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a b s t r a c t

This study reports combustion characteristics of a rocket-based combined-cycle engine combustor op-
erating at ramjet mode numerically. Compressible large eddy simulation with liquid kerosene sprayed
and vaporized is used to study the intrinsic unsteadiness of combustion in such a propulsion system.
Results for the pressure oscillation amplitude and frequency in the combustor as well as the wall
pressure distribution along the flow-path, are validated using experimental data, and they show ac-
ceptable agreement. Coupled with reduced chemical kinetics of kerosene, results are compared with the
simultaneously obtained Reynolds–Averaged Navier–Stokes results, and show significant differences. A
flow field analysis is also carried out for further study of the turbulent flame structures. Mixture fraction
is used to determine the most probable flame location in the combustor at stoichiometric condition.
Spatial distributions of the Takeno flame index, scalar dissipation rate, and heat release rate reveal that
different combustion modes, such as premixed and non-premixed modes, coexisted at different sections
of the combustor. The RBCC combustor is divided into different regions characterized by their non-
uniform features. Flame stabilization mechanism, i.e., flame propagation or fuel auto-ignition, and their
relative importance, is also determined at different regions in the combustor.

& 2016 IAA. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Rocket-based combined-cycle propulsion systems seamlessly
combine the rocket engines with air-breathing engines. They can
operate effectively at multiple modes in a wide range from takeoff,
high altitude hypersonic cruise, and orbit [1,2]. The highly in-
tegrated design and excellent performance make them one of the
most promising propulsion systems for future space transporta-
tion and near-space vehicles [3].

One of the study focuses on the development of such engines is
the dual-mode (ramjet and scramjet modes) operation of a RBCC
combustor, in which a thermally choked throat is achieved instead
of a physical one [4]. Under the wide operating range and with
variable inlet conditions, the primary rocket jet is highly coupled
with the air inflow, and large vortex motion is formed. This further
affects the vaporization, mixing, and combustion processes of
secondary fuel injection by the fuel struts. These are considered as
typical interactions between combustion and turbulence phe-
nomena, in which the flow field in the combustor exhibits
rights reserved.
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intrinsically unsteady characteristics [5,6]. The combustion process
in the previous studies is assumed to be steady-state, ignoring the
dynamic features [7–10]. Although Reynolds–Averaged Navier–
Stokes or unsteady RANS simulations may satisfy the preliminary
engineering designs, they showed significant limitations in high-
efficiency combustion organization, flow-path optimization, and
fuel injection control when considering various operating modes
of a RBCC engine. Several studies concerning unsteady combustion
processes have been carried out in the framework of large eddy
simulation or RANS/LES hybrid methods on gas turbines [11,12],
ramjets [13], scramjets [14–16], and dual-mode scramjets operate
at ramjet mode [17]. Experiments on the dynamic combustion
characteristics of scramjets [5,18,19] as well as combustion mode
transition [20,21], have also been performed. However, rarely of
them are direct relate to RBCC combustors. Although the appli-
cation of LES to scramjet combustors has achieved certain success
in recent years, a LES study that considers the unsteady combus-
tion characteristics in a RBCC combustor is desirable. Our previous
works have shown that the unsteady combustion characteristics in
a RBCC combustor is significantly affected by the unsteady primary
rocket jet [22,23], which is quite different from a scramjet
combustor.

For a typical vehicle powered by RBCC, flight at Mach 3.0
(Mflight¼3.0) is usually associated with ramjet mode. The robust
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Nomenclature

Acronyms

RBCC Rocket-Based Combined-Cycle
LES Large Eddy Simulation
RANS Reynolds–Averaged Navier–Stokes
FVM Finite Volume Method
NSE Navier-Stokes Equations
SGS Sub-Grid Scale
FRC Finite Rate Chemistry
NSCBC Navier–Stokes Characteristic Boundary Condition
C–N Crank–Nicolson
DES Detached Eddy Simulation
FFT Fast Fourier Transform

Variables

Mflight flight Mach number (Dimensionless)
Misolator Mach number at the exit of the isolator

(Dimensionless)
uj velocity in j direction (m/s)
p pressure (Pa)
h enthalpy (J/kg)
q heat flux (W/m2)
Ym mass fraction of species m (Dimensionless)
Vj,m diffusion rate in j direction of species m (m/s)
ωm reaction rate of species m (kg/(s m3))
τij

sgs sub-grid stress tensor (N/m2)
hj

sgs sub-grid enthalpy flux (N/(m s))
Y j m

sgs
, sub-grid convective flux of species m (W/m3)

