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1 Abstract

Simulations of a hydrogen-fueled scramjet with hy-
drogen jet injection at the base of a wedge in a co-
flowing air free-stream are performed for both non-
reacting and reacting cases using Large Eddy Simu-
lation (LES). Since fuel-air mixing is fundamental for
accurate prediction of heat release effects, a subgrid
mixing and combustion model developed earlier for
subsonic combustion is employed in this study. An
unique advantage of this model is that it allows closure
of the reaction kinetics in an exact manner and also
allows inclusion of molecular diffusion effects within
the subgrid. Both these issues are considered critical
for modeling Hy — O, mixing and combustion. Predic-
tions using this model (called the Linear Eddy Mixing
(LEM) model) are compared to experimental data
from DLR, earlier Reynolds Averaged Navier-Stokes
(RANS) predictions, and current LES with subgrid
Eddy Break-Up (EBU) closure. The results show that
in general, LES gives better agreement with data and
in particular, the LES-LEM approach is able to better
predict the temperature in the far field. These results
suggest that the LES-LEM approach has the potential
for providing an accurate means for predicting super-
sonic combustion.

2 Introduction

In recent years, the United States and the world
aerospace community have shown a renewed interest
in hypersonic flying vehicles. The current road-map of
the aerospace technology development indicates sev-
eral areas of application for hypersonic vehicles, e.g.,
military, long range passenger transport (‘Orient Ez-
press’) and Reusable Launch Vehicle (RLV). An ad-
vanced Mach 5 passenger aircraft would be capable of
decreasing the flight time from the continental United
States to Europe (distance of 7,400 km) to 1.3 hours, to
Japan (8,900 km) to 1.6 hours and to Australia (12,200
km) to 2.5 hours, or a factor of 2-5 in comparison with
current values. Another area of hypersonic application
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is RLV, either in Single Stage To Orbit (SSTO) or Two
Stage To Orbit (TSTO) configurations. Such RLV can
decrease the price of launching payload to the Low
Earth Orbit from current value of about $ 10,000/kg
down to $ 1,000/kg, which is considered a necessary
prerequisite for the successful commercial utilization
of space and for the sustained exploration of the Solar
System.

The successful development of such flying vehicles
would depend, to a large extent, on the development
of an efficient propulsion system. Turbojets, which
are the most commonly used propulsion systems for
subsonic and moderately supersonic aircraft, lose their
advantage of efficiency and economy of operation at
Mach numbers above M = 3. Rocket engines, suc-
cessfully used to date in the space launcher systems,
are unattractive as well (at least for endoatmospheric
vehicle) due to their poor fuel economy and inher-
ently lower safety. Therefore, the propulsion system
of choice for flight in M = 3 to 5 regime is a ramjet
and beyond that in the M = 5 to 15 regime is a ramjet
with supersonic combustion (scramjet).

Achieving scramjet propulsion beyond Mach 8 is still
an unsolved problem since fuel-air mixing and combus-
tion in high Mach number stream is a major challenge.
Experimental study beyond Mach 8 in ground facili-
ties is also a major challenge and currently, only very
limited run-time facilities are available. This makes
experimental optimization of the scramjet engine de-
sign nearly impossible at high M regime. The more
cost-efficient way of investigating the propulsion sys-
tem performance at these flight regimes, therefore, lies
in the use of sophisticated computer simulations, pro-
vided that the simulation models have the requisite
accuracy. Over the last quarter of century, compu-
tational fluid dynamics (CFD) has gradually become
a major research tool playing an extensive role in
aerospace science development.” In addition to allow-
ing to analyze flow conditions which can not be readily
obtained otherwise, CFD can greatly reduce the length
and cost of the design cycle, due to the continuous ad-
vances in computer technology and the development
of more sophisticated flow simulation software.

A promising technique for predicting the effects of
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turbulence in flows of technological interest is Large
Eddy Simulation (LES)#H In LES, all scales larger
than the grid is modeled using a space and time ac-
curate scheme and only the small scales are modeled
using a subgrid model that is considered relatively
universal. The direct computation of the large, energy-
containing eddies (which are geometry and flow de-
pendent features) gives LES more generality than the
RANS method, which models the entire spectrum of
turbulent motions. The computational cost of LES,
although significant is fast becoming reasonable with
the advent of massivelly parallel computers.

