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Abstract

The mixing and combustion of liquid oxygen (LOX) and gaseous methane of a shear coaxial injector
operating under supercritical pressures have been numerically investigated. The near-field flow and flame
dynamics are examined in depth, with emphasis placed on the flame-stabilization mechanisms. The model
accommodates the full conservation laws and real-fluid thermodynamics and transport phenomena over
the entire range of fluid states of concern. The injector flowfield is characterized by the evolution of the
three mixing layers originating from the trailing edges of the two concentric tubes of the injector. As a con-
sequence of the strong inertia of the oxygen stream and light density of methane, a diffusion-dominated
flame is anchored in the wake of the LOX post and propagates downstream along the boundary of the
oxygen stream. The large-scale vortices shedding from the outer rim of the LOX postengulf methane into
the wake recirculation region to react with gasified oxygen. The frequencies of vortex shedding match
closely those of the flow over a rear-facing step, mainly due to the large density disparity between LOX
and gaseous methane. The effects of the momentum-flux ratio of the two streams are also examined. A
higher-momentum methane stream enhances mixing and shortens the potential cores of both the LOX
and methane jets.
© 2006 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction (LOX) and gaseous hydrogen [1]. For future

development of high-performance reusable liquid

Extensive experimental and theoretical studies
have been conducted to improve the understand-
ing of cryogenic—propellant mixing and combus-
tion under both trans- and super-critical
conditions. Most of the previous work was
focused on systems involving liquid oxygen
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rocket engines, combustion of LOX and methane
has recently attracted considerable interest. The
key issues of concern include injector dynamics,
combustion efficiency and stability, and chamber
cooling, to cite a few.

As an attempt to address these questions,
Zurback et al. [2] conducted a preliminary flow
visualization of shear coaxial injection and
combustion of LOX and methane at near-critical
pressures. Shadowgraph images were obtained to
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reveal that the flame was attached to the LOX
post and spreaded downstream along the oxygen
jet boundary, a phenomenon quite similar to that
observed for the LOX/hydrogen system. Singla
et al. [3] later performed a more detailed experi-
ment of high-pressure oxygen and methane com-
bustion associated with a shear coaxial injector.
The temperature of the oxygen stream remained
at 85 K, whereas the methane stream took a value
between 120 and 288 K to simulate trans- and
super-critical injection conditions. The chamber
pressure varied from 4.5 to 6.0 MPa. Emission
images of excited OH and CH radicals were
recorded and time-averaged to determine the
mean flame structure. Results indicated that the
flame was stabilized in the vicinity of the LOX
post-tip under all flow conditions. Since vaporiza-
tion was the slowest process at a subcritical tem-
perature, part of the unburned oxygen droplets
penetrated into the inner flame. After vaporiza-
tion and mixing with gaseous methane at the outer
boundary of the methane stream, a second flame
with a greater expansion angle was formed. There-
fore, when both LOX and methane were injected
at a transcritical condition, the flame featured
two different regions of light emission, one sur-
rounding the liquid oxygen jet and the other locat-
ed close to the outer boundary of the annular
methane stream. The situation changed if oxygen
was injected at a subcritical temperature while
methane was gaseous. The resultant enhancement
of turbulent mixing led to only one flame sur-
rounding the oxygen jet.

In parallel to the experimental studies, a com-
prehensive numerical model for high-pressure flu-
id mixing and combustion was recently developed
[4]. The analysis is employed in the present work
to explore various fundamental physiochemical
mechanisms associated with shear coaxial mixing
and combustion of LOX and methane under rep-
resentative engine operating conditions. The
effects of the momentum-flux ratio of the two pro-
pellant streams on the near-injector flow and
flame dynamics are examined in detail.

2. Theoretical formulation and numerical treatment

The basis of the present work is the general
theoretical/numerical framework described in
Refs. [5-8]. The formulation accommodates the
full conservation laws and real-fluid thermody-
namics and transport over the entire temperature
and pressure regime of concern. Turbulence clo-
sure is achieved by means of a large-eddy-simula-
tion (LES) technique, in which large-scale
motions are calculated explicitly and the effects
of unresolved small-scale turbulence are modeled
either analytically or empirically. The Favre-fil-
tered mass, momentum, energy, and species con-
servation equations are derived by filtering

