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In this study, large-eddy simulation is used to analyze supersonic flow, mixing, and combustion in a supersonic
combustor equipped with a two-stage fuel injector strut. The present study focuses on mixing, ignition, and flame
stabilization and the degree of detail required by the reaction mechanism in the large-eddy simulation model
framework. An explicit large-eddy simulation model, using a mixed subgrid model and a partially stirred reactor
turbulence-chemistry interaction model, is used in an unstructured finite volume setting. The model, and its
components, has been carefully validated in a large number of other studies. To bestow further validation and to
provide supplementary information about the physics of mixing and supersonic combustion, experimental data from
the National Aerospace Laboratory of Japan’s supersonic combustor, equipped with the two-stage strut injector and
connected to ONERA s vitiation air heater, are employed. The large-eddy simulation predictions are compared with
the experimental centerline wall pressure distribution and the planar laser-induced fluorescence imaging of
hydroxide—ion radicals distributions in several cross sections of the combustor, showing excellent qualitative and
quantitative agreements. The large-eddy simulation results are furthermore used to elucidate the complicated flow,
mixing, and combustion physics imposed by the multi-injector two-stage injector strut. The importance of the
combustion chemistry appears weaker than expected but with the one-step mechanism resulting in a too early
ignition (caused by local shock wave heating) and a more stable flame, as compared with the more detailed two- and

seven-step mechanisms.

Introduction

IGH-SPEED flight has, for along time, been of interest to man:

both for terrestrial travel and space exploration and transport.
Key issues for these types of travel are the vehicle design and the
propulsion system and how to integrate the two. In the realm of civil-
ian air transport, the primary goal has been reducing operational cost
rather than increasing flight speeds. However, it is still of interest to
try toreduce present terrestrial travel times, putting any place on earth
within a few hours of flight. Military aircraft design has focused on
maneuverability and stealth, features that are difficult to realize in hy-
personic flight, whereas hypersonic missiles are under development
by many countries. Space travel has, so far, relied on rocket propul-
sion but, if aerospace planes are to be operationally viable, an air-
breathing propulsion system (in which the ambient air is used as an
oxidizer) is needed. Because of the provisions of such vehicles, the
airframe must be built around the engine, with the engine being the
key component. Two types of engines, ramjets [1] and scramjets [2],
are preferred for supersonic flight. In a ramjet, the flow is decelerated
to subsonic levels before it enters the combustor, allowing an efficient
operational regime of 3 < Ma <5 (above which the deceleration
leads to excessive thermal losses), whereas in a scramjet, the flow
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through the engine remains supersonic, thus allowing an operational
regime of 6 < Ma < 15. Seamless integration of ramjet and scramjet
operations is possible in the same engine [3] by allowing it to
sequentially operate as a ramjet, a dual-mode ramjet, a dual-mode
scramjet, and a scramjet. Below Ma = 3, a turbine-based combined
cycle (consisting of a bank of gas turbine engines) or a rocket-based
combined cycle (with externally or internally integrated rockets) can
be used.

Figure 1 presents a generic scramjet, in which fuel is injected into a
supersonic airflow. The air is at a sufficiently high temperature and
pressure for the fuel to react, and the resulting mixture is expelled
from the engine through the nozzle at a higher pressure. The scramjet
is composed of four main components: an inlet, an isolator, a
combustor, and an exhaust nozzle. The inlet decelerates the flow
through a series of oblique shocks, thus increasing its temperature.
The isolator is the key component in the seamless transition from
ramjet to scramjet mode, separating the combustor from the inlet.
During dual-mode ramjet operation, the precombustion shock train
continues through the isolator, resulting in subsonic combustor
conditions. During dual-mode scramjet operation, the precombus-
tion shock train pulls back toward the combustor entrance, resulting
in supersonic combustor conditions. Under scramjet operation, the
inlet shock continues through the isolator, resulting in supersonic
combustor conditions. In the combustor, fuel is injected into the high-
speed airflow, whereby mixing creates the conditions for the fuel-air
mixture to self ignite and to combust. Finally, the combustion pro-
duct flow is expanded through the nozzle to allow the flow to
accelerate to the ambient speed and to provide a mechanism by which
the increase in pressure can be converted into forward thrust. In
Fig. 1, the fuel is injected along the engine axis; however, other
injection techniques, such as transverse injection, may be used.

Scramjet propulsion research is continuing, but so far only limited
success has been reached in building an engine. Part of the reason for
the slow pace is the complex nature of the high-temperature reacting
flow in the engine. Most research to date has been conducted in
ground-based research facilities, but recently, test engines have flown
on conventionally powered vehicles. One of the main difficulties in
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Fig. 1 Schematic of a scramjet engine integrated in a vehicle body.

scramjet progress is the reproduction of its flight conditions. Shock
tunnel facilities can make the required conditions, but the test times
are often too short. Blowdown facilities generate flow for a longer
time, but it is difficult to generate the required conditions (even for
M > 8) and, usually, the air is contaminated by the combustion
products from the air heater. Modeling of scramjet combustion
is a formidable task, due to the complex aerothermodynamics.
Conventional Reynolds-averaged Navier—Stokes (RANS) models,
with simplified combustion models [4], are not detailed enough to
predict the convoluted mixing and reaction processes, whereas direct
numerical simulation (DNS) is too expensive for practical use.
Intermediate large-eddy simulation (LES) models [5,6] have, how-
ever, recently been successfully used to investigate supersonic
combustion using flamelet models [7] or finite-rate chemistry
models [8]. However, to predict (from first principles) the salient
features of scramjet combustion, improved reaction mechanisms and
turbulence-chemistry interaction models must be incorporated.

