
HAL Id: hal-04752654
https://hal.science/hal-04752654v1

Submitted on 24 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Quasi-CJ rotating detonation with partially premixed
methane-oxygen injection: Numerical simulation and

experimental validation
Pierre Hellard, Thomas Gaillard, Dmitry Davidenko, Patrick Berterretche,

Ratiba Zitoun, Pierre Vidal

To cite this version:
Pierre Hellard, Thomas Gaillard, Dmitry Davidenko, Patrick Berterretche, Ratiba Zitoun, et al..
Quasi-CJ rotating detonation with partially premixed methane-oxygen injection: Numerical sim-
ulation and experimental validation. Applications in Energy and Combustion Science, 2024, 19,
pp.100278. �10.1016/j.jaecs.2024.100278�. �hal-04752654�

https://hal.science/hal-04752654v1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Applications in Energy and Combustion Science 19 (2024) 100278

A
2
n

Contents lists available at ScienceDirect

Applications in Energy and Combustion Science

journal homepage: www.elsevier.com/locate/jaecs

Quasi-CJ rotating detonation with partially premixed methane-oxygen
injection: Numerical simulation and experimental validation
Pierre Hellard a, Thomas Gaillard a, Dmitry Davidenko a, Patrick Berterretche b, Ratiba Zitoun b,
Pierre Vidal b,∗

a DMPE, ONERA, University of Paris-Saclay, Palaiseau, 91120, France
b Institut Pprime, UPR 3346 CNRS, ENSMA, University of Poitiers, Futuroscope-Chasseneuil, 86960, France

A R T I C L E I N F O

Keywords:
Rotating Detonation Engine
Partial premixing
Pressure gain combustion
Large Eddy Simulation
Experiments
Rocket engine

A B S T R A C T

The efficiency gain of rotating detonation depends on several loss factors related to the chamber geometry, the
injection principle, the propellants and their mass flow rates, and the equivalence ratio. Numerical simulation
can help quantify these losses, and this work presents a Large Eddy Simulation (LES) of rotating detonation in
an annular chamber and its validation against experiments. The simulation captured the mixing processes, the
overall dynamics of the detonation, the deflagration, and the burnt gas expansion. The injection device was
numerically designed to ensure partial premixing of the propellants before injection into the chamber. The
chamber had a length of 110 mm, an outer diameter of 80 mm, and a radial width of 10 mm. The mixture
consisted of gaseous CH4 and O2 with an equivalence ratio of 1.2 and a mass flow rate of 160 g/s. Combustion
kinetics was modeled using a skeletal mechanism with 62 reactions and 16 species. The boundary conditions
were adiabatic slip walls. The results reproduce well the detonation velocity (within 1% deviation) and the
pressure variation behind the wave. The simulated OH* chemiluminescence compares well with experimental
high-speed imaging of the outlet and side of the chamber. The simulation results indicate that 65% of the
propellant mass is well mixed in front of the wave whereas 15% of the mixture is burned by deflagration.
They show that CH4 and O2 do not axially stratify because they have similar injection dynamics between
periodic perturbations induced by the rotating detonation. Good propellant mixing and low deflagration losses
explain the high experimental detonation velocity, about 90% of 𝐷CJ, and a high combustion efficiency of
98%. These agreements between the computational and experimental results indicate that the simulation is
capable of capturing the physical scales relevant to RDC operation and producing reliable results for RDC
design.
1. Introduction

Detonation is a promising combustion mode for increasing engine
performance and reducing fuel consumption. The Rotating Detonation
Engine (RDE) receives today most of the attention because of its wide
operating range [1], simple design [2], self-maintained combustion,
and compactness [3]. However, loss factors limit the efficiency gain,
some of which this study aims to quantify based on numerical sim-
ulations of a Rotating Detonation Combustor (RDC) with partially
premixed injection, validated against experimental observations.

