubble plays a secondary role by anchoring the flame once
ignition has been initiated. These observations suggest that, under the present combustion regime,
shock reflections act as the primary ignition mechanism, while the recirculation zone stabilizes the flame
and supports sustained combustion.
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200 200 y(mm 300 350

Figure 12 Numerical Schlieren and HRR superimposed integrated along the width (top)
and the height (bottom) of the combustor
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Figure 13 Hydrogen mass fraction contour in the y-plane located at the injection height

Figure 14 Numerical Schlieren and iso-HRR gradient integrated along the width (top) and
the height (bottom) of the combustor

3.7. Analysis of the thermal choking of the chamber

Thermal choking in the combustor is investigated through the comparison of Cases B, C, and D, in
which the equivalence ratio is progressively increased while maintaining a constant stagnation
temperature. As previously shown in Figure 3, this leads to a rise in pressure downstream of the strut,
associated with an increase in heat release rate (HRR). The resulting pressure buildup initiates the
formation of shock structures upstream of the strut, a phenomenon analogous to shock trains observed
in supersonic inlets. This behavior is captured in Figure 15. The position and intensity of these shocks
are driven by the equivalence ratio, and in extreme cases, may lead to nozzle unstart, marking the
onset of thermal choking. This set of experimental conditions provides a valuable framework for
calibrating and validating numerical models, ensuring that they accurately capture the combustion,
shock structures, and flow choking within the chamber.
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Figure 15 Numerical Schlieren upstream the strut for cases B, C and D

4. Conclusion

This study has presented a detailed numerical investigation of reactive supersonic combustion in the
LAPCAT-II combustor, using Reynolds-Averaged Navier—Stokes (RANS) simulations performed with
ONERA’s CEDRE code and the CHARME solver. The numerical results were compared against a
comprehensive set of experimental data acquired in the LAERTE facility, including pressure
measurements, OH* chemiluminescence, Schlieren visualizations, and CARS temperature
measurements.

Four operating conditions, covering a range of equivalence ratios and combustion regimes—from
nominal operation to near thermal choking—were examined. The simulation results show good
agreement with experimental data in terms of pressure evolution, flame structure, and temperature
fields, particularly for the nominal case (Case A). The contribution of shock reflections to combustion
ignition and the role of the recirculation zone in flame stabilization were clearly identified through
numerical Schlieren fields and HRR gradients.

The formation of thermal choking was analyzed through cases B to D, highlighting how increased
equivalence ratios lead to elevated downstream pressure and upstream shock formation, consistent
with shock train behavior. These effects were shown to be sensitive to local flow structures and
combustion—turbulence interaction, underlining the importance of accurate modeling strategies.
Overall, this work demonstrates that numerical tools, when properly calibrated, can reliably capture the
key physical mechanisms governing supersonic combustion in complex geometries. The insights gained
from this study offer a strong foundation for further development and optimization of predictive models,
particularly regarding shock-induced ignition, mixing processes, and flame holding in high-speed
propulsion systems.
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