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A amelet-based model for supersonic combustion

By V. E. Terrapon, F. Ham, R. Pecnik AnD H. Pitsch

1. Motivation and objective

The renewed interest in high-speed ight has recently demostrated the need for the
development of hypersonic air-breathing propulsion systms, i.e., in which the ambient air
is used as oxidizer. These systems have long been recognizedthe most well-suited for
hypersonic propulsion. Although a traditional ramjet is most appropriate for supersonic
speeds (Mach 3 to 5), hypersonic speeds (Mach 6 to15) can beaghed only with the use of
a scramjet, where combustion takes place at supersonic spg® Because the internal ow
in a scramjet is supersonic, the ow has a very short residene time during which air and
fuel must mix on a molecular level, and chemical reactions hee to be completed before
leaving the engine. Moreover, the inlet ow is often accompaied by oblique shocks so
that mixing, sustained combustion and ame anchoring becone critical. Although some
ground and ight experiments have successfully demonstragd the feasibility of supersonic
combustion (e.g., Gardneret al. 2004; Smart, Hass & Paull 2006), experimental testing
requires a large investment and presents numerous di culties. Computational tools are
thus a key element toward the development of an e cient, high-performance scramjet
engine, and because mixing and heat release are at the heart @ scramjet operation, the
implementation of an accurate combustion model for supersaic combustion is critical.

The vast majority of computational work in supersonic turbulent combustion has so
far relied on simpli ed/reduced mechanisms and the explict transport of the involved
species (Bray 1996). Such approaches require the closure thfe chemical source term
in the species transport equation. This can be achieved, foexample, with simpler but
low-accuracy models such as Arrhenius law (Davidenket al. 2003), which neglects clo-
sure, the Eddy Dissipation Concept model (Chakraborty, Pau & Mukunda 2000), or
with closure based on assumed (Baurle & Girimaji 2003; Karlet al. 2008) or transported
(Baurle, Hsu & Hassan 1995) probability distribution functions (PDF). Some authors
have also used the Linear Eddy Mixing model (LEM) (Genin, Chenyavsky & Menon
2004). But due to the strong non-linearity of the source termand the wide range of time
scales associated with the chemistry, those equations areexy sti and di cult to solve.
Moreover, due to very short residence times in such high speeows, ame stabilization
mechanisms are governed by auto-ignition. It is critical to model accurately such igni-
tion and extinction phenomena in order to predict the stability of scramjet combustion.
Therefore, prediction of ame stabilization requires detailed chemical kinetics. While a
model transporting all involved species can easily be extated to more detailed chemical
mechanisms, it quickly becomes computationally intractable, especially when complex
fuels must be considered.

An alternative approach is based on the amelet concept (Peers 2000; Pitsch 2006),
which assumes that the chemical time scales are shorter thathe turbulent time scales so
that the ame can be approximated as one-dimensional. The amelet approach allows the
computation of the chemistry to be performed independentlyof the combustor simulation
and stored in tabulated form as function of a limited number of scalars. During the
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actual scramjet simulation, the quantities of interest are read and interpolated, thus,
dramatically decreasing the computational cost and allowng the use of complex chemical
mechanisms. However, the implementation of the amelet moel is based on a low Mach
number assumption, explaining the still very limited number of studies of high-speed
ows using this approach (Berglund & Fureby 2007).

In the low Mach number amelet implementation, the temperat ure and the species
mass fraction are assumed to depend only on a transported skea, traditionally the
mixture fraction Z, and its dissipation rate. Chemical tables are then constrated as-
suming constant background pressure. This formulation camalso be extended to better
reproduce the unsteady character of combustion by replacig the scalar dissipation rate
with a progress variable (Pierce & Moin 2004). However, the dw Mach number assump-
tions do not hold anymore at supersonic speed and compresdiity e ects start to play
an important role. Therefore, the amelet implementation h as been reformulated where
temperature is no longer given by a chemistry table but compted from the total en-
ergy, thus, better accounting for compressibility e ects (Birbaud & Pitsch 2008). Further,
the model is extended for the auto-ignition regime with arguments similar to the model
developed by Cooket al. (2007) for ignition in HCCI engines.

