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Abstract Large eddy simulations (LES) of a scramjet combustor are reported
in this paper. The case under study is a cavity-based combustion chamber
that is experimentally studied at the U.S Air Force Research Laboratory. The
chamber is fed by eleven injectors. The computational domains are either
simplified including only one or two injectors or complete with the 11 injectors.
A good agreement is found between experimental data (velocities measured by
PIV) and results from the LES if the kinetic used is chosen with care. A high
temperature is found inside the cavity promoting a reactive zone located in the
mixing layer where the flow velocity is high. At this location, the combustion
occurs first in a diffusion dominated regime followed by the efficient burning
of a well mixed mixture (rich then lean). A significant diffusion dominated
burning is also found inside the cavity, mostly at the interface between the
two recirculation zones. The simulation of the complete geometry revealed a
transverse phenomenon on the temperature and mixing fields, but which had
nevertheless little effect on the comparison with the available experimental
data.
A tabulation of the chemistry based on a premixed flamelet library without
compressibility effects has been tested a priori on the results of the simulation
with one injector. Good results on temperature and H2O fields are found.
Significant localized discrepancies appeared on CO and CO2 fields due to the
complexity of the combustion regimes, while compressibility effects were found
to be weak for the configuration studied.
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76000 Rouen, France



2 J.L. Ruan et al.

1 Introduction

Despite the increase in high-performance computing, it remains challenging
to simulate complete combustion chambers while ensuring accurate numeri-
cal methods, reliable description of the thermochemistry and efficient models
for the phenomena unresolved by the mesh. In particular, it should be noted
that few turbulent combustion models are specifically developed for the su-
personic flow regime and the classical subsonic modeling techniques are very
often transposed to the supersonic case [4]. This is the case for tabulation tech-
niques, that allow for drastically reducing the number of transported scalars
[29,31]. Indeed, a look-up table contains all information about the chemical
system from a well-chosen collection of canonical flames or processes. Thermo-
dynamical variables are then tabulated as functions of a small set of control
variables that are transported with the flow [7]. However, dealing with tabu-
lated thermochemistry in a highly compressible mixture constitutes a challenge
[35,36], as the compressibility effects are not generally accounted for in table
constructions. For instance, let’s consider the supersonic burner of Cheng [6]
in which a sonic hydrogen fuel jet at 545 K interacts with an annular jet of
hot (1250 K) and vitiated air at Mach 2. Both flows exit into a quiescent at-
mosphere creating shocks as shown in Fig. 1 through the pressure field and
the scatter plot of temperature, before combustion starts. The combination of

Fig. 1 Scatter plot of temperature versus pressure for an instantaneous non reactive solution
[4] of Cheng’s burner. The compressible effects on the mixing temperature are highlighted
by green dashed lines. In the insert on the right: pressure (left) and temperature (right)
fields.
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hydrogen, oxidizer and hot temperature causes autoignition phenomena that
occur at different locations in the jet and result in different combustion regimes
as well as the birth of detonations [4]. Building a look-up table thus becomes
legitimate. Perfectly stirred reactor (PSR) have been computed and all ther-
mochemistry infirmations (temperature, species mass fractions, etc.) are stored
function of the progress variable for various values of the mixing and pressure
levels between 20 and 220 KPa. However, using the inlet temperature of the
experiment as an input data of the table (Tmix

0 ), i.e. using Table 1 in Fig. 2,
leads to incorrect predictions. Indeed, compressibility effects must be consid-

Fig. 2 Compressibility effects on look-up table (TABLE 1 vs. TABLE 2). Comparison of
temperature versus pressure scatter plots for the reactive case (left) and at two downstream
locations (right) along the jet axis: x/D = 10.8 [A-A] and x/D = 21.5 [B-B], with D =
2.36 mm. Z1 describes the mixing between hydrogen and vitiated air, and Z2 the mixing
between pure air and vitiated air. The value of temperature to enter the look-up table is T0.
The correction (T corr

0 ) applied to TABLE 2 to account for compressibility effects is simply
defined as the difference of the grey and green curves of Fig. 1

ered when building up the look-up table. In Cheng’s burner, these effects come
from the shock arrangements which appear before the combustion zone and
which modify the values of thermodynamical variables such as temperature.
This temperature modification can be deduced from Fig. 1 by the difference
between the temperature from the green dash lines and the temperature from
the grey dash lines (T corr

0 ). Using T shock
0 (= Tmix

0 + T corr
0 ) for the creation of

the look-up table (Table 2) instead of Tmix
0 leads to a better description of the
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temperature field as shown either on the scatter plot of temperature (left) or
on a cut of temperature at two different locations downstream the burner exit
(right), in Fig. 2. In the case of hydrogen fuel, the gain in CPU time is small
because the CPU cost of the chemical kinetic is not prohibitive. However, it
becomes significant for hydrocarbons. Note that another advantage of chem-
istry tabulation consists in the easier way to introduce combustion subgrid
modeling through presumed probability density functions.
Similar questions are now addressed: is the use of a tabulation method for
thermochemistry feasible in the case of a cavity-based scramjet configuration?
Will the compressibility effects play also an important role in that case? In
such a device, air flows at a supersonic velocity over a cavity that traps hot
products coming from the decomposition of fuel and air by means of a primary
vortex positioned inside the cavity. The reaction zone is located between the
air flow and the cavity, and a secondary vortex acts as a fuel pool mixed with
hot burned products in a dead zone at the front of the cavity [34]. Again, the
effects of compressibility can play a major role in the creation of a look-up ta-
ble. This difficulty is exacerbated by the wide variety of flame regimes that can
be encountered: premixed, non-premixed, partially-premixed, or near (or in)
the distributed-reaction-like regime [13], i.e. when high-speed reacting flows
have also high levels of turbulent fluctuations.
To tackle this issue, a high-fidelity simulation of a scramjet combustor has been
engaged. In the facility from AFRL [37], the air flow is accelerated through a
nozzle to reach supersonic speed and enters the isolator at nominal Mach 2,
with a total temperature and pressure of 589 K and 483 kPa, respectively.
The air flow then meets the fuel (ethylene) inside the cavity where combus-
tion has been shown to take place. The back of the cavity has an angle to limit
streamwise pressure oscillations. An array of 11 fuel injectors are evenly dis-
tributed on the aft cavity wall. This experiment has already been studied by
LES (Large-Eddy Simulations) or RANS (Reynolds Average Navier-Stokes)
[2,16,17,34]. Particle image velocimetry are available inside the cavity [37].
In the present study, a high-fidelity simulation of the AFRL test-bench is
performed with a focus on the impact of the number of injectors. Indeed, sim-
ulating a single injector with periodic conditions on the sides can be enough to
highlight the turbulence-flame interaction acting inside the cavity. However,
to really encompass this interaction in detail, that is to say with transverse
phenomena, it is necessary to simulate the complete configuration, which will
necessarily entail a huge CPU cost. The choice of a combustion modeling will
then be crucial and it is proposed, in this study, to validate a priori the use
of a tabulated approach.
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2 LES of scramjet combustor