νt sub-grid eddy viscosity coefficient (m2/s)
Prt turbulent Prandtl number (Dimensionless)
Sct turbulent Schmidt number (Dimensionless)
E activation energy (J/kmol)
A pre-exponential factor (kmol/(cm3s))

B temperature exponent (Dimensionless)
T temperature (K)
R universal gas constant (J/(mol K))
k reaction rate constant (Dimensionless)
Z mixture fraction (Dimensionless)
GFO Takeno flame index (Dimensionless)
YO mass fraction of oxidizer (Dimensionless)
YF mass fraction of fuel (Dimensionless)
s stoichiometric mass ratio (Dimensionless)
ν′O stoichiometric number of oxidizer (Dimensionless)
ν′F stoichiometric number of fuel (Dimensionless)
WO molecular weight of oxidizer (g/mol)
WF molecular weight of fuel (g/mol)
D the mixture diffusion coefficient (kg/(m s))
HRR heat release rate per unit volume (W/m3)
HRRpre heat release by premixed combustion
HRRnon heat release by non-premixed combustion
HRRcoe-pre contribution coefficient of premixed combustion to

the overall HRR
HRRcoe-non contribution coefficient of non-premixed combus-

tion to the overall HRR

Greek symbols

Δ local grid size measurement (m)
ρ density (kg/m3)
ϕ equivalence ratio (Dimensionless)
χ scalar dissipation rate (Pa s/m2)

Superscripts

° degree of angle

̄ mass filtered quantities
∼ Favre filtered quantities
sgs the sub-grid scale quantities

Table 1
Flight conditions simulated by the ground test direct-connect experiment.

Altitude
(km)

Mflight Total pressure
(MPa)

Total temperature
(K)

Inflow rate
(kg/s)

Misolator

12 3.0 0.8 707 4.67 1.7
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and smooth operation of the combustor plays an important role in
the fulfillment of certain space missions. Therefore, the typical
operation point of a ground test direct-connect RBCC model en-
gine operates at Mach 3.0 is examined in this study. A compre-
hensive study of the RBCC combustor dynamics that considers a
facility inlet, an isolator, a primary rocket, two fuel struts, and two
stage cavity flame-holders, is rarely found in open literatures yet.
The present study attempts to improve the understandings of
unsteady flow and flame dynamics for an experimental RBCC
model combustor. Turbulent combustion is solved using a finite
volume LES solver, based on the ANSYS Fluent software package
[24].
2. Computational configuration and inflow conditions

The ground test direct-connect RBCC system includes two
mainly sub-systems, the inflow simulating system and the model
engine system. The inflow simulating system provides the neces-
sary air inflow conditions at the inlet of the isolator in order to
simulate the real flight state at the RBCC engine inlet. The test
facility is capable of providing variable stagnation pressure and
temperature conditions corresponding to flight Mach numbers of
2.5–6.0. In this study, the simulated flight Mach number is 3.0. This
number is associated with the ramjet mode, which is also known
as the cold start condition. The air inflow is preheated by an
alcohol-fueled vitiation heater at a mass flow rate of 4.67 kg/s.
Table 1 shows the simulated air inflow conditions.

The model engine consists of a main strut, an isolator, a pri-
mary rocket, two fuel struts, two stage cavity flame-holders, and
multi-stage rectangular combustors. The main strut acts as a Laval
nozzle providing the required Mach number at the entrance of the
isolator, which is a rectangular duct placed between the inlet and
the combustor to reduce their interactions. The primary rocket is
essentially a gas generator fueled by alcohol at 88.5 g/s and oxygen
at 73.4 g/s. Therefore, the rocket jet is rich in fuel. It acts as an
igniter and flame-holder for the combustion of secondary fuel. The
nozzle for the exit jet is designed to be significantly over-ex-
panded, in order to take the wide operating range of the RBCC into
consideration. The three-stage combustors are made up of di-
vergent channels with expansion angles of 2.0°, 1.5°, and 3.5°, and
the lengths of 540 mm, 550 mm, and 460 mm, respectively. Two
pairs of cavities are mounted oppositely one another in the first
and second combustors to stabilize the flame of kerosene, which is
injected by two fuel struts embedded in the first combustor
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section at an equivalence ratio of 0.67. The entrance of the com-
bustor is measured 140 mm in width and 50 mm in height, while
the total length of the engine is 2100 mm. This model engine and
its variations have long been studied in ground test experiments
[22,23]. Fig. 1(a) and (b) shows a schematic of the simulated en-
gine configuration and the detailed dimensions of the primary
rocket, respectively.

