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Nonpremixed turbulent combustion is studied in situations relevant to those encountered in advanced
airbreathing engines operating at high flight Mach number values. Accurate simulations would require modeling
both finite rate chemical kinetics and molecular diffusion effects (mixing) as well as the complex compressible
flowfield structure associated with the presence of multiple shock and expansion waves that significantly influence
combustion. The chemical kinetics are modeled by using a Lagrangian framework for turbulent combustion that has
been recently extended to reactive high-speed flows. The corresponding framework incorporates both finite rate
kinetics and turbulent molecular mixing rates with minimal additional parameters. An efficient anisotropic mesh
adaptation strategy is used to obtain a satisfactory description of both nonreactive and reactive compressible
flowfields. The present study confirmed that the proposed approach provides a well-suited framework for future
developments devoted to nonpremixed turbulent combustion modeling in high-speed flows. A detailed comparison
with data gathered from an experimental study of a laboratory scramjet model indicated the validity of the approach.

Nomenclature

= molecular diffusivity

diffusive flux vector

Damkohler number

= domain of definition of the joint scalar probability
density function

energy

convective flux vector

enthalpy

turbulent kinetic energy

Mach number

turbulent Mach number

marginal probability density function of oxygen mass
fraction Y

marginal probability density function of mixture
fraction &

joint probability density function of mixture fraction
£ and oxygen mass fraction Y

= pressure

Reynolds average of quantity ¢

Favre average of quantity ¢

= source term vector

Schmidt number

temperature

time

velocity

solution vector (conservative variables)
Cartesian coordinates

oxygen mass fraction

turbulent energy dissipation rate

= kinematic viscosity

mixture fraction

density

= mixing time scale
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¢ = test function (finite volume formulation)
X = scalar dissipation rate

v = test function (finite element formulation)
wy = chemical production rate of ¥

Subscripts

k = component k

st = stoichiometric

t = total (for instance, A, is the total enthalpy)
T = turbulent

Superscripts

/ =
17 =

fluctuations with respect to Reynolds average
fluctuations with respect to Favre average

I. Introduction

ESPITE the promising progress made toward the use of

alternative flight solutions such as, among others, the pulsed
detonation technology, high-speed airbreathing engines remain the
propulsion system of choice, and both ramjet and scramjet strat-
egies still represent the most attractive solutions for supersonic
(1 < Ma < 5) and hypersonic (5 < Ma < 15) regimes, respectively.
In the classical ramjet technology, the air inlet flow is progressively
decreased to reach subsonic velocities, thus favoring the stabilization
of the nonpremixed flame within the combustion chamber [1].
However, for very high values of the flight Mach number Ma, this
deceleration takes place through successive oblique shock waves and
the resulting conversion of kinetic energy into thermal energy leads
to extremely high temperature levels at which combustion heat
release is dramatically reduced. This behavior is associated with
losses of total pressure and a corresponding loss of thrust. With the
objective to minimize the influences of both the high-temperature
dissociation processes and the net loss of thrust that are induced by
the strong deceleration that takes place in ramjets, attention has been
focused on the possibility of performing combustion at supersonic
speeds, thus leading to the concept of scramjet (supersonic
combustion ramjet) engines [2].

In the scramjet technology, the airflow through the whole engine
(including the combustion chamber) remains supersonic. The
considered fuel is generally hydrogen and scramjets operate through
a mixing-controlled supersonic combustion of fuel within a stream
of compressed air scooped from the atmosphere. The values of the
specific impulse obtained within a scramjet can theoretically be
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higher than those obtained with rocket engines [3,4], but its
restricted operating range requires it to be combined with another
engine (dual-mode scramjet) [1]. Scramjet technology development
remains very challenging because only limited run time
investigations can be performed in ground test facilities and full-
scale testing requires flight speeds above Mach 8. Thus, the
representation of the corresponding reactive flowfields still
represents a tremendous challenge for computational studies and
several specific modeling difficulties arise. Among the different
issues that must be addressed in this field, we can mention the
following ones: the efficiency of the combustor is strongly related to
the stability and completion of combustion within the engine length
[3-5]. The achievement of the combustion process is determined by
the level of mixing between the reactants, which has been found to
be crucially influenced by high Mach number effects. Special
attention has been paid very early to these fundamental issues. For
instance, it has been evidenced that the large-scale nonreactive
mixing growth rate in supersonic mixing layers is tremendously
affected by compressibility effects [6,7]. The influence of incident
shock waves on both mixing efficiency and flame stability has been
also investigated [8,9]. Indeed, within a supersonic combustion
chamber the question of the flame-holding is seriously complicated
by successive interactions of shock waves with the flame front.
Among others, Fujimori et al. [§] have analyzed the possibility of
taking benefit from the shock waves development to make it easier to
stabilize combustion downstream of an injector strut. Their experi-
mental results have showed that the interaction of shock waves with
subsonic flow regions can modify the flowfield sufficiently to favor
the flame stabilization processes. In addition, the description of the
nonpremixed combustion in such high-velocity reactive flows is
clearly influenced by compressibility effects, shock waves, turbulent
mixing, and chemical kinetics processes [4,5,9,10].