2.1 Experimental and numerical set-up

Experiments conducted at the US Air Force Research Laboratory (AFRL) by
Tuttle et al. [37] will then support the goal described above. Figure 3 is a
summary of the experimental configuration and more details can be found in
[37] or in numerical articles [2,16,17,34]. The case under study has a fuel flow

Fig. 3 Sketch of the AFRL supersonic wind tunnel.

rate of 99 Standard Liters Per Minute.
The CORIA in-house code, SiTCom-B, is used for the computations [3,10,15].
SiTCom-B is a fully compressible structured code, based on an explicit Finite
Volumes scheme, and has already shown its capability to predict supersonic
flows and combustion [4,14,34].
In the present simulations, different options are considered: in Tab. 1, RCA1
corresponds to the simulation of a single injector centered at the middle plane
of the computational domain, RCA2 has two injectors and RCA11 is for the
complete geometry of the cavity including the 11 injectors. The two injectors
case RCA2 (z ∈ [−12.7 mm, 12.7 mm]) has been initialized with the one in-
jector solution RCA1 (z ∈ [−12.7 mm, 0]) by symmetry to the axis z = 0. The
center of each injector is at z = −6.35 mm and z = 6.35 mm, respectively.
The boundaries at z = −12.7 mm and z = 12.7 mm are prescribed as peri-
odic. The mesh is composed of 90 millions of cells and needs approximately
200 000 hours CPU time to gather statistics of 4 ms physical time. The eleven
injectors case RCA11 (z ∈ [−82.55 mm, 69.85 mm]) has also been initialized
from the one injector solution by duplicating the solution for each injector,
located at z = −69.85, −57.15, −44.45, −31.75, −19.05, −6.35, 6.35, 19.05,
31.75, 44.45, 57.15 mm respectively. Note that the width of the case RCA11 is
152.4 mm which is equal to 12 × 12.7 mm and not 11. Actually, the distance
between the first/last injector and the wall is 1.5 times higher than the dis-
tance between two injectors: 19.05 mm instead of 12.7 mm. The centerplane of
the whole geometry is the centerplane of the 6-th injector which is located at
z = −6.35 mm. The side walls are modeled with adiabatic non-slipping wall
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conditions. The mesh of the complete domain has 542 millions of cells and
requires about 3 000 000 hours CPU time for 4 ms of statistics. The airflow
is injected with homogeneous isotropic turbulence with an intensity of 10% of
the local speed. Each injector has the same mass flow rate, which is 1/11× 99
SLPM, leading to a velocity of 115 m/s per injector. Two mesh resolution have

Case Cavity width Injector center coordinate Side BC

RCA1 12.7 z = z0 Periodic

RCA2 25.4 z = ±z0 Periodic

RCA11 152.4 zi = z0 + i× 12.7 Adiabatic non-slip wall

Table 1 Parameters of reactive cases with different number of injectors in mm. z0 =
6.35 mm and i ∈ [−5,+5]. BC: boundary conditions. Coarse mesh.

been used for the simulations with one injector, a coarse one with a resolu-
tion around 200 µm (RCA1) and a more refined one with a resolution around
100 µm (RFA1) in the reactive zones inside and above the cavity. For the
simulations with two or eleven injectors, only the coarse resolution has been
used.

2.2 Chemistry of ethylene

The reduced kinetic scheme used in this study has 21 reacting species plus
nitrogen [21] and is named S22. It has been reduced from a detailed mechanism
based on the mechanism called USC-Mech II from the University of South
California, composed of 75 species and 529 elementary reactions. S22 has been
compared with success to its seminal detailed mechanism for auto-ignition,
extinction in Perfectly-Stirred Reactor (PSR) and premixed laminar flames for
a large range of initial conditions [21]: pressure P ∈ [1− 50] bar, temperature
T ∈ [1000− 1800] K and equivalence ratio φ ∈ [0.5− 1.5].
Autoignition computations for lean and rich mixtures have been performed
with S22 at the pressure of the air inlet, P = 0.66 bar, but varying the inlet
temperature. In Fig. 4 (left), the ignition delay decreases when increasing
the inlet temperature but also when the equivalence ratio increases. As a
consequence, a rich mixture would burn faster than a lean one. Kopp et al. [18]
have found that under high-pressure conditions (around 20 bar), the richer the
mixture is, the faster it reacts. However, under low-pressure conditions (around
1 bar) the leaner the mixture is, the faster it ignites. Fig. 4 (right) shows
a comparison between the numerical results from S22 and the experimental
data from Kopp et al. [18] at low pressure, P = 1.1 bar. The simulations
and experiments show strong disparities for φ = 0.5 and φ = 1. Kopp et
al. also propose a detailed mechanism Aramco 1.3 [25] which could overcome
the previous defect of S22. But such mechanism is composed of 346 species
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Fig. 4 Comparaison of ignition delay for S22 at several initial conditions.

and thus does not fit a 3D large eddy simulation. S22 will be kept with the
knowledge of this deficiency.