small-scale dynamics from resolved scales over a
well-defined set of spatial and temporal intervals.
The effects of subgrid-scale (sgs) motions are
treated using the model proposed by Erlebacher
et al. [9]. It employs a Favre-averaged generaliza-
tion of the Smagorinsky eddy viscosity model cou-
pled with a gradient-diffusion assumption to
simulate sgs energy and species transport process-
es. The Smagorinsky coefficients Cr (~0.01) and
Cy (~0.007) are determined empirically. Thermo-
dynamic properties, such as enthalpy, Gibbs
energy, and constant-pressure specific heat, are
obtained directly from fundamental thermody-
namics theories and a modified Soave-Redlich—
Kwong (SRK) equation of state [10]. Transport
properties, such as viscosity and thermal
conductivity, are evaluated using an extended
corresponding-state theory [11,12] along with the
32-term Benedict-Webb-Robin equation of state
[13]. Mass diffusivity is obtained by means of the
Takahashi method, calibrated for high pressure
conditions [14]. The implementation and valida-
tion of the property evaluation schemes were
detailed by Yang [15] and Meng et al. [8]. Owing
to the lack of detailed chemical kinetics schemes
for oxygen and methane at high pressures, a
one-step global reaction model involving four
species (CHy, O,, CO,, H,0) is employed for the
combustion of oxygen and methane [16].

2.1. Turbulencelflame-structure interaction

The modeling of turbulence/chemistry interac-
tion in a physically meaningful manner represents
a critical and challenging issue in the present study
of supercritical combustion. Cuenot and Poinsot
[17] suggested, based on the results from the direct
numerical simulations (DNS) of flame/vortex
interactions, that such interaction in a non-pre-
mixed turbulent flame be characterized by two
non-dimensional parameters: turbulent Reynolds
number Re,, and turbulent Damkohler number
D, defined respectively as follows,

u'l
Re, =" (1/10)"" 1)
D=2 =25 2 /Re,D! 2)
T Tk Te

where 1, 7., and 1, are the characteristic times for
turbulent integral-scale motions, chemical reac-
tions, and molecular diffusion, respectively, and
v the kinematic viscosity. The turbulent integral
and Kolmogorov length scales are denoted by /,
and /,, respectively. ' is the characteristic velocity
of eddies of size /,. The local flame Damkohler
number is defined as the ratio of the flow residence
time to the chemical time (D! = t,/t.). Depend-
ing on the values of the Reynolds and Damkohler
numbers, the characteristics of non-premixed
combustion can be classified into four different
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regimes as illustrated in Fig. 1 [17]. Thin flames,
also identified as flamelets, take place when the
chemical time 7, is small and Damkohler number
D, is large. As the chemical time 7. increases and
the flame thickness becomes the same order of
magnitude as the length scale of the Kolmogorov
eddies, the emerging of unsteady effects must be
taken into account. Flame extinction occurs for
very slow chemical reactions, corresponding to
the low Damkohler number regime in Fig. 1.
For a turbulent diffusion flame, the local flame
thickness and reaction rate depend strongly on
such flow conditions as the strain rate, and are
affected by various unsteady effects encountered.
The flame structures may vary at different spatial
locations in the flowfield.

Several closure schemes, such as the linear-
eddy [18], conditional-momentum-—closure [19],
laminar-flamelet [20], and probability—density—
function (PDF) [21] methods, have been pro-
posed. An accurate and efficient treatment of
turbulence/chemistry interactions within the
context of LES, however, still remains to be estab-
lished, even for ideal-gas mixtures. The situation
becomes more challenging for supercritical fluids
due to complications arising from steep property
variations and the lack of basic flame properties
at high pressures. Even a well-calibrated sgs mod-
el for pure fluid-dynamic processes is not current-
ly available. In light of this limitation, a simplified
approach is adopted in the present work. It is well
known that the Reynolds number increases
almost linearly with pressure. An increase in pres-
sure from 1 to 100 atm gives rise to an increase of
the Reynolds number by two orders of magnitude.
The corresponding Kolmogorov microscale
decreases by 1.5 orders of magnitude. As a conse-
quence, under supercritical conditions, the Rey-
nolds number may reach such a level that the
turbulent eddies may penetrate into the flame
zone and greatly enhance the mixing process. This
leaves chemical reactions a rate-controlling pro-
cess. The resolved-scale chemical source can thus
be evaluated through a direct closure approach