The aim of this investigation is to: 1) further validate the finite-rate
chemistry LES model against laboratory measurement data [9,10];
2) study the influence of the reaction mechanism and the turbulence-
chemistry interactions in finite-rate chemistry LES; 3) examine the
complex flow, mixing, and combustion process in hot vitiated super-
sonic flow to gain new understanding pertinent to scramjet combus-
tion; and 4) to provide additional general information concerning the
use of computational methods (and LES in particular) in scramjet
propulsion research. The laboratory facility combines the National
Aerospace Laboratory of Japan’s (NAL) supersonic combustor [9]
(equipped with a two-stage injection strut) and the ONERA/Reactive
Flow and Research Techniques Laboratory (LAERTE) air vitiation
facility [11], where PLIF and wall pressure measurements of super-
sonic H, combustion have been carried out.

Overview of Large-Eddy Simulation
Combustion Modeling

The reactive flow equations are the balance equations of mass,
momentum, and energy, describing convection, diffusion, and reac-
tions [4]. In LES, these equations are filtered in order to remove the
smallest eddy scales, so that the low-pass filtered equations can be
resolved on grids of a manageable size. The filtering introduces
additional terms in the filtered equations, representing subgrid mass,
momentum, and energy transfer, as well as filtered source terms, such
as reaction rates, constitutive equations, and radiative heat loss. Most
transfer terms are also found in nonreacting flows, are reasonably
well understood, and can be modeled using well-known methods
[12,13]. The filtered source terms are specific to reacting flows, and
particularly mixing (or species mass transfer) and chemical reactions
are closely related (occurring on very small scales), typically
resulting in wrinkled interfacial zones, in which most of the reactions
take place. This requires specific modeling techniques. Broadly
speaking, we differentiate between mixing-based models, flamelet
models, and finite-rate chemistry models: all of which may be further
subdivided, depending on the assumptions involved in the formula-
tion and modeling [14].

In mixing- based models, the reaction rate is typically described in
terms of the variance of the mixture fraction z” (for nonpremixed

combustion), the variance of the progress variable ¢” (for premixed

combustion), or the scalar dissipation rate y, for which transport
equations can be formulated and modeled [4] and the tildes denote
the low-pass filtering operation performed to eliminate the small
(unresolved) scales. These models are usually borrowed from RANS
and modified for LES using DNS and experimental data.

In flamelet models, the flame is considered thin when compared
with the scales of the flow and, thus, serve as an interface between the
fuel and the oxidizer (for nonpremixed combustion) or the reactants
and the products (for premixed combustion). Because of separation
of scales, the flow modeling is decoupled from the chemistry, which
is modeled by the laminar flame speed s, and by mapping the
structure of a one-dimensional (1-D) laminar flame onto the normal
of the interface closure is reached. A mixture fraction Z is often used
for nonpremixed flames, a progress variable ¢ or a kinematic G field
is usually used for premixed flames, and, for stratified combustion,
both ¢ (or G) and 7 are required. Turbulence is accounted for by the
wrinkling factor &, representing the turbulent wrinkling. LES using
flamelet models has been used to analyze scramjet combustion [7],
but when the flame is outside of the flamelet regime in the Borghi
diagram [4], this approach is no longer useful (due to the interactions
between the chemistry and the flow).

The finite-rate chemistry models are based on solving the LES
equations for a set of species related by a reduced reaction mech-
anism [P;;]{3;} = {0}, where P;; is the stoichiometric matrix and ;
is the vector of species’. The key issue in this approach is how to in-
corporate the turbulence-chemistry interactions and the subgrid mix-
ing, as these processes occur at the smallest resolved and subgrid
scales. A range of methods and techniques are, however, available
that can be used to estimate the filtered reaction rate w;, including the
thickened flame model [15,16] (in which the flame is rescaled to be
resolved on the grid while preserving s,,), the probability density func-
tion model [17] (in which a transported or a presumed probability
density function is used to perform the filtering in composition space),
the eddy dissipation concept (EDC) [18] (in which the turbulent
cascade process is used to model the reacting volume fraction «), the
partially stirred reactor (PaSR) model [19] (in which « is estimated as
the reacting fraction of the volume swept by the flow structures), and
the quasi-laminar (QL) model [20] (in which the subgrid fluctuations
are neglected when the filtered reaction rates are evaluated).

Finite-Rate Chemistry Large-Eddy Simulation Model

In this investigation (focusing on self-ignition, mixing, and com-
bustion in hot vitiated air), a finite-rate chemistry model is selected
based on the experimental results [9], revealing a distributed flame,
well outside of the flamelet regime. In finite-rate chemistry LES, all
variables are decomposed into resolved and unresolved (or subgrid)
components by a spatial filter, so that f = f + f”, where f = pf/p
is the Favré filtered component and, by filtering the mass,
momentum, and energy equations in this way, the reactive LES
equations become [4,14,16,21]

3,(p)+V-(pv) =0

30,(pY) + V- (pVY) =V-(j;—by) +;

3,(pV) + V- (pV®V)=—Vp+V-(S—B)
0,(pE)+V-(pVE)y=V-(=pv+Sv+h—by) + 50

(€]
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Here, p is the density, v is the velocity, p is the pressure, S is the
viscous stress tensor, E=h — p/p + %vz is the total energy, 4 is the
enthalpy, h is the heat flux vector, Y, is the species mass fraction, u; is
the species reaction rate, j; is the species mass flux, and Q is the
radiative heat loss. The unresolved subgrid physics is concealed in
the subgnd stress tensor and flux vectors B=5(v® v — ¥ ® V),
b, = (vY, —¥Y,), and b, = (VE —¥VE), which result from
filtering the nonlinear terms. Following [20], we assume the gas
mixture to be linear, viscous, and optically thin with Fourier heat
conduction, Fickian diffusion, and Arrhenius chemistry. We dis-
regard the subgrld contributions to the constitutive equations, so that
ji~D,VY;, p~pRT/S;(Y;/M,), S ~2uDp, and h ~ «VT, in
which R is the gas constant, M; is the spec1es molar mass, D =
(Vv + V¥7) is the rate-of-strain tensor, and D, = D — 1 trDI isits
dev1atorlc part. The viscosity p is modeled using Sutherland s law,
and the species and thermal diffusivities are set to D; = u/Sc¢; and
L/ Pr, respectively, where Sc; and Pr are the Schmldt and
Prandtl numbers. Filtering E' in (1) results in E=h—p/p+