The main loss factors are incomplete mixing [4], parasitic defla-
gration [5,6], and unfit chamber and nozzle geometries [7–10]. For
example, the detonation velocities observed in experiments are lower
than the theoretical Chapman–Jouguet (CJ) values of reference be-
cause of imperfect mixing of the propellants [11,12] and burnt gas
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dilution [13,14]. In rocket-type RDEs, the higher reactivity of the
propellant mixture increases the number of waves [15], which can
limit the time available for mixing. Higher reactivity also promotes
deflagration losses [16]. Therefore, these RDEs tend to have higher det-
onation velocity deficits than air-breathing RDEs, although rocket-type
detonation applications are easier.

Several experiments and simulations showed that the dynamic re-
sponse of the flow at the injector outlet can lead to an axial strati-
fication of the mixture in front of the wave, resulting in incomplete
combustion [17,18]. Insufficient mixing of the propellants may lead to
combustion heat release distributed throughout the chamber instead
of concentrated in the detonation front [19], thus reducing the com-
bustion efficiency. For example, the value of 0.85 was obtained in an
experimental CH4/air RDC [20].
vailable online 15 July 2024
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Fig. 1. Schematics of the chamber and the ITEM injector (length units are mm).
Solving mixing problems implies considering different degrees of
propellant premixing. Experiments with full premixing often show de-
flagration, slow detonation modes, or unstable regimes [13,21]. How-
ever, it was also reported that injecting separately non-premixed H2 and
premixed C2H4/O2 increased the RDC operation stability [22]. There-
fore, partial premixing seems to be an interesting option providing a
higher detonation velocity in hydrogen and methane-fueled RDCs [23–
25] and improving the combustion efficiency in a kerosene-fueled
RDC [26].

This study is an analysis of numerical simulations and their ex-
perimental validation for an RDC with partially premixed injection,
operating with gaseous CH4/O2 at quasi-CJ velocity (𝐷CJ). Section 2
introduces the RDC and injector geometries. Section 3 describes the
numerical approach and its validation by comparison with experimen-
tal observations. Section 4 presents the numerical analysis of the main
phenomena in the RDC, including propellant mixing, deflagration and
detonation dynamics, reinjection dynamics, and outlet flow properties.

2. Experimental set-up

The experimental set-up was an annular RDC implemented on the
GAP test facility [27], with chamber length 110 mm, outer diameter
80 mm and annular width 10 mm, comparable to some other RDCs [28,
29].

Fig. 1 shows the injection device, which comprised 72 evenly
spaced injection elements. Each element was composed of a 2 mm-
diameter prechamber that received the fuel (gaseous CH4) from a
1.2 mm-diameter axial channel and the oxidizer (gaseous O2) from
two 1.15 mm-diameter, 45◦ oblique channels, arranged symmetrically
to form semi-impinging jets just above the fuel orifice. The injection
ring was located at a radius of 37.5 mm, i.e. closer to the outer
radius of the chamber rather than at its mean radius of 35 mm. The
injection element was numerically designed to control the mixing and
is hereafter referred to as ITEM for Injector To Enhance Mixing.

To ensure safe operation, the rotating detonation propagating in the
chamber must not be transmitted to the injector. From the canonical
point of view, the chamber can be seen as a tube with a large diameter,
2

Fig. 2. Equivalence ratio at the injector outlet in a cold flow simulation. The black
branches represent the semi-impinging O2 tubes.

and the injector prechamber as a tube with a smaller diameter 𝑑. The
criterion for the detonation to not propagate in the smaller tube is
𝑑 < 𝜆∕𝜋 [30], where 𝜆 is the detonation cell mean width [31–34].
For the perfectly-mixed stoichiometric CH4/O2 mixture in this work,
𝜆 = 2 mm at atmospheric pressure [35]. The safety criterion is likely
met with the present 2 mm-diameter prechamber, considering that the
detonation front is approximately normal to the injection plane and
that cold flow simulations show incomplete mixing at the outlet of
the injection prechamber (Fig. 2), which increases the characteristic
chemical length and hence the expected cell width 𝜆. Additionally, no
flame can stabilize in the prechamber because the injection is sonic.

Choking throats were used to measure the fuel and oxidizer mass
flow rates upstream of the injector. Five Kistler 603B high-frequency
pressure transducers (P1–P5 in Fig. 1) recorded pressure signals at the
chamber outer wall. Kistler 6031 pressure transducers were installed
in the plenums to measure the total injection pressure. The number of
waves was calculated from the phase difference between the signals of
two consecutive transducers, e.g. P4 and P5, and the frequency of the
main peaks from the transducer P4.

