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Numerical Simulations of
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A code for the simulations of supersonic combustion has been developed and applied to flow computations
relevant to the concept of the oblique detonation wave engine (ODWE). In a previous paper, it was shown that
a stable oblique detonation wave, attached to a ramp, could be obtained in a homogeneous fuel-air mixture. In
the following, the total variation diminishing (TVD) code is used to simulate the effect of mixing fluctuations
on the detonation front. An arbitrary, periodic variation of the equivalence ratio is modeled first and then
compared with the wave obtained at similar conditions for a uniformly mixed flow. It is seen that original
fluctuations in front curvature, due to Mach number variations, are amplified by the combustion, but the overall
influence of the heat release is somewhat lessened. A more severe flow condition is then simulated by injecting
fuel through two struts; in this worst mixing scenario, the curvature in the wave front is dominated by the mixing
fluctuations, with little influence from combustion. The shock still acts as a flame holder; this indicates that
although the oblique detonation front is replaced by a more complicated structure, the concept of ODWE can

be generalized to realistic configurations.

Nomenclature

= specific heat at constant pressure
= specific heat at constant volume
= (frozen) speed of sound
¢ = mass fraction specie s, (=p;/p)
D, =turbulent diffusion coefficient
dS = surface element
dV = cell volume
E = total energy density
H =total enthalpy density
h? = formation enthalpy of specie s
s = chemical removal rate
s = molecular weight of specie s

= momentum density, (= pu, pv)

= total pressure
s = chemical production rate
Pr, = turbulent Prandtl number
= heat flux
= universal gas constant
Sc, = turbulent Schmidt number
u = x-component of velocity field
Vp = diffusion velocity
v = y-component of velocity field
X, = molar concentration of specie s
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a® = generalized Riemann invariant

v =ratio of specific heats

n = dynamic viscosity

k= heat conductivity

¢ = unit vector normal to interface
p = mixture mass density

ps = mass density of specie s

¢ = viscous stress tensor
& = dissipation flux

1. Introduction

HE use of detonations as ignition mechanisms in scramjet

designs goes as far back as 1946.! Subsequent work on the
subject finally led to the use of oblique detonation waves as
the most effective design of detonative ramjets.>* However,
the experimental evidence for stable, oblique detonation
waves (ODW) is sketchy.’"'® To remedy this situation, an
experiment is being designed to verify the existence of a stand-
ing detonation on a wedge and prove the validity of the ODW
engine concept.!! There is also a need for accurate numerical
simulations of the reacting flowfield, both the design purposes
and for analysis. To this effect, a new code is being developed,
based on an explicit, second-order total variation diminishing
(TVD) scheme.!'?"!7 Viscous, diffusive, and chemical processes
are added to the scheme by an operator-splitting method. The
overall scheme is second-order accurate in space and first-or-
der accurate in time. (Individual processes, such as convection
and chemical kinetics, are second-order accurate in time, but
the coupling reduces the overall time accuracy to the first
order.) The code has a multigridding capability, where grids
are patched along their common boundaries. The patching
process is exactly flux conservative.

The code has been applied to the numerical simulations of a
generic strut configuration, where fuel (H;) is injected and
mixed with air. Downstream of the injector is a wedge that will
support a detonation wave. The overall flowfield occupies
several grids. The downstream boundary conditions at each
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station are taken as upstream boundary conditions for the next
grid, to insure continuity. We first discuss the methods used,
then we present some numerical results obtained. The numeri-
cal results presented here are only a first attempt at modeling
the features of supersonic mixing and combustion; the numer-
ical capability needs further development and validation.