DA D fl_ DLFA
Flamelet ¢ ‘

Laminar

Unsteady
effects

Extinction

1 Re,
Fig. 1. Regimes for turbulent non-premixed combustion
as a function of the Damkohler number D, = t,/t. and
the turbulent Reynolds number Re,.

without considering the contributions from sgs
fluctuations. The filtered reaction rate @ is mod-
eled as

(bk(p7T7Y17Y27---7YN)
:@k(ﬁ7?7?17?27"‘7?N) (3)

In spite of the neglect of sgs contributions, the ap-
proach allows for fluctuations in species produc-
tion rates as functions of instantaneous flow
properties and accounts for finite-rate chemistry.
The model uncertainty and error can be effectively
reduced if the spatial and temporal resolutions in
numerical simulations approach the length and
time scales of sgs fluctuations.

2.2.  Computational  domain
conditions

and  boundary

Figure 2 shows the physical model under con-
sideration. A methane (outer) and an oxygen
(inner) stream, separated by a 0.38 mm thick
LOX post, are delivered to a coaxial injector.
The inner diameter of the LOX post is 3.42 mm,
and the outer diameter of the methane annulus
is 5.18 mm. The injector geometry is chosen to
match that employed in an experimental study
of high-pressure LOX/methane combustion [22].
The computation domain includes the injector
and a downstream region that measures 6D} ox
and 40Dy ox in the radial and axial directions,
respectively. Because of the enormous computa-
tional effort required for calculating the flowfield
in the entire three-dimensional regime, only a
cylindrical sector with periodic boundary condi-
tions specified in the azimuthal direction is treated
herein. The analysis, in spite of the lack of vortex-
stretching mechanism, has been shown to be able
to capture the salient features of supercritical fluid
injection and mixing dynamics [4].

The velocity profile for a fully developed tur-
bulent pipe flow is assumed at the injector inlet
for both streams. Turbulence is provided by
superimposing broad-band white noise onto the
mean velocity profile. The disturbances are gener-
ated by a Gaussian random-number generator
with an intensity of 1% of the mean quantity.

injector faceplate/ rI
X

methane ——»

PO | 6=0.38mm

rL
LOX —» ~ | PLox=3.42 mm Dy, =5.18 mm
LOX post
methane ——»
7 7 7 7 7 7 7 )
y
g 40D, o o

Fig. 2. Schematic diagram of a shear coaxial injector.
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The inflow perturbations do not contain any dom-
inant frequency and only serve to trigger the flow
instabilities inherent in the shear layers. At the
downstream boundary, extrapolation of primitive
variables from the interior may cause undesired
reflection of waves propagating into the computa-
tional domain. Thus, the non-reflecting boundary
conditions based on the method of characteristics
are applied, along with the specification of a refer-
ence pressure [4]. At the radial boundaries, the
pressure and temperature are specified as the
ambient values. The axial, radial, and azimuthal
velocities are extrapolated from the interior.
Finally, the no-slip adiabatic condition is enforced
along the solid walls.

2.3. Numerical framework

The theoretical formulation outlined above
requires a robust computational scheme, due to
the numerical stiffness caused by rapid flow prop-
erty variations and wide disparities of the charac-
teristic time and length scales involved. To this
end, a unified treatment of general fluid thermo-
dynamics, based on the concepts of partial-mass
and partial-density properties, and valid for the
entire pressure and temperature regimes of con-
cern, is established and incorporated into a pre-
conditioning scheme [6]. Since the numerical
relations, including the Jacobian matrices and
eigenvalues, are derived directly from fundamen-
tal thermodynamics theories, the algorithm is
self-consistent and robust.

The numerical framework employs a density-
based, finite-volume methodology along with a
dual time-step integration technique [23]. Tempo-
ral discretization is obtained using a second-order
backward difference, and the inner-loop pseudo-
time term is integrated with a four-step Runge—
Kutta scheme. Spatial discretization is achieved
with a fourth-order, central-difference scheme in
generalized coordinates. In the present study of
LOX/methane combustion, exceedingly large
property gradients exist in the near field of the
injector where the fluid density varies by a factor
of 1000 over a fraction of the LOX post-thickness
(0.38 mm). To effectively suppress numerical oscil-
lations in this region and ensure computational
stability, the fourth-order scalar dissipation with
a total-variation-diminishing switch developed
by Swanson and Turkel [24] is implemented. The
dissipation coefficient is selected to be ¢4 = 0.001
to minimize the contamination from numerical
dissipation.