In this framework, the essential aims of the present study are as
follows:

1) Apply a closure based on the use of the MIL (modele
intermittent Lagrangian) [11,12] model that has been recently
extended to deal with some specific features of nonpremixed
turbulent combustion in supersonic flows [13,14].

2) Use this closure conjointly with an efficient mesh adaptation
strategy that is able to render the complexity of the compressible
flowfield with a sufficient degree of confidence.

3) Assess the relevance of the computational model proposed to
simulate turbulent combustion in high-speed flows with a detailed
comparison of numerical results with a well-documented experi-
mental database.

In [14], the modeling proposal retained here has been previously
applied with success to simulate the experiments conducted by
Cheng et al. [15]. The corresponding experimental setup, which
consists of two high-speed coflowing jets of hydrogen and vitiated
air discharging into the atmosphere, is considered as a classical
preliminary validation step in the field of supersonic combustion [16—
18]. For the purpose of the present study, the computational model is
used in conjunction with an anisotropic mesh adaptation (AMA)
strategy; this now allows considering fully compressible flow-
fields, featuring successive shock and expansion waves, that are more
representative of those encountered in real scramjet engines. To
validate the computational model in such conditions, we retain the
laboratory scramjet model investigated by Waidmann et al. [19,20].
In the corresponding experimental setup, hydrogen is injected from
the base of a wedge-shaped strut injector at sonic conditions into
a stream of vitiated air at a Mach number Ma = 2. Previous
computational studies of this laboratory scramjet engine include both
recent LES (large eddy simulation) and RANS (Reynolds-averaged
Navier—Stokes) simulations [21-25]. Needless to say, the character-
ization of the unsteady features in such compressible turbulent
reactive high-speed flows still remains a difficult task, from both
experimental and numerical points of view, and so the evaluation of
numerical models capabilities remains essentially performed through
the comparisons of steady-state solutions with the corresponding
experimental data that gather statistical informations about the
flowfield. In this respect, the RANS strategy provides the most

suitable framework to obtain such steady-state solutions for flows at
high Reynolds number, especially for design and optimization
purposes. In turbulent nonpremixed flames, the competition between
molecular diffusion effects (namely, micromixing or scalar
dissipation) and chemical kinetics must be taken into account. The
Lagrangian framework retained in the present work is able to
represent such effects in supersonic turbulent reactive flows [14] and
one of the main objectives of the study is to confirm the ability of the
corresponding computational model to predict turbulent combustion
in high-speed confined flows featuring significant pressure
discontinuities.

The present manuscript is organized as follows: the essential
features of the MIL model are first briefly recalled in the next section
while the computational strategy and modeling are presented
in a third section. The experimental test case is then briefly described,
and the corresponding numerical results are then presented and
discussed.

II. Lagrangian Intermittent Framework for High-
Speed Turbulent Nonpremixed Combustion

The turbulent combustion modeling framework retained in the
present study is based on the early proposal of Borghi and Pourbaix
[11] and Borghi and Gonzalez [12]. The MIL model aims at
representing the competition that exists between micromixing
phenomena and finite rate chemistry effects in nonpremixed flames.
Consideration of such finite rate chemistry effects requires the use
of at least two scalar variables: one to represent the variations of
composition in the unburned mixture (mixture fraction &) and the
other to follow the departures from chemical equilibrium. For the
latter there exists at least two distinct possibilities. The first relies on
the consideration of the scalar dissipation rate of the mixture fraction
variable [i.e., x; = D(3£/dx,)?] or, eventually, its value for
stoichiometric conditions x; , as it is usually envisaged in cases in
which local flamelets are assumed to be thin enough and locally one-
dimensional: i.e., for sufficiently moderate levels of strain rate and
curvature [26]. The second possibility is more general and introduces
a so-called progress variable Y that characterizes the progress of
chemical reactions within the domain of definition Dy y, for the
couples (£,Y). This domain of definition D y,, which is also
denoted as composition space in the following, is bounded by the
pure mixing line Y =Y, ,(§) and the chemical equilibrium
Y=Yp,00(§). In the previous expressions, Da denotes a
Damkohler number based on the ratio of two characteristic time
scales: a mechanical one (representative of the flowfield dynamics)
and a chemical one.

As turbulent reactive flows are considered, and since the behavior
of combustion chemistry is highly nonlinear [27], the joint
probability density function (PDF) of the two scalar quantities is
needed to render the influence of composition fluctuations. The
framework retained for the purpose of the present study relies on
presumed PDF shapes [28]. In comparison with the transported
PDF approach [18,29], the main attractive feature of such frame-
works relies on their robustness and their significantly lower
computational costs which makes them very efficient for both
RANS and LES simulations of engineering turbulent reactive flows.
When the scalar dissipation rate y; is retained as a characteristic
variable to describe the departures from chemical equilibrium, the
dynamics of each scalar are usually considered to be statistically
independent [i.e., P(E, Xe) = 13(.§)13(X§)], and the problem is
reduced to the determination of the two marginal PDF P(&) and
13()(5) (see, for instance, [30]). However, the MIL framework is
based on the consideration of the mixture fraction £ together with
the mass fraction Y of a reactive species, oxygen in the present
work, and we can reasonably expect the conditional change of the
progress variable Y to be larger for nearly stoichiometric conditions
than other conditions. As a result, the independence hypothesis
cannot be retained any longer for these two variables. On the
contrary, based on the sudden-chemistry hypothesis [31], the MIL
model introduces a strong but clearly stated functional dependence
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between the two variables. The sudden-chemistry hypothesis is
briefly illustrated below.