5 V2 + k, where k = ; (v* — 2) is the subgrid kinetic energy and

- - . [T
h= Ei(Yihgf.) + Ei|:Yi/ C,,‘,-(T) dTi|
Ty

from which the temperature T is obtained. The filtered species reac-
tions rates are w; = M ,-Zj/’:l ;jW;, in which the reaction rate of the
Jjth reaction step is given by

;= ky T (pY) 1 — ki T1

where k; are the rate constants.

To close the LES equations, we need to provide models for B, b;,
bg, and w;, taking the turbulence-chemistry interactions into
account. Concerning B, b;, and b, we notice that these terms are not
unique to reactive flows and closure models can be acquired from the
plethora of subgrid models for nonreactive flows [5]. Here, we
employ the mixed model (MM) [13,22], where

?’:1 (PY,‘)P;/’

B=p(V®V-—v®V) — 21Dy
b; —,o(VY —VY)——VY
and
b, =pFE—vE)— Vi
Pr

where Sc, and Pr, are the turbulent Schmidt and Prandtl numbers
Sc, = 0.9 and Pr, = 0.7, respectively, because it better handles the
subgrid anisotropy than most eddy viscosity models. The subgrid
viscosity, ;= cpAk'/?, is obtained from solving a transport
equation for the subgrid kinetic energy:
3,(pk) + V- (pkV) = —B - D + V- (1, Vk) —

where & = c,k*?/A is the subgrid dissipation [22]. The model
constants ¢; and ¢, are calculated from the classical model of
the energy spectra, £(k) = Cxe**k™>/3, where Cy ~ 1.50, by recog-

nizing that
k= / ” E(k) dk
/A

so that ¢, = 0.07 and ¢, = 1.05. To reduce the computational cost,
we use wall-modeled LES, in which a separate subgrid model is used
to handle the near-wall flow physics [23]. The model is based on
replacing the effective viscosity (u + p;) and the thermal and
species diffusivities (u/Pr+ pui/Pr, and p/Sc; + pui/Sc,,
respectively) in the first grid point adjacent to the wall, with values
locally derived from the logarithmic law of the wall.

The reaction rate model is required to handle nonunity Lewis
number mixing, extinction and reignition, fuel modulation, and
different modes of combustion, including accurate predictions of
transient species. Mixing-based or flamelet models are unsuitable for
this without extensive modifications, hence we focus on a finite-rate
chemistry model. Here, we use a PaSR model, adapted for LES [24],
with each LES cell being divided into fine structures (denoted by *),
in which mixing and reactions are assumed to take place, and
surroundings (denoted by ) are dominated by large-scale coherent
flow structures. The conditions in the fine structures and surround-
ings are coupled by the (subgrid) balance equations of mass,
p(Y; —Y)/1, ~w;(p. Y, T*), and energy:

PR, (Yih: = YOR) [, = S0,k (. YE, T)

where 7, is the subgrid mixing time. By defining the resolved (or
filtered) fields (denoted by ~) as Y, =«kY *+ (1 —x)Y? and
T = «T* + (1 — k)T°, where « is the reacting volume fraction, the
subgrid balance equations become:

{Z)(Y* Y) = (1= 0)z,w(p, Y, T
pxy [Y*h*(T*)—Yh(T)]—(l—K)r SR (B, Y, T)
(2)

To complete the subgrid combustion model, « and 7,, need to be
estimated from the information available to the resolved scales.
The smallest scales of relevance to the subgrid mixing are the
Kolmogorov scales {x = (V3 /)4, vg = (ve)/*, and 1=
(v/€)'/?, whereas the largest scales relevant to the subgrid mixing
are the subgrid scales A (> €¢), V' = /2k/3 (= vg),and T = A /v
(= 7). As the subgrid mixing occurs on all scales below 7/, the
subgrid mixing time scale is, here, estimated as the harmonic mean of
% and 7/, such that 7, = /1xT (= t¢). The reacting volume
fraction « is estimated under the assumption of sequential mixing
and reaction, each characterized by the time scales 7,, and 7.,
respectively, where the chemical time scale . is estimated as
1. =36,/s,, with§, = u/Pr as the laminar flame thickness. Hence, x
can be estimated as the ratio between the volume swept by the
reacting structures and the volume swept by the mixing and reacting
structures, so that k = 7,/(,, + 7..). The filtered reaction rate w; can
thus be estimated using « and the local solution of the subgrid balance
Eqgs. (2), such that

7T = /w (W), (9) A ~ ko, (B. YE. T)

LT & aby(p, Vi, T) ~ cy(p, ¥, T)
3)

where g denotes an a priori unknown PDFand ¢ = [p, T, Y,]7 is the
state space of the PDF. To provide an independent evaluation of the
sensitivity of the results to the reaction rate model in Eq. (3), the
filtered reaction rates will also be modeled by the QL model, in which
the reaction rate is modeled as w; ~ M, EM (P — Pipw;(p, Y, T)
(i.e., without taking into account the effects of the subgrid
turbulence-chemistry interactions). It is sometimes believed that the
subgrid turbulence-chemistry interaction model is of critical import-
ance for the success of combustion LES but, as observed in recent
studies [25,26] and in the results to be discussed, the choice of model
affects the results in some aspects, although it is not of pivotal
importance.