3. Results and discussions
The theoretical model and numerical scheme

established in the preceding sections are
implemented to study the coaxial injection and

combustion of LOX and methane under supercrit-
ical conditions. Table 1 summarizes the flow con-
ditions considered herein. In Case 1, liquid oxygen
and methane are injected at temperatures of 122
and 300 K, respectively. The bulk velocities of
the two streams are 13 and 75 m/s, respectively.
The mixture ratio of 3 is typical of operational
engines. In Case 2, the LOX inlet temperature
and velocity remain fixed, but the temperature
of the methane stream increases to 450 K. Conse-
quently, the methane stream velocity becomes
132 m/s to maintain the same mixture ratio as that
in Case 1. The momentum-flux ratio of the two
streams, thus, increases from 2.5 of Case 1 to
4.3 of Case 2. Such a variation allows a careful
investigation of the effects of momentum-flux
ratio, a key parameter in the design of shear coax-
ial injectors [25], on the flame stabilization charac-
teristics. It is worth mentioning that for both
cases, the methane stream remains at a supercrit-
ical state, while the LOX stream enters the injec-
tor at a subcritical temperature. The volume
downstream of the injector is preconditioned with
H,0 and CO, with a stoichiometric composition
for oxygen/methane combustion. The chamber
pressure of 10 MPa is well above the critical pres-
sures of oxygen (5.04 MPa) and methane
(4.60 MPa).

The computational grid for the regime down-
stream of the injector consists 360 x 240 points
along the axial and radial directions, respectively.
The grids are clustered in the shear layers and near
the injector to resolve rapid property variations in
those regions. The smallest grid size in the radial
direction is 6 pum, which well falls in the inertial
sub-range of the turbulent kinetic energy spec-
trum estimated using the Kolmogorov—Obukhow
theory. The computational domain is divided into
31 blocks, with each calculated on a single proces-
sor of a distributed computing facility. The phys-
ical time step is 100 ns and the maximum CFL
number for the inner-loop pseudo-time integra-
tion is 0.7. A grid independence study is per-
formed on a fine grid of 540 x 360 cells for Case
1. No discernible changes of the near-field flow

Table 1
Simulation conditions

Case 1 Case 2
p (atm) 100 100
Trox (K) 122 122
Ten, (K) 300 450
pLox (kg/m’) 1006 1006
pc, (kg/m?) 75 42
u ox (m/s) 13.06 13.06
uch, (m/s) 75 132
(P“Z)cm/(P“z)Lox 2.5 4.3
i ox /mcH, 3.0 3.0
Rerox 3.9x10° 3.9%10°
Recn, 12x10° 9.5x% 10*
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and flame dynamics are observed in terms of the
mean properties and vortex shedding phenome-
non. The grid system employed in the present
work appears to be credible.

Figure 3 shows the instantaneous fields of the
temperature, density, vorticity, and mass fractions
of methane, oxygen, and water in the vicinity of
the LOX post. A diffusion-dominated flame
emanates immediately from the LOX post and
propagates downstream along the surface of the
LOX stream. A wake region, which consists of
hot combustion products, effectively separates
the methane and LOX streams. Similar to the
non-reacting flow cases [26], the near-field flow
dynamics are characterized by the evolution of
the three mixing layers originating from the inner
and outer edges of the methane annulus and the
inner rim of the LOX post. The development of
the inner mixing layer of the methane stream,
however, is slightly inhibited by the expansion of
the combustion products in the flame zone.
Because of the liquid-like behavior of the oxygen
jet, a steep density gradient exists between the

flame and the oxygen stream. As a result, the
large-scale vortices emerging from the outer rim
of the LOX postevolve in a manner analogous
to that produced by a backward-facing step and
mainly reside on the lighter fluid side. The evolu-
tion of those vortices significantly enhance the
mixing of methane and hot products. The denser
oxygen stream is less influenced. The vortices
interact and coalescence with their neighboring
vortices while convecting downstream. The flame
residing between the oxygen and methane streams
appears to be quite resistant to flow straining.
Even the strong strain rate generated during the
vortex-paring process does not cause the flame
front to break up.