High-speed imaging of the side and back views of the RDC was
performed with a Phantom TMX UV camera through a low-pass filter
(550 nm), which was installed to collect OH* (308 nm) and CH*
(431 nm) chemiluminescence. The spatial resolution was 312 µm/px,
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Table 1
Sizes of the studied meshes.

Mesh Medium Refined

Tetrahedron size in the injector (µm) 60 40
Tetrahedron size in the detonation zone (µm) 150 100
Total tetrahedron number (in millions) 11 26

and the exposure time was set to 200 ns to limit the blurring effect
below two pixels. Side imaging was performed through a quartz outer
wall at the recording frequency of 180 kHz. For the back view, the
recording frequency was 230 kHz.

3. Numerical approach and experimental validation

The main physical phenomena in RDE flows are turbulent mixing,
deflagrations, detonations and shocks. Their modeling requires solving
the 3D Navier–Stokes (NS) equations for compressible reactive gas, and
the Large Eddy Simulation (LES) approach is well-suited for capturing
turbulent flows. The NS equations were solved on an unstructured
mesh with the CEDRE code [36]. A MUSCL method [37] with the Van
Leer slope limiter [38] and the HLLC Riemann solver [39] provides
second-order accuracy on the convective fluxes and so can capture both
propellants mixing and strong gradients in the chamber. A second-order
central-difference scheme was used to compute the viscous fluxes. The
time integration was performed with the Euler implicit scheme and a
time step of 2 × 10−9 s.

The chemical kinetics was modeled using the skeletal chemical
kinetic mechanism of Laurent [40] developed for high-pressure CH4/O2
combustion in rocket engines, which includes 16 species and 62 reac-
tions. Although originally developed for cryogenic initial conditions,
this mechanism turns out to be valid for our conditions (Appendix).

The thermodynamic properties and the species viscosity were cal-
culated as functions of temperature using the NASA polynomial fits
and the Sutherland law [41], respectively. Species heat conduction
and diffusion coefficients were calculated by assuming constant Prandtl
and Schmidt numbers. The Smagorinsky subgrid approach [42] was
employed to model the unresolved turbulent structures. Two unstruc-
tured meshes, having different tetrahedron sizes in the injector and
the detonation propagation zone, were used (Table 1). The mesh was
progressively coarsened 20 mm above the injection plane from 150 µm
(Medium) or 100 µm (Refined) to 800 µm size. The size 𝛥 of a tetrahe-
dron was calculated from its volume 𝑉 and total surface area 𝐴 with
he relation 𝛥 = 6𝑉 ∕𝐴.

Fig. 3 shows the computational domain. Manifolds are connected
o the injection elements to act as buffers for attenuating the shocks
oming from the chamber and to limit their influence on the inlet
onditions. The flow from the RDC is discharged into a large volume at
tmospheric pressure to eliminate the influence of the outlet boundary
ondition on the flow. A non-reflecting, constant-pressure condition is
et at the boundaries of this volume. A half of the RDC with peri-
dic boundary conditions was considered for the simulation because
wo equidistant co-rotating waves were observed in the corresponding
xperiment. Fig. 4 presents the measured pressure signal at P1 (blue)
nd the same curve with a phase delay of one detonation period
red). Hence, each pair of blue and red peaks represents two different
etonation fronts. It shows that the two co-rotating detonations have
imilar strength (peak pressure of ≈5 bar) and velocity (±70 m∕s).

The total temperature (293 K) and the mass flow of each reactant
ere set at the inlet of the manifolds connected to the tubes feed-

ng the injector. Resolution of the turbulent boundary layer requires
ighly refined meshes and computational resources which could not be
llocated in this work. However, numerical studies suggest that wall
riction and heat transfer have little impact on the detonation velocity
n RDCs (≈3% difference) [43,44]. Therefore, the present simulations
ssumed adiabatic and slip walls.
3

Table 2
Detonation velocities obtained in the experiment and the simulations with two
meshes.