2.3 Comparison between 1, 2 and 11 injectors

Averaged fields of temperature, heat release rate and fuel mass fraction are
displayed at the centerplane of the injector in the transverse direction (y =
−19.57 mm) in Fig. 5, Fig. 6 and Fig. 7 for RCA1, RCA2 and RCA11, re-
spectively. The cases RCA1 and RCA2 are showing very similar results where

Fig. 5 Averaged temperature, heat release rate and fuel mass fraction at y = −19.57 mm
(injector center) for RCA1.

each injector is performing the same way. The injection jet is parallel to the
direction of the injection and the resulted flame has a V-shape with the same
intensity. The case with eleven injectors RCA11 is performing differently, espe-
cially for the injection jets which are not parallel to each other. The combustion
is also found more intense in the vicinity of the injectors located at the cen-
terplane. The difference is most probably due to the side walls, which were
prescribed as periodic in the cases RCA1 and RCA2, and which create here a
transverse oscillatory mode which deflects the injection jets. In addition, the
average temperature is also higher in RCA11 than in RCA1 or RCA2 by 100 K
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Fig. 6 Averaged temperature, heat release rate and fuel mass fraction at y = −19.57 mm
(injector center) for RCA2.

in the most reactive zones.
The simulations are then compared to the experimental data of Tuttle et
al. [37] in the centerplane between two injectors (between 6-th and 7-th for
RCA11). The averaged wall pressure is displayed in Fig. 8(a). RCA1 and
RCA2 have very similar wall pressure, whereas the discrepancy between RCA1
and RCA11 is about 1 kPa. However, the experiment is fairly well predicted by
all cases, except for the last point in the cavity ramp. The averaged streamwise
and transverse velocities profiles are displayed in Fig. 9. The averaged stream-
wise velocity is still very well predicted by all the cases, only slight differences
are observed between them. The simulations still over-predict the transverse
velocity, regardless of the number of injectors involved. The difference between
RCA1 and RCA2 is in average smaller than the one with RCA11, probably
due to the periodic conditions prescribed at the side walls.

2.4 Comparison between injectors of the case RCA11

The eleven injectors case (RCA11) is showing some disparities on velocity,
temperature and pressure profiles depending on the position of extraction.
Comparisons have been done on the centerplanes between injectors 4-5, 6-7,
9-10, and 10-11 for averaged wall pressure inside the cavity (Fig. 8(b)), aver-
aged temperature profiles and averaged velocity profiles (Fig. 10). In the region
prior to the cavity, the wall pressure is higher at the centerplane between in-
jectors 10 and 11, which is closer to the side wall. The wall pressure stays
relatively the same for each centerplane in the cavity, except in the vicinity of
the reattachment shock system where a higher wall pressure is found for the
centerplane between injectors 4 and 5 and the lowest one between injectors
10 and 11. The discrepancy in temperature is slight between centerplanes 4-5,
9-10 and 10-11. But the centerplane near the central injector behaves differ-
ently. This centerplane has a higher temperature at the front of the cavity and
a lower temperature at the rear of the cavity. The temperature discrepancy
can reach 250 K in some regions. The combustion zone is in fact shifted from
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Fig. 7 Averaged temperature, heat release rate and fuel mass fraction at y = −19.57 mm
(injector center) for RCA11. Coarse mesh.

the large recirculation area to the small recirculation area in the centerplanes
near the central injector (6-th), resulting in a difference in temperature. The
averaged streamwise velocity is still not modified and stays relatively the same
at each centerplane. The averaged transverse velocity is however dependent of
the location of the centerplane, especially at the vicinity of the shock system.

The isosurface of temperature (T = 2000 K) colored by the values of mixture
fraction is displayed in Fig. 11. A lower temperature and a leaner mixture
can be observed in the vicinity of the central injector. This indicates that the
amount of cold airflow entering through the rear of the cavity is higher in
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(a) Experiment (pattern), RCA1 (red line),
RCA2 (green line) RCA11 (blue line, between
6-th and 7-th injector).

(b) Experiment (pattern). RCA11: injectors
4-5 (red line), 6-7 (green line), 9-10 (blue line)
and 10-11 (yellow line).

Fig. 8 Averaged cavity wall pressure. Comparison between the numerical and the experi-
mental data at the centerplane between two injectors.

the central injector region, thus decreasing the temperature and the mixture
fraction. The origin of the airflow massively entering in the central injector
region is difficult to capture and in the absence of more complete experimental
results, it is too early to decide if this is a real feature of the experimental set-up
or a numerical artefact. The differences between the simulation of the complete
set-up and one or two injectors simulations can be considered unimportant if
only stability issues or combustion regime analysis are considered. However to
use simulation to fully characterize and design such a device, the full geometry
must be included. Transporting a semi-detailed chemistry with its heavy load
on memory and CPU time is then to be avoided. In the rest of the paper, the
possibility of using a tabulated approach which allow to drastically decrease
the CPU time [8–10,20,27] to describe the chemistry is explored.

3 A priori tabulated chemistry

As discussed in Ruan et al. [34], the dominant combustion regime found in
this device is the premixed regime. A tabulation of the chemistry based on a
premixed flamelet library [29] without accounting for eventual compressibil-
ity effects has then be attempted and tested a priori on the results of the
simulation with one injector presented in the previous section, but with a
fine resolution (case RFA1) to minimize the impact of under resolution of the
chemistry on the mesh.