Based on the simplest micromixing closure, i.e., the one given by
the IEM (interaction par echange avec la Moyenne) model [32], the
Lagrangian evolution of fluid particle issuing from either oxidizer or
fuel stream is given by the following set of equations:

dy Y-vY
= and — =
T dt Ty

+ wy )

where 7; and 7, are the characteristic mixing time scales of the
mixture fraction and the oxygen mass fraction, respectively. Within
the MIL framework, it is assumed that the chemical reactions are
sudden: particles need a finite time to ignite during their evolution
toward the mean composition but then instantaneously jump from
the IEM mixing line to the equilibrium line. Their trajectory can
be drawn in the composition space for fixed values of the mean
composition and mixing frequency, as sketched in Fig. 1. It is
denoted as YMIX () in the following and it allows expressing the joint
scalar PDF as P(&,Y) = P(§)8(Y — YMIL(£)), where §(Y — Y*)
denotes the Dirac delta function positioned at ¥ = Y*.

The corresponding path line YM(£) is fully determined through
the knowledge of the mixture fraction values that correspond to the
jump positions &,_ and &;,. They are easily obtained by a direct
comparison between the mixing time scale and tabulated chemical
time scales 7., that can incorporate the details of the chemical
kinetics. For instance, the numerical simulations reported in [33]
have been conducted with a tabulated chemical-time-scale library
obtained from GRI-Mech [34], which includes 325 elementary steps
and 53 species. Previous applications of the model relying on the use
of representative chemical kinetics schemes can be also found in
[14,31,35]. In the present study, the chemical time scales have been
obtained using the chemical kinetics description proposed by

Y Pure oxidizer
\N L . IEM-LMSE
—— Equilibrium
—— MIL Trajectory
7 Mean composition (£,Y)
i Pure fuel
€0 & &u & & &l
1/7—(?hem
1/7
E=0 & s & ‘SRS

Fig. 1 MIL trajectory (thick lines) in the composition space (&, Y).
Equilibrium (thin line) and IEM-LMSE (linear mean square estimation)
mixing lines (dashed lines) are also depicted.

/
2 ) // /
<
.
§= P =1.6 atm

P =0.2 atm
Fig. 2 Representation of the inverse of the self-ignition chemical time
scale 7;,, as a function of mixture fraction £ and pressure, the initial
temperature level is 1200 K.

Jachimowski [36] that includes 13 species and 33 elementary
chemical-reaction steps. The corresponding mechanism has been
already used with success to represent supersonic combustion in
nonpremixed turbulent coflowing jets. By comparing the resulting
chemical time scales with flow time scales, the MIL framework
allows delineating an inflammable domain in the mixture fraction
space, and this feature makes it well suited to describe the effects
associated with finite rate chemistry and/or ignition. Because of the
consideration of the corresponding Lagrangian trajectory YM(£), a
wide range of combustion regimes can be handled, from the
infinitively fast chemistry to complete extinction [33].

In addition, following the early work of Luo and Bray [37], who
suggested that such a classical conserved scalar presumed PDF
method can be modified to deal with high-speed combustion by
replacing the static enthalpy with the stagnation enthalpy, the model
has been recently extended to supersonic combustion [14]. The
objective with such an extension is to include the ignition phenomena
associated with the conversion of kinetic energy into thermal energy
via the viscous dissipation heating. This mechanism is likely to affect
the early developments of chemical processes and the nonpremixed
flame stabilization in high Mach number reactive flows. Indeed, since
the chemical source terms are highly temperature-sensitive [27], at
high Mach number values, the combustion thermal runaway is
strongly influenced by the viscous dissipation phenomena, as
reported in the earlier works of Jackson and Hussaini [38], Im et al.
[39], and Figueira da Silva etal. [40]. Even if these phenomena do not
bring special additional difficulties to simulate laminar reactive
flows, the situation is different from the turbulent combustion
modeling point of view and some efforts have been already done to
take them into account under the fast-chemistry assumption. For
instance, a revisited flamelet model has been put forward for
nonpremixed combustion in nearly-constant-pressure supersonic
turbulent reactive flows by Sabel’nikov et al. [41]. Such a flamelet
approach is well suited for sufficiently fast chemistry, whereas the
model MIL recently revisited in [14] is able to describe combustion
in high-speed flows in situations in which finite rate chemistry effects
come into play. We now briefly recall the main features of the closure
proposed in [14]. They are as follows:

1) Approximate the Lagrangian evolution of the total enthalpy
h, (&) by the IEM trajectory consistently with Eq. (1): i.e., through
dh,/dt = (h, — h))/ 7.

2) Deduce from the levels of both the static enthalpy h(§) ~
h,(&) — u,u, and the mean static pressure p the value of an
autoignition time scale 7, (£) for each value of the mixture fraction &
(see Fig. 2).