2. Combustion model for RANS
2.1. Mathematical formulation

In the following, the combustion model is based on the amelé progress variable approach

(FPVA) introduced by Pierce & Moin (2004). The steady amele t model can be derived

in a very similar way. The general form used for the set of equéions is the conservative

form. In this context, the balance equations for the consered Favre averaged variables
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where is the density, 8 the velocity, Z the mixture fraction, 802 the variance of the
mixture fraction, € the progress variable, and€ the total energy, including the chemical
energy. The last term in the rst line of the energy equation (2.6) vanishes under the
unity Lewis number assumption Le = 1. The turbulent viscosity ; is computed with
an adequate turbulence model, e.g., Spalart-Allmarask- or k-! model, which is also
used to compute the turbulent kinetic energy k and the turbulent dissipation rate

In the following, the Prandtl number is chosen to be Pr = 0:5, the Schmidt numbers
S = Sg, =0:5, and the model constants x =1 and C = 2.

In the present formulation the total chemical energy is used so that the chemical
source term does not appear explicitly in the energy equatio (2.6) (Poinsot & Veynante
2005).E is expressed by = R p= +1=282 + k, where p refers to the pressure andf
to the chemical and sensible enthalpy of theN species mixture:

X
A= %h(T); 2.7)
k=1
where the enthalpy of speciek is
Z
hi(T) = hR(Trer ) + Co (T)dT: (2.8)
Tret

The Favre averaged species mass fractiong in Eg. (2.7) and the source term of the
progress variable! ¢ in Eq. (2.5) are interpolated from a pre-computed chemistrytable.

The table is parametrized by Z, 892 and €, where a presumed -PDF with mean 2

and variance 8°¢ and a -PDF are used for the mixture fraction and for the progress
variable, respectively, and statistical independence beteen mixture fraction and the

reaction progress parameter is assumed. The species masadtions and the progress
variable source term can then be written as

% = %(B 8% ¢); (2.9)
lc=1c(& 802 E): (2.10)

After the temperature T has been computed from Eq. (2.7) with a Newton iteration,
the equation of state for an ideal gas is used to close the syain:

kXNgk_

W 1
k=1 'K

p= RT (2.11)
where R is the universal gas constant andWy the molecular weight of speciex.

Finally, the di erent mixture properties, i.e., viscosity , heat conduction coe cient

, heat capacity c,, and scalar di usion coe cient D are computed from mixing rules
and properties of the di erent species as a function of tempeature ® and species mass
fractions ¥ (Bird, Stewart & Lightfoot 2007).

2.2. Numerical implementation

The ow solver is a parallel solver for the solution of the comnpressible Navier-Stokes
equations on unstructured meshes based on a nite volume fanulation and implicit

time-integration on arbitrary polyhedral mesh elements (Pecnik et al. 2008). The code
is entirely written in C++ and uses subdomain decomposition and MPI as the parallel
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(a) Overall computational domain; only the
upper half is computed (dark grey).

(b) Detail of the transition from two-
dimensional to three-dimensional mesh and of
the injector mesh.

Figure 1. HyShot Il geometry.

infrastructure. The states at the cell faces are reconstruted with a second-order inter-
polation in conjunction with slope limiters, and the convective uxes are computed with
the HLLC approximate Riemann solver (Batten, Leschziner & Goldberg 1997). In this
study a modi ed version of the Barth-Jespersen smooth limiter (Barth & Jespersen 1989)
is used. The steady scalar equations are solved at each timéep. Di erent turbulence
models are implemented, e.g., Spalart-Allmaras, Wilcoxk-! , k- , k-I' SST. Only results
based on the Spalart-Allmaras are shown here.

