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Twenty years ago, a review listed the main challenges to overcome to accurately 
predict the reactive flow fields in ramjet combustion chambers. These issues were 

grouped into five topics: flow organization, combustion phenomena, stability and 
performance, unsteady combustion and heat transfer. The aim of this paper is to give 
a brief overview of the numerical and experimental studies that have been carried out 
since this inventory in the specific program named “Research Ramjet” to improve CFD 
codes. First, the experimental setup designed to obtain a better understanding and to 
build-up an experimental database in order to validate numerical simulations is de-
scribed. Then, the progress made with regard to these technical issues is presented. 
Significant improvements came from the implementation of Large Eddy Simulations. 
However, some challenges still remain, including the prediction of the overall perfor-
mance parameters and the combustion instabilities.

Introduction

The ramjet is an air-breathing propulsion system very suitable for su-
personic speeds, between Mach 2 and Mach 5. Sometimes referred 
to as an aerothermodynamical nozzle, or even a flying stovepipe, its 
basic concept is quite simple (Figure 1). The thermodynamic cycle, 
similar to that of gas turbines’, is based on the Brayton cycle. Its 
main originality lies in the compression stage, which is accomplished 
thanks to the ramming effect of the incoming air flow: no rotating 
component is necessary. As always, there is a price to pay for this 
nice feature: ramjets develop no static thrust. An auxiliary engine is 
required for low-speed propulsion.
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Figure 1 - Basic sketch of a ramjet combustor and characteristic sections [26]

Between the Thirties and the Sixties, ramjet was believed to be ap-
propriate for aircraft propulsion. Several flying prototypes were built 
by the French engineer R. Leduc and Nord Aviation to demonstrate the 
feasibility of this engine [24][33]. However, gas turbine improvements 
during the same period put a curb on these developments. Meanwhile, 
the interest for ramjet-propelled missiles was skyrocketing. Several 

experimental missiles were launched (e.g., ONERA’s Stataltex, which 
reached Mach 5 in 1965) [27][28][29], and military applications were 
developed [15][29][55]. All of the first configurations were acceler-
ated using an auxiliary jettisonable booster. A new concept arose in 
the Seventies, leading to a more compact missile: the Integral Rocket 
Ramjet (IRR) [33]. The basic idea is to use a common combustion 
chamber for the boosted and the sustained phases of flight. As a re-
sult, the solid booster is housed in the combustion chamber and the 
flameholders are removed. The dump-type configuration generates re-
circulation zones, which stabilize combustion (Figure 2). Two IRR were 
intensively studied in France: the Liquid-Fueled Ramjet (LFRJ) and the 
Solid Ducted Rocket (SDR). In the latter case, a fuel-rich solid propel-
lant is used to generate a gaseous fuel supply. 
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Figure 2 - Sketch of an Integral Rocket Ramjet (IRR) [4]

As for any engine, several phases are necessary to develop a new 
ramjet. Up to now, those steps were mainly based on a process of 
trial and error. Experimental research demanded a great deal of costly 
and time-expensive tests: design tests on components, connected-
pipe tests, semi-free (or possibly free) jet tests, and finally, after sev-
eral years, flight tests. Numerical simulations have been identified for 
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several years as one of the most promising tools to drastically reduce 
cost and time for the development of new engines. This could be 
accomplished provided that a CFD code, able to predict the perfor-
mance parameters and the unsteady phenomena in any ramjet com-
bustion chamber, is identified. Unfortunately, one can fairly admit that 
no CFD code has been able to demonstrate such abilities and many 
challenges are still to be faced.

Published material on reactive gaseous or two-phase flows in ramjet 
combustion chambers, which can be used to improve and validate nu-
merical simulations, is very limited. The Lateral Injection Combustor 
(LIC) is a lab-scale two-inlet side-dump combustor, which has been 
extensively investigated in the EM2C laboratory [30][50]. Numerous 
experimental techniques have been used to study the non-reacting 
and reacting flows during stable or unstable operating conditions, 
and a significant database has been built. Nevertheless, significant 
features of the reactive flows in industrial SDR or LFRJ are missing: 
the internal flow is 2-D (the 3-D vortex motions resulting from the 
air stream impingement are not represented), boundary conditions 
(and especially inlet and outlets) are not representative of industrial 
combustors, and only gaseous fuel has been used. Experiments on 
industrial-type LFRJ side-dump combustors have been published, in 
the Eighties. These studies were aimed at understanding the impact of 
geometry on pressure oscillations [52][9] or on overall performance 
parameters [52][57]. Unfortunately, the internal combustor geom-
etries are not exhaustively described, and the salient features of the 
internal reactive flows are not investigated. 