The higher momentum-flux ratio in Case 2
exerts a substantial influence on the flow evolu-
tion. Both the inner and outer mixing layers of
the methane stream become more dynamic, and
the associated instability waves roll up into vorti-
ces at an upstream location. The vortices formed
downstream of the LOX post are stronger, there-
by enhancing the mixing between methane and
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Fig. 3. Snapshots of distributions of temperature, density, vorticity, and mass fractions of oxygen, methane, and water
immediate downstream of the injector LOX post for Cases 1 and 2 in Table 1.
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hot combustion products and shortening the
potential core of the LOX stream. The interac-
tions among vortices give rise to a much more
complicated flowfield with the emergence of small
structures. The potential core of the methane
stream is also significantly reduced.

To further explore the flow structure, the
instantaneous flow properties are time averaged
over two flow-through times after the calcu-
lated flowfield has reached its stationary state.
Figure 4 shows the time-averaged fields of temper-
ature, density, specific heat, and compressibility
factor of Case 1. The constant-pressure specific
heat has been normalized with respect to the value
at the initial state of the LOX jet. The potential
core of the methane stream and the flame zone
are clearly observed in the temperature field. The
fluid density varies from 10 to 1000 kg/m> over a
very small spatial domain close to the LOX post.
Such a steep density gradient makes this region
behave like a contact discontinuity [5,27]. The spe-
cific heat exhibits an anomalous variation across
the LOX jet boundary. It increases rapidly and
reaches a peak as the fluid temperature transits
from a subcritical to a supercritical value on the
isobaric curve [7]. This effect, combined with the
low thermal conductivity (not shown), facilitates
the formation of a strong density-gradient region
between the LOX jet and hot combustion prod-
ucts [7]. The compressibility factor, which mea-
sures the departure from the ideal-gas behavior,
has values of 0.30 and 0.87 in the core regions
of the LOX and methane streams, respectively.
It increases expeditiously and approaches unity

p (ke/m’)
128
W oss
d 48

30 6 8

I Cr/Cp.ox

y/d

_ 6l 2.40
g 1.80
4 — 1.20
18 24 30 36 0.50

8 7
e 6 1.00
=3 ) ' 0.77
0.53
d 0.30

18 24 30 36

x/8

Fig. 4. Short-time averaged temperature, density, con-
stant-pressure specific heat, and compressibility-factor
fields of Case 1 in Table 1.

in the hot products, where the real-fluid effects
essentially diminish due to the local high
temperature.

Flame stabilization represents a critical issue in
the combustor design. For a shear coaxial injector
with cryogenic propellants, the flame is stabilized
by the recirculation flow downstream of the
LOX post, a phenomenon first quantified in Ref.
[5]- Several experimental and numerical studies
[5,27-29] of shear coaxial injection and combus-
tion of LOX/hydrogen have confirmed that such
a strong recirculating flow acts as a hot-product
pool providing the energy to ignite incoming pro-
pellants. Figure 5 shows the temporal evolution of
the temperature and velocity-vector fields in the
vicinity of the LOX post. The solid lines in the
velocity-vector fields correspond to the isotherm
of 3000 K, which represents the flame boundary.
The large-scale vortices emerging from the outer
rim of the LOX post facilitate the mixing between
the incoming methane stream and hot products.
Driven by those vortices, a relative weak recircu-
lation flow forms close to the inner rim of the
LOX post and convects the oxygen-rich products
toward the methane stream. Unlike the case with
LOX/hydrogen combustion, in which the flame
is anchored very close to the LOX jet boundary
due to the high diffusivity of hydrogen and the
strong inertia of the LOX jet [5,27], the LOX/
methane flame is anchored between two counter-
rotating wake recirculation zones, as illustrated
schematically in Fig. 6.

T(K) NN
120 675 1230 1785 2340 2895 3450

Fig. 5. Time evolution of temperature and velocity-
vector fields in the vicinity of LOX post of Case | in
Table 1; solid lines correspond to the isotherm of
3000 K.
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Fig. 6. Schematic diagram of flame anchoring
mechanism.