II. Numerical Method

We are solving the two-dimensional Navier-Stokes equa-
tions for multiple species:

0Q OF oG 9F, 4G,
—_ 4+ — 4+ — +
ar  dx dy ax ay

=S5 1

where the right-hand side represents the viscous fluxes, diffu-
sive fluxes, and chemical source terms to be described later.
The variables and inviscid fluxes are
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The total energy is
E= pSC,,dT + Vap(u?+v?) + E,psh? )

and the pressure is obtained by Dalton’s law:
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The (frozen) speed of sound is obtained from
2= e ) [ H—u?—yp? —] 4
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and the p; are linearly independent. The nonlinear hyperbolic
system [Eq. (1)] can be transformed into the characteristic
equation by means of a transformation matrix 7 and its in-
verse. We partitica the volume into quadrilateral cells and
denote them by a pair of indices (i,j). (Thereafter, the second
index will be omitted, when possible.) The interface between
two cells is then denoted by (i + ¥2,j) and (i,j + 15). If A%, is
the spectrum of eigenvalues and w® the characteristic vari-
ables, the hyperbolic system composed of the Euler equations
becomes the system of uncoupled characteristic equations:

aw®  gwh
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The transformation matrix T is composed of the left eigen-
vectors. Any discontinuity breaks up into characteristic waves,
each carrying the generalized Riemann invariants o®,

w® —w®_ The original and characteristic variables are re-

lated by
Ay Q= Tip oy,
AiruF=Tiy iy vy
To solve the Euler system numerically, we use a finite vol-

ume algorithm. The scheme is, therefore, written in a conser-
vative form:
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The interface between two cells defines a surface element ds,
and its orientation is obtained by the unit vector normal to the
interface £ =dS/|dS |.

The fluxes F are composed of an interface-centered flux (F)
and a diffusive part:

Fiyy = (Fi,i+1) + Tiy it @)

where ( ) denote an arithmetic average. The diffusive flux & is
obtained after transformation to the characteristic variables.
The spectrum of eigenvalues is

{)\(k)} = {up, ..., Un, Uy +c,u,,—c}

Uy = Exu + £yv

i.e., u, is the component of the velocity normal to the cell
interface. The averaging method to define the eigenvectors and
eigenvalues at the interface could be chosen to be the arith-
metic average { } or Roe’s method.'® The latter method is
strictly valid for ideal gases. However, it can be used as an
excellent approximation for real gases.

The diffusion flux is given by

‘1’1'+'/z='/Z(gi+gi+1—|)\7+‘/z|ai+l/z) ®)
where
N = {)W/z if Ay At/AX >e
%7 cAx/Af  otherwise

A small (=0.1) entropy-violating parameter ¢ plays the role
of an artificial viscosity and is necessary to prevent rarefac-
tion shocks. This parameter also induces an artificial shear at
a slipstream, which becomes negligible compared to the true
shear-stress modeled after the Navier-Stokes equations if the
grid spacing is made small enough. Note that the time step At
used above should be the time scale of convection. If the actual
time step is forced to small values by some other process (vis-
cosity, chemical kinetics), then the actual Courant number is
forced to small values: NA?/Ax <e. Applying the cutoff de-
scribed above may yield a flux ® that is overly diffusive. This
effect was originally noticed in one-dimensional computations
of unsteady detonations; therefore, the Af to be used should be
the convection time scale only. The flux limiter g; is obtained
by the following steps:
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Observe that without the flux-limiter g;, the diffusive flux in
Eq. (8) reduces the overall scheme to the first-order upwind
method. More compressive forms of the flux-limiter than Eq.
(10) have been published (see Ref. 14 for a review) and some
have been experimented with by the present authors. We found
no significant cost variations between our present upwind
scheme and the symmetric scheme of Yee et al.!* The best
resolution of the discontinuities (especially contact discontinu-
ities) is obtained with a generalization of the so-called ‘‘super-
bee”’ limiter:

k) _ (&) : (k) (k) (k)
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where v=2 for one-dimensional problems. For two-dimen-
sional problems (with a dimensional splitting), this choice is
too compressive, and we found that »=1.5 gives the best re-
sults. However, the continuity at grid boundaries is not as
well reproduced. To keep a smooth behavior at the grid
boundaries, when multiple grids are used, we need to limit
ourselves to v = 1, i.e., the limiter (10). Another alternative was
to make the parameter of artificial compression v a local quan-
tity; the results showed sharper discontinuities, although the
method became somewhat cumbersome. We therefore con-
cluded that the choice of flux limiters gives small improve-
ments that are not of considerable significance unless one can
safely use a very compressive limiter such as Eq. (11), with
v = 2. This latter choice would be possible if there were enough
grid adaptation, such that the cell interfaces are nearly aligned
with the discontinuities. No grid-adapting method has yet been
included in the present version of the code.