Thirty-one pressure sensors flush-mounted to the wall are
dispersed along the flow-path in ground tests, whose positions are
indicated by the dots in Fig. 1(a). The acquisition frequency is set to
2000 Hz since the pressure oscillation showed obvious low-fre-
quency feature. For a typical experiment, the air inflow system is
firstly turned on 5.0 s before the pre-heater rocket’s operation,
heating the cold air to the desired temperature and pressure
conditions of the simulated flight Mach number to a steady state.
After more than 1.5 s, the fuel struts start to inject the liquid
kerosene and more than 0.5 s later, the primary rocket is turned on
to ignite the secondary fuel. The whole system operates at this
state for more than 4.0 s to obtain a steady run. The pressure
sensors start to record the pressure signals since the air inflow
system is firstly started. The pressure data provides bases for LES
model validation and combustion instability study, as well as for
ground static thrust and specific impulse analysis [22,23].
3. Mathematical descriptions and numerical models

3.1. LES governing equations

Governing equations employed for LES of turbulent reactive
flows are obtained using a local grid size delta Δ-based spatial
filter to the Navier–Stokes equations for mass, momentum, energy,
and species conservation laws [25]. After filtering, these equations
can be expressed as,
Fig. 1. Schematic of the RBCC model engi
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3.2. Sub-grid flow and combustion models

The sub-grid flow model is used for the closure of eddy visc-
osity coefficient. The dynamic sub-grid scale kinetic energy model
is used in this study [26]. It considers the transport of sub-grid
turbulent energy and can handle the SGS turbulence adequately.
The sub-grid combustion model is used to model the filtered re-
action rates, ωm, which are highly nonlinear functions of the local
composition and temperature. The finite rate chemistry model,
which can handle chemistry under various regimes including
premixed and non-premixed combustion cases, is used to account
for the interactions between the turbulence and chemistry in this
ne used for ground test experiments.
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study [27].

3.3. Chemical kinetics and spray models for kerosene

Liquid kerosene (surrogated as C10H16) is used as the secondary
fuel, which contains complex mixtures that are difficult to model
using detailed chemistry models. In order to reduce the compu-
tational cost and time, a reduced kinetic mechanism of 3 reaction
steps is adopted, for all parameters listed in Table 2 [28]. Eq. (3)
gives the expression for the rate constants in the Arrhenius form.
The reduced mechanism is not expected to predict reaction pro-
cesses in detail, but at the very least, it should give reasonable
macro effects of heat release on the combustion characteristics
according to the previous experience [22].

{ }( )= − ( )k AT E RTexp / 3B

The spray field is assumed to be diluted and modeling of the
liquid phase is the Lagrangian description [29]. The diluted spray
approximation implies that when the particles interact with the
gas phase, direct interaction between the drops is neglected. It
precluded the inclusion of droplets breakdown and coalescence
effects, which might be significant in a dense spray. The spray is
divided into representative samples of discrete droplets whose
motion and transport through the flow field are obtained using the
Lagrangian formulas. Each of these “computational parcels” re-
present a group of particles with identical size, location, velocity
and temperature. External forces on the droplets except inertia,
drag and gravity are not considered. Governing equations for the
particles' motion are given in [30].

For spray flames, the atomization characteristic of spray clus-
ters plays a critical role in determining the combustion perfor-
mance. Over-estimated or under-predicted droplet atomization
rate would induce an erroneous delay of the gaseous combustion.
The droplet break up model proposed in [31] is used to model the
droplet atomization.

3.4. Boundary conditions and numerical methods

The mesh used for the simulation contains more than five
million locally refined structural cells to ensure that grid resolu-
tion is in accordance with LES requirement. Coarser mesh con-
taining more than 2.4 million cells used in the a prior study shows
no significant difference in macro-parameters, such as pressure
and temperature.

For the specification of boundary conditions, no-slip and adia-
batic conditions are applied to all the walls, and typical yþ values
for the first grid points are of the order of 35. At the air inlet, the
Navier–Stokes characteristic boundary condition is used to ensure
a physical representation of the acoustic wave propagation, which
should be non-reflective to prevent artificial forcing of acoustic
fields into the computational domain. The Dirichlet boundary
condition is applied at the primary rocket inlet, and all variables
are extrapolated from the interior to avoid acoustic behavior un-
certainties at the gas outlet boundary.

