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Abstract

This paper reports the results of a joint experimental and numerical study
of the flow characteristics and flame stabilization of a hydrogen rich jet in-
jected normal to a turbulent, vitiated crossflow of lean methane combustion
products. Simultaneous high-speed stereoscopic PIV and OH PLIF measure-
ments were obtained and analyzed alongside three-dimensional direct numer-
ical simulations of inert and reacting JICF with detailed H2/CO chemistry.
Both the experiment and the simulation reveal that, contrary to most pre-
vious studies of reacting JICF stabilized in low-to-moderate temperature air
crossflow, the present conditions lead to an autoigniting, burner-attached
flame that initiates uniformly around the burner edge. Significant asymme-
try is observed, however, between the reaction zones located on the windward
and leeward sides of the jet, due to the substantially different scalar dissi-
pation rates. The windward reaction zone is much thinner in the near field,
while also exhibiting significantly higher local and global heat release than
the much broader reaction zone found on the leeward side of the jet. The
unsteady dynamics of the windward shear layer, which largely control the im-
portant jet/crossflow mixing processes in that region, are explored in order
to elucidate the important flow stability implications arising in the reacting
JICF. Vorticity spectra extracted from the windward shear layer reveal that
the reacting jet is globally unstable and features two high frequency peaks,
including a fundamental mode whose Strouhal number of ∼0.7 agrees well
with previous non-reacting JICF stability studies. The paper concludes with
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an analysis of the ignition, flame stabilization, and global structure of the
burner-attached flame. Chemical explosive mode analysis (CEMA) shows
that the entire windward shear layer, and a large region on the leeward side
of the jet, are highly explosive prior to ignition and are dominated by non-
premixed flame structures after ignition. The predominantly mixing limited
nature of the flow after ignition is confirmed by computing the Takeno flame
index, which shows that ∼ 70% of the heat release occurs in non-premixed
regions.

Keywords: DNS, experiment, transverse jet, vitiated crossflow.
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1. Introduction

The jet in crossflow (JICF) is a canonical configuration employed in many
industrial and transportation combustion systems. It facilitates rapid mix-
ing between two streams, driven primarily by a complex three-dimensional
flow field [1]. Considering combustion applications specifically, the JICF
is widely encountered in aircraft and electric power generating gas turbine
combustors. For lean, premixed systems, JICF technology is used in both
the fuel/air mixers/nozzles and the combustor itself. For instance the lean-
premixed-prevaporized (LPP) concept of aircraft engine combustor relies on a
JICF type fuel injector to quickly mix the vaporizing liquid fuel with gaseous
air. Likewise, industrial gas turbine combustors operating with gaseous fuels
employ a JICF based fuel premixer. In both of these applications, the JICF
provides rapid mixing to enable the primary combustion zone to operate in
a lean premixed mode.

The JICF is also used in staged combustors, such as RQL (rich, quick-
quench lean) systems, in both aircraft and stationary gas turbines where
either an air jet mixes with a rich, vitiated crossflow, or a secondary fuel
jet issues into lean combustion products from a primary combustion zone.
Fuel staging is an attractive design strategy as it can facilitate fuel flexibility
and enable load variations while satisfying stringent emissions regulations.
However, for fuel premixing the JICF near field flame stabilization is impor-
tant to flameholding safety (i.e., to ensure that a flame cannot stabilize in
the JICF wake if it were to flashback [2]), while for staged combustion, the
design concern is primarily that of temperature uniformity into the turbine,
NOx emissions from the secondary zone, and JICF thermoacoustics.

The fundamental momentum and scalar transport in non-reacting JICF
has been studied extensively both experimentally and numerically. Compre-
hensive recent reviews are given by Karagozian [3] and Mahesh [4]. Previous
work has focused primarily on the influence of momentum flux ratio, density
ratio, nozzle geometry, Reynolds number, and boundary layer thickness in
inert JICF configurations [1, 5, 6, 7, 8, 9, 10]. Much less is known, however,
about the behavior of reacting JICF, particularly at crossflow temperatures
relevant in practical devices. Flames can be stabilized by both flame prop-
agation and autoignition processes, depending upon crossflow temperature
and fuel composition. Near field flame stabilization in moderate tempera-
ture crossflow was studied experimentally [11] and using direct numerical
simulations [12, 13]. Higher temperature crossflows were recently studied ex-
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perimentally [14, 15, 16], which emphasized the role of autoignition in flame
stabilization at high temperature.