3.1 One dimensional laminar premixed flames

One dimensional laminar premixed flame propagations were computed with
the solver REGATH [5,30,33] at P = 66 kPa and T = 329 K in the flamma-
bility limits range of ethylene, which is φ ∈ [0.4, 5], and over a distance of
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Fig. 9 Averaged streamwise (top) and tranverse (bottom) velocity profiles inside the cavity.
Experiment (pattern), RCA1 (red line), RCA2 (green line) and RCA11 (blue line, between
6-th and 7-th) at the centerplane between two injectors.

10 meters. The purpose of this study is not to reach equilibrium with 1D
flame propagation which in some cases require a computational domain of
hundreds of kilometers, but to build a laminar premixed flame table which
contains all the possible solutions of the LES. Therefore, the last point of each
flamelet is in general not the equilibrium state.
The temperature profiles of laminar premixed flames at different equivalence
ratios are displayed in Fig. 12. Superadiabatic temperature (SAT) phenomenon
can be observed for high equivalence ratios and is identified by a temperature
peak in the flame front which is higher than the adiabatic temperature. This
phenomenon is present in hydrogen flames [12] and it has been investigated in
hydrocarbon flames at rich mixtures numerically and experimentally by Liu
et al. [19] for C1-C3 hydrocarbons and numerically by Meeks et al. [24] for
CH4 and C2H2. Aside from the temperature peak, SAT is also associated with
superequilibrium concentrations of some combustion products and with nega-
tive heat release rate (endothermic reactions). Meeks et al. [24] argue that SAT
phenomenon is due to high gas velocities in the burning region at high equiva-
lence ratios, while Babkin et al. [1] pointed out that SAT generally occurs due
to competition between molecular diffusion and heat transfer processes. The
right hand side figure of Fig. 12 is a close view of the temperature profiles for
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Fig. 10 Averaged temperature (top), streamwise (middle) and tranverse (bottom) velocity
profiles inside the cavity, comparison between the numerical and the experimental data for
coarse mesh at the centerplane between the two injectors for RCA11: experiment (pattern),
injectors 4-5 (red line), 6-7 (green line), 9-10 (blue line) and 10-11 (magenta line).

equivalence ratio φ from 1.6 to 5. In the case of ethylene-air combustion, SAT
can be observed from φ = 1.7 with a slight temperature peak until φ = 3.5.

In order check at high equivalence ratios what would be the length needed in
the 1D laminar premixed flamelet computed with REGATH to reach equilib-
rium as determined by EQUIL, the computational domain for the 1D laminar
premixed flame has been extended to 5 kilometers for φ = 4. It is then verified
that the equilibrium values for temperature and concentrations are reached
(see Fig. 13). For higher equivalence ratios, an even longer domain would be
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Fig. 11 Instantaneous isosurface of temperature at 2000 K for RCA11, colored by the values
of mixture fraction.
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needed to reach equilibrium. As building a table with these very long domains
would take for ever, a first table has been constructed with v for all equiva-
lence ratios. However, it will be checked (section 3.3) that this is sufficient to
contain all the compositions found in the LES, or if further refinements need
to be done in some regions.

3.2 Expressions of progress variable

The definition of progress variable is a key point in tabulated chemistry and is
not straightforward [26,28,32]. It is defined as the ratio of a linear combination
of species mass fractions on the same quantity at equilibrium:

C =
YC
YC,eq

(1)

So the progress variable C takes value in [0, 1], with the extrema 0 and 1 cor-
responding to fresh gases and burnt gases at equilibrium, respectively. YC can
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Fig. 13 Temperature (left) and main product mass fractions (right) along X for φ = 4. The
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be defined either from the reactants plus N2 or from some major combustion
products chosen carefully. In this work, we will be only interested in build-
ing the progress variable from the main products of ethylene-air combustion.
Therefore, YC will be constructed with YCO, YCO2 and YH2O. Two expressions
of YC are studied and compared:

YC1 = YCO + YCO2

YC2 = YCO + YCO2 + YH2O

(2)

The mass fractions at equilibrium could be taken from the 1D laminar pre-
mixed flame results if they are not far from the equilibrium, which is not
the case in this study at high equivalence ratios. Thus, mass fractions from
EQUIL [23] are used to compute YC,eq, in order to avoid discontinuities when
prolongating the flame library outside the flammability limits. Verifications
are shown in appendix A.

3.3 Construction of laminar premixed tables

Laminar premixed flame tables are generally constructed from 1D flames
within the flammability limits and may be extended to all equivalence ra-
tios by interpolation between fresh gases and equilibrium state. The advan-
tage of using REGATH is that the solver can compute flames outside of the
flammability limits, thus reducing the prolongation by interpolation which is
not always appropriate. This method has already been investigated by Duboc
et al. [8–10] for methane-air combustion by extending the table to φ = 5.5
(the flammability domain of methane-air is φ ∈ [0.6, 1.4]). The results were
found to be more convincing than prolongation with equilibrium values. Here,
the 1D flame simulations with REGATH have therefore been extended from
φmax = 5 to 50 at P = 66 kPa and T = 329 K with a computational domain
of 10 meters long. The flame speed and the thermal flame thickness are dis-
played in Fig. 14. The highest speed and the lowest thickness are found for
φ = 1.17 and worth respectively sL,max = 88 cm/s and δL,min = 0.38 mm at
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Fig. 14 Laminar premixed flame speed (SL) and thickness (δL) within the flammability
limits (left) and in the whole computed range of equivalence ratios (right).