3. Simulation of the HyShot Il ground experiment

The ground-based experiment in the High Enthalpy Shock Tunrel (HEG) at the Ger-
man Aerospace Center (DLR) of a 1:1 model of the HyShot Il vehile (Gardner et al.
2004; Karl et al. 2008) is investigated in this study. This ground-based expement pro-
vides a more exhaustive data set than the original HyShot Il sramjet ight experiment,
which was devised by The University of Queensland to achieveupersonic combustion in
ight above Mach 7.5 using a simple ballistic reentry vehicle (Smart, Hass & Paull 2006).

3.1. Flow con guration

The overall HyShot Il geometry and the computational domain are shown in Fig. 1(a),
where only the upper half of the vehicle is considered. The Hghot Il vehicle consists of
a wedge intake and a combustor with constant area terminatedby an exhaust nozzle. A
bleed channel is located just before the entrance of the comistor to swallow the shock
induced by the leading edge of the combustor top wall and therntake ramp boundary
layer. Hydrogen is injected shortly after the combustion cramber entrance and auto-
ignites downstream after su cient mixing. The length of the constant area section of the
combustor is approximately 300 mm, the height is 9.8 mm. The vidth of the combustor
is 75 mm with four equally spaced porthole injectors locatecb8 mm after the combustion
chamber entrance.

The overall computational mesh contains 5.4 millons cells.Only one eighth of the
combustor span is simulated to reduce the computational cas The mesh perpendicular
to the walls is clustered near the wall to ensure enough resotion at the wall (y* < 1).
Because the ow around the wedge intake is mostly two-dimen®nal and becomes only
three-dimensional at the injection, the mesh was created vih only 1 cell in the spanwise
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Figure 2. Progress variable C as a func-  pigyre 3. Mass fraction of species H as

tion of the mixture fraction Z for dierent a function of the progress variable C for
amelets parametrized by the stoichiometric Z = Z4 =0:028 (squared, Z = 0:2 (circles)

scalar dissipation rate s ranging from 0.002 ~ .q (i
to 1080. and Z = 0:8 (triangles).

direction until about 10 injection nozzle diameters upstream of the injection nozzle. In

a transition region between ten and seven diameters upstraa of the injector, the mesh

is gradually re ne to a fully three-dimensional mesh. Detais of the transition can be

seen in Fig. 1(b). Symmetry boundary conditions are used at he spanwise boundary
planes located in the center of one of the porthole injector§z = 0 mm) and between this

injector and the next one (z = 9:375 mm). No-slip boundary conditions are used at the
walls and extrapolation of the conservative variables is aplied at the exhaust.

The free stream in ow conditions chosen correspond to a igh Mach number My =7:4
with a static pressure P = 1813 Pa, temperature T = 242 K, ow velocity U = 2313
m/s, and Reynolds numberRe 3:8 10° m ! (Karl et al. 2008). An isothermal wall
boundary condition with T,, = 300 K is used since wall heating can be neglected owing to
the very short duration of the experiment. Finally, the fuel inlet is prescribed to be at a
total pressure ofp; = 4:6 bar and a temperature of T = 300 K to achieve an equivalence
ratio 0:3.

3.2. Chemistry model

The chemistry model is based on the GRI-Mech v3.0 mechanism odied with new
OH thermodynamics data (Herbon et al. 2002) and new H+O,+M rates (Bates et al.
2001). The nine species considered are nitrogen g\ molecular and atomic oxygen and
hydrogen (0., O, H,, H), water (H,0), hydrogen peroxide (H,O;), and the hydroxyl
and hydroperoxyl radicals (OH, HO;). The mechanism consists of 28 reactions. Nitrogen
chemistry is not considered in this model.