The near field flame stabilization is also of interest and, in particular, the
effect of the spatial heat release distribution on the instantaneous flow field
and the shear layer dynamics. As the fuel jet discharges into the crossflow,
the shear layer between the windward side of the jet and the crossflow rolls
up into concentrated regions of vorticity (the shear layer vortices, SLV) near
the exit of the jet injector and amalgamate with downstream distance. The
elevated temperature of the vitiated crossflow can make autoignition phe-
nomena very important in the jet near field and lead to a burner-attached
flame stabilized in the stagnation region upstream of the windward shear
layer. Recent experimental and numerical findings suggest that the charac-
ter of the windward shear layer, and thus the spatio-temporal dynamics of
the SLV, is sensitive to changes in the jet-to-crossflow momentum flux ratio,
J , and the jet-to-crossflow density ratio, S.

Megerian et al. [17] performed hot-wire measurements in the windward
shear layer of JICF with different J . They observed a dramatic shift in
the velocity spectra and a significant concentration of spectral power into a
dominant fundamental mode and its harmonics when J was reduced below
J ∼ 10. They interpreted this spectral shift as a transition from convective
instability, where the shear layer acts as a noise amplifier, to global insta-
bility, where the flow behaves as a self-excited oscillator. Subsequent DNS
and global linear stability analysis of non-reacting J = 9 JICF performed
by Bagheri et al. [18] and Schlatter et al. [19] identified two global modes,
including a high-frequency mode associated with the windward shear layer
and a lower-frequency mode found in the leeward side of the jet. Getsinger
et al. [20] extended the earlier hot-wire measurements by Megerian et al. [17]
to consider variable density ratio, S, transverse jets and found that the JICF
exhibited evidence of global instability for S < 0.45, which is lower than the
critical S found for axial jets [21]. The study of Getsinger et al. [20] also
reported that the J value at which the convective to global mode transition
occurred was independent of density ratio, whereas axial jet studies suggest
that the convective-global stability transition is a function of S.

In this study, results are presented from a joint experimental-numerical
investigation of a hydrogen-rich jet in a vitiated crossflow comprised of prod-
ucts of methane combustion, using complementary information from experi-
ments and direct numerical simulations (DNS). While the experimental and
DNS conditions are not identical, significant effort was put forth to match
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important fluid mechanic and chemical kinetic parameters, in order to enable
mutually useful comparisons of the results. In particular, these comparisons
are useful for enabling understanding of the coupled role of flow, kinetics,
and hydrodynamic stability. These will invariably influence the fluid dynam-
ics, particularly the near field shear layer instabilities and growth rates, the
jet/crossflow mixing, and the heat release distribution.

Hence, the main focus of the present work is to investigate the dynamics of
a complex reacting jet in crossflow as revealed by high speed laser diagnostics
and DNS. The mean flame and flow structure is examined using mutual
insights gained from the experimental and DNS data. For example, while
jet flames are nominally axisymmetric in the absence of crossflow, there are
significant distinctions between windward and leeward flame structures in the
JICF which are emphasized - their respective characteristics are reported
and compared. Time resolved data are used to investigate the effects of
heat release on the unsteady dynamics of the shear layer of the reactive jet.
Chemical explosive mode analysis is used to quantify the propensity of the
mixture to autoignition. Finally, the degree of premixedness of the heat
release zones are investigated using the Takeno flame index. The remainder
of the paper is structured as follows. Section 2 describes the experimental
facility and the diagnostics used in the experiment. Section 3 describes the
DNS code and the physical and numerical parameters of the configuration.
The experimental data and the DNS results are presented and compared in
Section 4. Finally, the main findings and conclusions drawn from the analysis
are summarized in Section 5.

