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Abstract

Large eddy simulations (LES) of non reactive and reactive ows in a cavity-based scramjet com-
bustor con guration from the U.S Air Force Research Laboratory (AFRL) are performed. These
simulations feature a 22 species and 206 reactions chemical scheme for etiylarie ability

of LES to reproduce the main features found in the experiment is rst emphasised such as the
average velocity eld and the stability of the combustion for the case studied. The in uence of
the mesh resolution and of the thermal wall condition on the simulation results is also investigated
along with the soundness of the use of a laminar model for the Itered source terms. The results
of the simulations with the nest grid (resolution of 100 micrometers in the ame region) are then
employed to gain understanding in the ame dynamics. This reactive simulation shows the per-
sistence of the two recirculation zones already present in the non reactive ow. The globally high
temperature into the cavity helps to sustain a reactive zone located in the mixing layer above the
cavity. Combustion rst occurs in a dusion dominated regime followed by the eient burning

of a well stirred mixture (rich then lean). A signi cant diision dominated burning is also found
inside the cavity. The links between the residence time inside the cavity and theney of the
combustion are explored along with the velofiigat release correlation.
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1. Introduction

The last decades have been marked by great progress in hypersonic technologies. The super-
sonic combustion ramjet (scramjet) has been identi ed as a valuable design able to cope with these
hypersonic speeds. Indeed, the main problem to overcome is the short residence time of the fuel
in the combustion chamber. This time being of the order of a millisecond, mixing and combustion
cannot operate eciently making the ame holding a challenging task. The cavity-based scramjet
has been therefore considered as a promising solution because the recirculation of the combustion
gases promotes the mixing and the burning of the reactants on a very short distance. The perfor-
mance of this con guration depends on the choice of the geometric parameters of the cavity and
fuel injection area, essential point for an @ent combustion.

Predictive tools capable of reproducing the complexity of this ow, which combines highly com-
pressible turbulent ows with nite rate chemistry ects, are necessary for the development of
future scramjets. A recent detailed review of the challenges encountered in the modeling of high-
speed combustion is found in the paper from from Gonzalez-Ruez et al. [1]. However, the existing
literature is still scarce or restricted, and the vast majority of computational works in cavity-based
scramjet were performed in Reynolds-averaged Navier-Stokes (RANS) framework. Due to the
increase in high performance computing, the use of Large-Eddy Simulation (LES) for supersonic
combustion is now becoming more and more relevant. Large Eddy Simulations of con gurations
featuring combustion stabilized by a cavity at high speed have been recently achieved by Sagha an
et al. [2] and Lacaze et al.|[3] for the HIFIRE test-bench, by Wang et al. [4] for their own experi-
ment and also by Hassan et al. [5] for the US Air Force Research Laboratory (AFRL) facility [6].
The objectives of the present study are twofold: rst, to contribute at the assessment of the ability
of the LES technique to predict highly compressible multi-species reacting ows; and second, pro-
vide some insight on the behaviour of the reacting zones in a cavity-based scramjet. This last point
will be an opportunity to propose new analytical tools within the framework of the LES for highly
compressible ows. As in the work from Hassan et al. [5], the facility from AFRL will support

this goal.



The paper rst describes the numerical set-up and as a rst step, the validation on available
velocity measurements are presented. The impact of the prescribed wall temperature is brie y
discussed, along with the possible impact of the number of injectors retained in the simulation. The
no-model approach used in the simulations for the estimation of the Itered source terms which
neglects subgrid uctuations of species concentration and temperature, is discussed in details. A
thorough analysis of the preferential combustion conditions in term of velocity, ame regimes and

residence time, is then performed.

2. Con guration and numerical set-up

2.1. Con guration description

Among the experimental con gurations available in the literaturé [7—11], that of AFRL is cho-
sen because a large number of experiments have been carried out with this device over the years.
In particular, Tuttle et al. [6] recently used particle image velocimetry to measure velocity and
vorticity elds for non-reactive and reactive cavity with dérent fuel ow rates and Do et al. [12]
have provided an estimation of ethylene concentration. In the experimental set-up, the air ow 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 ow then meets
the fuel (ethylene) inside the cavity where combustion has been shown to take place. Ethylene
(CoHy) is injected at 310 K which makes the auto-ignition impossible, spark plugs are then used to
force ignition.

The wind tunnel has an isolator 18/mm long with a constant area sectibh W = 50:8

1524 mn?. At the exit of the isolator, the lower wall of the duct is diverging by an angte2:5 .
The cavity is located at 78 mm further from the start of the diverging section. The aft wall of
the cavity is slanted by = 225 to avoid oscillations of acoustic waves inside the cavity. Its
length and depth are respectivély= 66 mm (length of oor of the cavity plus:6D=tan ()) and