The chemistry table has been created from a series of ameletomputations using the
Flame-Master code. The pressure was chosen to correspond &m approximate average
combustor pressure ofP = 1:5 bar, whereas the boundary conditions were set tdo =
1300 K for the oxidizer and Tg = 300 K for the fuel. The progress variable is de ned as
the mass fraction of water, i.e.,C = Yy,o0.
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Figure 4. Comparison of the interpolation on a structured Cartesian m esh (hin line) and
on the new structured curvilinear mesh ( thick line) with the exact solution for two di erent
stoichiometric scalar dissipation rates ¢ =0:014 (circles) and & = 653 (squares.

3.3. Chemistry tabulation

As mentioned in section 2.1 the species mass fractions areroputed in a preprocessing
step and tabulated as a function of the mean® and variance 8°2 of the mixture fraction
and of the progress variable€. The preprocessing step consists in solving one-dimensiah
di usion amelets parametrized by the scalar dissipation rate . In a second step those
solutions are convoluted with a -PDF and tabulated along the three dimensionsZ, 202,
and €. The classical tabulation approach is to interpolate the dierent amelet solutions
onto a structured Cartesian mesh spanning the complete rang of the three variablesZ,
802 and €. However, in the present case such a tabulation is not optimbbecause a large
part of the domain, i.e., at large C values aroundZ = 0 and Z = 1, does not contain much
information as shown in Fig. 2. Moreover, all the amelets caverge toward a similar C
value whenZ tends to O or 1. Therefore, a Cartesian mesh cannot di erentate between
amelet solutions in those regions. This is also illustrated in Fig. 3 where one can see
that the mass fraction of species H varies dramatically for ery small variations of C.
To circumvent this issue, a di erent tabulation approach has been developed where the
amelets themselves are used in the progress variable dir¢ion as a grid, i.e., information
is stored along amelet solutions. Although this new tabulation is still structured, it is no
longer Cartesian but curvilinear and the coordinate vectoralong the C direction becomes
a function of Z. This has the great advantage of o ering a good resolution atlarge and
small values ofZ, of avoiding unnecessary data storage where it is not neede@nd of
avoiding a interpolation step from the amelet solutions to the mesh.

The lookup algorithm is still very similar to a Cartesian tab ulation. Assuming a tri-
linear interpolation and given a Z and C value, one has rst to nd the two mixture
fraction values Z; and Z;j+1 bounding the lookup coordinateZ . Then the four points C;; ,
Cij +1, Ci+1, and Cj+1 +1 surrounding the lookup coordinate C must be determined.
The nal step is simply a trilinear interpolation of the vari able of interest between these
four points. The extension to a third dimension, e.g.,8°2, follows the same algorithm.
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Figure 5. Contour visualization of the temperature and pressure alon g two symmetry planes
going through and between two injectors, along the bottom wa Il and at di erent cross-planes.
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Figure 6. Contour visualization of the mass fraction of H ,O and OH along two symmetry planes
going through and between two injectors, along the bottom wa Il and at di erent cross-planes.
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Figure 7. Contour visualization of the mixture fraction Zand streamlines (black) in the
symmetry plane going through the injector.

The classical structured Cartesian and the new structured arvilinear tabulations are
compared in Fig. 4. One can see on Fig. 4(a) that the Cartesiamterpolation leads to dra-
matic spurious oscillations for the species mass fractiongpecially at small stoichiometric
scalar dissipation rate ¢ . On the other hand, the new curvilinear tabulation shows a
very smooth interpolation without any oscillation. The same result is seen in the com-
putation of the temperature as illustrated in Fig. 4(b). Thi s demonstrates that the small
additional lookup cost in a curvilinear mesh is largely comgnsated by a much smoother
interpolation. Other alternatives exist to avoid those unwanted lookup oscillations, like
Arti cial Neural Networks (ANN) (lhme, Marsden & Pitsch 200 8) or unstructured tables
(Shunn 2009), but the simplicity and accuracy of this approach makes it very attractive
in this particular case.