It is known that subsonic, transonic, and supersonic flows co-
exist in the RBCC combustor operating at ramjet mode at Mach
3.0. The multi-components such as the main strut, primary rocket,
Table 2
Three-step reduced chemical kinetics for kerosene.

Step number Reaction A (cm3/(mol s)) E (J/kg mol) B

1 C10H16þ5O2-10COþ8H2 23,500 1.633�108 1
2 2COþO2-2CO2 3.48�108 8.42�107 2
3 2H2þO2-2H2O 3.0�1014 0 �1
fuel struts, and cavity flame-holders in the model engine make the
flow-path quite complex for the gas flows. In addition, using ker-
osene as a fuel involves atomization and evaporation models,
which may also cause difficulties for the numerical simulation. In
order to maintain numerical stability while properly capturing the
unsteady features, second-order upwind schemes are used for the
spatial discretization. A semi-implicit second-order Crank–Ni-
colson scheme is used for the temporal integration. The time step
is close to 1 μs, basing on the maximum Courant numbers of no
more than 0.5.

The computation is initialized by the air inflow conditions and
commenced using a RANS model. Then it is changed to a detached
eddy simulation when a reasonable cold field presents, and finally
changed to a LES model. The computation is continued until the
second-order statistical moments converged after about thirty
flow-through times, equivalent approximately to 50 ms after the
chemical reactions are turned on.
4. Results and discussion

4.1. Validation against experimental data

The LES solver is validated against experimental data by the
pressure oscillation amplitude and frequency in the combustor as
well as wall pressure distribution.

Table 3 shows the comparison of pressure oscillation amplitude
and frequency at the same location in the combustor denoted as
p22 in Fig. 1. The oscillation amplitude is measured using peak-to-
peak values, while the frequency is obtained by applying a fast
Fourier transform on the pressure signal. It is seen that both os-
cillation variables are well reproduced using LES.

Fig. 2 shows the pressure evolution with time measured by
experiment and predicted by LES for intuitive views. The LES-
predicted oscillation period is of the order of 6 ms, while the
presented observation time is approximately 30 ms after the cal-
culation converged. This is sufficient for the development of
pressure to a dynamic steady state. However, as it is mentioned
previously for the experimentally measured pressure the operat-
ing duration is several seconds and the sample rate is 2000 Hz,
while the LES is performed in tens of milliseconds with a sample
rate of about 1 MHz. Therefore, the time scales in Fig. 2(a) and
(b) are different. The agreement of pressure oscillation amplitude
proves that LES is a powerful tool for the study of flow and com-
bustion phenomena in RBCC combustors.

Fig. 3 shows the wall pressure distribution of LES against ex-
periment along the flow-path. The x-axis is non-dimensioned by
the height of the combustor, while the y-axis is divided by the
pressure value at the monitoring point, p6, the facility inlet. The
short vertical lines outline the pressure oscillation amplitude at
each point measured in the experiment. For most part of the flow-
path except for the last four points in the second combustor and
the three points in the third combustor, LES shows good agree-
ment. Indeed, the high-altitude low back pressure condition is not
modeled in ground tests. Therefore, the experimental back pres-
sure is 1 atm, which is much higher than the back pressure used in
LES validation of pressure oscillation characteristics at point p22.

Source Oscillation peak-to-
peak value

Oscillation frequency

Experiment �7% to þ8% 173.1 Hz
LES �6% to þ7% 164.6 Hz
Relative error (LES to
experiment)

13.3% 4.9%



Fig. 2. Comparison of pressure oscillation amplitudes in the combustor.