these conditions.
Look-up tables are created at P = 66 kPa and T = 329 K for both expressions
of progress variable with ∆C = 0.002 and for φ ∈ [0.4, 50] (Z ∈ [0.0265, 0.773])
with ∆φ = 0.01. They are extended to the whole range of Z by prolongation
with equilibrium data of S22. Scatter plot of progress variables (C1 and C2)
versus mixture fraction Z of LES results are shown in Fig. 15. Each point is

Fig. 15 Scatter plot of progress variables C1 (a) and C2 (b) vs. mixture fraction: blue color
refers to negative heat release rate, the shading from purple to yellow represents cells with
low to high heat release rate. The curves show the maximum value of tabulated progress
variable for a given composition Cmax(Z) with a 1D computational domain of 10 m for red
color and 1 km for green color.

displayed with a color representing the intensity of heat release rate: blue for
negative values and the shading from purple to yellow for low to high values.
The region with negative heat release rate corresponds to the area with SAT
(see Sec. 3.1), reactions are endothermic in this region in order to tend towards
adiabatic temperature. The highest heat release rates are, as expected, found
near the stoichiometric mixture (Z = 0.06366).
The red curves in Fig. 15 represent the last point (X = 10 m) of each flamelet,
as C is an injective function of X, C(X = 10 m) = Cmax, which means that
all points below this curve are tabulated. There is a small region near Z = 0.1
where the progress variable is superior to 1. That phenomenon occurs more
severely when the progress variable is not well defined, since one or several ma-
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jor species are missing to describe correctly this region, or when the number
of points is not representative. The phenomenon of C > 1 can be due to diffu-
sion. The expression C1 is therefore not valid in this study since the number
of points with C1 > 1 is significant compared to C2 where less than 0.003% of
cells are concerned. The table based on C1 is consequently discarded, and C2

is renamed as C in the following.
Besides, the red curve starts to fall down for Z > 0.57 (φ > 19.5) and goes un-
der the LES results for Z > 0.6, which means that the table does not contain
those points. It needs to be extended to include higher progress variables. The
prolongation can be done by interpolating between the last point of the flame
and the equilibrium data, or by extending the computational domain in that
region. The second technique is preferred in this work. The 1D computational
domain has been extended to 1 km for Z > 0.57 until Z = 0.835, because
a longer domain is required for higher mixture fraction to reach equilibrium.
The new curve is represented in green color in Fig. 15.
At this stage, we would like to know whether the prolongation outside the
flammability limits with non-propagating 1D flame (REGATH) gives more
consistent results than the one with equilibrium prolongation. Three tables
with different prolongations were built and compared to investigate that ques-
tion. Their characteristics are shown in Tab. 2. As the temperature inside the

Table 1D Flame for φ in Prolongation for φ in Temperature (K)
TAB1 [0.4, 5] [0, 0.4[ ∪ ]5,+∞[ 329
TAB2 [0.4, 19.5] [0, 0.4[ ∪ ]19.5,+∞[ 329
TAB2b [0.4, 19.5] [0, 0.4[ ∪ ]19.5,+∞[ 450
TAB3 [0.4, 74.5] [0, 0.4[ ∪ ]74.5,+∞[ 329

Table 2 Look-up table features. P = 66 kPa.

cavity is not constant and is always inferior to 450 K (for the non-reactive
simulations), a fourth table (TAB2b) was constructed at 450 K and 66 kPa
to investigate the impact of the fresh gases temperature on the results. The
flamelet libraries are displayed in Fig. 16.

3.4 A priori comparison with LES field

The a priori comparison is done on an instantaneous field for an adiabatic
computation with one injector and a fine resolution (RFA1). The interpolation
of the table data into the computational domain has been performed in the
following way:

• First, the mixture fraction Z and the progress variable C are computed
using the gas composition from the LES mass fractions (Yk);

• Then, using Z and C computed previously, the corresponding value of each
tabulated quantity ϕtab is extracted.
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Fig. 16 Laminar premixed flamelet libraries: (a) TAB1, (b) TAB2, (c) TAB2b, (d) TAB3.
Tabulated (—), interpolated (- - -).

In the few locations where C > 1, possibly due to diffusion not accounted for
in the table, the values are taken at C = 1. The comparison has been done for
the temperature and the main products mass fractions (YCO, YCO2

, YH2O).
The instantaneous mixture fraction and progress variable for the case RFA1
are displayed in Figs. 17 and 18, respectively. The mixture is found very rich

Fig. 17 Instantaneous field of mixture fraction inside the cavity: centerplane between two
injectors (top) and injector centerplane (bottom). The stoichiometric line is displayed in
white color.

at the front of the cavity (Z > 0.2), and lean to moderately rich in the large
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Fig. 18 Instantaneous field of progress variable inside the cavity: centerplane between two
injectors (top) and injector centerplane (bottom). The stoichiometric line is displayed in
white color.

recirculation area (Z ∈ [0.03, 0.1]), except at the exit of the injector where the
mixture fraction is expected to have very high values. On the other hand, the
progress variable is globally high in the whole cavity with C > 0.7. Values of
C higher than 0.9 are found in the large recirculation area, while the small
recirculation area is having much smaller values of progress variable C ≈ 0.75.
This result is actually expected, since the time required to reach equilibrium
increases strongly with large values of mixture fraction.
The instantaneous temperature field is displayed in Fig. 19 for cuts in the
spanwise direction (z) and in Fig. 20 for cuts in the streamwise (x) and the
transverse (y) directions for LES results and laminar premixed table (TAB2)
interpolations. The z-cuts are still taken at the injector centerplane and the
centerplane between two injectors. The first y-cut is localized in the mixing
layer, while the second corresponds to the middle line of the cavity. The x-cuts
are from the interface between the recirculation zones (x = 20 mm from the
cavity front) and the middle line of the large recirculation area (x = 39 mm).
At the first glance, temperatures from LES and TAB2 appear very close to
each other. The only noticeable difference lies in the small recirculation area
where TAB2 underpredicts the temperature. In order to better quantify the
discrepancies detected in the instantaneous temperature fields, values at eight
positions inside the cavity with constant x are picked up. These positions are
the same as those used for the velocity profiles which are: x = 2, 11, 20, 30, 39,
48, 57, 66 mm from the cavity front. The mixture fraction and the progress
variable profiles are first displayed in Fig. 21. The mixing appears efficient
and the mixture fraction presents smooth variations. The progress variable is
more affected by the turbulence and then features strong spatial gradients.
The temperature and the H2O mass fraction profiles for TAB1, TAB2 and
TAB3 are displayed in Fig. 22 and compared to the LES values in the injec-
tor centerplane. Readers are reminded that the only difference between these
three tables is the way the prolongation outside the flammability limits was
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(a) Injector centerplane