In order to overcome this problem, a study named “Research Ramjet 
Program” was initiated some years ago at ONERA [39]. Within this 
framework, a specific side-dump combustion chamber has been de-
signed in order to provide the experimental data necessary to validate 
CFD codes. This engine, quite unique in the world, is described in the 
first part of this paper. 

About twenty years ago, a review article listed the main challenges to 
be overcome to improve the numerical simulations of ramjet combus-
tors [22]. These technical issues were gathered into five topics: flow 
organization, combustion phenomena, performance and stability, un-
steady combustion, and heat transfer. An in-depth analysis of each of 
these issues is beyond the scope of this paper. It is rather an attempt 
to highlight experimental and numerical studies that have been carried 
out at ONERA, within the framework of the Research Ramjet program, 
to tackle these problems. 

Experimental apparatus

A combustion chamber has been designed, in order to examine and 
understand the basic physical phenomena that govern the flows in 
ramjet type combustors, and build an experimental database to as-
sess, improve and validate computations. 

As a result, a modular experimental setup, equipped with large win-
dows, has been assembled (Figure 3). The configuration is a two-inlet 
side-dump ramjet combustor, which can be operated as a SDR or as 
a LFRJ. In the first case, gaseous propane is injected into the head-
end through two circular tubes (Figure 4a). In the second one, liquid 
fuel injectors are installed in the two inlets (Figure 4b) and/or in the 
head-end. 
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Figure 3 - Sketch of the modular Research Ramjet setup
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Figure 4 - Two potential configurations for the fuel injection: (a) gaseous pro-
pane in the head-end part of the combustor (SDR), (b) liquid kerosene in the 
air inlets (LFRJ)

The key dimensions (Figure 5) have been defined to be representative 
of real engines. The combustion chamber has a square cross-section 
(100 mm x 100 mm) and is fed by two lateral air inlets (50 mm x 
50 mm). The square cross-section has been chosen to facilitate the 
integration of optical accesses, allowing direct views of flames and 
flow probing with laser sheets. There is an axisymmetric convergent 
- divergent nozzle at the end of the combustor. Note that, due to the 
modularity of the experimental setup, many geometric parameters 
can be varied.
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Figure 5 - Main dimensions (in mm) of the SDR configuration of the Research 
Ramjet combustion chamber

The setup is dedicated to connected-pipe tests, conducted in the 
ONERA air-breathing test facilities. An image of the ignited Research 
Ramjet combustor on a test-rig is given in Figure 6. Operating condi-
tions, i.e., incoming air mass flow rates (ṁ2) and total temperatures 
(Ti2), are representative of real flight conditions (see Table 1). For each 
of these regimes, ranges of stagnation pressure in the aft part of the 
combustion chamber (Pi4), which depend mainly on overall equiva-
lence ratios, are given in Table 1. Note that the incoming air flow is 
not vitiated: a heat exchanger is used to increase its temperature. 
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Moreover, the air mass flow rate in each inlet is monitored with a 
sonic throat and the walls of the combustor are water-cooled to allow 
long-duration tests.

Air inlet
Exhaust

Air inlet

Figure 6 - The research ramjet combustion chamber on the test-rig in the 
ONERA facilities

In order to enable a more detailed characterization of the aerodynam-
ics and fuel-to-air mixing process, a specific fully-transparent setup 
has been designed (Figure 7) [38][39]. In this case, only cold and 
non-reacting flows can be used for experimentations.

Figure 7. The transparent experimental setup

ṁ2 [kg.s-1] Ti2 [K] Pi4 [bar]

High Altitude (HA) 0.9 750 1.5 – 2.5
Middle Altitude (MA) 1.9 600 3 – 5

Low Altitude (LA) 2.9 520 5 – 7

Table 1 - Operating conditions (air mass flow rate ṁ2 and total temperature Ti2) 
and approximate ranges of pressure in the combustion chamber (Pi4)

Flow topology

As mentioned in [22], flow patterns inside side-dump ramjet com-
bustors are fully three-dimensional, composed of vortex motions and 
axial recirculating flows. These complex features are mostly driven by 
the sudden expansion and the impingement of the air streams in the 
first part of the chamber. 