Experiment Medium Refined

Mean detonation velocity (m/s) 2205 2196 2187
Standard deviation (m/s) 70 189 41

A 2D simulation of the RDC with premixed injection was realized to
obtain an initial condition in the RDC. This 2D computational setup is
similar to that detailed in [18]. The 2D flow field was then interpolated
onto the 3D RDC domain. For the injector, the initial condition was
provided by a RANS simulation of the cold flow in the RDC.

The spatial resolution of the numerical approach in this work will
not capture the cellular structure of a detonation wave propagating
in a homogeneous mixture. In RDCs, the detonation dynamics depend
mainly on the mixture, temperature, and pressure non-uniformities and
gradients [45,46], and the chamber curvature [47–49]. These phe-
nomena were taken into account in the simulation, which, therefore,
should be able to reproduce these dynamics without solving the cellular
structure. The following discussion aims to validate this approach based
on experimental observations.

Experiments using CH4/O2 mixtures with a chamber mass flux rang-
ng from 35 to 80 kg/m2/s and equivalence ratios 𝐸𝑅 from 0.8 to 1.2

were carried out, resulting in detonation velocities 𝐷∕𝐷CJ ranging from
0.85 to 0.9 (Fig. 5). The CJ velocity 𝐷CJ was calculated at atmospheric
ressure and room temperature for each 𝐸𝑅. The operating condition
elected for the simulations is a mass flow rate of 𝑚̇ = 160 g/s (chamber
ass flux of 73 kg/m2/s) and 𝐸𝑅 = 1.2, typical of the experimental

ases with two stable co-rotating waves.
Table 2 compares the experimental and numerical mean detonation

elocities and their standard deviations calculated from high-frequency
ressure measurements in the chamber. Both meshes give detonation
elocities very close to the mean experimental value, i.e. with less
han 1% difference. Refining the mesh provides much better agreement
ith the experimentally determined standard deviation of detonation
elocity, so this case was further used for detailed validation.

A numerical sensor was positioned at the same location as the
ransducer P1. The numerical signal was processed to account for the
patial averaging of the experimental signal due to the transducer
adius 𝑑𝑠 = 5 mm. This correction consisted in averaging the data
ecorded by the numerical sensor. Each data point of rank 𝑘 was
veraged over the window [𝑘−𝑛∕2; 𝑘+𝑛∕2], corresponding to the time
he detonation takes to cross the experimental transducer diameter. The
indow width 𝑛 was defined by 𝑛 = 𝑑𝑠𝑓𝑠∕𝐷, where 𝑓𝑠 is the acquisition

requency of the numerical sensor. The correction only accounts for the
patial averaging in the azimuthal direction because the effect of the
veraging in the axial direction is supposed to be smaller.

Fig. 6 -left compares the experimental and corrected numerical
ressure signals. The simulation well reproduces the detonation veloc-
ty and the pressure peak intensity, but also the burnt gas expansion
ynamics behind the detonation front, in particular a secondary shock.
ndeed, the numerical pressure contour in Fig. 6 -right shows a very stiff
radient close to the end of a supersonic zone, at the angular position
= 36◦.

Previous studies of CH4/O2 flames [50,51] have shown that the
ain species involved in chemiluminescence are OH* and CH*, but

he skeletal reaction mechanism of Laurent [40] used in the present
imulations does not include these radicals. However, Kathrotia [52]
eveloped two sub-mechanisms to embed the chemiluminescent species
H* and CH* in detailed mechanisms. For reduced mechanisms, the
uasi-Steady State Approximation (QSSA) provides algebraic relations
etween the species concentration in such mechanisms and OH* and
H* [53]. In the present work, this approximation was used to post-
rocess the simulation results. All species involved in the OH* sub-
echanism, excepting OH*, are present in the mechanism of Lau-

ent, but not those of the CH* sub-mechanism. Therefore, only OH*
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Fig. 3. Computational domain with an instantaneous temperature field at the chamber radius 𝑅 = 37.5 mm (left) and an equivalence ratio field in the injector (right).
Fig. 4. Experimental pressure signals at P1. The red curve has a phase delay of one
period compared to the blue curve. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Experimental detonation velocity ratio with CH4/O2.

concentration is evaluated using the QSSA with the mechanism of
Laurent.