3) This self-ignition time-scale value is compared to an
approximated value of the particle age (corresponding to the time
elapsed since the particle left either the pure oxidizer or pure fuel
injection stream) and this allows delineating a possible domain of
spontaneous ignition in the mixture fraction space. Such a direct
comparison between the particle age and tabulated chemical
induction time takes into account the added functional dependence to
velocity through the estimation of static enthalpy 4 (&) from the total
enthalpy /,(£). Such an extension has been found to be able to
represent self-ignition phenomena that can result from viscous
dissipation effects in supersonic mixing layers (see [14]).
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Because of the sudden-chemistry assumption that relates the
progress variable Y to the mixture fraction field £ through
Y = YMIL(§), the estimation of the joint scalar PDF P(Y, &; x, 1) can
be simply expressed from the single marginal PDF of the mixture
fraction P(&; x, t), which is presumed to be a classical beta function
PDF. The estimation of the presumed beta PDF for the mixture

fraction can be performed through the single knowledge of é and ?’5 .
These quantities are calculated through the numerical solution of the
following set of transport equations:

0pE O (-7 -vr 0 _ )
= T ox ("“’fE Psczin,) =° @

o P psc; 0 szCgaxkaxk "

3)

where molecular diffusion terms are neglected with respect to their
turbulent counterparts. In the previous equations, the corresponding
turbulent scalar transport terms are closed by using the turbulent eddy
viscosity vy = Cﬂk2 /€, with C,, = 0.09, and the turbulent Schmidt
numbers Sci; and SCg/z are set to their usual value of 0.7 [42]. The
mean dissipation rate of the scalar variance is modeled with a
standard linear relaxation law based on the dissipation time scale ;.
This quantity, as well as its counterpart for the reactive scalar ty [see
Eq. (1)], can be evaluated either due to an algebraic relationship
based on the integral turbulent time scale t; = k/¢, or through the
resolution of a modeled transport equation for the mean scalar
dissipation rate as the one proposed by Jones and Musonge [43].
Nevertheless, it should be recognized that the closure of such a
transport equation still suffers from certain uncertainties and further
work is also needed in this direction, especially when reactive scalars
are involved (see, for instance, Mura and Borghi [44] or Mura et al.
[45]). In the following, we will suppose that t; = 7y = 7. Then the
mixing time scale 7 is obtained by invoking the usual algebraic
closure that assumes it to be proportional to the integral turbulence
time 7: i.e., Tt = Cty, where C is a modeling constant. It is clear that
the validity of this widely used hypothesis depends on the way
velocity and scalar fluctuations have been generated. It is equivalent

to close the mean scalar dissipation rate by x; = £ /(Cty), and this
supposes the scalar spectrum being fully developed and the rate
of scalar mixing being controlled by the rate of scalar variance
production at large scales (i.e., a cascade process in equilibrium).
Previous studies have revealed that the value of C is influenced by the
initial scalar-to-velocity length-scale ratio, but in the absence of any
further convincing information about this dependency, we retained
the value C equals to unity in such a manner that t = t; = k/e with k
the turbulence kinetic energy and e its dissipation rate.

In the present study, the standard k-€ approach is retained to model
the turbulence. To account for compressibility effects, the pressure
dilatation term that appears in the turbulent kinetic energy transport
equation is closed as a function of M?, the turbulent Mach number
based on the turbulent kinetic energy, following the strategy
introduced by Zeman [46]. The dissipation rate of the turbulent
kinetic energy € is modeled as the sum of two contributions. The first
one is the classical solenoidal contribution €, which is considered to
be unaffected by compressible effects: a classical modeled balance
equation is retained for this term. The second term is associated with
the compressible or dilatational dissipation rate €.. Following the
closure proposal of Zeman [46], it is also a function of the turbulent
Mach number Mt.

From this closure, the estimation of the presumed beta PDF for the
mixture fraction P(£) can then be performed through the knowledge
of £ and £”* as obtained from Egs. (2) and (3) at each point of the

computational mesh using the standard algorithms from the
Numerical Recipes Library [47]. In addition, provided that the MIL

trajectory is known (namely, that the mean values 5 and Y and the

mixing time scale T have been evaluated), the mean chemical rate
Pwy is then easily expressed using the PDF of the mixture fraction.
The resulting value is finally used as an input to solve the transport
equation for the mean species mass fraction ¥ [14,33].

III. Numerical Solution of the
Navier-Stokes Equations
A. Discretization Technique and Resolution Scheme

The computational model described in the previous section has
been implemented into the CFD (computational fluid dynamics)
code N3SNatur [48]; the numerical strategy on which the code relies
is first briefly presented. N3SNatur solves the three-dimensional
compressible and reactive Navier-Stokes equations. (In the
following, only two-dimensional numerical simulation results are
presented.) It is based on a mixed finite volume (FV) and finite
element (FE) approach combined with the use of common
upwinding algorithms applied on unstructured meshes made up of
either triangular elements for two-dimensional numerical simu-
lations or tetrahedral elements for three-dimensional numerical
simulations. The discrete form of the complete set of conservative
equations is based on both the FE and the FV formulations. Temporal
and convective contributions are processed using the FV
formulation, whereas viscous and source terms are evaluated
using the FE formulation, which is also subsequently used for the
total-variation-diminishing (TVD) extension to the second-order
precision. In the Cartesian coordinates, the conservative form of the
Navier—Stokes equations is considered to describe the temporal and
spatial evolution of the vector of conservative variables Y. This
solution vector U includes, in a conservative form, mean density p,
mean momentum pi;, mean energy pk, turbulence kinetic energy pk
and its dissipation rate p€, mean species mass fraction pY;, and