The jumps in characteristic variables are for a case with N
species:

o,y = Dps — EAP/c? (12)

aﬁf;}j = Ey(Amx —Uiy ‘/z,jAp) - gx(Amy — Uit ‘/z,jAp) 13)
1

sl = 30 (AP +cAm,, — cu, Ap) (14)
Ns +3 1

A =ZE(AP—cAm,,+cu,,Ap) (15)

where m, =§¢,m, +§&,m,, and & =p,;/p. Note that, strictly
speaking, the jump in pressure AP should be evaluated in
functions of the changes of the original variables, i.e.,

- aP oP oP oP
AP =Y — Aps + — Am, + — Am, + — AE 16

;aps s amy, T am, ° Y 3E (16)
This expression is nothing but the differential of the pressure
on our discrete lattice. Replacing this expression by AP =P, |
— P; leads to slightly less diffusive results at a slightly lesser
cost.

The method described above applies for problems with a
one-dimensional structure. To generalize to two (or more) di-
mensions, one splits the operator into unidirectional sweeps, in
the ¢ (or /) and » (or j) directions. The complete operation
takes the following form:

At
8:0 = IN% [Fi—'/z,jdsi—‘/z,j + Fipy, ;dSi ‘/z,j]

_Ar
T AV

Q" =Q"+ 560"+ 5,0 (17)

6,0 [Fi,j—‘/zdsi.j—’/z +Fi,j+‘/zdsi,j+‘/z]

II. Viscous and Diffusive Terms
The viscous fluxes are

TR O )
Jx Jy
.N -N
Jx J
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where j is the diffusion flux of the chemical species, 5 is the
stress tensor, and ¢ is the heat flux. By definition

oo = (fa_u_z@) 8
> =M39x 3 ay as
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46v 20u
=ql2= -2 19
Doy 1I<3 dy 3 6x> (19)
du dv
Oxy = "<a_y + 5;) (20)

and the heat flux is given by
g = —xVT —5u+ Y jh, 1)
s

We have neglected the Dufour term, i.e., the term involving
the thermal diffusion coefficient in the expression of the heat
flux. We have written algorithms for the computation of the
laminar, multicomponent diffusion terms, although they are
not included in the following numerical simulations. Given the
wide range of temperatures accessible in combusting flows, we
have found that a unique power-law model of the transport
coefficients is too sensitive to be accurate over the whole tem-
perature range. Therefore, the laminar transport coefficients
were estimated using the Lennard-Jones model of intermolecu-
lar interactions: tables of the collison integral Q7 can be
found in Refs. 19 and 20. See Dixon-Lewis!® for detailed ex-
pressions of the transport coefficients, including the binary
and multicomponent diffusion coefficients. The solution of
the laminar diffusive fluxes is obtained form an algorithm by
Boris and Jones,?! also discussed in Ref. 19.

In the situations we are studying, the turbulent processes are
found to be the dominant diffusion mechanisms; therefore,
the laminar diffusive fluxes need not to be computed. Instead,
the turbulent diffusion alone is computed and is modeled by a
Fickian process:

Js = —pD, V& (22)

The computational work is considerably reduced, but the
modeling is less accurate. Since turbulent transport is a molar
rather than a molecular phenomenon, there is no accurate
modeling from kinetic theory. If {4,] is the turbulent viscosity,
we obtain the other parameters by

k= Cpny/Pry
oD, = 1,/S¢,

The turbulent Prandtl and Schmidt numbers are assumed to be
both equal to 0.9. The turbulent viscosity is estimated from the
mixing-length model, with the Smagorinski?? length scale (see
also Ref. 23) .