D = 165 mm. An array of 11 fuel injection ports of diametér 1:6 mm are evenly distributed

on the aft cavity wall. ay = 1957 mm. A sketch of the experimental set-up can be found



in gure (I}

2.2. Numerical set-up

The CORIA inhouse code, SiITCom-B |13+17], is used for the computations. SiITCom-B is
a fully compressible structured code working with cartesian grids, based on an explicit Finite
Volumes (FV) scheme, and has already shown its capability to predict supersonic combustion
ows [18] [19]. As cartesian grids can only describe rectangular shape geometries, Immersed
Boundary Method (IBM) is implemented [118,]20] to handle the experimental con guration which
features a cavity and ethylene injection device. The code has a fourth-order centered skew-
symmetric-like scheme for the convective terms and a fourth-order centered scheme for the dif-
fusive terms. A fourth-order Runge-Kutta method is applied for the time integration. Besides,
second and fourth-order arti cial dissipation terms of Swanson et al. [21] are implemented to
overcome spurious oscillations and damp high-frequency modes. Unsolved subgrid-scale uxes
are modeled by the Germano closufe |[22]. Subgrid Prandtl and Schmidt numbers are set to 0.9.
Mixture di usion coe cients for each species [23] are considered based on binangidn coef-
cients [24]. A correction [25] is applied to the dusive uxes in order to strictly enforce mass
conservation. Mixture averaged viscosity [23] 26] and conductivity [27] are also employed. The
3D Navier Stokes Characteristic Boundary Conditions (NSCBC) are applied to describe the air
and fuel in ows. The out ow of the computational domain is using a zero-gradient condition.
The upper and lower walls of the scramjet are modelled either with an adiabatic non-slip condi-
tion or with a mixed adiabatixed temperature non-slip condition following the approach from
Baurle [28]. For this latter wall condition, adiabaticity is enforced if the wall temperature is below
800 K, but set to 800 K if the wall temperature reaches 800 K. The adiabatic condition can lead to
very high temperature levels at the cavity wall which aneriori not observed in the experiment.
The impact of this simpli ed wall condition will then be assessed by comparison with the results
with the mixed wall condition. The side sections use periodic conditions since only one or two
injectors will be considered. The width of the domain7L&hm for one injector and 2% mm for

two injectors. For the case with a single injector, this latter is centered at the middle plane of the



Mesh x(m) y(m) z(m) Cells
Fine 100 80-150 100-150 300M
Coarse| 200 150-200 160-300 45M

Table 1: Description of the two meshes used for computations. The number of cells is given for one injectti® M

computational domain.

The nozzle is not computed and the simulation starts at the beginning of the isolator. The origin
is located at the inlet of the computational domain, on the bottom wall. The axial velocity pro le
prescribed at inlet follows the relatiok: = 1:22Uy(y=H)¥"(1 y=H)*" with U, set to 727 ns and
corresponding to a Mach number of 2. Turbulence in injected at the inlet to trigger the boundary
layer development with an intensity of 10% of the local axial velocity and distributed evenly on
the three components of the velocity. Several tests [29] have been performed to calibrate the inlet
pro les as well as the intensity of turbulence injected. A weak sensitivity of the velocity pro les in
the cavity vicinity to these parameters has been found, due probably to the long distance between
the inlet and the cavity corner (254 mm) and also to the predominant role of the shear layer above
the cavity in the turbulence development. The computational domain is extended 81 mm after the
cavity (see Fig[[1). The injection of ethylene at the cavity bottom is done in the computational
set-up (Fig[ 1) through round pipes (diameted dam). Each of these pipes delivers a mass ow
rate of ethylene corresponding to one eleventh of the total mass ow rate of ethylene prescribed.
Their inlets are located at the same plane than the outlet of the nozzld@0 mm). These pipes
connect with the cavity aft wall at the locations indicated in the paper from Tuttle et al. [6].

Two mesh resolutions denoted “Fine” and “Coarse” are used with respectively 300 and 45
millions of cells when only one injector is included (see Tab. 1). The coarser mesh is used to
describe the case with two injectors (90 millions of cells in total). The cell size is kept constant in
x-direction, re ned close to the wall and the mixing layer above the cavity idirection as well
as close to the injector i andz-direction. The number of cells to describe the diameter of the
injector is then 16 for the ne mesh and 10 for the coarse mesh. A zoom of the coarse mesh in

the cavity region, taken in a plane cutting one injector is presented iff|Fig. 2. The geometry where



immersed boundary conditions are enforced is plotted in white.

The dimensionless wall distang&é computed at the upper wall and the bottom wall of the
simulation domain is plotted in Fi§j] 3 for a case without chemical reaction. This value being on
average 10 for the ne mesh and 18 for the coarser one at the upper wall and at the bottom wall,
excepted in the cavity area, the use of a wall-law model is found necessary. The zero-equation
mixing length model based on the van Driest damping functioh [30] has been added to compensate
for this lack of resolution in the wall region. In the cavity area (fram 0:255 m tox = 0:33 m),

the mesh resolution being seient to capture the boundary layer, the wall-model is switched o

3. Non-reacting ow simulations

The simulation of the non-reactive case is rst addressed and no fuel is injected as in the

experiment (case 0 in the work of Tuttle et al. [6] ).