mixture fraction mean pg and variance p£&”2. If we denote Q as the
two-dimensional physical domain under consideration, which is
discretized using triangular elements, and ¢ as a test function, the
classical variational formulation of the Navier—Stokes equations
becomes

d —
o lz UpdV + L V.FU)pdV = L V.DU)$pdV + L Spdv
“4)

where F and D represent the convective and diffusive fluxes vectors,
respectively, and S stands for the source terms vector. At a given time
t, the solution U can be sought as a piecewise-constant function
U, (x), on the n, control volumes C; (FV formulation):

ne

Upx) =Y Ugi(x) ©)
i=1

The test functions ¢; are naturally chosen as characteristic functions
of the control volume:

¢;(x)=1 if x € C; ©)
$i(x)=0 ifx ¢C

In fact, the same solution can also be sought as a piecewise-linear
function on the n; triangles (FE formulation):

Vi@ =) N@)y(x) )
k=1

where ¥, (x) is the characteristic function for the triangle k and N is
the interpolation function on each triangle. The equivalence of the
two formulations imposes that the constant value U, of the FV
approximation U, in the volume C; around the node i must be equal
to the integrated mean value of the FE formulation V), on each finite
element intersecting C;:
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U.dv = dv 8
/c,. , ;[avh ®)

Using the Gauss theorem to express the integrals of convective
fluxes and the Green identity for the diffusive fluxes, the mixed
formulation can be written for each control volume C;:

d
E/ U, dV+/ FU,).n;dS = —f D(V,)VN;dS
Ci i C;

i

—|—/ S(V,)N;dV )
Ci

where n; is the normal to the boundary I'; of the control cell C;.

The use of the MUSCL method yields monotonic solutions with a
second-order precision in space via variable extrapolation, and the
use of flux-limiter functions gives the numerical scheme the TVD
property and avoids the merging of spurious numerical oscillations in
the vicinity of discontinuities. It is worth mentioning that the limiting
function of Van Albada et al. [49] has been retained in the present
study. An implicit Euler scheme is retained to perform the temporal
integration of all the operators (convective, diffusive, and source
terms) of the discretized Navier—Stokes equations. The use of such an
implicit discretization scheme leads to a large system of linear
algebraic equations that must be solved at each time step. The
solution is obtained using a Gauss—Seidel algorithm. The resort to a
standard first-order implicit Euler scheme for temporal integration
can be justified by the fact that within the framework of the RANS
simulation retained in the present study, we are not interested in the
details of the transitional behavior of the numerical solution. Only the
final converged solutions will be considered and analyzed below.

The transport equations for mean density, momentum, total
energy, species, and mixture fraction mean and variance, as given by
Egs. (2) and (3), are solved. The last two quantities allow the estimate
of the beta PDF at each point of the computational grid. It is worth
noting that considering the MIL skeleton in the composition space,
which is made up of piecewise relationships between Y and £, all the
integral terms that require evaluation after the weighting by the
mixture fraction PDF P(£) can be expressed as functions of the
following two integral forms:

A= /bﬁ(s).dg and B /”g.ﬁ(s).ds

These two integral forms are directly available from the Numerical
Recipes Library [47] as polynomial expressions depending on the

PDF shape through fg: and £” and on the values a and b that bound the

Expansion waves
23 mm 30

Reflected shock wave

Leading edge shock wave

Fig. 3 Sketch of the scramjet combustion model (top); initial (38,000
cells) (middle) and final mesh (45,000 cells) (bottom) retained for the
nonreactive simulation after application of the AMA procedure.

domain of integration. This avoids any resort to computational
demanding numerical integrations in order to determine the mean
chemical rate pwy from its instantaneous expression as given in [33].

B. Mesh Adaptation Strategy

Considering either nonreactive or reactive situations, shock-
capturing schemes are all the more efficient that they are combined
with a relevant mesh adaptation strategy [50], and the interest and
performances associated with classical remeshing techniques have
been already nicely illustrated for both nonreactive and reactive
situations in many previous studies (see, for instance, [50]). In the
present work, the numerical tool ANGENER (anisotropic mesh
adaptation generator) developed by Dolejsi [51,52] has been coupled
with the N3SNatur CFD solver.