N = PVZ(CA)Z |Sxy I (23)

with C =0.19 a constant

ou\2 [av\*]”
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is the strain-rate and A is the scale of the smallest resolved
eddies, determined by the grid size: A=max(Ax,Ay). This
model is expected to be valid in the wake region.

Near the wall, the turbulent mixing-length scale is assumed
to follow the law

A= y[1-ea7] (25)

where «,, =0.4 is the von Kdrmdn constant, y is the distance
normal to the wall, and the dimensionless variable

U,
yr=p=22 (26)
m
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is scaled by the constant A4* =26. In our numerical simula-
tions, the grid is clustered near the body walls, but such that
the spacing does not change by more than 5% between adja-
cent cells in order to conserve second-order accuracy.? This
turbulence model is admittedly very crude. It is currently being
improved and will accommodate other effects, such as the
transition to turbulence, intermittency, and blowing effects.

1V. Chemical Kinetics

When coupling the chemistry to the fluid dynamics by the
operator-splitting method, one assumes that the time step is
too short for convective (or diffusive) processes to be impor-
tant. As the temperature of the mixture increases by an
amount AT during a time 7., due to combustion, the inertia
of the gas is such that the effect on neighboring cells is not felt
before a characteristic time 7.ny=Ax/|u|+c. The global
time step can therefore be an intermediate between the two
fundamental time scales. At the end of the chemical step, the
temperature is obtained by solving iteratively the equation
em=E —Vap(u?+v?) =p{C,(T)dT, where e,,, the internal en-
ergy (which includes the energies of formation), is assumed
constant during the step. In average, only a few iterations (< 5)
are necessary for convergence.

Let us denote the production and losses rates by ®,,£;, such
that

dn .
T; =®, — L1, = w,n, @n

where ®@;,L£; are evaluated from the Arrhenius rates and other
species concentrations at a given time level. The combustion
proceeds via 1) an induction period 7;, during which radical
species (chain-branching) buildup, 2) a heat-release period 7,,
and 3) an equilibriation period 7.q. The time step ¢ used in the
integration of Eq. (27) is estimated at each time level by the
rates of change w, of ‘‘relevant” species, i.e., those with a
significant concentration, such that a maximum relative
change of =10% is allowed. The smallest time steps are found
during the heat release period. To integrate to the next time
level f.,m+ 6, we will use a predictor-corrector method to
evaluate the rates and concentrations at time level 7., + ¥26¢,
for time centering. If the predictor-corrector fails to produce
convergence after a few iterations, the time step is reduced and
the procedure is repeated.

Since the chemical time step 6¢ may be different in each cell,
we need a time counter f,, that is incremented by 6¢ at each
successful integration, until it reaches the value of the global
time step Af¢. Since a flame (reaction zone) can have a very
complex shape, the computational load can have large fluctu-
ations between different cells. If one attempts to vectorize
along a row or a column, one may be forced to reiterate on the
entire row only because a few cells are chemically active. To
avoid this inefficiency and still be able to vectorize using long
vectors (an obvious solution would be to vectorize with respect
to the number of species N, or the number of reactions N,,,,
which are short vectors), we have devised a redistribution
scheme. The method is to construct a “‘stack,’’ or long vector,
with the concentration data of all cells that are active. To
construct this stack, we sweep along rows and columns and
check the local time counter f,n(i,/); if ¢4m<Af, the cell is
added to the stack. The chemical kinetics algorithm then oper-
ates on this stack, such that the inner loop runs along the stack
index (k =1,...,256 or more), and the procedure is repeated
until all cells have reached the global time counter. The only
scalar loop in the algorithm is, of course, the stack filling
process, and is a negligible fraction of the overall computa-
tional cost.