Although application of LES to many subsonic non-
reacting® and reacting™®™ have been reported, appli-
cation to supersonic and/or hypersonic flows has been
limited so far. In particular, LES of scramjet flow field
will require not only accurate simulation of the large-
scale features determined by the engine design but
also of the small-scale mixing process that dominates
fuel-air mixing and combustion process. In addition,
finite-rate kinetics has to be included properly in the
simulation model. This is problematic in classical LES
since all the small-scales are modeled, but for accu-
rate prediction of combustion the small-scale features
must be resolved. Past attempts at the chemical kinet-
ics closure have been somewhat ad hoc with extension
of RANS closures to LES, such as the subgrid Eddy
Breakup (EBU) model® which is an extension of the
RANS EBU model,? etc.).

In this paper, we report on the application of
the LEM model as a subgrid closure for scalar mix-
ing and combustion in supersonic flows. Earlier,
this LES-LEM approach has been applied to many
canonical and full-scale (e.g., gas turbine) reacting
flows AHBIALS with excellent success in predicting fea-
tures that conventional LES or RANS could not. How-
ever, all past results were limited to subsonic flows.
Here, we discuss the results of LES-LEM of supersonic
non-reacting and reacting flows.

3 Governing Equations
3.1 LES Governing Equations

The governing equations for LES are obtained by
applying a spatial filter (based on the grid size A)
to the compressible Navier-Stokes equations for the
mass, momentum and energy conservation. The use
of Favre averaging is common in the study of com-
pressible flow, and is defined by f = pf/p, where the
over-line stands for temporal averaging. The resulting
conservative equations are given by:
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Perfect gas is assumed, with a constant specific

heats ratio of 1.4. Both the viscosity and the ther-
mal conductivity of the species were approximated by
a Sutherland law. The mixture viscosity is computed
as a function of the species mole fractions Z, following
Wilke 14
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A similar approach was used for the mixed thermal
conductivity computation.

Several terms in the LES equations require closure.
Here, a closure based on a transport model for the
subgrid kinetic energy k°9° is used to close the mo-
mentum and energy subgrid fluxes. In this approach,
a one-equation model for k%9%:
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is solved along with the LES equations. Here, v; is the
turbulent viscosity and Pr; is the turbulent Prandtl
number. P?%9% is the subgrid kinetic energy production
which is given and D*9% is the subgrid kinetic energy
dissipation.
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Given vp the subgrid stresses and energy flux are
closed as follows:
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The subgrid viscous work , 0;9°, that appears in the
filtered energy equation, was neglected, based on the
earlier work of Kim et al™® In the above closure, two
model coefficients C,, and C¢ appear. Currently, we
employ constant values of 0.067 and 0.916 for these
constants based on earlier evaluation of these param-
eters™ A localized dynamic approach has also been
developed® to compute these coefficients as a part of
the solution. This approach is currently being evalu-
ated for supersonic combustion and will be reported
later ™ However, the current results are not expected
to be drastically changed with the dynamic approach.
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3.2 Linear Eddy Mixing Model

In the LEM model™1SI%E20 the various physical
processes, such as large scale advection, small scale
mixing, molecular diffusion and chemical reaction are
resolved at their relevant length and time scales. This
model is implemented as a subgrid model in the LES-
LEM approach, as briefly summarized below.

In LES-LEM, the governing LES equations (noted
above) are numerically integrated using a time and
space accurate numerical scheme on an appropriate
three-dimensional grid. No conservation equation for
species are solved on the resolved LES grid.

The species/scalar field evolution is tracked using a
two-scale numerical approach. In this technique, tur-
bulent convection of the scalars is split into two parts:
large-scale advection and turbulent stirring at
the small (sub-grid) scales. Large scale advection is the
convection that happens above the unresolved scales.
This is modeled by using a Lagrangian scheme which
explicitly transports mass across the finite-volume cell
surfaces in a manner that is consistent with the mass
transport in the Eulerian continuity equation solved
on the resolved grid. Small-scale advection is the tur-
bulent stirring by scales smaller than the resolved grid.
Note that, turbulent convection at the sub-grid scales
only transports fluid mass over sub-grids length scales
and recovers the fine-scale mixing features that is ab-
sent in a conventional LES approach.

The scalar molecular diffusion, chemical reactions
and heat release are all included within the LEM lo-
cally within each LES cell. To resolve all the scales of
motion within the subgrid, these processes are resolved
on a locally 1D grid. This idea relies on the following.
(1) Small scale turbulence is locally homogeneous and
isotropic, (2) Effect of heat-release and the associated
thermal expansion on the flow is the same in all di-
rection, and (3) The model in its basic form, has been
shown' to capture the correct physics of scalar mixing
at small-scales in homogeneous, isotropic turbulence.