First, an initial triangulation of the computational domain with
embedded interior boundaries (associated with the wedge injector) is
accomplished by using an automatic mesh generator scheme [53]
(see Fig. 3). Then the AMA method on which ANGENER relies is
applied to a converged solution obtained on the initial homogeneous
mesh (see Fig. 3). The principles of the AMA method differ from
conventional adaptive mesh refinement methodologies (see [51,52]).
It consists of generating an appropriate new metric space in order to
evaluate the lengths of the segments, by weighting these as a function
of the local curvature level of the appropriate scalar field chosen (the
density in the present case). Then based on the targeted number of
elements for the new mesh, a reference length minimizing the
interpolation error is determined. A given set of basic local
operations are iteratively applied on the edges to obtain a more
isotropic distribution of the interpolation error. Compressible
structures such as shock and expansion waves can be identified and
located, due to the important variations of density in the physical
space. The corresponding local curvature level is important in the
region of discontinuities, and this yields an interpolation error on
unadapted meshes. In the physical space, this strategy does not only
consist of inserting or removing nodes in high gradients or low
varying zones, respectively, butit also yields a better alignment of the
control volumes along the various discontinuities, and so the fluxes
are more correctly evaluated in the direction of the propagation of the
physical waves [54] since the triangular elements that constitute the
new mesh are stretched normal to the isolines of the greatest values of
curvature. The corresponding stretching of the control volumes can
be monitored by limiting the maximum angle between two edges.
Together with an improved numerical accuracy, the insertion
(respectively, removal) of nodes in high (respectively, low) scalar-
field curvature zones guarantees a similar or even reduced
computational cost.

A typical mesh obtained due to this remeshing procedure is
reported in Fig. 3. This mesh has been computed from the density
field resulting from a nonreactive numerical simulation. The choice
of the density field as an indicator to apply the remeshing technique
does not only lead to a mesh refinement at the discontinuity locations
but also improves the description of the mixing layer between
hydrogen and vitiated air that exhibits a large density ratio: namely,

pair/sz ~ 10.

IV. Application to a Scramjet Model

Waidmann et al. [19,20] have gathered a well-documented
experimental database on a scramjet combustor model that has been
used for several previous numerical investigations [21,23,24]. The
test-case geometry is briefly presented below. Then the computa-
tional domain and boundary conditions retained to perform the
numerical simulations are introduced. Finally, the results of both the
nonreactive and reactive simulations are discussed in the light of
experimental data.

A. Presentation of the Test Case
A schematic representation of the combustion chamber is reported

in Fig. 3. The combustor is 4 cm wide and 5 cm high at the entrance,
with a divergent angle of 3 deg of the chamber upper wall. The main
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stream consists of preheated air expanded through a Laval nozzle
and injected at a Mach number of 2. Downstream of this nozzle,
hydrogen is sonically injected through a wedge injector. Along the
first 10 cm behind the injector exit the walls are equipped with large
optical access windows. Several optical techniques have been used
to visualize and characterize the supersonic reactive flowfield.
Schlieren, shadowgraphs, Rayleigh scattering, spontaneous OH
emission, laser-excited OH fluorescence, particle image velocimetry,
and laser Doppler velocimetry (LDV) were applied to gather
information about mixing and combustion process in the supersonic
airstream [19,20].

The computational simulations reported below are two-dimen-
sional, although the experimental configuration is inherently three-
dimensional with 15 circular hydrogen injectors, having a diameter
of 1 mm, placed at the base of the wedge-shaped flameholder. The
distance between two consecutive holes is 2.4 mm, and the resulting
effect of jets interaction will not be considered in the present
computations. In the numerical simulations reported below,
hydrogen is sonically injected, but through a slot injector (having
the same jet area) instead of circular injectors. Since the growth rate
of a slot jet differs from the one of round jets, some discrepancies
between numerical computations and experimental results could be
expected in the near field. In fact, the two-dimensional representation
adopted here may certainly be questioned, but we will see that the
present numerical simulations lead to a fairly satisfactory prediction
of the essential features of the nonreactive flowfield, and with a
computational cost significantly lower than that of the corresponding
three-dimensional simulations. This confirms the conclusions of the
early numerical studies of the scramjet combustor model conducted
in [21-23], which were also based on such a two-dimensional
simplification.

The boundary conditions used for the present simulations are
summarized in Table 1 and Fig. 3; supersonic inlet conditions are
used for both air and hydrogen inlets; static pressure, temperature,
velocity, and turbulence variables (namely, turbulent kinetic energy &
and its dissipation rate €) are set as Dirichlet values. The outlet of the
computational domain is set by a compatibility boundary condition,
and so only the value of the static pressure is provided. Finally, the
inner walls are modeled with a slip condition.

Experiments have shown that a complex system of successive
shock wave reflections and expansion waves establishes in the
combustion chamber, thus emphasizing that a particular effort is
required to represent the strong discontinuities that appear in the
flowfield.

B. Nonreactive Simulation

In such a geometry in which hydrogen is directly injected into a
high Mach number airstream, the interaction between shock waves
and the central jet of hydrogen is of key importance. Previous
investigations of such interactions have confirmed the enhancement
of the mixing and the stability limits of supersonic jet flames (see,
for instance, Huh and Driscoll [9]). Its influence on flame-holding
downstream of a strut has been also investigated by, among others,
Fujimori et al. [§]. As a result, its accurate representation is
expected to be one of the essential ingredients to obtain a realistic
description of the flame, and the AMA strategy used here is
expected to bring a significant contribution to the achievement of
this task. In this respect, the numerical temperature field reported in
Fig. 4 rather well illustrates the ability of the method to capture
sharp discontinuities.