The only major improvements in computational speed are
obtained by reductions in the numbers of species and reac-
tions, since the number of operations involved approximately
scales as N; X Np. Another significant improvement in the
convection algorithm, as well as the computation of thermo-
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chemical properties (temperature, transport coefficients), is
also obtained by reducing the number of species; therefore, the
use of chemistry models is encouraged. In a previous paper, we
have used a detailed reaction set (44 reactions, 9 species includ-
ing N>) for the numerical simulation of two-dimensional deto-
nations on a ramp, in a hydrogen-air mixture (N, inert). In this
present calculation, we used the set of Moretti (7 species, 16
reactions).?’ Our code can also use the global model of Rogers-
Chinitz (5 species, 4 reactions)? with the ¢ correction. How-
ever, in mixing-controlled combustion, large variations of the
stoichiometric parameter ¢ can occur. Since the Rogers-
Chinitz model is strictly valid for 0.2<¢ =<2, it may not be
appropriate to use in this case. Moreover, the choice of the
ignition temperature 7;;=1000 K implies that the time scales
may be completely wrong when the temperature is not clearly
below or above this cutoff value. We plan to study in more
detail the difference between the two models in future calcula-
tions. The Arrhenius rates chosen here are given in Ref. 27.

V. Rescaling and Subcycling

As observed by Bussing and Murman,?® an implicit coupling
between the convection and chemical kinetics provides an ef-
fective rescaling of the chemical time scale 7, to the time step
used, i.e., Teony. This procedure is time-inaccurate and is prac-
tical for a small number of species involved, due to the expen-
sive matrix operations. We have used instead an explicit, oper-
ator-splitting coupling. We have also experimented with an
artificial rescaling of the chemical time scale by the stiffness
parameter (i.e., the Damkohler number 7eony/ 7ehem)> and found
little difference in the results when the combustion is rapid.
This rescaling can be easily done when the chemical kinetics
estimates the time scale by which the combustion proceeds
(basically 7; + 7,); instead of integrating up to Af, one inte-
grates up to 7; + 7,, thereby effectively slowing the combustion
and reducing the stiffness. If the combustion was indeed faster
than the convection, we expect little difference (taking into
account the variation in signal propagation, ¢ ~VT) with the
time-accurate method. It only means that our resolution is
poor, and we cannot resolve the flame structure, which de-
pends on the balance of the rates of convection and chemical
changes. Therefore, a rescaling of the chemical time scale,
whether done by an implicit or an explicit method, is valid for
steady-state cases and if no attempt is made to resolve the
flame structure accurately.

Using the explicit rescaling we found, however, only a small
gain in computational speed. Most of the computational work
is done during the heat release period 7,, and only a small
fraction during equilibration, where the chemical time step can
be larger. If one rescales the chemistry such that 7, = 7.y, the
same number of iterations is required for the heat-release
phase, and there is little gain. Using large time steps and a fully
implicit method for the chemistry during 7, and reducing the
number of iterations can be potentially advantageous. How-
ever, as mentioned previously, it is potentially inaccurate and
is practical only for a small number of species.

The use of patched grids allows us to increase the conver-
gence rate by using the appropriate time step for each grid.
Each grid can also be temporarily frozen, concentrating the
computational activity in regions of nonequilibrium. This re-
sults in very significant computational cost savings.

An additional gain can be obtained by a subcycling of the
physical process. In most cases studied, the species diffusion
process, for example, took place with a time scale that was
large compared to other processes (i.e., 74  Teony)- If an inter-
mediate time scale can be found, one can “‘skip’’ the diffusion
operator, until 7, is reached. We then effectively replace a
large number of calls to the diffusion operator, each bringing
a change of order 7.,,./7s by a smaller number, each of order
Tin/ T4. Depending on the individual cost of the operator being
“‘accumulated,’’ substantial savings can also be obtained this
way.
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VI. Numerical Results

We applied the numerical schemes described previously to
some qualitative numerical simulations of detonations and
flames attached to a wedge. We did not attempt to resolve
some flow features completely (flame structure or viscous lay-
ers) and did not compare the chosen set of chemical rates with
a more detailed set. More rigorous simulations are presently
being planned.

The proof of concept of an ODWE relies on the creation of
a detonation supported by a wedge or ramp in a supersonic
stream. An experiment is presently being designed!! to add
support to this concept. The present numerical simulations
were inspired by this experimental design.
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Fig.2 Mach number for nonreacting stoichiometric case.
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Fig. 3 Temperature for reacting stoichiometric case.
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Fig. 4 Mach number for reacting stoichiometric case.
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Fig. 6 Mach number for nonreacting, variable ¢ case.