3.1. Flow description

Averaged streamlines of the non-reactive ow are shown in [Hig. 4 for the ne mesh. As dis-
cussed in previous works [B1,132], the velocity disparity between the supersonic air ow and the
one inside the cavity creates a clockwise large recirculation area, which is responsible of the mass
exchange at the shear layer. This recirculation zone is the main feature of ame stabilization by a
cavity, as it is intended to trap the hot combustion products to maintain the cavity at high temper-
ature thus insuring pre-heating and ignition of the fresh reactants. The primary recirculation zone
is at high speeds, approaching Mach 0.5. A much smaller secondary anti-clockwise recirculation
area is found at the front of the cavity with lower speed. The shape of the recirculation areas is
similar to the one found in the work of Baurle |28], and the velocity of the primary recirculation
zone is very close to the experimental data of Tuttle et al. [6]. A variety of averaged ow properties
for non-reactive case are displayed in Fig. 5 for the ne mesh. The Mach number inside the cavity
is kept low, approaching O at the cavity front, and is und&ri@ the large recirculation area. The
whole cavity is then at subsonic speeds. A strong reattachment shock system where the pressure

reaches 90 kPa is identi ed at the aft wall of the cavity. This system of shocks is also present
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at the same position in the RANES performed by Baurle [28]. This shock system is actually
responsible of the temperature increase inside the cavity as the temperature rise which is initiated
at the base of the shock structure, is brought to the front and the middle of the cavity due to the
recirculation e ect. There is also a small preheating due to the frictions with the wall upstream the
cavity. All these heatings lead to an average temperature of 450 K in the cavity, which is 120 K
higher than the freestream. The pressure inside the cavity is heterogeneous, varying from 40 to 90
kPa.

3.2. Comparison with experimental results

Comparisons between results obtained with coarse and ne meshes and the experimental data
have been performed with one injector and also with two injectors for the coarse mesh. Statistics
are gathered for 6 ms physical time for the coarse mesh and 2 ms for the ne mesh at eight loca-
tions inside the cavity (see Fig. 6 where distances are expressed from the upstream cavity corner).
The residence time in the cavity can be estimated empirically [33] around 0.9 ms. Then, sampling
over 2 ms might be too short and is a pragmatic choice considering the cpu cost of the simulations
performed with the ne grid. The guré]7 shows the streamwise and transverse velocity pro les.
No signi cant di erences are found between the simulations featuring one or two injectors ex-
cepted for the transverse velocity at the two last positions. Thesratices might have arisen
from the in uence of the lateral domain width on the development of the turbulence which is then
found of low order. The experiment is fairly well predicted by both meshes for the streamwise
velocity except at the front of the cavity where the mixing layer is not well captured. The ne
mesh provides a slightly better t of the streamwise velocity especially at positions 20 mm and
30 mm where the description of the mixing is improved by the increase in spatial resolution. On
the opposite, the transverse velocity is better described by the coarse mesh which could be ex-
plained by the longer time sampling. Until the middle of the cavity, the simulations stays close to
the experiment, but is out of phase when reaching the rear of the cavity. This discrepancy might

be due to the reattachment shock system which is either imperfectly predicted by the simulation or



would need a longer sampling time. Considering thedlilties attached to velocity measurements

in a cavity, one can considered that a reasonable agreement between simulations and experiment
is reached and that the two mesh resolutions retained are acceptable. Since only naresradis

are evidenced between the simulations with one or two injectors, only geometries with one injector
will be retained in the rest of the paper for the analysis of the combustion modes.Nevertheless, one
have to keep in mind that the lateral walls are not included in the present work where simpli ed
periodic boundary conditions are imposed. This constraint might have a signi cant impact on the
ow behavior but will not be investigated in the present study. A comparison on the wall-pressure
has also been performed. The simulations underestimate the pressure in the cavity by around 10%
(see Fig[ B). While in the experiment the wall-pressure is found higher in the cavity than in the
area before the cavity [6], in the simulations, the wall-pressure is constant from the region before
the cavity to the cavity aft wall and then increase due to the shock. It should be noted, that the
evolution of the wall pressure found in our simulation is in line with previous measurements from

Gruber et al.[[31] for cavities with a similar shape.

4. Validation of the reactive simulations

Ethylene is injected at a fuel ow rate of 99 Standard Liters Per Minute (SLPM) as in the case 3
of the work of Tuttle et al.[[6]. The simulations are performed by computing the Arrhenius laws
and energy heat release directly from the transported values of temperature and mass fractions, i.e.
without accounting for potential subgrid scalesets. A reduced kinetic scheme of 22 species and
206 reactiond [34] for ethylene is used as retained in the simulations from Baurle [28].
As for the experiment, the local conditions of temperature and pressure cannot allow auto-ignition
of ethylene. To start the combustion and mimic the ignition device, a spheric hot source term
(4 mm of diameter) has been added to the energy equation and positioned at the exit of the injector
locally increasing the temperature up to 1800 K for 1 ms. After stopping the forcing in the energy
equation, the simulation is run for 10 ms to evacuate nonphysical ignition phenomena. At this fuel

loading condition, the combustion is well stabilized in the cavity as found in the experiment [6].



4.1. Flow description

An instantaneous eld of th€-criterion colored by CO concentration is shown in fig. 9. In-
stantaneous heat release rate, temperature and major species mixture fractions are shawn in Fig. 10
for a plane between two injectors corresponding to one side of the computational domain because
the computational domain contains only one injector. The mixing layer above the cavity as well
as the ow over the ramp display high turbulence level while the front of the cavity is more quiet
due to the lower velocities and high temperature encountered. The most reactive zones are located
in the mixing layer and into the cavity between the main and secondary recirculation zones. The
isoline Mach= 1 indicates that combustion occurs preferentially at subsonic speeds, discussed in
sectior] 5.2JL. The temperature distribution inside the cavity can be roughly split in three regions
with nearly homogeneous distribution: (i) zone over 2000 K corresponding to the primary recir-
culation (yellow color on the temperature eld in Fjg.]10), (ii) zone around 1400 K corresponding
to the primary recirculation (carmine red) and (iii) zone around 1000 K (blue) stuck between the
isosurface Mackr 1 and the zones (i) and (ii).