Non-reacting flow topology on the Research Ramjet configuration 
was first examined by conducting water-tunnel experiments on the 

transparent setup [20][40][41]. During those tests, water was made 
to flow through the two side inlets, while a dye (liquid fluorescein) 
was injected into the head-end. A laser sheet generator was used to 
light internal planes and highlight recirculation zones inside the cham-
ber. The flow organization in the vertical symmetry plane and in three 
transverse sections as obtained with this technique is shown in Figure 
8. The main recirculation (also named “dome”) is located near the 
head-end of the chamber, upstream from the jet-on-jet impingement 
zone. Two other significant recirculating regions (sometimes named 
“lateral zones”) are located downstream from the air inlets, on the 
top and bottom walls of the chamber. The dome and lateral zones are 
linked by the four corner vortices shown on the transverse sections 
in Figure 8. 
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Figure 8 - Visualization of fuel-to-air mixing using the local colorimetry meth-
od on the transparent Research Ramjet configuration

An in-depth analysis of the fuel-to-air mixing in the non-reactive Re-
search Ramjet configuration has been performed using the Particle 
Image Velocimetry (PIV) technique and gas sampling measurements 
[19][37][38][41][43]. This time, the side inlets of the transparent 
setup were fed with air, and gaseous carbon dioxide was injected into 
the head-end to simulate the fuel injection. 

The reactive flow fields in the side-dump Research Ramjet configu-
ration exhibit the same features as the non-reactive ones. This was 
demonstrated using Laser Doppler Velocimetry (LDV) and PIV mea-
surements [5][37][42][43][44] applied to the Research Ramjet com-
bustion chamber. 

All of these data, mostly quantitative, obtained from non-reactive and 
reactive configurations, have been gathered in the experimental da-
tabase and used to assess the capacity of numerical simulations to 
predict the flow patterns inside ramjet combustors.

Reynolds Averaged Navier-Stokes (RANS) computations, and later 
Large Eddy Simulations (LES), have been applied to predict the inter-
nal flow fields in the Research Ramjet configurations and compared 
to available measurements. Whenever only the overall topology is 
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sought, the mean flow given by RANS computations may be suf-
ficient. Figure 9 illustrates the major features of the reactive flow field 
as evidenced with a RANS computation for the reactive High Altitude 
SDR case. As can be seen, the presence of the main recirculation 
zones is predicted by the steady calculation.

Air inlet

Top-wall recirculating zone

Bottom-wall recirculating zone

U/U0: -0.4 0 0.4 0.8 1.2 1.6 2

Head-en recirculating zone 
"dome"

Corner vortices

Propane  
Injection Box

Figure 9 - Visualization of streamtraces colored by mean adimensionalized 
axial velocity for the SDR case provided by a RANS computation1

However, as shown in [37], when it comes to the mean velocity and 
fuel concentration profiles in the recirculation zones, or to the size 
and length of these large structures, only LES can yield satisfactory 
results. This is due to the fact that the large scale turbulent motions of 
the flow, which control the flow patterns, are resolved by LES.

As a result, significant improvements have been achieved concern-
ing the prediction of the fuel concentration and velocities in the non-
reactive transparent setup compared to RANS calculations [36][37]
[43]. Concerning the reactive SDR configuration, axial and transverse 
adimensionalized velocity profiles as obtained with LES2 and RANS1 
computations for the High Altitude flight regime at the equivalence 
ratio Φ = 0.75 are given in Figure 11. The location of these profiles is 
given in Figure 10. As can be seen, the conclusion for the SDR reac-
tive case is the same as for the non-reactive one: velocity profiles are 
better predicted using the LES approach.
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Figure 10 - Location of the velocity profiles

Significant improvements have been made over the past two decades 
with regard to the prediction of the flow organization, especially with 
the implementation of LES [37]. Even if the large scale structures, 
which are important features of the ramjet combustors, are present 
in the results of the RANS computations, LES is up to now the most 
predictive tool.