Case A

As a first step, we create a detonation by placing a wedge
into a supersonic stream of stoichiometric composition (hy-
drogen air). The wedge has an upper angle of 26.5 deg and a
lower angle of 18 deg with respect to the stream direction. The
length is Ax =5 cm. The wedge surface is assumed adiabatic,
and no-slip conditions are applied at the wall boundary.

Figures 1 and 2 show the temperature and Mach number
profiles for the nonreacting case. This is not, however, an
ideal-gas case, since the specific heats are allowed to vary with
temperature. The temperature of the boundary layer is roughly
2200 K. The viscous sublayer is not resolved (the starting y *
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Fig. 8 Mach number for reacting, variable ¢ case.

value is = 100). Figures 3 and 4 show the profiles of the same
quantities for the reacting case. The wave has steepened, as
expected from simple analytical consideration.?!2 The flow
properties are uniform away from the boundary layer. The
water coneentration would show the same uniformity; the re-
action zone is adjacent to the shock discontinuity.

Case B

More realistic configurations may involve considerable vari-
ations in mixing. To obtain some idea of the effect on the
wave, we artificially modulated the freestream concentrations
by a pseudosinusoidal function. The stoichiometric parameter
¢ is now allowed to vary from 0.1 to 1.9. The center region
remains at ¢ = 1. The freestream témperature is unchanged but
the variations in molecular weight produce variations in Mach
number. Additionally, the diffusion of species produces some
variation of the temperature downstream of the left boundary.

Figures 5 and 6 show, respectively, the H, concentration
profiles and Mach number profiles for the nonreacting case.
There is a small modulation of the curvature of the wave front,
due to the Mach number variation. The temperature of the
boundary layer is almost unchanged from case A. To obtain a
more accurate value at the wall, we need to increase the resolu-
tion further. However, our main interest does not at this point
include such high accuracy for the boundary layer, and we
therefore did not attempt a calculation with the necessary res-
olution.

Allowing for combustion, Figs. 7 and 8 show the tempera-
ture and Mach number profiles; the curvature fluctuations are
now clearly enhanced. The combustion is nevertheless com-
plete, i.e., all the hydrogen (or all the oxygen, the lesser of the
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Fig. 10 H; concentration for fuel injection.

two) is burned. The hydrogen and water concentration con-
tours are shown in Figs. 9a and 9b. The recognition of a
detonation wave becomes now more problematic, since the
steepening of the wave is mixing-dependent. An interesting
procedure would be to repeat the same experiment at different
pressure. If the pressure is decreased, the chemistry time scales
become larger, and the flame eventually decouples from the
shock.

Case C

The logical extension to the previous simulations is to model
a fuel injection process, then feed the flow to the wedge. We
have experimented with several configurations of struts for the
fuel injection. The first configuration consisted of three struts,
of a generic shape separated by an equal distance, with fuel
injection at the top and bottom of the flat parts. It was found,
however, that the Mach number would drop too much (M, =4
to M =1.5) to be a practical method. It was suggested then to
displace the center strut downstream, but this design proved to
be no better. An interesting consequence of the shock structure
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Fig. 11 Mach number, nonreacting case; input from strut flowfield.

Fig. 12 H; concentration, noni'eacting case; input from strut
flowfield.