(b) Centerplane between two injectors

Fig. 19 Temperature comparison with LES results: LES (top), TAB2 (bottom).

done (see Tab. 2 of the previous section). TAB1 has some shortcomings in
predicting the temperature or the H2O mass fraction outside the flammabil-
ity limits. The two other tables do not have this issue and have very similar
results. The only difference between TAB2 and TAB3 lies in a small region at
the exit of the injector where TAB3 has more accurate results. This analysis
shows that table prolongation with equilibrium hypothesis is not accurate in
the current simulation and it is preferable to use 1D laminar premixed flames
even outside the flammability limits. Compared to the LES, the temperature
from the table is weaker at the front of the cavity by about 100 K, and in
regions with strong variations of mixture fraction where the discrepancy can
reach 200 K. The differences in H2O mass fraction can be related to the dif-
ference in temperature.

A comparison between TAB2 and TAB2b has been performed to investigate
the impact of initial temperature of the laminar premixed flame tables. Again,
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(a)

(b)

Fig. 20 Temperature comparison with (a) constant y cuts at mixing layer (y = −7 mm) and
middle line of the cavity (y = −14 mm): from top to bottom, LES, TAB2 at y = −7 mm, then
LES, TAB2 at y = −14 mm; and (b) constant x cuts at the interface of the recirculation
zones (x = 20 mm from the cavity front) and the middle of the large recirculation area
(x = 39 mm): from left to right LES, TAB2 at x = 20 mm, then LES, TAB2 at x = 39 mm.

temperature and H2O mass fraction are displayed in Fig. 23 for the injector
centerplane. The temperature of the freestream in the case TAB2b is higher
because the temperature of the fresh gases is 450 K instead 329 K. TAB2b
is having slightly better performance than TAB2 inside the cavity, but the
opposite occurs when it comes to the mixing layer. Actually, the average tem-
perature field of the non-reactive case has shown that only the inner cavity is
featuring temperatures around 450 K, the temperature in the mixing layer is
lower and approaching the freestream temperature (329 K). An appropriate
way would be building a table including compressibility effects. Besides, there
is almost no difference for the mass fraction of H2O between TAB2 and TAB2b.
The initial temperature of the laminar premixed flames has only a slight im-
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Fig. 21 Instantaneous mixture fraction and progress variable profiles inside the cavity in
(top) the injector centerplane, and (bottom) the centerplane between two injectors.

pact on the results suggesting that compressibility effect can be neglected in
that device. TAB3 will be used for the next comparisons.

Profiles of mass fractions of CO and CO2 for LES and TAB3 are displayed in
Figs. 24 and 25 respectively in the injector centerplane and in the centerplane
between two injectors. The slight discrepancies that were observed for the
temperature in the injector centerplane are increased for the mass fractions
of CO and CO2. The difference stays relatively low at the large recirculation
area for the profiles in the centerplane between two injectors, except at the
rear of the cavity (x = 66 mm). At the front of the cavity, TAB3 and the
LES are totally different regardless of the centerplane. Actually, when YCO

is overpredicted, YCO2
is underpredicted at the same area. The sum of both

mass fractions YCO +YCO2
is displayed in Fig. 26. The fitting is nearly perfect

in the large recirculation area, but still some discrepancies persist in the small
recirculation area (x = 2, 11 mm) and in the interface between the recirculation
zones (x = 20 mm). The reason for the differences found between LES and
TAB3 can be due to several factors that are be discussed in the next section.
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Fig. 22 Instantaneous (top) temperature and (bottom) mass fraction of H2O profiles inside
the cavity in the injector centerplane: comparison between LES and tables with different
prolongation methods outside the flammability limits.

3.5 Origin of discrepancies between tabulated approach and LES

Dilution by burnt gases, nonpremixed flame regime or strong scalar dissipation
are the most probable origin of the discrepancies observed between tabulation
and transported chemistry. These three options are investigated in the follow-
ing.

3.5.1 Dilution by burnt gases

The dilution rate is the ratio of the burnt gases in the mixture and is defined
as:

Dr =
YBG

1− YN2

(3)

where YBG is the mass fraction of the burnt gases. A species is tagged as burnt
gas when it is neither a hydrocarbon (CnHm) or a species from air (O2 or N2):

YBG = 1− YCnHm
− YO2

− YN2
(4)

The instantaneous field of dilution rate is displayed in Fig. 27 in the injector
centerplane and in the centerplane between two injectors. The whole cavity
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Fig. 23 Instantaneous (top) temperature and (bottom) mass fraction of H2O profiles inside
the cavity in the injector centerplane: comparison between LES and tables with different
initial temperatures.

is strongly diluted by burnt gases with Dr > 0.5. The front of the cavity
is roughly composed of half burnt gases and half fuel (Dr ∈ [0.5, 0.7]). The
dilution rate is the highest in the large recirculation area where only burnt
gases are present (Dr > 0.9). Finally, the cavity ramp is featuring dilution
rate from 0.4 to 0.7 because of the air entering at this area. Strong dilution
is found everywhere inside the cavity, and yet the comparison between LES
and TAB3 was satisfying in the most parts of the cavity, therefore, dilution
could only be the origin of some minor discrepancies between the LES and
the tabulated chemistry. Dilution without heat losses has in fact no impact on
premixed flamelet properties [38].