Calculations were performed on a canonical premixed laminar flame
and a planar ZND detonation to assess the accuracy of the QSSA
approach for OH* and to verify that the chemiluminescence of OH*
and CH* occurs approximately in the same zone. Reference profiles
4

for OH* and CH* were thus obtained using the GRI-Mech 3.0 detailed
mechanism [54] extended with the two sub-mechanisms by Kathrotia.
The results with the mechanism of Laurent were post-processed as
described above. Fig. 7 shows that the CH* and OH* emission zones
are practically superimposed. However, the skeletal mechanism with
the QSSA underestimates the OH* concentration in both cases, and in
the detonation front, the CH* concentration is much higher than that of
OH*. Therefore, the comparison between experimental and simulated
chemiluminescence in the RDC is only qualitative.

Fig. 8-top compares experimental (5000 frames) and simulated
(30 instantaneous fields) phase-averaged chemiluminescence back-end
imaging. The background noise caused by the hot gas jet was subtracted
from the experimental image, and the numerical chemiluminescence
was axially averaged over the chamber length, assuming proportion-
ality between the chemiluminescence intensity and OH* radical con-
centration [55]. The detonation front (1) is shown as the brighter zone
near the outer wall, located approximately on the ring of injection holes
(Section 2). A shock wave (2) propagates in the burnt gas closer to the
inner wall, and induces a lower level of chemiluminescence. The non-
homogeneous chemiluminescence behind the detonation front probably
results from shocks reflected at the inner and outer walls.

Fig. 8-bottom compares experimental (5000 frames) and simu-
lated (30 instantaneous fields) phase-averaged chemiluminescence side
imaging. The numerical chemiluminescence is averaged over the annu-
lar width. The well-known flow field in RDEs is retrieved, with the
detonation wave (3) propagating near the injection wall, the oblique
shock (4), and the attached slip line (5). The experimental and the
numerical fields are similar, with a 15 mm-high detonation front and
a low light emission from the parasitic deflagration in front of the
detonation wave. The experimental detonation front is slightly tilted
due to the non-uniform fresh mixture state in front of it, which the
simulation does not reproduce. Overall, the simulation reproduces
the experimental observations, including the detonation propagation
velocity, the wave structure, and the burnt gas expansion.

4. Numerical analysis

The numerical results validated above are further analyzed below
in three parts, although the phenomena they describe are interrelated,
despite their length scales being very different. The LES cut-off length
scale is within the scale range of the mixing processes – (10−100) µm –
so the simulation also captures the detonation and deflagration overall
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Fig. 6. Left: experimental (blue) and corrected simulated pressure (orange) signals. Right: Numerical pressure field (grey scale) at the outer wall, with the sonic isoline shown in
red and the location of the transducer P1 as the yellow line. (1): detonation front, (2): secondary shock. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 7. Molar concentrations of OH* and CH* radicals in a 1D laminar flame (left) and a ZND detonation (right), obtained using the detailed GRI-Mech 3.0 with the Kathrotia
sub-mechanism, and the skeletal mechanism of [40] with QSSA for OH*.

Fig. 8. Phase-averaged chemiluminescence imaging. Left: experiments, right: simulations. Top: back-end view, bottom side view. 1 & 3: detonation front. 2: oblique shock induced
by the radial expansion. 4: oblique shock induced by the axial expansion. 5: slip line.
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Fig. 9. Distribution of the fresh mixture mass fraction at the injector outlet.

Fig. 10. Phase-averaged CH4 and O2 injected flow rates.

dynamics – (0.1 − 10) mm – and the burnt gas expansion – (1 − 10)
cm. The first part details the composition of the injected mixture at the
injector outlet and its response to the periodic blockage by the passage
of the detonation. The second part focuses on the mixing processes in
the chamber, with emphasis on the composition of the fresh mixture
consumed by the detonation. The third part describes the flow field at
the chamber outlet and discusses the combustion efficiency obtained
with the numerically optimized ITEM injector.