The mixture fraction is computed with Bilger et al.'s formulation |[35] and the cavity is found
globally very rich (the stoichiometric mixture &; = 0:06366). The small recirculation area at

the front of the cavity is only lled with fuel and burnt gases, and no oxygen left. Combustion
cannot occur in this area because of the absence of oxygen. At the top of the small recirculation
zone, ethylene, heated by burnt gases to 1500 K, is carried away by the air ow to the mixing layer
between the large recirculation area and the freestream, and reacts in that region providing energy
to heat the air ow entering at the rear of the cavity. Then, the heated air ow reacts with a small
part of cold fuel from the injector to form burnt gases that will heat the remaining cold fuel, and
the circle is complete. Ethylene entering the large recirculation area reacts immediately with air
available in that region due to preheating by burnt gases, so the mass fraction of ethylene is almost
zero. This reaction maintains a very high temperature in the large recirculation zone leading to a
stable ame.

Note that in the experiments of Tuttle et all [6] additional fuel ow ratg) are available. In par-



ticular decreasingi leads to a ame less and less stable which disappears when36 SLPM.
Such a behavior has been recovered by our simulationis [29], but will not be developed in the

present article.

4.2. Velocity and pressure elds

Comparisons on time-averaged wall pressure and velocities are shown jnJFig. 11. Once the
combustion is established and stabilized, statistics have been extracted during 2 ms to be com-
pared to the experimental data. For this reactive case, the LES captures precisely the wall pressure
upstream of the cavity and at its bottom but an overestimation appears near the ramp. The evo-
lution of the pressure is similar to what is obtained by Hassan €tlal. [5] for a case with a lower
fuel ow rate (56 SLPM): a pressure eld globally homogeneous in the cavity with an important
increase beginning at the middle of the ramp. In Fig. 12, the mean streamwise velocity is fairly
well predicted. As for the non reactive case, the mixing after the cavity corner is less developed
in the simulation. The spanwise velocity prediction is less reliable especially for the last position
located on the cavity ramp. This result could be linked to the over prediction of the pressure at
the same location. The same quality of agreement is reached by Hassanlet al. [5]. In their work,
an hybrid RANSLES approach is used with a mesh resolution insuring that the rst cell is within
one wall unit and a well developed in ow condition has been implemented. Despite taeedice
in numerics, turbulence forcing at the inlet and mesh resolution between Hassan's study and the
current one, the same tendencies are found in both sets of simulations, i.e. an imperfect description
of the mixing layer thickness just after the cavity corner, a stronger recirculation in the simulations
and an imperfect reproduction of the streamwise velocity. Even if the case simulated by Hassan et
al. [5] has a fuel ow rate almost twice less than the one considered in this study, teeedces
in experimental velocity pro les are rather small. The reason of the disagreement between exper-
iment and simulations remains to be found and several hypothesis can be advanced such as the
size of computational the domain after the cavity, experimental measurements uncertainties or the
strongly asymmetric shape of the nozzle upstream of the throat which may in uence the velocity

pro les until the cavity.
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4.3. Impact of the wall thermal condition

In order to quantify the impact of wall temperature on the ow, a simulation with quasi-
isothermal wall condition has been performed with the ne mesh resolution. The quasi-isothermal
wall condition is actually a combination of a real isothermal and an adiabatic wall condition. The
walls become isothermal only when the wall temperature exceed 800 K, otherwise they are con-
sidered adiabatic. This implementation of mixed wall conditions is similar to the one employed by
Baurle [28] for his RANS simulations. Averaged temperature pro les in the injector centerplane
atdi erent locations are displayed Hig. 13(a). As expected, a xed low wall temperature leads to a
globally cooler mixture than with the adiabatic conditions. However, the same tendency are recov-
ered and no in uence on the combustion stability is found. This weak in uence is retrieved on the
averaged axial velocity pro les which are very found nearly identical whatever the wall condition
(see Fig[ 13(h)). We acknowledge that a simulation included the experimental heat ux or tem-
perature distributions at the wall would avoid any ambiguity, however since no experimental data
is available concerning these quantity and since rather smaleinces have been found between
the adiabatic and the mixed adiabated wall temperature simulations, the analysis proposed in
the following section will be based only on the simulations making use of the simpli ed adiabatic

wall condition.

5. Analysis

5.1. A posteriori validation of the no-model approach

The simulations were performed using the laminar ame model, or no-model for reaction rates,
which relies on the assumptiohi(; Y;T) ! (3 Y;T). While this approach is often retained in
LES of supersonic combustion [18,/19/ 36], it is a simpli cation which has to be discussed. The
thermal ame thickness of an unstrained stoichiometric ethylEneame at 0.66 bar without pre-
heating the reactants, is around 0.4 mm. A resolution of X80may be considered swient to
describe the ame front, especially since in the present simulation it is thickened by turbulence and

the mixing with burned gases. However, this resolution is still too coarse to describe accurately the