2. Experimental Facility and Diagnostics

Two test conditions are considered in the present work, one where the
JICF is non-reacting and one where it is reacting. The experimental facility
utilized for both conditions is comprised of three sections: i) a vitiator, ii)
a flow conditioning section, and iii) an optically accessible test section. A
schematic of the facility is shown in Figure 1. The vitiator section consists
of a natural gas burner coupled to a cylindrical, refractory-lined combus-
tion chamber. In the reacting case, the vitiator is operated at an overall
equivalence ratio of Φ = 0.46.

Hot product gases from the vitiator flow into the rectangular flow con-
ditioning section and opposed air inlets inject a metered quantity of room-
temperature dilution air to reduce the temperature of the vitiated products
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to T ∼ 1200 K. A series of settling chambers and flow straighteners con-
dition the crossflow prior to the test section, where the jet is injected flush
with the lower wall. The Reynolds number of the crossflow in the test section
based on mean velocity and channel height for the reacting and non-reacting
conditions is Reo = 9480 and Reo = 40200, respectively.

The test section dimensions are 127 mm × 76.2 mm and optical access
is provided by quartz windows at the top and sides of the test section. The
jet, which has a diameter of 3.175 mm, is injected normal to the crossflow
direction 86 d downstream of the entrance to the test section. The jet injector
is fabricated from ceramic to minimize quenching and its contour is identical
to that used in the study by Megerian et al. [17]. The smooth contraction
nozzle generates a thin, nearly tophat velocity profile at the exit.

The jet composition is 70% H2/30% He by volume for the reacting case
and 28% N2/72% He for the inert case. The jet enters the test section at
T ∼ 300K in both cases. The crossflow enters at T = 300K and T =
1200K in the non-reacting and the reacting cases, respectively. The inert
and reacting mixture compositions were selected to provide identical jet-
to-crossflow density ratios, S = ρj/ρ∞ = 0.37, below the critical value for
transition from convective to globally instability observed previously in non-
reacting JICF studies by Getsinger et al. [20]. The significance of the density
ratio and its influence on JICF dynamics will be discussed in the Section 4.2.
The jet-to-crossflow momentum flux ratio, J = ρjUj

2/ρ∞U2
∞, is 9 and the jet

Reynolds number based on mean jet velocity is Rej = 2420.
The jet fluid passes through a choked orifice 40 d upstream of the jet in-

jection location to minimize injector coupling between the crossflow acoustics
and the jet supply system. Crossflow acoustics during tests are characterized
using Kistler 211B6 sensors in a two-microphone method configuration. A
third Kistler sensor is located in the jet supply plenum. Finally, the vitiator
has been carefully tuned to achieve the lowest possible crossflow acoustics,
whose associated flow oscillations are approximately 1% of the crossflow ve-
locity and less than 0.2% of the jet velocity.

Simultaneous high-speed stereoscopic particle image velocimetry (SPIV)
and OH planar laser induced fluorescence (OH-PLIF) were used to charac-
terize the flowfield. Illumination was provided by a dual head, frequency
doubled Nd:YLF laser (Litron LDY303-HE) operated at 10 kHz, with mea-
sured pulse energy of about 2 mJ . The laser beam was expanded, collimated,
formed into a ∼ 1 mm thick sheet, and guided into the test section using a
series of mirrors and converging/diverging lenses (LEO) suspended above the
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test section. The laser sheet was aligned to the jet centerplane, and the laser
pulses for the non-reacting and reacting cases were separated by 21.0 µs and
8.1 µs, respectively.

SPIV images were captured by two Photron SA5 cameras mounted in a
side-scatter configuration. The cameras were positioned approximately 30◦

relative to the jet centerplane normal coordinate (z-axis). Each camera was
equipped with a 105 mm focal length lens at f/8 mounted on Scheimpflug
adapters and viewed the test section through a narrow-band interference
filter. Standard corrections for perspective and distortion were made using
a LaVision 058-5 3D dot target. Camera resolution was 512 × 512 and the
viewable area was approximately 45× 45 mm2. 11000 double-framed image
pairs were recorded at each test condition (∼ 1.1 s).