In a first step of the validation procedure, the qualitative
comparison between the numerical isopressure levels obtained in
nonreactive conditions and the experimental shadowgraph reported
in Fig. 5 confirms that the present numerical strategy leads to a
satisfactory description of the essential physical phenomena.
Numerical results are in a good qualitative agreement with the flow
patterns, as evidenced by the experimental shadowgraphy. Since the
diverging section of the experimental setup is only on the upper inner
wall, the resulting multiple shock wave reflections give rise to an
asymmetrical nonreactive flowfield.

Table 1 Boundary conditions retained for
the numerical simulation of the scramjet
combustor [19-21]

Inlet 1 Inlet 2
Ma 2 1
ii, m/s 730 1200
7, K 340 250
p,10° Pa 1 1
Yo, 0.232 0
Pio 0.032 0
u, 0 1
k, m2/s? 10 2400
e, m?/s’ 650 108

The corresponding flowfield is complex: a leading-edge oblique
shock wave originates at the tip of the injector wedge and is reflected
through the whole channel. One can note that an expansion wave is
generated on the upper chamber wall, where the divergence starts.
Two expansion fans establish on both the lower and upper edges of
the injector strut and are followed by recompression shocks. The
leading edge and recompression shock waves are reflected through
the scramjet chamber and interact with both the shear and mixing
layer that develop downstream of the strut.

As shown by Figs. 5-8, the experimental trends are well predicted
by the numerical simulation:

1) Discontinuities are well captured and their positioning is
computed in a satisfactory way. The shock-induced temperature
increase can reach approximately 80 K, as can be seen in Fig. 4. That
corresponds to an increase of around 25% with respect to the vitiated
air inlet temperature.

2) The underexpanded jet of hydrogen is also well represented (see
Figs. 5 and 6). It is worth noting that the hydrogen jet first becomes
subsonic after it discharges into the combustion chamber, where it is
accelerated by the airstream to reach eventually supersonic con-
ditions downstream of the wedge injector.

3) Minimum and maximum pressure evolutions are qualitatively
recovered and velocity cross-stream profiles are in good agreement

L wA- 1 | [ T

Temperature (K)

a)
430

-}
ol

0.05 0.10 0.15 190

b)
Fig. 4 Mean temperature field as obtained from the nonreactive
simulation a) zoom downstream of the injector exit with contour lines
of the mean oxygen mass fraction and b) general view of the
computational domain.
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Fig. 5 Shadowgraphy imaging of the nonreactive flowfield (top) and
computational pressure contour plots (bottom). The shaded zone
downstream of the wedge injector delineates the subsonic jet flow.

with experimental data, despite a little shift toward the upper wall
(see Fig. 7). It is noteworthy that such a shift has been also observed
in the numerical simulation conducted by Oevermann [21].

4) Cross-stream distributions of the velocity fluctuations v’ =
v/2k/3 are shown in Fig. 8. From a qualitative point of view,
experimental trends are well recovered with a maximum at the center
of the channel. In the upper part of the channel featuring the divergent
wall, the turbulence levels are higher than in the lower part of the
channel. From a more quantitative point of view, discrepancies
can reach 40% with respect to the experimental values. However,
experimental data are only available rather far downstream of the
injector (x = 182 and 207 mm) in a region where the flowfield is
strongly perturbed by shock waves reflections (see Fig. 5) and does
not facilitate quantitative measurements. As shown later, such
important discrepancies are not observed in the reactive simulations,
in which more data have been collected in the near (x = 78 mm),
intermediate (x = 125 mm) and far field (x = 157 mm) from the
hydrogen injector exit.

It should be kept in mind that no special boundary-layer law has
been considered to improve the description of the shock wave
reflection at the walls, and therefore no special treatment has been
included to take either boundary-layer compressions or shock-wave/
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Fig. 6 Isolines of pressure (top) (shaded area delineates the subsonic jet

flow) and pressure distribution along the centerline of the channel
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the wedge injector; numerical simulation (solid lines) and experiments
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boundary-layer interactions. As shown by Fig. 5, the comparison
between computational results and experiments does not appear to be
too sensitive to these approximations, which could have led to a
significant shift of the successive reflections.
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To conclude this analysis, one should remember that the
quantitative analysis of the results requires being cautious,
considering the difficulty raised by the difference existing between
Reynolds-averaged experimental data and Favre-averaged computa-
tional results. This difference increases not only with the Mach
number but also with the chemical heat release when turbulent
reactive flows, such as those considered in the next section, are
concerned.

C. Reactive Simulation

The experimental investigations reported by Waidmann et al.
[19,20] mention that in the range of conditions considered, no self-
ignition is observed, and so an external source of energy is
required to obtain ignition. Indeed, the values of total temperature
in the two inlet streams given in Table 1 are not high enough to
yield sufficiently small values of the ignition delays. Nevertheless,
in scramjet combustion chambers, the wedge injector itself also
acts as a flameholder. Figure 9 provides a detailed view of the wake
region downstream of the injector. In this figure, the Mach number
field obtained from the nonreactive simulation is plotted together
with stream traces displaying two pairs of counter-rotating
vortices.