X = 0.18 m

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

0 0.05

U/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

-1 0

V/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

-1 0

V/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

-1 0

V/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

-1 0

V/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

0 0.05

U/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

0 0.05

U/U0

1

Y 
[m

]

0.04

0.02

0

-0.02

-0.04

0 0.05

U/U0

1

X = 0.18 m

X = 0.27 m

X = 0.27 m

X = 0.31 m

X = 0.31 m

X = 0.35 m

X = 0.35 m

Figure 11 - Adimensionalized velocity profiles in the Research Ramjet combustor, for a High Altitude flight condition, at an overall equivalence ratio 
of 0.75. U refers to the axial velocity, V to the transverse velocity, and U0 to the reference velocity. Comparison between experimental data (–●–),  
RANS (— ∙∙ —) and LES (— —)

1	 Main parameters are given in [23] and in Box 1 §1.
2	 Unpublished work. Main parameters are given in Box 1 §2.
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Combustion phenomena

Whichever configuration (SDR or LFRJ) or operating condition is 
used, combustion is likely to occur in three characteristic parts of the 
flow: (i) the top and bottom recirculating zone, (ii) the helicoid flows 
linking the head-end to the aft-part of the chamber and (iii) the head-
end part of the chamber. Experimental observations have shown that 
flame anchoring is not spatially fixed. Without altering the operating 
conditions, combustion can be seen shifting periodically or intermit-
tently from the top and bottom recirculating zone to the head-end part 
of the chamber [41][42].

The flame front location in the various configurations has been first ex-
posed by direct visualizations of the OH* emission [40][41]. Further-
more, the OH-Planar Laser-Induced Fluorescence (OH-PLIF) technique 
has also been implemented to describe the spatial structure of the re-
action zones [40][41]. Those visualizations have helped to develop a 
better understanding of the combustion regime of ramjet engines. 

Time-averaged images provided with direct OH* visualizations 
showed that the flame position is strongly dependent on various pa-
rameters. Among them, the location of the fuel injection, or even the 
fuel itself, is a parameter that has a significant impact. The three vi-
sualizations of the OH* emission shown in Figure 12 were taken for a 
High Altitude flight regime at an overall equivalence ratio of 0.50. The 
difference between Figure 12a and Figure 12b is the fuel injected (re-
spectively gaseous propane and liquid kerosene), and the difference 
between Figure 12b and Figure 12c is the position of the injectors 
(respectively in the head-end and in the air inlets).

Air Air Air

Air Air Air(a) (b) (c)

Propane Kerosene

Kerosene

Kerosene

Figure 12 - Impact of fuel injection on mean flame front position revealed 
by OH* chemiluminescence for a High Altitude flight regime with an overall 
equivalence ratio of 0.50: (a) gaseous propane injected into the head-end, (b) 
liquid kerosene injected into the head-end, (c) liquid kerosene injected into the 
air inlets (arbitrary levels)

The overall equivalence ratio also has a significant impact on the 
flame front position. Figure 13 illustrates the fact that, for the SDR 
configuration, when the overall equivalence ratio is decreased, the 
mean flame front location moves upstream, from the lateral recircula-
tion zone to the dome.
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Propane Propane Propane

(a) (b) (c)

Figure 13 - Impact of the overall equivalence ratio on the mean flame front posi-
tion revealed by OH* chemiluminescence for a High Altitude flight regime on the 
SDR configuration: (a) Φ = 0.35, (b) Φ = 0.50 and (c) Φ = 0.75

The RANS approach was first applied to predict the influence of the 
equivalence ratio on the flame location. Unfortunately, one must admit 
that prediction of such influence with this steady approach is difficult. 
Figure 14 shows the temperature contours computed in the vertical 
symmetry plane for the two equivalence ratios 0.35 (Figure 14a, to 
be compared with Figure 13a) and 0.75 (Figure 14b, to be compared 
with Figure 13c): the mean flame position for the Φ=0.75 case is 
quite well-predicted, but not the flame shift towards the head-end at 
Φ=0.35. Nonetheless, one should specify that high speed camera 
visualizations have shown that combustion is intermittent in the head-
end region, whatever the equivalence ratio [41]. Flames are anchored 
in the two lateral recirculation regions downstream from the air inlet 
and travel intermittently toward the head-end part of the combustor, 
along the four corner vortices. The lower the equivalence ratio, the 
deeper the travel upstream from the corner vortices in the dome re-
gion. Thus, given that only the mean flow field is computed with the 
RANS approach, this unsteady feature is not predicted, and flames 
stay only in the lateral zones.
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Figure 14 - Mean temperature in the vertical symmetry plane of the SDR 
Research Ramjet configuration computed with a RANS approach3 in the High 
Altitude flight regime: (a) Φ = 0.35 and (b) Φ = 0.75