The resolution within the LEM 1D domain is chosen
to resolve all scales down to the Kolmogorov scale (if
needed) and therefore, the subgrid reaction-diffusion
process is considered exact locally. Thus, finite-rate
kinetics can be included in exact form without re-
quiring any closure (such as EBU) in LES-LEM. This
ability is similar to the exact closure in scalar PDF
models,“" however, an unique feature of LES-LEM
is that it also allows inclusion of molecular diffusion
(including differential effects) in an exact manner.
These two abilities of LES-LEM is considered impor-
tant for predicting turbulent combustion, especially in
a hydrogen-fueled system.

To describe this two-scale numerical method, con-
sider the exact (i.e., unfiltered) evolution equation for
a reactive scalar ®, written in the Eulerian form:
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where the term C represents the total (large scale +
small scale) convection, the term D represents the
molecular diffusion and the term R represents the
chemical reaction source term. Now, split u; = (4; +
u;) where, i; and u; are the contributions to the to-
tal convection from the resolved (large) and sub-grid
(small) scales, repsectively. By grouping molecular dif-
fusion and chemical reaction as small-scale processes
one can split Eqn. [ into two equations, one rep-
resenting the three-dimensional large-scale processes
and another representing the small-scale processes as
follows.
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Here, the term L-C represents large-scale convection
and the term S-C represents the small-scale convec-
tion. Also, Atrgsg is the fluid-dynamic/acoustic (LES)
time-step and ®* is the intermediate solution after the
large-scale convection process. The large-scale advec-
tion processes (governed by Eqn. [[Z]) (which occurs
in full 3D) and the small-scale advection (in Eqn. [I3])
account for the complete evolution of the scalar fields.

3.3 Sub-grid LEM simulation

For the purpose of solving Eqn. [[J], within each
LES cell, a 1-D line segment known as the LEM do-
main is defined and discretized.

3.3.1 Molecular Diffusion and Chemical Reaction

The 1-D reaction-diffusion equation for the species
and the temperature written in non-conservative form
are solved numerically on the one-dimensional domain.
These equations are given below.
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Here, T, p and p are the sub-grid temperature,
the resolved pressure, and the sub-grid mass den-
sity, respectively. Yy, Wy, cpr and R, are the mass
fraction, molecular weight, the specific heat at con-
stant pressure, and the universal gas constant, re-
spectively. Density in the sub-grid field is computed
using the equation of state for the scalar mixture
D = pTYy — YrR./W; and the caloric relation is
given by hy = AhS , + [f. cpr(T')dT". Also, @y, hy,
Vi and Ah" L are respectively, the mass reaction rate,
the enthalpy, the diffusion velocity and the standard
heat of formation (at standard temperature, T°) of
the k-th species. Finally, ¢,, & and Dj, are respec-
tively, the mixture averaged specific heat at constant
pressure and the mixture thermal conductivity and the
mixture averaged diffusivity of the k-th species.

In Equs. [[4 and [I5], s denotes the co-ordinate di-
rection on the 1-D domain. The orientation of the 1-D
domain is usually aligned in the direction of the maxi-
mum scalar gradient™ The length of the 1-D domain
is taken to be equal to that of the local LES filter
width, A. Note that Eqns. [[4] and [IH] are equiva-
lent to Eqn.[I3] written in terms of sub-grid species
and temperature field. Turbulent convection at the
sub-grid scales of the form u0Y}/0s and udT /0s are
symbolically represented as Fj g, and Frg,,., respec-
tively in Eqns. [[4] and [I3] and these are implemented
explicitly, as discussed in the next section.

There are some assumptions inherent in the subgrid
LEM approach, as currently implemented. These are
noted below for completeness. However, as shown ear-
lier, most if not all of these assumptions can be relaxed
without violating the LES-LEM approach.