Fig. 13 Mach number, reacting case; input from strut flowfield.
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in the fuel injection region was the presence of a large recircu-
lation region in front of the injector, where fuel would accu-
mulate. In addition, when injecting with high dynamic pres-
sure for better penetration, the temperatures and pressure
reached at the bow shocks lead to a rapid ignition of the fuel.
We finally decided to model a two-strut configuration, where
the fuel is injected from the base region. In addition, we mod-
eled some active cooling of the strut surface by injecting cold
(300 K) nitrogen gas at high pressure near the tip of the strut.
Figure 10 shows the fuel concentration profiles obtained from
this particular strut configuration. The fuel is accelerated to
M =3 at the right boundary. (The white bands and the discon-
tinuities of some of the profiles come from the patched grid
boundaries.) With the help of the coolant injection, the tem-
perature of the boundary layers and of the mixing layers is
sufficiently low that no combustion occurs prematurely. We
emphasize that we did not attempt to resolve completely the
boundary layers and shear layers. To model the mixing in these
regions accurately, one must resolve the length scales at exit
plane of the fuel injection, since the initial instability produced
there is responsible for the turbulent mixing. Such a simulation
was beyond the scope of this work. Some other methods of
fuel injection and their flowfields are presently being investi-
gated.

The flowfield resulting from such a strut configuration is
then fed as an input boundary condition to the same wedge
used in the previous cases. The nonreacting case is shown in
Fig. 11 for the Mach number. The strong curvature of the
shocks is due to the large variations in Mach number of the
flow. Figure 12 shows the H, concentration profiles; the
curved shock acts as a diverging lens, spreading the fuel over
alarger area. It is an interesting aspect of the shock properties,
that could eventually be used to enhance the fuel penetration.
After switching on the chemical reactions, we obtain the pro-
files shown in Figs. 13 and 14 for the Mach number and
temperature. The hydrogen and water concentration profiles
are shown in the plots of Figs. 15a and 15b. There is now little
difference between the nonreacting and reacting cases, as far
as the location of discontinuities is concerned. Most of the
combustion takes place in two ‘‘tongues,”” where most of the
mixing occurred. The combustion is fast, and the flame is
coupled to the shock in that region, which is responsible for
the slight upstream displacement of the wave front. More im-
portantly, the detonation front is stable, despite the locally low
values of the Mach number (estimated below Mc,).

Fig. 14 Temperature, reacting case; input from strut flowfield.
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Fig. 15a H; concentration, reacting case; input from strut flowfield.
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Fig. 15b H,O concentration; input from strut flowfield.

VII. Conclusions

We have described a modern numerical capability that is still
in a development process, and that is being tuned for the
simulation of supersonic reacting flows. We have applied the
code to the simulation of detonations and flames produced by
a wedge inserted in a supersonic stream. ‘‘Pure’’ oblique deto-
nations attached to the wedge have been produced in a stoi-
chiometric, uniformly mixed hydrogen-air stream. The wave is
seen to rotate upstream with the energy release, according to
simple analytical arguments. By artificially spatially varying
the mixing, stable curved detonation fronts were obtained; the
combustion is always complete, and the flame is strongly cou-
pled to the wave front. By using the results of a fuel injection
pattern, we examined the detonation front in the poorest mix-
ing conditions; the curvature is then dominated by the mixing
properties (variation in molecular weight, Mach number) in-
stead of the heat release fluctuations. Despite locally low Mach
numbers, the detonation cannot propagate forward. This is
expected from the analytical and computational models of
detonation structure (absence of ‘“detonation cells’’).?° There-
fore, in a realistic scramjet environment, the flames and deto-
nations induced by a shock are mixing-controlled.

J. PROPULSION

Although the design of an ODWE suffers from the imprac-
ticality of realizing an ideally mixed supersonic fuel-air stream,
the concept can apparently be extended to the mixing-con-
trolled environment. The use of a (curved) shock as a flame
holder is still an appealing concept, especially at very high
Mach numbers, whether the flame is attached to the shock or
not. Another potential interest lies in the mixing enhancement
that is expected to occur behind curved shock fronts.’ It ap-
pears that the inhomogeneities in the mixing and Mach number
variations from the fuel injection process are sufficient to
create strong disturbances on the shock front, without addi-
tional help (acoustic or other). The effect of a shock trainin a
supersonic combustor is likely to be of major importance in its
design.

The numerical capability is currently being enhanced: grid
adapting and grid embedding is planned for the near future. A
k-e TVD code has also been recently designed and needs to be
implemented and validated. Future calculations will also focus
on further validation of the numerical methods, by direct com-
parisons with detonations and flames obtained in various mix-
tures.
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