+ (1= 0)w(p, ¥}

Numerical Methods

The code uses an unstructured collocated finite volume (FV)
method [27], in which the discretization uses the Gauss theorem
together with an explicit time integration scheme. Given the vector of
unknown variables, @ = [p, pY;, p¥, pE]’, the semidiscretized
equations are
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0 + 5y R @) — FP@) + Ff(u, @] = sp(u. §) 4)

where F¢(a), F£(a), F£(u, u), and sp(u, ) are the convective,
diffusive, and subgrid fluxes and the source terms, respectively.
The flux reconstruction scheme for the convective fluxes, Ff(ﬁ), is
based on hybridizing a high-order linear reconstruction algorithm,
FJC-'H (u), with a low-order upwind-biased reconstruction algorithm,
Ff’L (u), using a nonlinear (van Leer) flux limiter, ¥(u), resulting in
atotal variation diminishing (TVD) convection scheme. To minimize
the nonorthogonality errors in the viscous and subgrid fluxes [F}) (u)
and Fﬁ (u, u), respectively], these are split into orthogonal and
nonorthogonal parts. Central difference approximations are applied
to the orthogonal part, whereas face interpolation of the gradients of
the variables is used for the nonorthogonal parts. The time integration
is performed by a second-order accurate TVD Runge—Kutta scheme
[28]:

@t =L@ 4 ar) -1 At{ﬁ =, [FE@*) — F2(a%) + FE(u*, %)) —sp(u”, ﬁ*)}

The equations are solved with full coupling between the equations
with a fixed time step corresponding to a Courant number of about
0.4. The discretized equations are investigated using the modified
equations analysis [29] to ascertain that the subgrid model does not
interact with the leading order truncation error of the numerical
method.

The ONERA/Japan Aerospace Exploration Agency
Scramjet Experiment

Figure 2a shows a photograph of the experimental supersonic
combustion facility, consisting of NALs supersonic combustor
[9,10], mounted in the ONERA/LAERTE vitiation air heater [7] and,
in Fig. 2b, a schematic of the combustor is shown. The combustor
consists of a 0.36 m long constant area duct, with a cross section of
0.05 x 0.10 m?, followed by a 0.60 m long diverging area duct, with
upper and lower expansion angles of 1.72 deg. For optical access,
large quartz windows cover the sides of the combustor. In addition,
pressure transducers are arranged along the centerline of the upper
wall along the combustor. For the purpose of this investigation, we
have chosen to work with the ONH10 two-stage injection strut [9],
developed by ONERA and outlined in Fig. 2b. To facilitate ignition
and enhance flame stabilization, this injector strut makes use of a first
row of 4 x ¢2.0 mm Mach 2.5 injectors (installed on the top and
bottom walls of the strut, 27 mm from its base, making a 45 deg angle

i =a" — At{ﬁ =, [FE(@") — FR(a") + FE(u", )] —sp(u”, ﬁ")}

with the centerline) and a second row of 3 x ¢4.3 mm Mach 2.5
injectors (installed on the strut base, 0.433 m downstream of the
combustor entrance). All injector rows have a spacing of 25 mm, with
the second-stage injectors located between the rows of the first-stage
injectors to improve the fuel—air mixing in the recirculation region.
Gaseous H,, at a temperature of 124 K and a velocity of 2149 m/s, is
feed into the O, /N, /H,O mixture with a mass fraction distribution of
0.23:0.70:0.07, at a density of 0.1335 kg/m?, at a temperature of
830 K, at a velocity of 1449 m/s, and at a pressure of 34.2 kPa. The
H, mass flow distribution between the first- and second-stage
injectors is 40 and 60%, respectively.

To prepare for the LES computations and estimate the flame
characteristics, we use the laboratory measurement data to estimate
nondimensional key parameters. Based on the velocity and density
entering the constant area combustor, the height 4 of the injection
strut, and the viscosity of the vitiated air 4, the integral Re number is
Re; ~ 55,000. Moreover, by assuming that the integral length scale
can be approximated by the height of the injection strut, £; 2~ 0.01 m,

(&)

the Kolmogorov and Taylor scales can be estimated as {y ~
Ref3/4h ~28 um and {;~ Refl/zh ~ 43 pm, respectively.
Based on the mass flow rates, the global equivalence ratio is
¢ ~ 0.45, from which the laminar flame speed and flame thickness
can be roughly estimated as s, = 1.5 m/s and §, =0.1 mm,
respectively, so that v'/s, ~ 10 to 100 and ¢,/5, ~ 10 to 100,
respectively. This further implies that Da = ({;/§,)/(V'/s,) ~
[0.5, 10]and Ka = (v'/s,)*?/(£,/8,)"/*> ~ [3, 400]. In the case of a
premixed flame, this would correspond to a thin flame extending into
both the distributed reaction regime and the corrugated flame regime,
depending on ¢. Close to the injection strut, intense pocket formation
is observed experimentally, hence it is reasonable to believe that the
flame here belongs to the distributed regime. Further downstream,
the flame changes character and is more similar to a thin or corrugated
flame with torn flame fronts and small island formation.