Once more, improvements have been achieved with the implementa-
tion of the LES technique. The mean flame front displacement up-
stream as the equivalence ratio was decreased has been success-
fully predicted for the SDR Research Ramjet configuration [17][46]. 
The chemical kinetic scheme for the air-propane reaction, although 
very simple and reduced to a single global reaction, is a key for this 
success. In fact, the pre-exponential constant of Arrhenius’ law has 
been adjusted to yield a correct laminar flame speed over an extended 
range of equivalence ratios, and especially in the rich zones. As a 
consequence, the prediction of the flame position was much more 
satisfactory than that obtained with other approaches that did not use 
such a correction (see for example [45]). In addition, this correc-
tion enables the two main low-frequency longitudinal modes of the 
combustor (at approximately 100 and 400 Hz) evidenced during the 
experiments for these operating conditions [46][47] to be recovered.

Nevertheless, this success in predicting the correct flame position 
for the SDR configuration does not mean that the modeling of the 
turbulent combustion inside ramjet combustors is no longer an is-
sue. First of all, no information has been given about the combustion 
efficiency prediction with this approach (note that the performance 
parameters are discussed in the next paragraph). The number of spe-
cies involved in the global scheme may be too small to accurately 
predict the temperature in the combustor, which affects the prediction 
of the performance parameter. Improvements could be achieved with 
the use of a more detailed scheme. Moreover, other flight conditions 
should be studied, as well as the two-phase reactive flows in the 
LFRJ configuration, which may add some difficulties in the combus-
tion phenomena [22]. Finally, conditions near the stability limits of the 
combustor, as well as unstable conditions, should also be assessed.

3	 Main parameters are given in [23] and in Box 1 §1
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Performance and stability

Overall efficiencies

Two quantities are of prime interest when developing a new ramjet 
combustor: the combustion efficiency ηC and the pressure loss coef-
ficient η24. The combustion efficiency is defined as the ratio between 
the burnt equivalence ratio, determined at the end of the combustion 
chamber, and the injected equivalence ratio. The pressure loss coef-
ficient is the ratio between the stagnation pressures at the end of the 
combustion chamber and at the end of the diffuser in the air inlets. 

Pressure and temperature probes have been installed in reference 
sections of the Research Ramjet combustion chamber to evaluate, 
following a recommended procedure [1], these two performance pa-
rameters. Those quantities have been collected for each configura-
tion, under various operating conditions.

One should admit that the accurate prediction of these two quantities 
is no easier today than it was twenty years ago [22]. Despite prog-
ress in numerical tools and modeling, no approach has demonstrated 
its capacity to predict these quantities, whatever the configuration or 
operating regime. Table 2 gathers some results obtained with different 
numerical approaches for the SDR configuration in the High Altitude 
flight regime at two equivalence ratios. The pressure loss coefficient 
is rather well predicted by all of the methods, with a gap ranging be-
tween 1 and 3 points. The comparison of the combustion efficien-
cies, however, brings to light wider discrepancies (between 2 and 
14 points). Among the approaches selected here, none seems really 
adequate yet to predict this parameter.

The improvement of the models used in the numerical simulations to 
predict the performance parameters will be one of the main goals of 
future work. This issue is closely related to the others, as these two ef-
ficiencies are overall parameters that include a large number of physical 
phenomena (turbulence, combustion, wall friction, heat losses, etc.).