Assumptions

e Sub-grid pressure (inside the 1-D LEM domain)
is assumed to be uniform and same as the re-
solved grid pressure. In the absence of strong
pressure gradient such as those in shocks, and in
highly compressible flows, it is reasonable to as-
sume that the pressure in the sub-grid remains
constant. However, pressure can vary spatially
over the LES (resolved) grid. This assumption
may eventually need to be re-assessed in super-
sonic flow if strong shocks or local compressibility
effects have to be included. A method to deal with
this effect has been developed and is currently un-
der evaluation.

e The contribution from the sub-grid viscous work
is neglected. Note that viscous work due to large-
scale is still present in the 3D LES equations.

e Calorically perfect gas model assumed. However,
it is straight-forward to extend LEM for thermally
perfect model.

o Radiation effects are neglected in this study. How-
ever can be easily included in the model as shown

4

elsewhere 4

3.8.2  Subgrid Turbulent Convection

The effects of the sub-grid velocity field on the
sub-grid scalar fields are modeled (numerically) using
stochastic re-arrangement events called triplet maps'®
Each triplet map represents the action of an isotropic
turbulent eddy on the sub-grid scalar field. The in-
tuitive rationale for adopting the triplet map is illus-
trated in Fig.[ll Consider a mixing layer configuration
shown in Fig. [[(a) with a plane material surface sep-
arating species A from species B. The bold straight
line running from the top to the bottom shown in the
box (dashed line) represents the initial concentration
profile (uniform gradient). Horizontal lines (red and
blue) represents the concentration isopleths at the ini-
tial time. Fig.D(b) shows the distortion (stretching +
compression) of the concentration isopleths due to the
action of an eddy or vortex roll-up. The initial linear
concentration profile evolves to a form qualitatively re-
sembling the profile obtained by applying the triplet
map to the linear profile. The scalar field produced is
continuous and measure preserving (Note: scalar gra-
dient field is not continuous).

Three parameters are needed to implement the tur-
bulent stirring events: eddy size [, the eddy loca-
tion within the 1D domain and the stirring frequency
(mean event rate per unit length of the mapping do-
main) A. The eddy size in the range A to n (Kol-
mogorov scale) is determined from an eddy size dis-
tribution f(l), obtained using inertial range scaling in
three-dimensional turbulence:*

5 [-8/3
f)= 3 (n_5/3 _ A_5/3) (16)

Here, 7) is determined from inertial range scaling law

A

Y7 (17)
3/4
ReA/

n=N,

where N, is an empirical constant and Rea is the
sub-grid Reynolds’ number based on the sub-grid tur-
bulence intensity, kinematic viscosity and the local
LES filter width, A. The constant N, reduces the
effective range of scales between A and n but does not
change the turbulent diffusivity, as described in an ear-
lier study”¥ The event location is randomly chosen
from a uniform distribution and the event (mapping)
rate (mean frequency per unit length) is'®

54 vRea [(A/n)*/* - 1]

A= S AR L (n/ A

(18)
The time interval between events is then given as

Atstz’r = (19)

1
AA
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where A is the length of the 1-D domain, which is
also same as the local LES filter width. These map-
pings are implemented as a Poisson process in time.
Note, that A is not a function of length scale, I (of
stirring) which implies that the interval between the
stirring events are the same for all the length scales.
Strictly speaking this is not true, but the following
considerations justify this approach:

e The assumption of local isotropy in the sub-grid
implies that the range of the stirring length scales
are closely spaced in the wave-number space. This
implies that their time-scale (or the turn-over
time) is nearly same.

e The sub-grid Rea and the filter width, A are vary-
ing spatially over the LES (resolved) grid. This
implies that the the range of the stirring length
scales and hence, the frequency of the stirring
events also vary spatially over the LES (resolved)
grid, even though it is same within the sub-grid.

The above formulation has two constants: C, and
Ny, both of which arise from the use of scaling laws.
In the earlier studies,?*?# these parameters were de-
fined by comparing LEM predictions to experimental
data®® in the flamelet regime. It is argued® that the
scalar diffusivity due to triplet maps should equal the
momentum diffusivity (by triplet maps), since inertial
range eddies are responsible for both the processes.
Therefore, the same value of the coefficient C,, used in
the expression for eddy viscosity expression (Eqn. [@),
should be used for scalar diffusivity C'x. This value
(0.067) was shown to be close to the values used in the
earlier studies. %4 The present study, uses the same
constant for all the simulations reported.

3.83.8 Volumetric Ezpansion

The final subgrid process in the LEM, which needs
to be described is the volumetric expansion due to
heat release. As mentioned earlier, constant pressure
is assumed in the subgrid so that the heat release will
cause volume expansion. Since the subgrid convection
is modeled explicitly using triplet maps, volumetric
expansion must be included explicitly as well. Volu-
metric gas expansion caused by heat release is modeled
by expanding each linear-eddy cell in the subgrid do-
main by an amount equal to

Y13
AVIjE‘M,i = p—i
(]

(20)

where AVpgn,; is the change in volume of LEM
cell . pl and p] are, respectively, the density of the
“, — th” cell at the previous and the current time in-
tegration levels in the sub-grid simulation (not at the
fluid-dynamic time-step, (Atr,rs) at LES level). In the
previous studies,**“3 the domain containing the ex-
panded cells is re-gridded so that each cell is returned

5

to its initial volume. In the present study, re-griding
of the cells was done after the large-scale advection
process, and not at this stage.