The computational configuration spans the entire combustor (cf.
Figure 2), which must be gridded, so that the large-scale coherent
flow structures (and as much as possible of the flame) are resolved
while maintaining a manageable number of grid cells. Assuming that
the grid spacing everywhere would be 2{, as is sometimes used as a
conservative estimate of the LES grid spacing, this would require
about 7.8 - 10° cells: a number far too high for present-day LES.
Here, we use an unstructured grid (with finer cells near the walls) in
the jet and the injector strut shear layers and around the estimated
mean reaction zone, and larger cells are used in between these

Secondary

H, injectors
4x¢2.0,¢cc=0.025  (m)
Primary
H, injectors

3x¢4.3, cc=0.025

Fig. 2 NAL supersonic combustor connected to the ONERA/LAERTE vitiation air heater [7]: a) photograph, and b) schematic [6].
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regions, thereby reducing the number of cells. The smallest cell size
is 3¢;, being located just downstream of the injector strut, whereas
the largest cell size is 20¢;, being located upstream of the injector
strut in the constant area combustor. The baseline grid contains ~8.5
million cells , but a coarser grid with ~2.5 million cells and a finer
grid with ~17.0 million cells have been constructed to test the grid
independence of the first- and second-order statistical moments of v,
p, T, and Y. Dirichlet boundary conditions are used for all variables
at the inlet and H, injectors. At the outlet, all variables are extra-
polated from the interior. At the walls, the no-slip wall model is used
together with zero Neumann conditions for all other variables. All
runs are initialized with the incoming vitiated air and are left to
develop freely for 10 flow-through times, after which a fully deve-
loped flow is reached. The runs are continued for an additional 5 to
10 flow-through times (see Table 1), during which the first- and
second-order statistical moments of v, p, T, and Y; are sampled.

Combustion Chemistry

Here, we have used three different hydrogen—air reaction
mechanisms: the one-step mechanism of Marinov et al. [30], the two-
step mechanism of Rogers and Chinitz [31], and the seven-step
mechanism of Davidenko et al. [32], with rate parameters according
to Table 2. Associated with the reaction mechanism is the treatment
of molecular diffusion. Most chemistry packages use polynomial fits
for the diffusion coefficients D,. This technique is accurate, but
expensive, and is here replaced by a simpler approximation,
assuming that the Schmidt numbers Sc¢; = /D, are constant, so that
the diffusion coefficients become D, = j1/Sc;, with Sc, given in
Table 3. The thermal diffusivity is modeled similarly with
D, = p/Pr, where Pr = 0.7 is the Prandtl number. The unstretched
laminar flame speed s is obtained from 1-D laminar flame
calculations, based on the individual reaction mechanisms. Based on
the overall equivalence ratio of ¢ ~ 0.45 [9], the average unstretched
laminar flame speed is 1.5 m/s, resulting in a flame thickness of
100 pm.

To obtain some background information about the reaction
mechanisms, they have all been evaluated for constant volume com-
bustion and compared with results from a more detailed 19-step
mechanism [33]. Simulations have been performed for a range of
pressures p, and for each p, the temperature 7" was varied between
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Table 3 Schmidt numbers

Species Sc;
H, 0.29
0, 0.76
H,O0 0.60
OH 0.51
N, 0.75
(6} 0.20
H 0.10

300 and 2000 K. In Fig. 3a, we compare the mass fraction profiles and
the temperature profiles, normalized by the adiabatic flame temper-
ature, between the three reaction mechanisms for an ignition temper-
ature of 700 K and a pressure of 50 kPa. The time # is normalized by
the large-eddy turnaround time 7., = vy/h ~ 6.9 us. For this
condition, ignition occurs at about the same time, 0.27q,,,, for all
mechanisms, which also gives similar 7 and Y; profiles. The two- and
seven-step mechanisms are less stiff due to the formation of radicals
(OH, O, and H) around the ignition time, thus resulting in a smoother
temperature increase. In Fig. 3b, the induction time t;,4, here defined
as the time when 7 has increased by 100 K from the initial state, is
presented as a function of T for p = 50 kPa for the three mechanisms
in Table 2 and for the 19-step reference mechanism [33]. From this,
we find that ;4 is well predicted by the seven-step mechanism and
reasonably well predicted by the two-step mechanism, whereas the
one-step mechanism fails to reproduce the temperature dependence
of 7,4 The seven-step mechanism gains its superiority from the
chain-branching step H 4+ O, <> OH + O, the products of which
rapidly react with H, to produce H, which continues to react
(producing even more radicals) until the resulting pool of radicals
reaches a critical level, whereby a very rapid exothermic reaction
occurs.

Results and Discussion

A first impression of the LES predictions is provided by com-
paring with spontaneous flame images obtained by a normal video
camera [9], as detailed in Fig. 4a. The numerically emulated

Table 1 Summary of the performed ONH10 simulations

Case Subgrid model Chemistry Reaction rate model Grid cells, million Sampling time

1 MM —_ —_ 2.5 4

2 MM —_— 8.5 4

3 MM One-step PaSR 2.5 5

4 MM Two-step PaSR 2.5 5

5 MM Seven-step PaSR 2.5 5

6 MM One-step PaSR 8.5 10

7 MM Two-step PaSR 8.5 10

8 MM Seven-step PaSR 8.5 10

9 MM Seven-step PaSR 17.0 4

10 MM Seven-step QL 8.5 8

Table 2 Rate parameters for the different H,-air mechanisms

Mechanism No. Reaction A [m, kg, mol, s, K] N T, [K]

One-step, [30] 1 H,+1/20, - H,0 5.013-10" 0 17,614

Two-step, [31] 1 H,+0,< OH+OH 2.30-10' 0 5,134
2 20H + H, < 2H,0 1.83-10"8 0 11,067