11



source terms especially those of intermediate species. The subgridbbemkumberDaggs(Krol
et al. [37], Duwig et al.[[38]) can be introduced to quantify the reliability of the no-model assump-
tion. Dagysis de ned as the ratio between a time characteristic of the smallest resolved structure
sgs and a chemical timescalg. For a turbulent ow, if Daggs is much smaller than unity, the
no-model assumption is supposed to be valid. Several expressions of the subgrishamkm-
ber can be constructed [19] depending on the expressions retained for the chemical timescale and
the resolved turbulence timescale. For the chemical timescale, Duwig ketlal. [38] uses a timescale
associated to 1D laminar premixed ame>t = (=S, where ¢ is the laminar ame thickness
andS, the laminar ame speed. This approximation gives satisfying results in a subsonic con gu-
ration. Cocks[[39] de nes the chemical timescale as the ratio between the density and the reaction
rate of water for a hydrogen ame:$°*s= =1, 5. This expression is not very restrictive and,
following Guven and Ribert{ [19], a chemical time scale for each spekjdmsed on the species

mass fraction and reaction rate has been introduced in this work

Yk
ck — J'_kJ (1)

The characteristic chemical time scale is taken either as the minimufresfimated consider-
ing the 22 species of the chemical scheme (nof&dor only as the minimum taken from the three
major speciesk = CO, CQ or H,O (noted '®9). Both time scales,2 and [#¢, are computed with
the instantaneous values of temperature and species concentrations and vary spatially. Another
option, which has not been tested in this work, would be to determine the chemical time scale with
the Chemical Explosive Mode Analysis (CEMA) [40].

Also several expressions of the resolved turbulent timescale can be encountered using the

smallest resolved turbulent structure, such as[[41, 42]

2
4= 2L @

t

whereCs = 0:15 is the Smagorinsky constant: ( x y ,)** the cuto length of the LES lter
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and  the subgrid viscosity. Since, in the present simulations, the dynamic Smagorinsky closure
has been employed, locations wheyés very small are present. The following expression g
obtained from the relationship between the subgrid viscosity and the resolved deformation tensor

(Sij), has then been used

1
sgs = Cr——=; (3)

~

2S;;Si;

Three di erent estimations of the subgrid Daétter number have then be comput@sigys =

2= g Dalge= 2'= ggsandDalfi= =

The analysis is carried out on instantaneous solutions. To avoid non-signi cant values, the
subgrid DamBhler is only computed in cells featuring a heat release greater than 1% of the max-
imum heat release and the species chemical time scale of a cell is taken into account only if its
source term veri esj! wcenj > 0:04! kmax- Da‘;‘gs Darfg‘; and Da;c'gsare compared in Fi@4. The
percentage of cells where the sugrid Darnler number veri eDgys 2 [Da;; Da; + pa] where pa
takes the value 0.05 is plotted for each expression of the subgrid @detknumber.

The subgrid subgrid Dantihler number based on premixed amelet chemical time scale al-
ways stays below 0.05. When based on the three major species chemical time scale, the subgrid
Damlkbhler stays very small with 95% of cells verifyifdasys 6 0:05. When based on all the
species contribution, the subgrid Dadtiter takes higher values with only 65% of cells verifying
Daggs 6 0:05 but still 83% cells verifyingdDasys 6 0:1. As expected, minor species contributions
are less likely to be accurately captured by LES with this no-model approach.

The Partially Stirred Reactor Model (PaSR), used with success by some authors in the con-
text of supersonic combustion [43-+45], introduces the subgrid @afeknumber as an ingredient

where it is used to determine the ne structure volume fraction, usually using the chemical char-

acteristic time based on premixed amelet

1
1+ Dagls

(4)

In this model, if is close to 1 (i.e.Da%S small), then the subgrid contribution vanishes and
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the ltered source term is directly evaluated from the ltered quantities. With the expression (3),
the subgrid Daméihler based on premixed amelet properties is indeed below 0.05. Another
estimation has been performed using the same expression for the subgrid turbulent time scale than

than used by Moule et al. [43], which conducts to

DaS :o-osgﬁi (5)
sgs ' 54
t

This estimation oDag'gs is plotted in Fig for LES performed with the ne and the coarse
meshes. For both resolutions, the subgrid Dahir is always found below 0.02 with a slightly
higher number of cells below 0.01 for the re ned mesh, leading to 1. Therefore, the PaSR
model, if implemented, would provide in these simulations the same results than the quasi-laminar
model which has been used.

Finally, one may consider that the use of a no-model approach is well grounded in this con g-

uration with the chosen mesh resolutions.

5.2. Preferential combustion conditions

5.2.1. Mach number

The purpose of this section is to investigate the range of velocity where combustion is most
likely to take place. A threshold on heat release rate identical to the condition of the $ection 5.1 is
considered, with only cells featuring a heat release greater than 1% of the maximum heat release

included in the statistics. The data used for the statistics have been obtained with the ne mesh.

Fig.[16 shows a cut in the centerplane between two injectors of heat release rate and Mach
number. The isoline Mach 1 (white line) separates the domain into two regions: subsonic below
and supersonic above. Combustion occurs only inside the cavity and in the mixing layer. There is
almost no combustion in supersonic ow and the highest heat release rate is found at the mixing
layer, featuring Mack 0:5. Two quantities are de ned to better quantify the observed phenomena.