Figure 7 shows the time histories of the fluctu-
ating axial velocities at three different axial loca-
tions along the inner and outer shear layers of
the methane stream. The locations of Probes 1,
2, and 3 correspond to the positions of the initial
instability wave, vortex roll-up, and vortex pairing
in the outer shear layer. Small velocity fluctua-
tions are observed in the early stage of the shear
layer development. As the vortices roll-up down-
stream, periodic flow oscillations are clearly
observed at Probe 2. The amplitudes of the veloc-
ity fluctuations further increase with the growth of
the vortices (Probe 3). The effects of chemical
reactions on the vortex evolution can be identified
from the temporal behaviors at Probes 4-6 along
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Fig. 7. Time histories of axial velocity oscillations along
the inner and outer mixing layers of the methane stream
of Case 1 in Table 1.

the inner shear layer, which are close to the flame
zone. In addition to those well-organized flow
oscillations, there exist high-frequency fluctua-
tions. The phenomenon can be attributed to the
volume dilatation produced by the oscillatory
flame [30]. As a consequence of the strong interac-
tions between vortices, as well as their coupling
with the flame, the velocity fluctuation at Probe
6 starts to loss its periodic identity. A closely sim-
ilar behavior is observed in Case 2 (not shown).
Figure 8 shows the power spectral densities of
the axial-velocity fluctuations at Probe 2 and 5 for
Cases 1 and 2. A dominant frequency of
13.8 KHz, corresponding to the vortex shedding
frequency, is obtained for both the outer and
inner shear layers in Case 1. Higher harmonics
exist in the outer shear layer, but their magnitudes
become much smaller in the inner shear layer. For
Case 2, the higher momentum flux of the methane
stream causes an increase of the vortex shedding
frequency to 17.2 kHz. Rehab et al. [31] studied
the flow characteristics of a coaxial water jet with-
out a splitter between the two streams. They sug-
gested that the outer shear-layer dynamics are
dominant over the inner one, and the most ampli-
fied frequency can be predicted by the correlation
proposed by Schadow and Gutmark [32]. The vor-
tex shedding frequencies obtained in the present
work, however, do not confirm their correlation.
The existence of a second length scale (i.e., the
LOX post-thickness) and the severe density strat-
ification between the LOX jet and hot products
significantly modify the near-field flow dynamics.
The vortices shed from the LOX post-tip in a
manner similar to the vortex generated behind a
backward-facing step, where the eddy-formation
frequency is on the order of 0.1 in terms of the
Strouhal number defined based on the bulk veloc-
ity of the outer stream and the step thickness [33].

Case 1 Case 2
20 13.8 Probe 2 40 Probe 2
v : 17.2
? 10 20
=
% 50 100 % 50 100
20 40
13.8 Probe 5 Probe 5
2 17.2
E 10 20
=
% 50 100 % 50 100

Frequency, kHz Frequency, kHz

Fig. 8. Frequency spectra of axial velocity oscillations in
the inner and outer mixing layers of the methane stream
of Cases 1 and 2 in Table 1.
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4. Conclusions

A comprehensive theoretical/numerical frame-
work has been established to study the mixing
and combustion of co-flowing liquid oxygen
(LOX) and gaseous methane through a shear
coaxial injector. The physical model and flow
conditions are representative of cryogenic-propel-
lant rocket engine injectors operating at super-
critical pressures. The formulation is based on
the full conservation laws, and takes into
account real-fluid thermodynamics and transport
phenomena. Turbulence closure is achieved using
a largeeddy-simulation technique. The work pro-
vides a thorough investigation into the injector
flow development and flame dynamics. As a con-
sequence of the large density stratification, the
flame is anchored in the wake recirculating
region behind the LOX post and propagates
along the boundary of the LOX jet. The near-
field flow evolution is dictated by the large-scale
vortices in the inner shear layer of the methane
stream. The dominant frequencies of vortex
shedding match those for a rear-facing step flow,
a phenomenon that can be attributed to the
strong inertia of the LOX stream and lighter
density of gaseous methane. The effects of the
momentum-flux ratio of the two streams on the
injector flow and flame characteristics are also
examined.
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that you validated the experimental results in a flow field
having a Reynolds number of order 10° without recover-
ing the TKE?



N. Zong, V. Yang | Proceedings of the Combustion Institute 31 (2007) 2309-2317 2317

Reply. An axisymmetric simulation was performed
in the present study to capture the main features of
the shear-coaxial injector flowfield and to identify the
flame stabilization and spreading processes at supercrit-
ical conditions. No attempt was made to quantitatively
compare the calculated results with experimental data
due to the lack of detailed measurements of flow prop-

erties in such a challenging environment. The qualita-
tive trend of the flame behavior, however, agrees
reasonably well with the observations made in a similar
configuration, as described in ([3] in paper). Full three-
dimensional simulations are currently undertaken to
provide a more complete understanding of the subject
problem.
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