3.4 Hydrogen/Air Chemistry
3.4.1 Reaction Mechanism

In order to simulate the hydrogen-air combustion,
a two-step mechanism, developed by Rogers and
Chinitz*? is used. In this mechanism, one intermedi-
ate species, OH, is taken into account, and the reaction
steps are as described below:

Hy + 0, 2 20H (21)

20H + H, 2 2H,0 (22)

For these equilibrium reactions, an Arrhenius law is

given by:

E;
= AA(\TN: ¢
ky,i i(9) exp( RT)

(23)

where ¢ is the local equivalence ratio, R is the uni-
versal gas constant, and T the local temperature. The
values of the coefficients in these equations are:

(1) : Ar(9)

= (8.917¢ + 31433 _ 28 950)10*7 (24)

[
E = 4865
M =-10
(2): A2(¢) = (0.833¢ + 132 +2.000)10%
E» = 42500
N, =-13

with A; in em?®/(mol.s. K%, and E; in cal/mol. Back-
ward rates are computed using the equilibrium con-
stants for these two reactions. This two-step mecha-
nism was proven earlier*? to be a good approximation
for Hy /O, diffusion flames.

Note that since finite-rate kinetics can be included
without requiring any closure in the LES-LEM ap-
proach any mechanism can be used and only the cost
of the simulation is an issue. Speeding up the stiff
chemistry evaluation remains a major issue in LES.

3.4.2 Reaction Rate Modeling

As noted above, in LES-LEM no explicit filtering
of the reaction rate is needed and the exact rates can
be included in the LEM domain. Therefore, any di-
rect integration (DI) approach can be used to evolve
the chemistry within the time step constraint for the
diffusion equations [[4], Direct integration is very
expensive but has been used successfully earlier =%
To reduce the chemistry evaluation expense, In situ
Adaptive Tabulation (ISAT)"*4 method is also used
here. With this approach, a speedup of O(6) has been
observed so far and is consistent with earlier results.*
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Further optimization is still required for LES-LEM ap-
plication and is currently underway.

A conventional closure based on the subgrid EBU
is also employed for comparison In this approach the
filtered reaction rate is controlled by the turbulent
timescales of the flow, corresponding to the subgrid
scalar mixing rate. Reaction then occurs at the small-
est of the time scale for mixing and consumption.
The turbulent timescale was estimated by 7g,iz =
0.2A/v/2ks9s.

Since hydrogen-air combustion is considered very
fast, past LES has employed infinite chemistry ap-
proach since it is very cost-effective. In this model, it
is assumed that the chemical reaction occurs at infinite
rate as soon as the reactants have mixed on a super-
grid scale. Although results with this approach is also
reported here, it must be noted that this method is in-
herently independent of the scalar mixing, and is thus
not physical. The ignition time delay is not respected,
and the predictions using this model is usually more
qualitative than quantitative.

In addition to the three methods described above,
comparison with a flamelet modeling approach
adopted by Oevermann®? is also reported here. In this
study, the coupling between turbulence and reaction
rate was handled by statistical description of the mix-
ture fraction with a 8 — PDF and a mean turbulent
strain rate acting on the flame.

4 Numerical Methods

4.1 LES Numerical Implementation

The governing equations are solved using a finite-
volume predictor-corrector scheme that is nominally
second-order accurate in space and time. A fourth-
order accurate scheme is also available but is not em-
ployed here. A Jameson type artificial dissipation®?
was added to the base scheme in order to extend the
present scheme to deal with regions containing shocks.

Fully supersonic (Dirichlet) conditions are imposed
at the inflow, and mixed subsonic/supersonic outflow
is used: extrapolation is applied for supersonic outflow
(Neumann Boundary Conditions), and non-reflecting
characteristic outflow™® for the subsonic regions. Im-
permeable, slip wall boundary conditions are used for
the top and bottom walls, while no-slip conditions are
enforced along the wedge. Periodic boundaries are set
for the spanwise direction.