Overall equivalence ratio Approach Reference / main parameters Pressure loss η24 Combustion efficiency ηC

0.75

Experimental - 0.88 0.81
RANS [23] + see Box 1 §1 for main parameters. 0.89 0.83
LES [37] + see Box 1 §2 for main parameters. 0.90 0.95
LES [46] 0.86 Not calculated

0.35
Experimental - 0.87 0.80

RANS [23] + see Box 1 §1 for main parameters. 0.86 0.70
LES [46] 0.84 Not calculated

Table 2 - Prediction of overall efficiencies for two equivalence ratios in the High Altitude flight regime

Box 1 - Main parameters of the RANS and LES simulations performed with the CEDRE software and referred 
to in this paper

1 - RANS [SDR configuration]

Computational domain

3-D ; 1/4th of the geometry

Air inlet

Pre-injection 
boxAir inlet Computational domain

Mesh

Cell type: 		  hexahedra
No. of cells: 	 1.5 × 106 cells
Average size: 	 Δx ≈ 1 mm in the dome region
Near-wall size: 	 Y+ ≈ 100

Numerical schemes
Spatial scheme: 	 2nd order Temporal integration: Implicit 1st order
Physical models

Turbulence: 	 Two-equation k- model Combustion: RANS-PaSR [2],[31] + 4 steps reduced scheme for air-propane reaction [21]
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2 - LES [SDR configuration]

Computational domain

3-D ; from the sonic throats in the air inlets to the 
exhaust nozzle Y

XZ

Mesh

Cell type: 		  polyhedra
No. of cells: 	 2 × 106 cells
Average size: 	 Δx ≈ 1 mm in the dome region
Near-wall size: 	 Y+ ≈ 100

Y

X
Z

Numerical schemes

Spatial scheme: 	 2nd order Temporal integration: Implicit 2nd order

Physical models

Turbulence: 	 Smagorinsky closure [53] Combustion: Arrhenius + 1 step adjusted reduced scheme for air-propane reaction [45]

Prediction of stability limits

At any flight regime, two limiting fuel/air ratios can be encountered: 
one involves excess fuel (rich) and the other involves excess air (lean) 
leading to the blow-off of the combustor. Of most practical interest is 
blow-off at fuel lean conditions, referred to as Lean Blow-Out (LBO). 
A study [23] has been carried out to improve the understanding of the 
physical processes involved in ramjet LBO and the calculations that 
could be done to predict this limit. In order to build  an experimen-
tal database on this phenomenon, tests have been performed with 
the Research Ramjet: from a nominal operating condition, the overall 
equivalence ratio was progressively reduced until the flame blow-out. 
Combustion modeling related to the RANS approach is the first to 

have been considered to address the problem of predicting the flame 
blow-out. In particular, a Partially Stirred Reactor (PaSR) combustion 
model has been used to predict the LBO of the Research Ramjet oper-
ated as a SDR combustor in the High Altitude flight regime.
The PaSR combustion model is based on the Eddy Dissipation Con-
cept model introduced by Magnussen [25]. The fluid is divided into 
two zones: the fine-scale structure regions, which are spatially inter-
mittent, and which occupy a volume that is only a small part of the 
domain of fluid, and the “surrounding fluid”. Reactants are supposed 
to be homogeneously mixed inside the fine-scale structures of the 
flow. Therefore, the fine-scale structures are supposed to behave like 
well-stirred reactors, with uniform internal composition and tempera-
ture, and potentially high reaction rates due to favorable mixing condi-
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of up to 40 kHz [41][42][44]. Then, high speed cameras have been 
implemented to study the flame front oscillations at a sampling fre-
quency of 2 kHz [41][42][44]. The spectra obtained with the analysis 
of the visualizations for the SDR configuration in the High Altitude 
flight regime at Φ=0.35 are displayed in Figure 15: the two main 
low-frequency modes of the burner at approximately 100 and 400 Hz, 
also evidenced by pressure transducers [41][42], are obtained by the 
study of the flame dynamics.
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Figure 15 - FFT analysis of the flame visualizations obtained with a 2 kHz 
camera for the High Altitude Ф=0.35 flight regime of the SDR configuration

In order to enable an in-depth analysis of the coupling mechanisms 
in a ramjet combustor that may be responsible for self-sustained 
unsteady motions, the coupling of unsteady experimental measure-
ments is being applied within the framework of the Research Ramjet 
program. Thanks to this approach, very useful and quite unique data 
could be gathered. Recently, simultaneous visualizations of velocity 
fields, acquired with the PIV technique, and OH* emission at a sam-
pling rate of 2 kHz, combined and synchronized with high-frequency 
pressure probe measurements, have been performed [44]. In this first 
attempt on the Research Ramjet combustor, it was applied to a stable 
operating case. In the future, the coupling of these two techniques 
could be applied to study hydrodynamic instabilities and, especial-
ly, the interactions between the vortex shedding at the dump plane 
(through velocity measurements) and the heat release (through radi-
cal OH visualization), which is one of the most likely mechanisms for 
combustion instability in ramjet engines. Such measurements would 
be, anyway, very useful to validate unsteady numerical simulations.