The rst quantity indicates the number of cells at each Mach number and is de ned as the ratio
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of number of cells involved in each interval of Mach number on the total number of Cgjls,

de ned as:

(6)

with Ne.vai the number of cells verifyingla 2 [Ma;; Ma; + ya], Where y, = 0:1 is the interval

range. The second quantity is based on the conditional mean of heat release rate on Mach number,
<! ¢ j Ma >, to understand which Mach range features the highest heat release. The conditional
mean is adimensionalized by the mean heat reledsg >:

<!EjMa>

R =
Ma <!E>

(7)

These two quantities allow for characterising the heat release typical of a Mach range along with
the number of cells which are concerned. Fig. 17 shows these two quantities. This plot quanti es
what was observed on snapshots in Fid. 16 stating that the highest chemical activity appears at
Mach= 0:5 and over 95% of combustion occurs at subsonic speeds. Combustion is still probable,
however with a very low occurence, up to Mach 1.8. Cells where combustion is most likely to be
found, feature Mach numbers between 0.1 and 0.3 representing approximately 40% of cells having
ecer 0:01 gmax but with lower intensity compared to the average heat reldage £ 0:9).

This region corresponds to the outer part of the large recirculation zone. If one consider that
compressibility eect over the chemical reactions can be neglected up to Mach 0.4, 60% of the
cells are concerned, which leaves 40% of the cells where compressibiggteimpact on the
chemical model might not be neglected for example if a tabulated amelet approach were to be

used[2].

5.2.2. Flame regimes

Flame regimes can be characterized by the ame index which was rst introduced by Ya-
mashita et al.[[46] to distinguish premixed from nonpremixed combustion. This index is based

on geometrical considerations depending on figl gnd oxidizer Q,) mass fraction gradients.
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If the gradients follow the same direction, the combustion regime is accounted as premixed, and
opposite gradients signal nonpremixed ames. Domingo et al. [47] have introduced a normalized
ame index expression to analyse the ame regime distribution:
!
1 r Yeir Yo,

FNom= = 1+

2 Ir YEir Yo, ®

The premixed regime occurs whéq :No™ = 1 while F:I:N°'™ = 0 signals nonpremixed ames.
The ame index, later modi ed by Lock et al. [48] includes a weighting factor allowing to distin-

guish between lean and rich combustion:

!
I._1Z Zst 1+rYF:rY02

T 27 Zs ir Yeir Yo,

(9)

whereZ is the mixture fraction from Bilger et al._[35] ard}; the stoichiometric mixture fraction.

With this expression, which is the one used in this pajpér,= 1 for the rich premixed regime and

F:1: = 1 for the lean one, whil&:l: = O still signals nhonpremixed regime. To avoid a division by

zerowhernZ = Zg, the factorZ Zy)3Z Zgjis setto one, iZ = Zg. This assumption leaves the

ame index to take the values 0 for nonpremixed ames and 1 for stoichiometric premixed ames.
When using complex or semi-detailed kinetic schemes, the fuel, here ethylene, can decompose

before reaching the reaction zone, leading to insigni ant fuel gradients which makes the ame

index indeterminate. To overcome that diulty, the fuel mass fraction will be built on all the

hydrocarbons involved in reactions:

Ye = Yoo, T Yoo, T Yors + Yeu, + Youre T Yoo, (10)

Taking in consideration only cells wijh gj > 0:01! g.max this formulation ofYg leads to less than
0:2% of points where Yg:r Yo, = O for the ne mesh. These few locations have been eliminated
in the results presented in this paper.

The ame index is displayed in Figl 18 computed solely in relevant zones where the heat release
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is greater than 1% of its maximum value. The inner cavity is mostly controlled by nonpremixed
combustion while the premixed regime is predominant in the mixing layer and the cavity ramp.
Using the distribution of the heat release rate from guré 10, the reactive zones can be cast in
four major combustion regimes: (I) a weak reacting zone in the mixing layer developing above
the secondary recirculation zone, (IlI) a signi cant reacting zone at the interface between the two
recirculating bubbles into the cavity, (lll) a strong andaent reacting zone in the mixing layer
above the primary recirculating zone, (V) a thin reacting zone in the vicinity of the ethylene in-
jection. The ame index distribution helps us to determine the burning regime of these four zones.
The zone (l) is fed by ethylene mixed with hot burnt products burning in asive regime. The

zone (II) burns mostly in a dusive regime. The zone (Ill) burns a well mixed mixture. In this
latter zone, the combustion is back supported by the presence of hot gases into the cavity. The
zone (IV) burns the ethylene just at the exit of the injector in a puresive regime. The combus-

tion modes in the cavity appear then very complex and no privileged regime can be easily extracted.

Fig.[19 shows the conditional mean of heat release rate by ame index j F:l: > adimen-
sionalized by the overall mean heat releasé ¢ > (blue patterns) and the contribution of each
ame regime as characterised by the ame index to the heat rel€xsdred histogram) de ned
as follow:

<lgjFl:> Ne, X

<lc> and Cg = RFIN_T with N; = y NEi; (11)

Rr =

where Ng, is the number of points in the interval of considered ame index &kdthe total
number of points. The conditional mean heat release rate is similar for each ame index value:
from Rg; = 0:8 in the nonpremixed ames tB-, = 1:1 in the premixed ames regardless of the
mixture. None of the regimes is only marked by either strong or weak combustion. The values
taken byCp, indicate that most of the contributions to the overall heat release rate come from
premixed ames, over 75 %, where the lean premixed regime contribution is approximately 60 %.