Seven-step, [32] 1  H,+ 0, <> OH + OH 2.66-10'° 0 24,044
2 H+0,<OH+O0 6.21-10' 0 8,456
3 OH+H, <~ HO+H 3.01- 106 . T!60 1.60 1,660
4 O+H,«< OH+H 1.60 - 103 - T2¢7 2.67 3,163
5 OH+OH<«+ H,0+0 5.21-100. T4 1.14 50
6 H+OH+M< HO+M 1.30-10%" . 2% —2.00 0
7 H4+H+M<H,+M 9.78 - 10'6 . 060 —0.60 0
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spontaneous flame images are composed of the spanwise-averaged
temperature and, in Figs. 4b—4d, the computed emulated spontan-
eous flame images from cases 6, 7, and 8 are presented. Although not
a perfect comparison, it provides some basic insight into the flame
dynamics and how the different reaction mechanisms used in the LES
mimic the laboratory flame. From the experimental results of Fig. 4a,
we note that intensive and quite stable flame emission appears
immediately downstream of the strut, with the flame gradually
growing in thickness in the wake of the strut until it suddenly widens
to a thickness of about 3 h at around x,, &~ 9 h. This blunt flame front
oscillates back and forth, with an amplitude of about 2 to 4 h, and
subsequently separate into an upper and lower branch at around
X;. &~ 14 h. The one-step LES of case 6, in Fig. 4b, does not show any
such sudden increase in thickness but rather a gradual increase in
flame thickness along the whole diverging part of the combustor.
Both the two- and seven-step LES of cases 7 and 8 (shown in Figs. 4c
and 4d, respectively) initially show a narrow but intense flame that
gradually increases in thickness from about h to just above 3 h,
between x,, ~ 7 h and x,, &~ 11 h, after which time it essentially
follows the channel walls throughout the diverging part of the
combustor. However, only the seven-step LES of case 8 shows the
division into an upper and a lower branch of the flame, originating at
around x,, &~ 14 h, just as in the experimental spontaneous flame
images. This suggests that the seven-step LES has potential to
capture the processes in the laboratory combustor. Based on the work
of George et al. [34], this specific oscillating blunt flame may be a
consequence of thermal blockage or supercritical heat release. The
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one-step mechanism cannot represent this, whereas both the two-step
and, in particular, the seven-step mechanisms can capture this
feature.

Figure 5 shows perspective views of the combustor flow in terms
of isosurfaces of the second invariant of the velocity gradient tensor
A, colored by temperature T contours of the vertical gradient of the
refraction index (Vn), at the centerplane (emulating a Schlieren
image) and contours of the fuel mass fraction Yy, on a horizontal
plane through the injection strut for cases 2, 6, 7, and 8. The index of
refraction n is, here, estimated using the Lorenz—Lorentz equation
[35] (n—1)/p=co(n*+2)/(n+ 1) ~ cg, in which cg is the
Gladstone—Dale constant. For a mixture of gases, c; can be
estimated as cg = TV, (cg, :Y:M;)/M [35], where M is the mean
molecular weight for the mixture and Y}, cg;, and M, are the species
mass fraction, Gladstone-Dale constant, and molecular mass,
respectively. For the nonreacting case 2 (Fig. 5a), oblique shocks
appear at the leading edge of the strut, reflecting first in the combustor
wall, then in the strut, and again in the combustor wall before striking
the unsteady inhomogeneous H,-filled wake. Together with the
weakly bent expansion fans, coming off the trailing edges of the
injection strut, this causes a distinctive shock wave pattern to develop
further downstream in the diverging area combustor. At the walls,
the boundary layer thickens, and the temperature and pressure
fluctuations increase as a result of the shock boundary layer inter-
actions. The strut boundary layers separate at the base to develop
parallel unstable shear layers that break up and develop Kelvin—
Helmbholtz (KH) vortices, which initially are in phase with each other.
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Fig. 3 Different H,-air mechanisms (from Table 2): a) mass fraction and temperature profiles vs normalized time for an ignition temperature of 700 K
and a pressure of 100 kPa; and b) ignition delay time chart. [One-step mechanism (dash dot), two-step mechanism (dash), seven-step mechanism (solid

line), and 19-step reference (circles).]

= ———
a) b)
c) d)

Fig. 4 Comparison of instantaneous spontaneous flame images obtained: a) experimentally by a normal video camera and numerically from the
spanwise-averaged temperature from b) the one-step LES of case 6, c) the two-step LES of case 7, and d) the seven-step LES of case 8.
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Fig. 5 Perspective views of the combustor flow in terms of isosurfaces of the second invariant of the velocity gradient tensor A , colored by temperature 7
contours of the vertical gradient of the refraction index (Vn), at the centerplane, emulating a Schlieren image, and contours of the axial velocity v, on a
horizontal plane through the injection strut for cases 2, 6, 7, and 8, respectively.

Because of the small strut height, these rapidly start to interact and,
due to vortex stretching and baroclinic torque effects, the shear layers
become gradually entwined, forming a complex wake. Both grids
(cases 1 and 2) are able to capture this complicated shock-vortex
dynamics, but the finer grid reveals more details. The wake
development is assisted by the primary H, jets injecting high-
momentum H,-rich fluid into the wake and by the secondary H, jets
injecting low-momentum H,-rich fluid into the vitiated flow passing

above and below the injection strut, which subsequently becomes
entrained into the wake.

Figures 5b—5d present similar perspective views from the one-,
two- and seven-step reacting cases 6, 7, and 8, respectively. The key
features of these cases are similar but with important differences due
to the intrinsic features of the reaction mechanisms, as will be
discussed later. With combustion, the recirculation region behind the
strut becomes longer and wider and stabilizes the flame. As a result of
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b)

Fig. 6 Comparison of measured [9] OH-PLIF images with predicted
short time-averaged Yy;, mass fraction distributions from case 2 at: a)
X, =4 handb)x, =10 h.