LES appears as the main tool to predict the occurrence of combustion 
instabilities in ramjet combustors. However, as mentioned in [22], the 
simulation of combustion instabilities is more complicated than the 
other issues mentioned above. Among the technical difficulties to be 
addressed, one can mention:

•	 The necessity for accurately predicting the instantaneous heat 
release, as it is the main provider of the energy transferred to 
the acoustics. In this respect, special care must be taken when 
modeling the kinetics, the interaction of combustion and turbu-
lence, etc. Combustion modeling within the framework of LES 

tions. The PaSR model provides a system of equations that defines 
the volume of the fine-scale structures, describes the chemical reac-
tion process inside the fine-scale structure regions, and then relates 
the fine-scale structure parameters to the surrounding fluid character-
istics. Further details about this model can be found in [2] and [31]. 
This model is well-suited for numerical simulations of combustion in 
ramjet engines, as it meets two major criteria: chemistry is not sup-
posed to be infinitely fast, and premixed and non-premixed flames 
can be handled (no assumption is made on the combustion regime).
A criterion for the extinction of the fine-scale structure regions has 
been added to the PaSR model. The basic idea is as follows [6]: 
when the residence time in the fine-scale structures becomes smaller 
than a typical chemical time scale, extinction occurs. This critical time 
scale can be viewed as the blow-off residence time of the perfectly 
stirred reactor (PSR) corresponding to the fine-scale structure. 

Significant results have been obtained [23]. In particular, using the 
PaSR combustion model and the local extinction criterion, the LBO 
limit is predicted at Φ = 0.30, which is fully satisfactory compared 
to the measured limits, which lie between 0.28 and 0.30. This study 
has partly demonstrated the ability of this approach to predict the 
LBO limit of a practical ramjet combustion chamber. Nevertheless, 
further calculations are necessary to assess and validate the ability 
of numerical simulations to predict the LBO limits of any gaseous or 
liquid-fueled ramjet combustor. 

Combustion instabilities

Understanding and predicting self-induced combustion instabilities in 
ramjet combustion chambers – and in any combustion chamber in 
general – is still a challenge. Combustion instabilities in ramjet com-
bustors can have dramatic consequences: unstarting of the inlets, 
destruction of the thermal insulator, deterioration of the equipment 
attached to the engine structure, and even destruction of the burner.

Many driving mechanisms have been proposed to explain the transfer 
of energy to the unsteady motions in ramjet combustors. For liquid-fu-
eled ramjets, a coupling between acoustics and the transient phenom-
ena related to fuel injection, such as primary and secondary break-up, 
heating and vaporization, or with the fuel supply system itself, has been 
suggested [11]. Nevertheless, there is still a lack of experimental evi-
dence to demonstrate that such couplings are responsible of combus-
tion instabilities in ramjets. More attention has been paid to four other 
mechanisms: the unsteady behavior of the shock waves in the air inlets 
[10], the vortex shedding at the dump planes [51], the oscillations 
induced by the jet-on-jet impingement [32], and the coupling between 
the convective waves of entropy or vorticity and the acoustic waves 
[11]. All of those phenomena are prone to trigger instabilities, but, once 
again, being able to choose among them and point out, for any ramjet 
combustor, the root cause of the instability is still very difficult.