The contribution to the heat release rate conditioned by the ame index estimated in each
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plane §; 2), along thex axis, Cg(X), is displayed in Fig] 20. It shows that the front of the cav-

ity (x < 0:265 m) is mainly controlled by nonpremixed combustion where approximately 100%
of heat release rate is due to nonpremixed ames. This region corresponds to auto ignition in
a di usive regime of the fresh air arriving from the nozzle with the mixture of ethylene and
hot burned product present in the small anti-clockwise recirculation. In the middle of the cav-
ity (0:265 < x < 0:29), premixed ames start to take place and any combustion regime can be
encountered. At the rear of the cavity, the lean premixed regime predominates with over 75% of
contribution to heat release rate at almost any position fxom0:29 m. The remaining 25% is
principally from nonpremixed ames, almost no rich premixed ames can be observed from the

cavity ramp.

5.3. Residence time

The notion of residence time;, is particularly important in the context of cavity combustion.
It makes it possible to evaluate whether the mixing time of the reagents is well-ensured in order to
have as complete a combustion as possible, and thus to ensure a stable, @arebe estimated
empirically by following the work of Davis and Bowersax [33,/49]):= 40D=U, , whereD is the
cavity depth andJ, the velocity above the cavity. It leads tp= 0:9 ms in the current scramjet
con guration. But, the residence time can be also computed directly in the simulation by adding a

transport equation for, [50]:

" #
@e @ _ @ _ @ | _
+ —(ae) = — + )— +°S 12
@ @| ( | I') @| ( t) @| 2 ( )
where™, G, X, t, , {are respectively the resolved density, the resolved velocity, the space coor-
dinate, the time, the laminar and subgrid eddy viscosities.
Enjalbert et al. [[50] introduced a fact&;, which is dependent of the mixture fracti@& to
modulate the source term. The fac8yis equal to 1 in regions where fuel and oxidizer are mixed

(2[;1 ]with =10 %) and 0 elsewhere. With this implementation, the residence time grows
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only in regions where mixing between fuel and oxidizer is acting. The residence time of the case
with one injector, adiabatic walls and coarse mesh is displayed ifi Hig. 21 for averaged elds. The
isoline , = 1 msis displayed in white. Statistics are cumulated over 3 ms. The large recirculation
area is featuring low residence times, from 0.8 ms to 1.2 ms, while the residence time in the small
recirculation area is higher because of the lower local speed. Besides, the cavity residence time in
the theory is determined by the mass exchange in the mixing layer, this time should correspond
to the residence time of the lower part of the mixing layer which is aroud @:9 ms in this

work. This value of residence time is consistent with the empirical law from Davis and Bowersox
[33,149], but also with the literature where this time is found to be approximately 1 ms in every
work about scramjets. Nevertheless, this more accurate evaluation of the residence time shows a
signi cant variability depending on the location inside the cavity.

The scatter plot of residence time versus mixture fraction is displayed in[Fig. 22. The highest
residence time is found & = 0:3 which is the mixture fraction found in the small recirculation
area. As expected, a residence time close to 0 is found in regions with quasi-pure oxdizey (

or quasi-pure fueld 1). A stoichiometric mixture4y = 0:06366) requires only 0.3 ms to be
obtained, and past = 0:8 ms, no stoichiometric mixture can be found. It leads to the conclusion
that the stoichiometric conditions are obtained very rapidly and does not last long in the cavity
(< 0:5 ms) due to intense mixing. The ammable region corresponds to a mixture comprise be-
tween = 0:4 and = 5 (red lines in Fig[ 22). The lower ammability limit is featuring low
residence times { = 0:15-0.45 ms) while the upper ammability limit can only be reached when
the residence time is higher than 0.6 ms, up to 2.9 ms. The mixing time of a mixture with equiva-

lence ratio = 5 is therefore reached around 0.6 ms in this cavity.

The dimensionless conditional mean of the heat release on residenci fiarad percentage of
cells contributing to the statistics in each intervaif residence timeC.; have been computed
in cells with heat release rate higher than 1% of maximum heat release rate, to investigate the

interaction between combustion and residence time. The expressiBnswdC.; are similar to
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RMa andCMa;i,

<lgj >
R="El"7 and c,=
<lg> '

Nc;;i.
Ny’

(13)

where< ! ¢ | , > is the conditional mean of heat release rate on the residence time had>
the mean heat release rate over the entire dombiy,; is the number of cells verifying, 2

ry ot ,with = 0:1 ms.Ny is the total number of cellR andC.; are displayed in Fi@&
Signi cant combustionC.; > 0:01) occurs in a wide range of residence time from 0.2 to 1.3 ms.
Almost no combustion can be found in regions wherexceeds 1.5 ms. Looking back at 21,
these regions correspond actually to the small recirculation zone. The dimensionless conditional
mean of the heat release on residence tRnandicates that the region with the highest chemical
activity is featuring residence time of 0.4-0.6 ms. Such strong combustion can be found at the
exit of the injector or in the mixing layer above the large recirculation area. Over a residence time
of 0.6 ms, the chemical activity starts decreasing while the number of cells contributing to heat
release stays relatively the same until= 1:1 ms. The region with residence time between 0.6
and 1 or 1.1 ms corresponds actually to the large recirculation area where both strong and weak

combustions coexist.