the exothermicity, the strut base pressure increases, as compared with
the inert case, and the shear layers that shed off the trailing strut edges
become more pronounced, because ignition occurs intermittently
between the inhomogeneous H,-rich wake and the ambient flow. The
flow can be divided into three regions: the induction zone (where
turbulence controls the mixing and combustion and the flame essen-
tially follows the shear layers), the transitional zone that is dominated
by large-scale coherent structures, convective mixing, and exother-
micity (where the flame escapes the shear layers to develop three-
dimensional (3-D) undulating structures), and the turbulent
combustion zone, governed by large-scale coherent structures and
mixing (where the flame finally develops a strong 3-D undulating
pattern). As for the inert H,-injection case, the KH vortices originate
in the shear layers that roll up and become increasingly distorted with
downstream distance, due to vortex breakdown, baroclinic torque
effects, shock reflections, exothermicity, and delayed mixing.
Longitudinal vortices develop between the KH vortices but are wider
than for the inert H,-injection case, due to the temperature-dependent
viscosity that also aids in stabilizing the flow. Exothermicity in-
creases the shear layer thickness, which, in turn, influences the
reflections of the oblique shocks and the pressure. The flames from
all three mechanisms are found to attach to the base of the strut and
widen throughout the induction zone, after which the flame becomes
thicker. As evident from the Schlieren images, but also from the Yy,
and A, fields, the flow in the diverging combustor becomes more
convoluted with the increasing complexity of the chemical reaction

mechanism. For the one-step mechanism, the induction time ;.4 is
much shorter than the time scales of the flow (i.e., Ting < Tiow)s
corresponding to a corrugatedlike flame that does not easily interact
with the vortical structures and discontinuities in the combustor. For
the two- and seven-step mechanisms, 7;,q is on the order of 7y, , such
that 7;,q & 7w, Which then indicate the vortices interacting with and
wrinkling the flame. The differences between the two- and seven-step
mechanism predictions are less pronounced than the differences
between the one- and two- step mechanisms and are due primarily to
the convective transport and differential and preferential diffusions of
O and H, resulting in an even larger exothermally active volume,
which, due to the turbulent transport processes, is geometrically very
convoluted.

In Fig. 6, we compare measured and predicted planar laser-
induced fluorescence imaging of hydroxide—ion radicals (OH-PLIF)
distributions, originally contained within the freestream vitiated air,
with Yy, (appearing as dark regions) for case 2 at 4 and 10 h
downstream of the strut base. The computed OH distribution is
averaged over 50 time steps to emulate the intensifier gate width of
500 ns. In the LES results, the primary and secondary fuel jets are
visible atx,, = 4 h, whereas at x,, = 10 h, they have merged to form
acharacteristic pattern. From the measurements, similar distributions
are observed, and the downstream evolution of the fuel jets is well
predicted by the LES. Moreover, the width of the H,-rich wake
evolves from ~h to ~1.4 h, between x =4 and 10 h, in both the
LES and the measurement data, suggesting that the mixing is well
modeled by the LES.

In Fig. 7, we compare measured and predicted OH-PLIF distrib-
utions after ignition at x,, = 4 and 10 h, downstream of the strut base.
The computed OH distribution is averaged over 50 time steps to
match the intensifier gate width of 500 ns. For the one-step LES, Yoy
is modeled from the equilibrium conditions for OH formation:

M,
You = ﬁ("‘lckchOZYm)l/2
o2 My,

where kL and k% are the equilibrium constants for H+ O, <
OH + O and O + H, <> OH + H, respectively. At x,, =4 h, the
experimental data show high levels of OH between the second-stage
fuel jets, suggesting that ignition and subsequent combustion occurs
early, using fuel mainly from the first-stage injectors. In the one- and
two-step LES (cases 6 and 7), higher levels of OH are found in thin
structures enveloping both the first- and second-stage injector jets,
suggesting too-early ignition, combustion, and lack of fuel-air
mixing. In the seven-step LES (case 8), high levels of OH are found
between the second-stage fuel jets that are in good qualitative and

b)

Fig. 7 Comparison of OH-PLIF images from [9] (far left) with predicted short time-averaged Y,y mass fraction distributions from cases 6 (second from
left), 7 (third from left), and 8 (far right), respectively, at: a) x,, = 4 h and b) x,, = 10 h. Note that the scale is the same for all computational cases 6,7, and

8 and corresponds to that of the experiments.
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b)

Fig. 8 Comparison of mean OH-PLIF images from [9] (far left) with predicted long time-averaged (Yy) mass fraction distributions from cases 6
(second from left), 7 (third from left), and 8 (far right), respectively, at: a) x,, = 4 h and b) x,, = 10 h. Note that the scale is the same for all computational

cases 6, 7, and 8 and corresponds to that of the experiments.

quantitative agreements with the experiments. In case 8, ignition is
also found to occur at the outer edge of the second-stage fuel jets and
appears stable (as supported by the experimental data). Comparing
Figs. 6 and 7, we find that the vertical extents of the structures are
larger for the reacting cases, revealing the effects of volumetric
expansion due to exothermicity. Atx,, = 10 h, the experimental data
show high levels of OH in large volumes around the second-stage
fuel jets and low OH levels in the core of each jet, indicating that these
are fairly coherent. For the one- and two-step LES (cases 6 and 7),
OH continues to occur in thin structures enveloping both the first- and
second-stage fuel injector jets, whereas for the seven-step LES
(case 8), OH is found in thick complex-shaped structures surround-
ing the second-stage fuel injector jets and wrinkled by the vorticity
field (cf. Fig. 5d), being in good qualitative and quantitative agree-
ments with the measured OH distributions.

In Fig. 8, we compare time-averaged, measured, and predicted
OH-PLIF distributions after ignition at x,, = 4 and 10 h, downstream
of the strut base. The computed OH distribution is averaged over 10
flow-through times to match the experimental averaging procedure
[9] using 30 to 50 instantaneous images, with images of poor
combustion due to blow off removed. At x,, =4 h, the best agree-
ment is obtained for the seven-step mechanism, as expected from the
instantaneous OH comparisons of Fig. 7a, but with the results of the
two-step mechanism also showing acceptable agreement, with the
exception of the high (f’ ou) values above and below the second-stage
injector jets. Atx,, = 10 h, the best agreement is also obtained for the
seven-step mechanism, as anticipated from the instantaneous OH
comparisons of Fig. 7b, but once more with the results of the two-
step mechanism showing acceptable qualitative and quantitative
agreements.