3.5.2 Nonpremixed flame regime

The instantaneous heat release rate and the flame index are displayed in Fig.
28 at four cuts in the streamwise direction. The cuts are representing the area
of the small recirculation zone (x = 2 mm), the interface between the recir-
culation zones (x = 20 mm), the large recirculation zone (x = 39 mm) and
the rear of the cavity (x = 66 mm). No combustion is found in the small
recirculation zone, so the burnt gases of this region come from the interface
between the recirculation zones where the combustion regime is mostly non-
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Fig. 24 Instantaneous CO mass fraction profiles inside the cavity in the injector centerplane
(top) and the centerplane between two injectors (bottom): comparison between LES and
TAB3.

premixed. Trying to predict a nonpremixed flame with a premixed flame table
is expected to be improper. However, nonpremixed combustion is also found in
the large recirculation area, and the premixed table is accurate in that region.
Fiorina et al. [11] found that a laminar premixed flame tabulation (FPI solver)
could be efficient in predicting nonpremixed flames if the mixture fraction is
close to the stoichiometric value. Indeed, chemistry near stoichiometry is too
fast for any diffusive processes to have an impact on it, and thus becomes
independent of the flame configuration. The mixture fraction in the large re-
circulation area is between 0.05 and 0.10 which is close to the stoichiometric
value (Zst = 0.06366), chemistry is well predicted by the premixed flame tab-
ulation regardless of the combustion regime. On the other hand, the interface
between the recirculation zones is featuring mixture fractions of 0.15 to 0.25,
chemistry is slow in that region so diffusive effects can intervene and make the
species concentration dependent of the flame configuration.
Another reason would be that the small recirculation area is acting like a per-
fectly stirred reactor (PSR), and the time required to reach the values given
by the premixed flame tabulation is too long to be achieved, since the resi-
dence time of this region is only a few milliseconds [34]. The mixture fraction
in the small recirculation area being almost constant, a mixture composition
at Z = 0.279 is then extracted from the LES and used as an initial condition
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Fig. 25 Instantaneous CO2 mass fraction profiles inside the cavity in the injector center-
plane (top) and the centerplane between two injectors (bottom): comparison between LES
and TAB3.

for PSR computations with SENKIN [22]. The mass fractions of CO and CO2

are 0.078 and 0.081 respectively for the LES, and 0.158 and 0.013 respectively
for TAB3. The mass fractions of CO and CO2 after 100 s physical time com-
putation are displayed in Fig. 29. The mass fraction of CO is increasing while
the one of CO2 is decreasing, then evolving towards the values of TAB3. How-
ever, even 100 s is not sufficient for the mass fractions to reach YCO,TAB3 and
YCO2,TAB3. A premixed flame tabulation could never predict the burnt gas
composition in this region which is fed by the rich side of a diffusion burning
flame structure.
The discrepancies at the front of the cavity being clarified, we are now inter-
ested in those in the large recirculation zone, which are probably due to strong
scalar dissipations.

3.5.3 Scalar dissipations

Three scalar dissipations are now investigated in this section. They are the
mixture fraction dissipation χZ , the progress variable dissipation χYC

and the
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Fig. 26 Instantaneous YCO + YCO2
profiles inside the cavity in the injector centerplane

(top) and the centerplane between two injectors (bottom): comparison between LES and
TAB3.

Fig. 27 Instantaneous field of dilution rate (Dr) inside the cavity for RFA1: centerplane
between two injectors (top) and injector centerplane (bottom). The stoichiometric line is
displayed in white color.

cross scalar dissipation χZC :
χZ = DZ |∇Z|2

χYC
= DYC

|∇YC |2

χZC = DZC |∇Z||∇YC |
(5)
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Fig. 28 Instantaneous heat release rate (top) and flame index (bottom) in the small re-
circulation zone (x = 2 mm), the interface between the recirculation zones (x = 20 mm),
the large recirculation zone (x = 39 mm) and the rear of the cavity (x = 66 mm). The
stoichiometric line is represented in white color. Case RFA1.
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Fig. 29 Evolution in time of CO and CO2 mass fractions, computed with SENKIN [22].
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where the coefficients DZ , DYC
and DZC are:

DZ =
λ

ρCp

DYC
=
DCO|∇YCO|+DCO2 |∇YCO2 |+DH2O|∇YH2O|

|∇YC |
DZC =

√
DZDYC

(6)

Instantaneous fields of these scalar dissipations are displayed in Fig. 30 for
cuts in the injector centerplane and the centerplane between two injectors,
in Fig. 31 for cuts in the streamwise direction showing planes at the small
recirculation zone (x = 2 mm), the interface between the recirculation zones
(x = 20 mm), the large recirculation zone (x = 39 mm) and the rear of the
cavity (x = 66 mm). Strong dissipation of the mixture fraction is found at the
exit of the injector, following the path of the fuel injection. The mixing layer
above the small recirculation zone and the interface between the recirculation
zones are featuring scalar dissipations of moderate intensity. The difference
between χZ and χYC

is that the dissipation of the progress variable is weak
at the interface between the recirculation zones and moderately strong in the
whole mixing layer. The scalar dissipations profiles in Fig. 32 show that the
large discrepancies between LES and TAB3 for YCO and YCO2

(see Fig. 24
and 25) in the large recirculation zone occur in zones with strong dissipation
of mixture fraction. The dissipation of progress variable in the mixing layer
only leads to small differences between LES and TAB3.