6. Conclusion

Large-eddy simulations of combustion in a cavity-based scramjet have been performed with
success with a reduced but accurate kinetics and the hypothesis that eventual subgrid uctuation
of temperature and species can be neglected in the determination of the Itered source terms. The
numerical results for the reactive and non-reactive cases are in fair agreement with the experimental
measurements available for the AFRL test-bench [6]. With a resolution of 100 tordA the
ame region, the use of the direct evaluation of the source terms from the transported quantities
has been justi ed based on the computation of subgrid Dartee numbers. The combustion is
found to take place in region where the ow is largely subsonic and preferentially in the mixing

layer over the cavity. Also, the residence time in the cavity has been tracked, showing that the usual
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approximation of an averaged residence time around 1 ms is reasonable even if a strong dispersion
is observed from 3 ms in the secondary recirculation down to 0.1 ms in the mixing layer. The
combustion is preferentially found within a range of the residence time between 0.2 to 1.3 ms. A
great diversity of combustion regimes determined by the ame index was evidenced suggesting
that reliable modeling of the Itered source terms might prove tricky if coarse meshes were to be

employed or if the transported chemistry were to be replaced by tabulated chemistry.
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Computational Domain
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Figure 1: Sketch of the computational domain (center plane). the region coloured in grey or light brown corresponds
to solid parts.Liso = 1778 mm,L = 66 mm,D = 165 mm,H = 50:8 mm, = 2:5°, = 22:50. For one injector, the
domain width is 12 mm and 2% mm for two injectors.

Figure 2: Zoom of the coarse mesh in a plane cutting one injector. The geometry boundary is plotted in white.
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Figure 3: Dimensionless wall distangéfor coarse and ne meshes at the upper wall (top) and bottom wall (bot).

Figure 4: Non-reacting ow: Averaged streamlines, colored by averaged axial velocity.
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Figure 5: Averaged Mach number (top) and temperature (bottom). The isoline #adhk displayed with a white
line. Fine mesh.

Figure 6: Positions where statistics are extracted: 2, 11, 20, 30, 39, 48, 57 and 66 mm respectively from the cavity
front corner.xg = 0:254 m.
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Figure 7: Comparison of the coarse (red and blue lines) and ne (green line) mesh computations with the experimental
data [6]: (a) averaged streamwise velocity and (b) averaged transverse velocity. Red and green lines : one injector,
blue line: two injectors.
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Figure 8: Averaged wall pressure eld: comparison between coarse and ne meshes.

Figure 9:Q-criterion colored byYco concentration with the ne mesh.
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Figure 10: Instantaneous elds of heat release rate, temperature and mixture fraction, and mass fractidns®f, C
CO and CQ ( ne mesh). The isoline Mack 1 is displayed with a white line.
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Figure 11: Reacting ow: Wall pressure inside the cavity with the ne mesh. Experiment (symbols), simulation (red
line).
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Figure 12: Averaged streamwise (top) and spanwise (bottom) velocity pro les inside the cavity: comparison between
the numerical and the experimental data for coarse and ne mesh at the centerplane between two injectors. Re ned
and coarse meshes.
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(@)

(b)
Figure 13: Top: temperature pro le. Bottom: velocity pro les. Line: adiabatic wall, dashed lined: mixed xed wall
temperaturiadiabatic wall. Dot: experiment.\elocity pro les inside the cavity. Re ned Mesh, plane between two
injectors.
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Figure 14: Cell ratio in each interval of subgrid Dabtiter number. RedDarS%ds only the three major combustion
products (CO, C@ H,0) chemical time scales are included. Greémggsthe 22 species chemical time scales are
included. BIue:Daigs, chemical time scale based on stoichiometric premixed amelet (SPF). Fine mesh.

Figure 15: Cell ratio in each interval of subgrid Dabfiter numberDaﬁgLS . Red: ne mesh. Green: coarse mesh.
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Figure 16: Instantaneous elds of (top) Heat release rate and (bottom) Mach number for ne mesh. Cells with heat
release rate lower than 1% of maximum heat release are not shown. The white line represents isdtMach
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Figure 17: Dimensionless conditional mean of the heat release on Mach nBgbéurve), and percentage of cells
contributing to the statistics in each intervall(jpof Mach numbeCy, (histogram): ne mesh.

Figure 18: Distribution of ame index inside the cavity for injector centerplane (top) and centerplane between two
injectors (bottom). -1: lean premixed, O: nonpremixed, 1: rich premixed. The isbingg; is displayed with a white
line. Re ned mesh.
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Figure 19: Dimensionless conditional mean of heat release by ame iRdexsquares), and contribution of each
value of ame index to the heat releaSg, (histogram).

Figure 20: Partial contribution to the heat rele@s¢ along x forFlI = 1;0 or 1. The gray line represents the cavity
geometry.
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Figure 21: Averaged residence time inside the cavity in the injector centerplane (top) and the centerplane between two
injectors (bottom). Isolines are displayed with white lines (coarse mesh).

Figure 22: Scatter plot of residence time vs. mixture fraction. Only 1% of points are shown. The ammability limits
of ethylene are shown with red lines (coarse mesh).
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Figure 23: Dimensionless conditional mean of the heat release on residend® tjoueve), and percentage of cells
contributing to the statistics in each interval (0.1 ms) of residence@n{kistogram). Coarse mesh.
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