Fig. 3. LES pressure validation against experimental data.
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the LES at the simulated flight altitude, 12 km. The pressure value
at the point p6 in the experiment is about 1.5 atm. It can be seen
that the three points in the third combustor are all lower than the
back pressure, 1 atm. Conversely, the exit pressure in the LES is
slightly higher than 1 atm, not to say that it is higher than the back
pressure used in the simulation. Therefore, in the experiment the
gas is over-expanded, whereas in the LES the gas is under-ex-
panded. This might be the main reason for the large deviations at
the last three points. It is also important to notice that step-like
pressure variations are observed in LES at x/H¼20 and 26. For the
location of x/H¼20, it is mainly due to the area contraction just
after the first pair of cavities. Subsonic flow would expand and
accelerate when the flow-path converges. Therefore, a sharp de-
crease is observed at x/H¼20, just after the first pair of cavities. For
x/H¼26, which is shortly after the second pair of cavities, it is just
the location of the thermal throat as it will be shown in Fig. 6. The
gas flow here turned from subsonic to supersonic. Supersonic flow
accelerates in a divergent channel, therefore, the pressure also
shows a sharp decrease. But as the back pressure in the experi-
ment is higher, the formation of thermal choking is shifted for-
ward. Therefore, the pressure decrease at this location in the ex-
periment is not as obvious as that in the LES.

4.2. Unsteady combustion characteristics

Unsteady combustion characteristics are highlighted by the
comparison with the RANS results. Fig. 4 shows the instantaneous
(48 ms) temperature by LES and the one time-averaged from RANS
calculation at two different heights of the combustor, y/H¼0.50
and 0.75, respectively. It may be noted that high-temperature
zones exist mainly in two regions. These regions are the boundary
shear layers formed between the primary rocket jet and the in-
coming air, and the extensive areas following the fuel struts. Large
gradients of velocity and temperature exist between the rocket jet
and the air inflow, and turbulent mixing/reacting shear layers are
formed. The fuel-rich rocket jet mixes and burns in the presence of
fresh air, releasing a large amount of heat. Flame scales out
transversely and longitudinally upwards. The secondary combus-
tion of the rocket jet is powerful enough to reach the fuel struts,
where the injected liquid kerosene is successfully ignited and a
continuous flame sustains after the struts.

The temperature shows significant unsteady characteristics
when comparing Fig. 4(a) with Fig. 4(b). It is found that the pri-
mary rocket jet oscillates and is distorted, and the shear layers
formed are quite irregular. The flame after the fuel struts is also
distorted and wrinkled because of the shedding of vortices and the
instabilities of the shear layers. These unsteady processes are well
captured using LES, while the RANS calculation yields a rather
smooth temperature distribution. The highest temperature zones
last to the end of the first combustor steadily in RANS, which is
significantly different from that of the instantaneous result in LES.
Under the combined effects of the occurrence of thermal throat
(shown in Fig. 6), the eddy dissipation (shown in Fig. 8), and the
combustion heat release (shown in Fig. 10), the flow shows re-
markable homogenization features after the second pair of cav-
ities. After this point, large-scale vortex structures no longer exists.
The results of the LES and RANS methods show no significant
difference thereafter.

Fig. 5 shows the instantaneous and time-averaged mass frac-
tion of CO2 at the same site as the one shown in Fig. 4. CO is one of
the major components of the rocket jet, and CO2 is the combustion
product. A similar tendency to that of the temperature in Fig. 4 is
observed here. Therefore, from Fig. 4 and Fig. 5 it may be con-
cluded that the main heat release region in the combustor shows
obvious unsteady characteristics, where the flame surface and the
large-scale vortex structures are visibly distorted. The spatial dis-
tribution of kerosene heat release is largely affected, and the LES
results shows some differences when compared with the RANS
results.

It is mentioned that the thermal choking plays an important
role in homogenizing the flow field after the second pair of cav-
ities. Fig. 6 shows the contour of Mach number at the center plane
of the combustor and other six transversal sections. The in-
stantaneous structure of the thermal throat is depicted by the iso-



Fig. 4. Comparison of temperature fields for LES and RANS.

Fig. 5. Comparison of mass fractions of CO2 for LES and RANS.

Fig. 6. Contour of Mach number and the instantaneous structure of the thermal
throat.
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contour of Ma¼1. Basically, three zones isolated by pre-combus-
tion shocks in the isolator and thermal throat after the second pair
of cavities with distinct characteristics are identified. The first is
from the engine inlet to the front of pre-combustion shocks, where
no chemical reaction takes place but flow with supersonic velocity.
The second starts from the end of the shock trains to the front of
thermal throat, where fierce combustion takes place mainly in
subsonic speed. The third one is after the thermal throat, where
moderate reaction takes place in the supersonic flow of the hot
combustion product. To see the structure of the thermal throat
clearly, it is locally enlarged after the second cavities at the right
corner of the image. The black arrows denotes the flow direction,
which is oppose to that shown in its left. Thermal choking occurs
just after the second pair of cavities. Therefore, temperature is
homogenized by thermal choking at this position.