In order to link the scalar dissipation to the combustion regime, the regions
with high values of χZ in the injector centerplane at the fourth and fifth
cuts (x = 30 and 39 mm, respectively) have been investigated along with
the flame index (Fig. 33). In the fourth cut, strong scalar dissipations are lo-
cated in regions with rich premixed combustion regime (FI = 1). While in
the fifth cut, the strongest dissipations are found at the exit of the injector
(y ∈ [−20,−17] mm) with nonpremixed combustion regime (FI = 0). At the
middle of cavity (y > −15 mm), rich premixed and nonpremixed combustion
regimes are found in zones with moderately strong scalar dissipations. The
values of χZ are insignificant for areas with lean premixed combustion regime
(FI = −1) in both cuts. The largest discrepancies between the LES and TAB3
are actually located in regions with moderate scalar dissipations and featuring
premixed combustion regime (see temperature profiles in Fig. 22). Regions in
the large recirculation area with nonpremixed combustion are well predicted
for the temperature, even with strong scalar dissipations.

In rich premixed regions with moderate scalar dissipations, solely the concen-
trations of CO and CO2 are largely affected, the mass fractions of H2O between
LES and TAB3 were found to be very close to each other. A study on the sensi-
tivity of these species to the gradient of equivalence ratio has been performed
for one dimensional laminar premixed flames. The concentrations difference
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(a) χZ

(b) χYC

(c) χZC

Fig. 30 Instantaneous scalar dissipations in the centerplane between two injectors and in
the injector centerplane. The stoichiometric line is displayed in white color. Case RFA1.

between two mixtures around the stoichiometry (φ1 = 1.1 and φ2 = 1.15) and
between two rich mixtures (φ1 = 2.1 and φ2 = 2.15), ∆Yk = |Yk,2− Yk,1| with
k = CO, CO2 or H2O against the progress variable are displayed in Fig. 34.
∆Yk is small at low values of progress variable for all the studied species. But
for high values of progress variable (C > 0.9), the difference becomes large for



30 J.L. Ruan et al.

(a) χZ

(b) χYC

(c) χZC

Fig. 31 Instantaneous scalar dissipations in the small recirculation zone (x = 2 mm), the
interface between the recirculation zones (x = 20 mm), the large recirculation zone (x = 39
mm) and the rear of the cavity (x = 66 mm). The stoichiometric line is displayed in white
color. Case RFA1.
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Fig. 32 Instantaneous scalar dissipations profiles in the injector centerplane (top) and in
the centerplane between two injectors (bottom). Case RFA1.
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Fig. 33 Instantaneous fields of scalar dissipation χZ and flame index in the injector cen-
terplane at x = 30 mm (left) and x = 39 mm (right). Case RFA1.

CO and CO2 for mixtures around the stoichiometry, and stays small for H2O.
For rich mixtures, only the mass fraction of CO is significantly affected by
the change in equivalence ratio. As the mixture fraction in the large recircula-
tion area is around the stoichiometry and the progress variable in this region
being higher than 0.9, the large discrepancies found between LES and TAB3
for CO and CO2 could be explained by these species being more sensitive to
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mixture change. In presence of high χZ , even for premixed regime, the effect
of the local gradient of mixture fraction cannot be neglected with a tabulated
approach context. New methods including gradient of mixture fraction in the
library construction could help [27,20].
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Fig. 34 Sensitivity of CO, CO2 and H2O to the equivalence ratio: ∆Yk vs. progress variable
C for mixtures around the stoichiometry (left) and for rich mixtures (right).

4 Conclusions

The large-eddy simulation (LES) of combustion in a cavity-based scramjet
has been performed with success with a dynamic approach for subgrid fluxes
modeling and a reduced but accurate kinetics. The numerical results are in fair
agreement with the experimental measurements available for the AFRL test-
bench whatever the number of injectors used in the simulation. However, only
the simulation of the complete geometry revealed a transverse phenomenon,
i.e. the apparition of a M structure of the flame when the exact dimensions and
boundary conditions of the cavity are included. In this device, the combustion
takes place in region where the flow is largely subsonic and preferentially in
the mixing layer over the cavity. Diffusion layers are also present. Highly re-
fined LES has proved to be a reliable tool for gathering information about the
dynamics of the combustion in this complex configuration without any need
to tune or adjust models.
An a priori tabulated approach for the chemistry was tested based on a col-
lection of one-dimensional premixed low-Mach flames. Good results on tem-
perature and H2O fields are found but some discrepancies appeared on CO
and CO2 fields due to the variety of combustion regimes. As expected, short-
comings of the tabulation are present in zones where non-premixed regime is
dominant and far from stoichiometry especially in the small recirculation. The
impact of strong mixture fraction scalar dissipation in region where combus-
tion is premixed has been evidenced implying that the gradient of mixture
fraction should be included in the construction of the look-up table. Never-
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theless, as the pressure in the cavity is relatively uniform and the comparison
between LES and TAB3 (built with constant pressure P = 66 kPa) led to sat-
isfying results for a quantity such as temperature, there is no need to account
for the compressibility effect in the tabulation for this scramjet. Tabulation
constructed with premixed flamelets including the effects of Z gradients, non-
premixed flamelets, taking into account the dilution by burnt gases in the case
of a non adiabatic system, could be then envisaged in the future to model the
combustion.
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A Progress variable

The construction of progress variable needs to satisfy two conditions:
(I) the progress variable C must be a monotonically increasing function of the physical

coordinate X;
(II) all tabulated quantities must be injective functions of the progress variable C.

The verification is done for φ ∈ [0.4, 5] in Fig. 35 for (I) and in Fig. 36 for (II).
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