4.2 LEM Numerical Implementation

An operator split method®*%% is used to integrate
the stiff reaction-diffusion equations (Eqns. [[4] and
[[3]). This splitting combines an explicit treatment
of the LES resolved mass and momentum equations
at the global time step with several explicit fractional
steps for diffusion, reaction and turbulent stirring at
the sub-grid scales. To solve the Eqns. [[4] and [

numerically, all spatial derivatives are discretized using

6

a second-order accurate central difference schemes. A
zero-gradient boundary condition is imposed for the
species and for the temperature equation at subgrid
domain boundaries.

A fixed number of LEM subgrid cells is used within
every LES cell. The number of one-dimensional cells
is estimated as follows. To represent an eddy using a
triplet map, a minimum of 6 points are needed ™ If
the sub-grid Rea is known, then using the expression
n = NT,ARef/ *, an estimate of the smallest length
scale can be obtained. Then, the maximum number of
LEM cells needed to completely resolve all the sub-grid
scales can be computed using the expression,

Al

Npnae = min(—=2%) (25)
Nijk

where A;ji and 7,1 are the local LES filter width and

the Kolmogorov scale at the cell “ijk”. The length of

the linear eddy domain is set equal to the LES filter

width A.

5 Results and Discussion
5.1 Test Problem

A representative scramjet flame holder experimen-
tally studied at the Institute for Chemical Propulsion
of German Aerospace Center (DLR)*®5¥ ig investi-
gated in this study. This case has also been studied
by Oeverman,*® where both experimental date and
numerical RANS results are compared. The config-
uration consists of a wedge in supersonic flow with hy-
drogen jet injected from a series of holes from the base
of the wedge-shaped body. The combustion chamber is
made of one-sided divergent channel with a base cross-
section 40 x 50 mm. The supersonic free-stream flow is
produced by a contoured Mach 2 Laval nozzle. Hydro-
gen is exhausted from the base of the wedge through
15 equally spaced nozzles, each with the diameter of
1 mm. The geometry of the case and relevant dimen-
sions are shown in the Fig. Pland the initial conditions
are described in the Table[ll The turbulence level was
0.5% for the air stream and 5% for hydrogen stream.

For the numerical simulations, a section containing
one nozzle at the center and two halves on each side
of it were used for the hydrogen stream. This config-
uration is represented on Fig. Bl where Mach number
isosurface is shown on top of a Z-vorticity plot. Peri-
odic boundary in z direction is utilized.

A 2502121225 grid is used for the baseline calcula-
tions using a multi-block grid. Grid is clustered in the
wake region and in the shear layer region to resolve
the mixing region. For LES-LEM, 12 LEM cells are
used in the LES cells in the region downstream of the
base of the wedge.

The code is highly optimized for parallel simulation
using MPI. The LES-LEM approach is naturally opti-
mal in parallel machines and causes only a 10 percent
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increase in overhead when compared to the baseline
LES code. However, this cost is a function of the num-
ber of LEM cells employed and can increase if more
LEM cells are used. Inclusion of finite-rate kinetics
has a substantial impact on the overall cost and past
studies have shown that overall cost can increase by a
factor of seven®™ if DI (using standard stiff integrator
is employed). However, using ISAT this cost can be
brought down significantly.

All simulations are conducted on a Pentium ITI Xeon
PC cluster using 32 CPUs. Simulations require around
830 single processor hours for the non-reacting case
and around 7500 single processor hours for the reacting
case using DI for one flow-through time. The react-
ing cost is decreased by a factor of around 3-4 when
using ISAT. Typically, 2-3 flow through time data is
used for statistical analysis. However, it is noted that
due to time constraints and problems with the clus-
ter, the LES-LEM cases have not evolved as long as
the EBU and infinite-rate LES simulations. There-
fore, the statistical quantities for these simulations are
not fully settled down to the stationary state values.
Nevertheless, the current comparison are considered
representative of the various methods used here.

Finally, note that all the experimental data are ex-
tracted from the paper by Oevermann since the origi-
nal experimental paper is no longer available. There-
fore, comparison is only possible at locations for which
data is shown in the above noted paper. Furthermore,
other than temperature no data on the scalar field is
reported in the experiments and in the RANS calcu-

lations. Thus, no comparison for the scalar field is
possible.
Table 1 Inflow conditions for the air stream and

the hydrogen jet

Air  Hydrogen

M, 2.0 1.0
w*[2] 730 1200
T*[K 340 250
p*[10° Pa] 1 1
P24 1.002  0.097
Yo, 0.232 0

YN, 0.736 0
Yi,0 0.032 0

Y, 0 1

5.2 Non-Reacting Case

For the non-reacting studies, we simulate hydrogen-
air mixing exactly as done in the experiments. Two
LES have been performed: a conventional LES where
the two species are modeled along with the LES equa-
tions and a gradient subgrid eddy diffusivity closure,
and a LES-LEM approach in which scalar mixing is
modeled within the LEM. Since only mean flow ve-
locity data is available from the experiments, direct
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comparison of the scalar mixing cannot be performed.
Thus, the effect of subgrid LEM approach is subtle in
its indirect impact on the momentum mixing.