4.3. Turbulent flame structures

In this section, flame structures and combustion modes for the
RBCC combustor are studied using three parameters. The first is
the mixture fraction, denoted by Z [32]:

( ) ( )ϕ ϕ= ⋅ − + + ( )Y YZ Y / Y / 1 / 1 4F F O
0

O
0
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The ϕ is an important chemical parameter in diffusion flames
corresponding to the ratio obtained when premixing the same
mass quantities of fuel and oxidizer. Z is a passive scalar and
changes because of diffusion and convection, but not change due
to reaction. Moreover, it represents the most likely flame surfaces
at stoichiometric value [32].

The second is the Takeno flame index, denoted by GFO [33]:

( ) ( )= ∇ ⋅∇ ∇ ⋅ ∇ ( )G Y Y Y Y/ 5FO O OF F

This parameter identifies different modes for premixed or non-
premixed combustion.

The third is the scalar dissipation rate, denoted by χ [34]:
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which is essentially the rate of mixing between the fuel and
oxidizer.

Fig. 7 shows the contour surfaces of stoichiometric mixture
fraction rendered by temperature to represent the flame location
after the fuel struts. Highly wrinkled large flame structures are
observed after the fuel struts, in the two pairs of cavities and
further downstream. The motions of unsteady turbulent vortices
effectively increase the area of combustion and the speed of tur-
bulent flame. Flame after the second pair of cavities is smoother
than the flame upstream and shows a noticeable ribbon-like dis-
tribution feature. It is important to note that flame is sustained
after each fuel strut, although expansion towards the central flow
is limited. Furthermore, the two flame ribbons after the fuel struts
show inconsistencies with one another at the same instant. This is
an important indicator of the unsteady combustion characteristics,
especially when their operating conditions are identical.

The temperature profile in Fig. 7 also shows significant varia-
tion with distance from where the kerosene is injected. In the
near-strut region, the cold liquid kerosene absorbs a large amount
of heat for its evaporation and fierce combustion afterwards. Due
to the high temperature rocket jet, combustion is not suspended
but sustained. After a short distance, the vaporized gaseous ker-
osene is successfully ignited and the flame temperature increases
as the flow going downwards until it reaches the second pair of
cavities. After this point, a thermally choked “nozzle” is formed due
to the combined effects of heat release and the variation in flow-
Fig. 7. Iso-surface of stoichiometric mixture fraction colored by temperature after
the fuel struts.
path area. The temperature profile almost achieved equilibrium.
The heat release from combustion is balanced by the loss due to
the expansion of supersonic flow in a divergent channel, and the
flame appears to keep at a constant temperature.

Fig. 8 shows contour of scalar dissipation rate at different cross-
sections and in the center plane of the primary rocket. It is found
that intense mixing takes place mainly in two regions: the outer
boundary of the mixing/reacting shear layers formed between the
rocket jet and the air inflow, and the extensive region following
the fuel struts. Due to the large velocity and temperature gradients
between the rocket jet and the air inflow, strong shear force and
intense convection between the different streams, intense mixing
is produced. For the regions after the fuel struts, high concentra-
tion of gaseous kerosene and its successful ignition, as well as
large velocity gradient exists within the low-speed recirculation
zone at the trailing edge of the struts. All of these conditions result
in intense species, energy, and momentum transport. The χ-value
shows a decreasing tendency along the flow-path as a whole,
owing to energy cascade transport and eddy dissipation.

Fig. 9 shows the normalized flame index after the primary
rocket to identify different combustion modes in the combustor. It
Fig. 8. Scalar dissipation rate distribution in the combustor (logarithmic scale).

Fig. 9. Takeno flame index distribution.
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assumes that gradients in the fuel and oxidizer are aligned for
premixed flame, and anti-aligned for non-premixed flame [33].
Essentially, three different regions are identified. The first is the
region of shear layers formed between the rocket jet and the air
inflow, as well as all the near-wall regions, which burns mainly in
premixed mode. The second is the core region of the rocket jet,
where no combustion takes place. The third is the central region of
the combustor after the first pair of cavities, which burns mainly in
non-premixed mode. Formation of the combustion mode in each
region may be explained in this way. For the region just after the
rocket, as the high temperature rocket jet is a mixture of fuel-rich
combustible gas, it firstly mixes and diffuses to the air inflow to get
away from the fuel-rich extinction limit. Therefore, just inside the
rocket jet shear layer there is no combustion or in a quite weak
diffusion combustion mode. However, due to the strong reactivity
of the rocket jet, once the equivalence ratio is proper for com-
bustion to take place, the high temperature jet flame propagates to
the shear layer and premixed flame front is formed. In the region
after the first cavities where non-premixed combustion dom-
inates, the combustion of kerosene and its decomposition pro-
ducts is in dominate while the reaction of the rocket jet is almost
complete. Temperature of the injected kerosene is much lower
compared with the upstream exhaust gas, and its atomization and
evaporation also absorbs a large amount of heat energy. The
overall combustion is limited by the decomposition of kerosene
and the diffusion rates to the surroundings. Therefore, non-pre-
mixed combustion mode is seen dominate in this region.