From the numerical point of view, once the solution of the
nonreactive simulation is converged, we use an ignition method that
consists of filling a square zone in the wake of the hydrogen injector
with fully burned gases. The ignition process is only applied at the
first step of the computation, once the solution of the corresponding
nonreactive simulation is converged. Subsequently, the flame
stabilization results only from the MIL model of turbulent com-
bustion. Remeshing steps are then performed by following the

y [m]

5 _ _
4 x=78 mm [
3 L & . E
2 L. == i
1 L E

methodology described by Lehnasch and Bruel [54], and only the
final results are reported in the present section.

The global structure of the flowfield in the presence of chemical
reactions is reported in Fig. 10. The computational pressure contour
evidences the reflected shock wave locations that determine the
position of the maximum width of the reaction zone, which appears
to be entirely subsonic. It is delineated by the shaded area in Fig. 10.
Previous studies have stressed the important role played by such
shock waves interactions on both mixing efficiency and flame
stabilization processes [8,9]. Fujimori et al. [8] have evidenced that
incident shock waves significantly affect the sizes and locations of
the recirculation zone and thus increase the role of these recirculation
zones as flame holders. The dimensions of the subsonic reaction zone
seems to be a little bit overestimated with respect to the experimental
results, but the agreement obtained on the velocity profiles is
satisfactory (see Fig. 12). Figure 11 (top) displays the mean axial
velocity profile along the line y =25 mm. A region of strong
deceleration directly follows the injection of hydrogen. Then the
stream is accelerated to reach values close to sonic conditions at
x =180 mm, where a weak compression wave crosses the
centerline. The maximum value of velocity is overestimated, but in
comparison with previous numerical simulations results [21], no
shock wave formation is observed at this special location. This
behavior is in better agreement with the experimental data [19,20]
than with previously reported results.

The temperature field and the cross-stream profiles of temperature
at different locations downstream of the injector wedge are given in
Fig. 12. Computational results show a fairly good agreement in terms
of temperature levels with the experimental data. Furthermore, the
only noticeable discrepancies are likely to result from the aero-
dynamical description itself and not from the combustion model.
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Fig. 12 Mean temperature cross-stream profiles at different locations (top); associated mean temperature field (middle), and velocity fluctuations cross-
stream velocity fluctuation profiles at different locations downstream of the injector wedge (bottom); computational results (solid lines), temperature

profile at x = 140 mm (dotted line), and experiments (symbols).



MURA AND IZARD 867

Indeed, the description of reflected shock wave positions clearly
determines the positions of the minimum and maximum width of the
reaction zone. The imperfect representation of the shock wave
reflections with inner walls can lead to a certain shift of the location at
which it interacts with the reaction zone, thus modifying the
dimensions of the subsonic jet flow, as already stressed above. Our
computations predict the temperature maximum level at a position
x = 140 mm, whereas the experimental maximum level is found to
be at a position x = 125 mm. Despite this small difference, the
experimental levels of both temperature and turbulent kinetic energy
are rather well recovered at the different positions downstream of the
injector.

Cross-stream profiles of velocity fluctuations ' = /2k/3
obtained from the simulations together with LDV data of the
variance of the velocity components u, and u, are displayed in
Fig. 12. These results show a satisfactory agreement between the
experimental data and the numerical result obtained within the
framework of the k-¢ model, which includes the additional
compressible terms of Zeman [46].

V. Conclusions

An efficient RANS—AMA strategy has been used to calculate
both nonreactive and reactive turbulent high-speed flows in a
laboratory scramjet combustion chamber. The turbulent combustion
model is based on a tabulated chemistry and only requires evaluating
the mixture fraction PDF, which makes it suitable to predict the
essential features of the turbulence chemistry interaction with a
minimal amount of computational time. Once applied to the
numerical simulation of a scramjet combustor model it is found that
despite its simplicity, the approach retained to describe nonpremixed
turbulent combustion in high-speed flows is able to recover the
main experimental trends. Numerical simulations show a fairly
satisfactory agreement with the available experimental data, and the
nonpremixed flame structure is well recovered in terms of both its
global shape and quantitative measurements obtained at several
distinct locations downstream of the injector wedge. Henceforth, the
numerical code and modeling strategy are shown to be viable tools
for further developments and investigations in the field of supersonic
combustion modeling.

Nevertheless, it should be mentioned that further work is now
required to improve the representation of the turbulence in such
compressible flows. Indeed, a satisfactory aerodynamical description
of the turbulent flowfield is a prerequisite to further improve the
description of the stabilization of combustion in such complex
geometries. In this respect, the use of a refined description of the
shock-wave/boundary-layer interaction can play an important role.
From the turbulent combustion modeling point of view, further work
is also necessary to consider other specific features encountered in
supersonic combustion. The issue related to the prediction of the
autoignition phenomena that arises from the conversion of kinetic to
thermal energy when high-enthalpy streams are considered has been
recently addressed [14] and it will be interesting to evaluate the
present modeling strategy for the case of a scramjet combustor model
featuring such conditions. In this respect, the experiments con-
ducted with a single H, fuel injector described in [55] provide useful
databases for the purpose of numerical simulation validation. From
the modeling point of view, another challenging issue is related to the
improvement of the description of turbulent transport, an issue that
has received special attention in the early works of Luo [56], but that
still remains unanswered by classical RANS or LES computational
models.
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