An oblique shock is formed at the tip of the wedge
and an expansion fan occurs at the base of the wedge.
Comparison and estimate of the oblique shock angle
shows very good agreement with data. The boundary
layer on the wedge surface separates at the base and
a shear layer is formed. The hydrogen is injected at
the base expands and mixes with the air in the shear
layer. The initial wedge oblique shock reflects off the
walls of the tunnel and interacts with the shear layer
downstream of the initial mixing region. This results
in a bending of the shear layer. After some distance,
the wake is accelerated to supersonic speed, and the
subsequent shock (reflecting from the walls) then pass
through it. All these features can be seen on an av-
erage density contour plot, shown on Fig. Bl Overall,
there is good agreement with experimental observation
as can be seen in comparison with the shadowgraph
image from the experiments, Fig. Bl

Laser Doppler Velocimetry (LDV) measurements of
the flow have been taken at several locations in the
experiments, and comparisons with the present simu-
lations and with the earlier RANS calculation of Oev-
ermann“® are shown on Fig. B and [

The mean velocity profiles are correctly simulated
both in the RANS simulation and in the present study,
although a closer view shows substantial differences
in predictions. At x = 58 mm downstream of the
base, the mean velocity defect is captured quite accu-
rately by the LEM-LES but is overpredicted by RANS
and underpredicted by the conventional LES. All cases
show deviation from measurements at the edges of the
wake region. This descrepancy may be related to local
intermittency effect that is not properly captured in
the models. Further downstream at z = 90 mm the
wake is recovering and the defect is smaller. All mod-
els predict similar results. All results (and data) show
lack of symmetry in the wake profile and the deviation
from measurements appears more on the lower side.
The LES-LEM show reasonable agreement on the top
side but underpredicts the measurements on the lower
side. It is not clear if this is related to the lack of sta-
tistical stationarity of the computed flow. Simulation
is still underway to address this concern.

The mean axial velocity fluctuation profile also show
general agreement with experiments at the first sta-
tion (at x = 115 mm, which is far downstream than
the locations were the mean velocity data is reported
above), as it can be seen on Fig. [fh. It can be seen that
LES-LEM prediction is substantially better than the
other two methods in the center part of the wake. The
above noted lack of sufficient flow-through time in the
LES-LEM is apparent in this figure (high frequency
fluctuation in the curve) since typically, higher order
moments take longer to settle down. Nevertheless, the
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peak is well captured by LES-LEM whereas, conven-
tional LES and RANS over predict this value. Further
down stream the deviation form data is more appar-
ent for all the simulated cases. The over prediction
by RANS and LES is true since these solutions have
settled down. It remain to be seen if the LES-LEM is
also unable to capture the far field turbulent features,
since more data needs to be used for averaging.

It is worth re-emphasizing that the LES-LEM ef-
fects on the velocity field is indirect since the LEM
model only accounts for the scalar mixing. However,
the resulting mixed region will impact the overall wake
thickness and this in turn will modify the momentum
mixing due to the non-linear nature of the flow.

To look at this issue further, the mean (i.e., LES-
resolved) H, molar fraction distribution at two sta-
tions (where the mean velocity profiles are shown in
Fig. Bl) are shown in Fig. B In the conventional LES
gradient diffusion is used for scalar subgrid flux and
this results in an increased mass diffusion of the species
in the transverse direction. Thus, the scalar width in
the wake is increased for the conventional LES. On the
other hand, in the LES-LEM approach, scalar trans-
port on the LES grid is modeled using the Lagrangian
transport approach for the LEM (described earlier)
and this approach does not require (nor does it en-
force) gradient diffusion. Thus, the scalar width is less
in the LES-LEM case.

In summary, there is overall good agreement with
measured data for both the LES studies performed
here. Closer examination seem to suggest that the
LES-LEM approach is obtaining a better agreement
with data. This may be due to the subtle effect of
how the scalar width is resolved in the LES-LEM.
Some fluctuation features in the LES-LEM profiles is
attributed to the lack of sufficient data in the statisti-
cal analysis. The current simulation is being continued
to address this issue.