4.1. Partial premixing and flow dynamic response in the injector

The simulation was used to assess the degree of premixing at the
injector outlet. Fig. 9 shows the distribution of the mixture mass
fraction as a function of 𝐸𝑅 over 5 detonation rotations. Only about
15% of the propellant is near stoichiometry (0.6 < 𝐸𝑅 < 1.4), while
33% is very lean (𝐸𝑅 < 0.1), and 21% rich (𝐸𝑅 > 2.8). This low mixing
level prevents the combustion from propagating to the prechamber.

The injection dynamics were obtained for the flow injected through
4 evenly distributed injection elements, during 5 detonation periods,
resulting in 20 reinjection cycles. Fig. 10 shows the resulting phase-
averaged flow rates 𝑚̇𝑖 of each propellant normalized by their respective
averaged mass flow rates 𝑚̇𝑖𝑛𝑗 = 𝑚̇∕𝑛𝑖𝑛𝑗 , where 𝑚̇ is the propellant
total mass flow rate and 𝑛𝑖𝑛𝑗 = 72 is the number of injection elements
(Section 2). The instant 𝑡 = 0 corresponds to the detonation arrival
at the injection hole and 𝜏 is the cycle period. First, the high pressure
6

generated by the detonation passage significantly reduces the mass flow
rates during 15% of the cycle period. Then, the flow rate of O2 increases
from 0.75 to stabilize around its mean value, while the flow rate of CH4
slowly increases from 0.6 to about 1.2. Finally, the flow rate of CH4
suddenly increases and that of O2 decreases at the same time (𝑡∕𝜏 =
0.9), resulting in a higher injected 𝐸𝑅. This is due to a large pocket of
CH4 generated by the interaction of the fuel and oxidizer flows in the
prechamber (Section 4.2) which reduces the surface available for the
O2 injection. Overall, except for the last 10% of the cycle, O2 and CH4
have similar injection responses, so the mixture should not be axially
stratified in the chamber.

4.2. Jet structure and mixing in front of the detonation

In previous studies [21,56], the phase-averaged mean-field was de-
termined by moving the RDC flow field to always place the detonation
at exactly the same position. This method sharpens the detonation
front, but loses the detail in the fresh mixture layer. Nassini [57]
proposed the Phase-Locked Ensemble Averaged method, which consists
in moving the flow field to match injection element positions during
one detonation period. In this case, the structure of the fresh mixture
in front of the wave is preserved, but the detonation front is smeared.
The same principle is used here for multiple periods.

Fig. 11-left shows the azimuthal velocity (𝑉𝜃) field and isolines of
the pressure gradient over the 10 injection elements closest to the
detonation front at three chamber radii 𝑅. The velocity field indicates
that the ITEM injector induces significant variations of 𝑉𝜃 near the
injection plane, which promotes mixing. The high positive values of
𝑉𝜃 at 𝑅 = 36 mm near 𝜃 = 90◦ are due to the oblique shock associated
with the detonation front propagating near the inner wall (Section 3).
The pressure gradient at 𝑅 = 37.5 mm shows, as expected, Mach
barrel structures within the propellant jets, confirming that the jets are
under-expanded.

Regarding the mixing, Fig. 11-right shows the 𝐸𝑅 field and the
temperature isoline 𝑇 = 1000 K in front of the detonation wave. This
isoline helps to define the outer boundary of the fresh mixture layer.
Above 10 mm, the mixture appears almost homogeneous, especially at
the injection radius (𝑅 = 37.5 mm). The CH4 unmixed pocket mentioned
above (Section 4.1) is observed at 𝜃 < 120◦ and 𝑅 = 37.5 mm. The axial
injection from closely spaced injection orifices ensures a continuous
fresh gas layer with almost no hot gases between the jets. Only at the
top of the layer, near the outer wall (𝑅 = 39 mm), is the mixture too
rich. In the main, the axial stratification is low.

Fig. 12 shows the profiles of the equivalence ratio 𝐸𝑅 and mixing
efficiency 𝜂𝑚𝑖𝑥 in front of the detonation wave, confirming the low axial
stratification. The mixing efficiency is convenient for quantifying the
fresh mixture composition in front of the detonation. At a given axial
coordinate 𝑦, it is defined as the mass fraction of propellants at the
proportion corresponding to the global ER, i.e.