Based on Figs. 7 and 8, it appears as if the difference in ignition
delay time between the one- and two-step mechanisms, on the one
hand, and the seven-step mechanism, on the other hand, is sufficient
to allow large-scale convective transport of intermediate species (O,
H and OH) and mixing to occur, taking the species-specific Sc
numbers into account. For the seven-step mechanism and, to a
limited extent, the two-step mechanism, these transport processes
lead to local accumulation of the intermediate species in complex-
shaped pockets between the large-scale coherent vortical structures,
as shown in Fig. 5. In these pockets, small-scale mixing dominates
over large-scale vortical mixing, creating the proper conditions for
continued reactions. Once these conditions are reached, the combus-
tion taking place is very fast, thus rapidly releasing large amounts of
energy and affecting the surrounding vortical flow through volu-
metric expansion (V -V in the continuity equation), raising the

pressure, exothermicity (TV5 — Vh, where s is the entropy, in the
equation for the kinetic energy), and accelerating the flow. For the
seven-step mechanism, the chain-branching step H + O, <+ OH +
O is particularly important, as its products react with H, to produce
H, which in turn reacts again to produce H, O, and OH, accumulating
in the pockets.

Figure 9a presents the instantaneous pressure distributions on the
upper and lower walls, and on the centerplane in case 8, together with
an isosurface of temperature colored by the pressure. Based on
Figs. 5 and 9a, the wedge shock and its reflections on the combustor
walls, as well as on the injection strut, can clearly be seen together
with the slightly bent expansion fan coming off the base of the
injection strut and the bow shocks around the secondary injectors. In
the diverging part of the combustor, the reflections of the pressure
waves on both the combustor walls and on the temperature isosurface
(representing the flame) can be noticed. Quantitative comparisons
between measured and predicted wall pressures along the lower
combustor wall are presented in Figs. 9b and 9c for a nonreacting
situation, corresponding to cases 1 and 2, and a reacting situation,
corresponding to cases 6, 7, 8, and 10. For the inert H, injection
cases 1 and 2 (Fig. 9b), reasonable agreement is obtained between the
LES and the measurement data, and only marginal differences are
observed between the coarse and fine-grid predictions. The predicted
pressure upstream of the injector is higher than the measured, which
may be caused by a too-large viscous drag, whereas the increase in
wall pressure toward the end of the combustor is likely to be caused
by facility details not included in the computational model. The peak
wall pressure is observed downstream of the strut leading edge, due
to the incidence of the shock wave emanating from the strut leading
edge (interacting with the wall boundary layer), and the leading edge
shock causes separation of the wall boundary layer upstream of its
incident location. For the combusting cases 6, 7, 8, 9, and 10
(Fig. 9c), this separation virtually disappears, and the pressure
increases downstream of the injection strut due to the volumetric
expansion. Figure 9c indicates that the agreement with the experi-
mental data improves slightly with increasing grid resolution and
considerably with inclusion of more realistic chemistry, whereas the
influence of the subgrid combustion model is virtually negligible.
This is consistent with the results of other studies [34,36]. The
differences between the seven-step LES and the measurement data
may be explained by a too-short sampling time, and it has been
reported [36] that 35 residence times may be needed to predict this
mode (characterized by large subsonic zones) of combustion, as
illustrated in the Mach number contours in Fig. 9a. Another key issue
may be too-slow mixing in comparison with the time of combustion.
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Fig. 9 Comparison of pressure: a) perspective view on the pressure distributions on the upper and lower walls and on the centerplane and an isosurface
of the temperature at 7 = 1400 K, together with contours of the Mach number (0 < M < 3) on a horizontal plane through the injection strut, and time-
averaged wall pressure distributions along the lower combustor wall for: b) inert H2 injection and c¢) combustion.

For the one- and two-step LES, the combustion efficiency n at
X;. = 60 his 71 and 73%, respectively, and for the seven-step LES,
N~ 95%, indicating the need for detailed chemistry and the
importance of differential and preferential species diffusion and its
influence on the reactions.

Conclusions

In this study, LES has been applied to a joint French—Japanese
laboratory scramjet combustor to examine the influence of finite-rate
chemistry and to enhance our understanding of supersonic combus-
tion. An explicit PaSR finite-rate chemistry LES model is used
together with one-, two-, and seven-step reaction mechanisms. A
second-order accurate unstructured FV discretization is used to
discretize the LES equations. The induction times of these mechan-
isms are compared with a 19-step mechanism, resulting in good
agreement for the seven-step mechanism and reasonable agreement
for the two-step mechanism. For the scramjet LES, two grids of 2.5
and 8.5 million cells are used and, although more details are found in
the fine-grid LES, the large-scale flow features are also resolved on
the coarse grid. In the combustor, the flame is anchored in the wake of
the two-stage wedge-shaped injection struts. The combustion region
can be divided into an induction zone (in which the flame essentially
follows the shear layers), the transitional zone (in which the flame
escapes the shear layers to develop 3-D structures), and the turbulent
combustion zone (in which the flame finally develops a strong 3-D
undulating pattern). Comparison between predicted and measured
wall pressure and OH-PLIF distributions suggests that, although all
LES captures the gross features, the seven-step LES is the only model
that can match the wall pressure amplitudes and the OH distributions.
The reason for this is that the seven-step LES allows transport and
convective mixing of O, H, and OH, as well as appropriate reaction
kinetics.
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