There are also some other uncertainty in the current
simulations, The resolution adopted for this study does
not resolve the wind tunnel walls with great accuracy.
The boundary layers on the tunnel walls may influ-
ence the shock-boundary layer interactions which in
turn can effect the far field of the wake where most of
the measurements were made. Since there is no infor-
mation on the inflow boundary layer and/or the tunnel
wall boundary layers, these issues cannot be addressed.

5.3 Reacting Case

Reacting cases are simulated using the three ap-
proaches described in A density contour plot
of the simulated flow-field is shown in Fig. [, and
can be compared to the experimental Shadowgraph
picture, Fig. @l It is be seen that the growth of the
wake resulting from the volumetric expansion due to
the reaction is not reproduced with great accuracy.
The shock/shear layer interaction however is well sim-
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ulated: the impinging shock bends the shear layer, and
the consequent flow direction matches the experimen-
tal behavior.

The mean velocity profile at two different stations
(z = 58 mm and z = 140 mm) are shown in Figs. [Th
and b. A good agreement is seen at the first station
for all the simulations. The 3-D calculations show a
reasonable trend in accordance with experimental data
at the second station, while the 2D RANS calculation
actually found a profile opposite to the experiments.
An acceleration of the flow behind the wedge to super-
sonic speed, followed by a normal shock that reduced
that region back to subsonic speeds was predicted in
the earlier RANS calculation. However, this feature
was absent in the experiments and also in the current
3D LES studies.

Turbulent statistics for the reacting case are pre-
sented in Fig. Again, only the axial velocity
fluctuation data is available for comparison. Good
agreement is observed between the present LES stud-
ies and the experimental data. The amplitude and the
width are found within a reasonable accuracy, and the
defect that is observed at the centerline is also present
in the present simulations. Further downstream, at
z = 90 mm, all methods, except LES-LEM overpre-
dict the velocity fluctuation.

Experimental and computed mean temperature pro-
files at three different stations are shown in Fig.
As was expected, the infinite chemistry approach is not
satisfactory. Scalar mixing does not occur, and the
flame doesn’t penetrate the wake behind the wedge.
This results in a double-spike configuration, whose
amplitudes are excessively large compared to exper-
imental values.

The EBU approach gives a better simulation of the
heat release effect. It does not overshoot the experi-
mental values, and in fact, tends to undershoot them.
Very close to the base of the wedge the EBU profile
shows very good agreement with experimental data. It
clearly appears that this method of comparing mixing
time to reaction time gives a far better approximation
of the reaction process than infinite chemistry. How-
ever, as a result of the poor scalar mixing even in this
method, it can be seen that the two flame fronts issued
from the wedge base corners do not collapse as the ex-
periments describe. As a result, further downstream,
a double reaction zone still appears in the LES-EBU
case.

The subgrid scalar mixing achieved by the LEM
approach, on the other hand, shows an improved simu-
lation of the heat release effect at the second and third
stations. The chemical species are efficiently mixed,
and the flame fronts, though underestimated at the
first station do penetrate the wake/shear layer created
by the wedge, and collapse to form a single flame front,
as observed in the experiments. The RANS simulation
of Oevermann®¥ did capture the collapse of the flame
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fronts, but overestimated the merging point, resulting
in a wider hot zone, and a lower temperature. At the
third station, both RANS and LEM approaches give
a good estimate of the maximum temperature in the
reacting region, but tend to spread the flame brush
width. As noted earlier, the oscillations observed in
the temperature profiles in the LES-LEM might be
due to a too short averaging time for this set of data.
Extending this average would probably give more ac-
curate results.

6 Concluding remarks

In the present study, a numerical simulation of
a scramjet was conducted using LES-LEM approach
which incorporates subgrid mixing and combustion
within the LES approach. The advantage of LES-LEM
is that it can account for finite-rate kinetics without re-
quiring closure and also includes the effect of molecular
diffusion within the LEM. Both features are considered
necessary for accurate prediction of turbulent com-
bustion, especially for hydrogen-air mechanism. The
present study extends the LES-LEM approach devel-
oped and validated earlier for subsonic reacting flows
to supersonic mixing and combustion. The prediction
by LES-LEM demonstrates good agreement with ex-
perimental data, especially when compared to RANS
and EBU approaches. More accuracy could be gained
in this study by extending the calorically perfect gas
assumption to thermally perfect gas, first, and by im-
plementing an efficient shock capturing method to the
base scheme. Also, in order to capture to the full
features of the flow, boundary layers on the top and
bottom walls many also have to be properly resolved.
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