𝜂𝑚𝑖𝑥(𝑦) =
∬𝑆𝑦

𝜌min(𝑌CH4 + 𝑌CH4𝑀𝑅, 𝑌O2 + 𝑌O2∕𝑀𝑅) 𝑑𝑆

∬𝑆𝑦
𝜌𝑑𝑆

, (1)

where 𝑀𝑅 is the mixture ratio (≈3.33 here),

𝑀𝑅 =
2𝑀O2

𝑀CH4
𝐸𝑅glob

, (2)

𝑀𝑖 the molar mass of species 𝑖, 𝐸𝑅glob the global equivalence ratio
(𝐸𝑅glob = 1.2), 𝜌 the mixture density, and 𝑌𝑖 the mass fraction of
species 𝑖.

The surface 𝑆𝑦 used for integration is bounded radially by the inner
and outer walls, azimuthally on one side by the detonation front, and
is 𝜃 = 360∕𝑛𝑖𝑛𝑗 = 5◦ wide. 𝜂𝑚𝑖𝑥 increases from 0.3 to 0.6 at the top of
the fresh gas layer (𝑦 = 13 mm).

The total mass consumed by the detonation was obtained by in-
tegrating the mass of the fresh mixture over 𝑆 and along 𝑦. Thus,
𝑦
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Fig. 11. Phase-averaged fields at three chamber radii. Left: Azimuthal velocity with isolines of pressure gradients. Right: 𝐸𝑅 fields with the 𝑇 = 1000-K isoline.
Fig. 12. Mixing efficiency and 𝐸𝑅 in front of the wave vs. the distance 𝑦 to the
injection plane.

60% of the injected mass is perfectly mixed, 25% is unmixed, and the
remaining 15% is burned by deflagration.

Fig. 13 shows the distribution of the mixture mass fraction as a
function of 𝐸𝑅. Most of the fresh mixture is close to stoichiometry
(0.6 < 𝐸𝑅 < 1.4). Therefore, the good mixing quality and the low level
of stratification here explain the high experimental detonation velocity,
i.e. 𝐷 ≈ 0.9𝐷CJ (Section 2).

4.3. Flow structure, dynamics and thermodynamics at the chamber outlet

The flow at the chamber outlet was characterized by the phase and
radially averaged pressure and velocity components. Information on the
pressure and flow velocities at the outlet is useful for designing nozzles.
7

Fig. 13. Mass fraction distribution as a function of the equivalence ratio ER.

Fig. 14 shows the pressure and velocity jumps induced by the oblique
shock at the angular position 𝜃 = 90◦. The pressure increases by 40%
from 1 to 1.4 bar, the axial velocity 𝑉𝑦 decreases from 900 to 600 m/s,
and the azimuthal velocity 𝑉𝜃 varies from −130 to 200 m/s. However,
these numbers do not include boundary layer effects.

Combustion efficiency for rocket engines is usually quantified by
a ratio of characteristic velocities at the nozzle throat [58]. Since the
RDC had no throat in this study, the efficiency was characterized by
the ratio

𝜂𝑇 =
𝑇̄𝑡
𝑇𝑎𝑑

(3)

of the mass flow averaged total temperature 𝑇̄𝑡 to the isobar adiabatic
combustion temperature 𝑇 . The adiabatic temperature was calculated
𝑎𝑑
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Fig. 14. Radially and phase averaged pressure (left) and velocity (right) at the chamber outlet. 𝑉𝑦: axial velocity. 𝑉𝜃 : azimuthal velocity.
using the CANTERA software [59] and the skeletal mechanism [40],
assuming that the fresh gases are at the injector plenum pressure 𝑃 = 7
bar and room temperature.

This gives 𝜂𝑇 = 𝑇̄𝑡∕𝑇𝑎𝑑 = 0.98, indicating that the combustion is
completed in the chamber. The same value is obtained 30 mm upstream
from the chamber outlet, which suggests improving compactness by
shortening the chamber. Combustion completeness can also be eval-
uated by tracking unburnt CH4 at the outlet. Here, there is less than
0.03% of the injected CH4 left at 80 mm to the outlet, i.e. 30 mm from
the injection plane.