4. Results

Figures 5 and 6 show contours of pressure, temperature, andass fraction of H,O and
OH along the combustor. A two-dimensional shock train emanéges from the leading edge
of the combustor bottom wall re ecting on the top and bottom w alls as shown in Fig. 5(a).
In addition a bow shock is formed upstream of the fuel jet and interacts in a complex
three-dimensional shock system with the shock train. Unlile the unfueled combustor, this
complex shock system is highly three-dimensional. One caniso observe in Figs. 5(b) and
6(a) that the the ame is not anchored at the injector but at a d ownstream distance of
approximately 9 cm, owing to the e ect of nite rate chemistr y. In the boundary layer,
ignition takes place earlier, i.e., approximately 4 cm afte injection, due to lower velocities
and thus, longer residence time. A maximum average temperaire of 2600 K is reached
at the end of the combuster, shortly before the nozzle. Aroud 80% of the fuel is burned
within the combustor, an additional 10% is burned in the exhaust nozzle. Figure 6(b)
indicates that a non-negligible amount of OH is still present at the exhaust. The OH
contour clearly shows that the ame is located around the hydogen ow.

Streamlines in the plane of symmetry through the injector are shown in Fig. 7. The
penetration of the fuel jet is around 20% of the combustion clamber height. Two counter-
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Figure 8. Pressure distribution in the combustion chamber along the b ottom wall between two
hydrogen injectors. The pressure is normalized by the combustor in ow pressure. The injector
is located at x = 0 and the symbols correspond to the measurements of the DLR ground
experiment.

rotating recirculation bubbles are located in front of the jet strongly enhancing the di u-
sion of the fuel in the boundary layer of the bottom combustorwall. Behind the injector
a complicated vortex system is formed, also contributing tothe fuel mixing.

The pressure along the centerline of the combustor, i.e., h&een two injectors, is
depicted in Fig. 8. The comparison with the experimental data of the DLR ground test
shows relatively good agreement. The overall pressure levés slightly lower than the
measurements. This could be the result of the neglected theedimensional e ects of the
combustor side walls, in particular the shock train formed & the leading edge on the side
walls, which has been shown to be non-negligible.

5. Conclusions and future work

The present results are very promising and demonstrate thata amelet approach
seems to be feasible to simulate high-speed ows, although amy aspects are still to be
evaluated.

The next steps will be to validate the combustion model with the jet in cross ow ex-
periments performed at Stanford (Heltsleyet al. 2007). The in uence of the mixing, e.qg.,
turbulent Schmidt number, and combustion model on ame location will be investigated.
The statistical independence between the mixture fractionand the progress variable and
the presumed -PDF for € will also be analyzed (lhme, Cha & Pitsch 2005).

The amelet model has been derived and extensively used foolw Mach number ows.
However, the low Mach number assumptions do not hold anymoreat supersonic speed
where compressibility e ects and viscous heating play a majr role. Although these e ects



A amelet-based model for supersonic combustion 57

are considered in the above formulation by computing the tenperature from the species
mass fractions and the energy, the species mass fractionsdmselves are only functions of
the mixture fraction Z and the progress variableC. In other words, compressibility e ects
and viscous heating are not considered in the computation othe chemistry table. Future
work will attempt to quantify the sensitivity of the species mass fractions, and thus, of
the computed temperature, on compressibility e ects and viscous heating. Depending on
the criticality of these e ects, the combustion model could be improved by adding one
or more dimensions to the chemistry table, e.g., pressure,nergy.

A parallel e ort will focus on improving the ow solver to ach ieve more robustness and
increase the computational speed. Di erent options will betested like pre-tabulation of
the temperature and mixture properties, dual-time stepping and/or coupling scalar and
Navier-Stokes solve.

Finally, the unstart phenomenon will be investigated in the HyShot Il geometry by
increasing the fuel ow rate. The goal is to identify the critical parameters controlling
the unstart and understand its dynamics.
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