Concerning the experimental information available in the published 
material about unsteady motion in practical ramjet combustion cham-
bers, only pressure measurements are available (e.g., [9] and [52]). 
One must recognize that it is insufficient to identify which mechanism 
is responsible for the unsteady behavior of the combustor. In this 
context, the Research Ramjet combustion chamber may be a very 
useful tool. First, pressure measurements have been performed to 
study the pressure oscillations encountered under various operating 
conditions, with piezoelectric transducers at a sampling frequency 
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is still an open issue, which is beyond the scope of this paper 
(for additional information see, for example, the reviews in [7], 
[34] or [35]);

•	 The requirement for having a good description of the bound-
ary conditions. Of prime interest are the upstream (oscillatory 
shocks in the inlet diffusers) and downstream (chocked nozzle) 
boundaries. Ramjet combustion chambers are usually compact 
enough to include air inlets and an exhaust nozzle in the compu-
tational domain at an affordable cost, making additional models 
like NSCBC unnecessary;

•	 The requirement for predicting the behavior of the disperse 
phase in the liquid-fueled ramjet combustors, and all of the phe-
nomena related to it (secondary break-up, droplet heating and 
evaporation, droplet interaction with walls, etc.). Although it is 
not discussed in this paper, studies are being performed within 
the framework of the program to improve the simulation of the 
disperse phase in ramjet combustors;

•	 And, of course, the requirement for using a CFD code with nu-
merical schemes as robust and accurate as possible, able to 
predict the propagation of the convective and acoustic waves 
without too much dissipation and dispersion, on unstructured 
meshes, with both supersonic and subsonic zones.

Results of LES aimed at predicting combustion instabilities in ram-
jet combustion chambers have not been published yet. However, 
increasing success of the LES approach to predict occurrence of 
combustion instabilities in other types of burners can be found in the 
literature (e.g., [13] [14] [16] [18] [54]). Consequently, there is no 
doubt that this technique may bring satisfactory results in the near 
future for ramjet combustors.

Conclusion and perspectives

A brief overview of the numerical and experimental studies conducted 
at ONERA to improve numerical simulations of ramjet combustors 
has been presented. Since the writing of a review article twenty years 
ago listing the main issues, many studies have been carried out to 
progress, especially within the framework of a specific program 
named “Research Ramjet”. A specific combustion chamber has been 
designed and optical measurement techniques have been applied in 
order to build-up a detailed database on internal reactive and non-re-
active flows. Improvements have been achieved in the understanding 
of the physical phenomena and in the predictability of the numerical 
prediction. However, further studies are still required to accurately 
predict any operating condition in the entire flight range. Intermedi-
ate results of numerical simulations have been presented. The Lean 
Blow-Out of the SDR combustor has been successfully predicted with 
a RANS-PaSR model. Nevertheless, further calculations are neces-
sary to assess and validate the ability of this approach to predict the 
LBO limits of any gaseous or liquid-fueled ramjet combustor. Auspi-
cious results have been provided by LES, concerning the internal gas-
eous reactive and stable flow of ramjet engines. Nevertheless, none 
of the simulations performed has demonstrated its ability to accu-
rately predict the overall performance parameters of the combustion 
chamber, namely the combustion efficiency and the pressure loss. 
One of the most encouraging prospects is the improvement of the 
near-wall physical phenomena simulation, such as friction and con-
vective heat transfer, which affect the overall efficiencies. This could 
be effectively achieved by Detached Eddy Simulation. Note that this 
technique has already been successfully implemented with CEDRE 
[48][49]. Future experimental and numerical work should also focus 
on the self-sustained unsteady motions in ramjet combustors, with 
the aim of understanding the coupling mechanisms and developing 
the capacity of LES to predict combustion instabilities. 
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Acronyms

CEDRE 	 (Calculs d’Ecoulements Diphasiques Réactifs pour 
l’Energétique)

CFD 	 (Computational Fluid Dynamics)
CFL 	 (Courant Friedrichs Lewy)
DES 	 (Detached Eddy Simulation)
EDC 	 (Eddy Dissipation Concept)
EM2C 	 (Energétique Moléculaire et Macroscopique, Combustion)
HA 	 (High Altitude)
IRR 	 (Integral Rocket Ramjet)
LBO 	 (Lean Blow-Out )

LDV 	 (Laser Doppler Velocimetry)
LES 	 (Large Eddy Simulation)
LIC 	 (Lateral Injection Combustor)
LFRJ 	 (Liquid-Fueled Ramjet)
PaSR 	 (Partially-Stirred Reactor)
PIV 	 (Particle Image Velocimetry)
PSR 	 (Perfectly Stirred Reactor)
RANS 	 (Reynolds Averaged Navier-Stokes)
RRP 	 (Research Ramjet Program)
SDR 	 (Solid Ducted Rocket)
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