The concept of flame index is helpful to study the combustion
modes. However, it is not a chemical property of the mixture. It
measures the scalar gradient alignments regardless of the reaction
progress, which may also peak in non-reactive cases, such as for
premixed or non-premixed opposed jets at room temperature. In
these cases, the magnitude of the flame index may be large solely
due to high-flow strain and mixing rates. Therefore, a flame may
or may not actually exists where the flame index peaks. An addi-
tional reaction variable is required to delineate different combus-
tion modes. The spatial distribution of heat release rate is chosen
for assistant analysis [35]. Fig. 10 shows the power of reaction per
unit volume in the combustor. The regions where combustion
actually takes place with distinct heat release are remarkably
narrower than those shown in Fig. 9. It means that the regions
where heat release is nonzero the flame index must be nonzero,
but not vice versa. The largest heat release occurs in the
Fig. 10. Heat release rate per unit cell volume.
downstream regions along the fuel struts. In the center flow region
after the second pair of cavities, reactions are limited in intensity.
It may be concluded from Figs. 9 and 10 that the auto-ignition
flames in the regions along the fuel struts precedes the premixed
flames in the central flow region, where flame propagation is the
dominate flame stabilization mechanism.

To further study the importance of premixed and non-pre-
mixed combustion heat release quantitatively, two variables are
defined:

( )
( )

= + ×

= − × ( )
⎪
⎪⎧⎨
⎩

HRR G G G HRR

HRR G G G HRR

/2

/2 7

pre FO FO FO

non FO FO FO

It is obvious that for premixed combustion HRRpre¼HRR while
HRRnon¼0, for non-premixed combustion HRRpre¼0 while HRRnon
¼HRR. Therefore, heat release by different combustion modes is
distinguished. In this definition, it also excludes the situation
where GFO is nonzero while HRR is zero. It means that only the
region where combustion actually takes place is taken into con-
sideration. HRRpre and HRRnon are integrated on each cell volume to
obtain the contribution coefficient, HRRcoe, to the overall HRR. It is
found that HRRcoe-pre¼62% while HRRcoe-non¼38%. Although pre-
mixed combustion is narrow in space, it is important for the
overall heat release. The heat release different combustion modes
contribute to and the distribution pattern can be used for passive
control of fuel injection schemes and combustion organization
manners, which is widely used for mode transition in dual-mode
scramjets [5,36] and RBCC engines [37].
5. Conclusions

This study reports the combustion characteristics of a RBCC
engine combustor operating at ramjet mode numerically. LES with
sprayed and vaporized kerosene is used to study the intrinsically
unsteady features of combustion in such a propulsion system.
Validation of pressure oscillation amplitude and frequency in the
combustor as well as the wall pressure distribution indicates the
applicability of the current LES solver. The unsteady characteristics
captured by LES are highlighted by comparison with a RANS cal-
culation. Turbulent flame structures are also studied. Stoichio-
metric mixture fraction is used to indicate the flame location,
which shows a ribbon-like distribution pattern. Mixing char-
acteristics are analyzed using the scalar dissipation rate. Two in-
tense mixing zones are recognized, one is in the shear layer of the
primary rocket jet and the other is after the fuel struts. Combi-
nation study of the Takeno flame index and heat release rate
spatial distribution indicates that different combustion modes and
flame stabilization mechanisms exist in different regions of the
combustor. The first is the shear layer of the rocket jet, where
combustion takes place mainly in premixed mode, and flame
propagation is the dominate stabilization mechanism. The second
is the core region of the rocket jet, where almost no reaction takes
place. The third is the extensive zone after the fuel struts, where
non-premixed combustion takes place and auto-ignition is mainly
responsible for the flame stabilization.
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