5. Discussion and conclusion

The simulation of RDCs requires the capture of three main scales,
namely the mixing processes, the detonation and deflagration dynam-
ics, and the burnt gas expansion. This work validates an LES approach
against experimental observations and then presents an analysis of
parameters that are difficult to access experimentally.

Experimental chemiluminescence imaging provides information on
the axial and radial distribution of the fresh mixture and its mixing
quality. Both numerical and experimental chemiluminescence imaging
show a 15 mm-high detonation front close to the injection plane,
at the position of the injection ring. The numerical simulation also
indicates that the fuel and oxidizer have similar injection dynamics,
hence a low stratification in the chamber. The injection is reduced over
15% of the detonation period. However, when the injection regime
is recovered, the under-expanded propellant jets generate significant
total pressure losses, so future injector designs should consider larger
injection surfaces to achieve subsonic injection.

The simulation reproduces well the wave configurations and dy-
namics, particularly the quasi-CJ velocities obtained in the experiments
with the numerically designed ITEM injector. The analysis shows that
most of the mass is burned by the detonation, so the deflagration only
has a low parasitic effect on efficiency.

The numerical and experimental pressure signals are in agreement,
showing, in particular, the peaks of the detonation, and of the sec-
ondary shock due to the expansion of the burnt gas. The high com-
bustion efficiency at the outlet suggests that the chamber length could
be shortened without significant losses in performance. However, the
adiabatic and slip-wall assumptions overestimate the numerical chemi-
luminescence at the walls and may not give the right flow dynamics at
the chamber outlet, i.e. an underestimated azimuthal momentum.

Prediction of the experimental detonation velocity in an RDC with
non-premixed injection is challenging [19,60–64] because of the vari-
ety of phenomena that need to be captured, i.e. mixing, deflagration,
detonation, burnt gas dynamics. The detonation velocity was often
over-predicted and attributed to the neglect of viscous wall interac-
tions. The present results and some previous simulations [65] tend to
8

contradict this conclusion. Since the same assumption is implemented
in the present work, a possible explanation can be the combination
of the optimized injector design and the effect of a chemical kinetic
mechanism well suited to thermodynamic conditions in RDCs.
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Fig. 15. Ignition delay behind a shock propagating at 𝐷CJ in the stoichiometric CH4/O2
mixture at 300 K versus initial pressure.

Fig. 16. Ignition delay for the stoichiometric CH4/O2 mixture at 1 bar versus the
reciprocal of the initial temperature.

Appendix

The skeletal mechanism of Laurent [40] was validated for our
conditions by comparing its predictions of ignition delay and laminar
flame speed with those of the detailed mechanisms GRI-Mech3.0 [54],
RAMEC [66], Zhukov and Kong [67] and UCSD [68]. The calculations
were realized with CANTERA [59].

Fig. 15 shows the ignition delay behind a shock propagating at 𝐷CJ
in the stoichiometric CH4/O2 mixture initially at room temperature.
The results are plotted versus the pressure in front of the shock.

Fig. 16 shows the ignition delay (at constant volume) for the stoi-
chiometric CH4/O2 mixture at atmospheric pressure and various initial
temperatures. The results are plotted versus the reciprocal of the initial
temperature.

Fig. 17 shows the laminar flame speed for CH4/O2 mixtures with
various equivalence ratios initially at room temperature and atmo-
spheric pressure. The results are plotted versus the equivalence ratio.

Fig. 18 shows the laminar flame speed for the stoichiometric CH4/O2
mixture at various pressures and room temperature. The results are
plotted versus the reciprocal of the initial pressure.

The comparison shows that the mechanism of Laurent gives satis-
factory predictions for our conditions, although this mechanism was
originally developed for cryogenic conditions.
9

Fig. 17. Laminar flame speed for the CH4/O2 mixture initially at 300 K and 1 atm
versus the equivalence ratio.

Fig. 18. Laminar flame speed for the stoichiometric CH4/O2 mixture initially at 300
K versus the initial pressure.
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