Both the crossflow and the jet were seeded with Dupont R-960 TiO2

particles with mean particle diameter of 0.50 µm. The crossflow seeding
system consisted of a passively agitated swirling seeder operated with about
1 g/s of air flow, while the jet flow was seeded using a small surface spray
type seeder. Seeded crossflow air was injected through the dilution air ports.
Seeding density of the crossflow and the jet were manually balanced. Velocity
vectors were computed using LaVision DaVis 8.1.6 software with multi-pass
processing and adaptive interrogation windows. Initial interrogation windows
were 24 × 24 with 50% overlap while final interrogation windows were 12 ×
12 with 50% overlap, resulting in vector spacing of about 0.48 mm.

The high-speed OH-PLIF system consisted of a frequency doubled Nd:YAG
laser (Edgewave InnoSlab IS811-E) with output power of 40 W pumping a
tunable dye laser (Sirah Credo LG24). The UV output at 283 nm had pulse
width of about 9 ns and pulse energy of 0.2 mJ . The dye laser wavelength
was tuned to the Q1(9) transition of OH in the (0, 1) band of the A2Σ+−X2Π
system. The UV laser beam was expanded, collimated, and combined with
the SPIV sheet. Both laser sheets were approximately 50 mm wide. The
OH-PLIF laser sheet was focused to a thickness of about 0.4 mm.

The fluorescence signal near 310 nm was collected using a Photron SA1.1
camera optically coupled to a Lambert Instruments HiCatt 25 intensifier and
a 45 mm Cerco f/1.8 lens. The OH-PLIF camera was located in between
the SPIV cameras and normal to the jet centerplane. The intensifier was
gated to 200 ns and the timing of the cameras and lasers for both systems
were controlled using a BNC Model 575 timing unit. Background flame lu-
minescence was blocked using a narrow-band interference filter. 9700 images
were recorded per OH-PLIF data set and the resolution was 768 × 768. The
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viewable area was similar to that of the SPIV and standard corrections for
perspective and distortion were applied using images of the 3D target. Laser
sheet intensity variations along the x-direction were corrected using an ace-
tone calibration procedure, and the final OH-PLIF images were corrected for
background OH, which was generally very low (< 10 counts).

3. Mathematical Description and Configuration

The DNS are performed using the code S3D [22] which solves the com-
pressible formulation of continuity, Navier-Stokes, total energy and species
conservation equations on a structured 3D Cartesian grid using an explicit
eighth-order centered finite difference scheme for evaluation of spatial deriva-
tives and a fourth-order, six-stage explicit Runge-Kutta scheme for time
advancement. S3D implements finite rate chemical kinetics and mixture
averaged transport coefficients by interfacing with CHEMKIN and TRANS-
PORT libraries [23, 24]. The chemical reactions in the gas phase are de-
scribed by a detailed mechanism for H2/CO combustion [25], involving 13
species and 35 reactions. Nitrogen is assumed to be inert and NOx forma-
tion reactions are not considered. The extent of the computational domain
is 45 mm × 44.5 mm × 44.5mm in the streamwise (x), transverse (y) and
spanwise directions (z), respectively. Navier-Stokes characteristic boundary
conditions (NSCBC) are imposed and the streamwise boundaries are treated
as non-reflecting inflow and outflow, while the spanwise boundaries are spec-
ified as periodic. The transverse boundaries are treated as adiabatic, no-slip,
inert walls. A transverse jet of diameter, d = 1.5 mm, issues vertically from
the lower boundary and its centre is located at 5.5 mm from the upstream
x boundary at the spanwise midplane. The crossflow corresponds to a fully
developed turbulent channel flow comprised of combustion products of lean
methane.

Figure 2 presents the DNS configuration from an instantaneous volume
rendering of H2O and H2 mass fractions and temperature. The DNS condi-
tions were set up to match the experimental conditions as closely as possible.
The jet and crossflow compositions and the physical and numerical parame-
ters have been selected so that the jet and crossflow Reynolds numbers, the
momentum flux ratio, the density ratio and Damköhler number are identical
with the reacting jet experiment. For the inert case, practical limitations
prohibited matching the crossflow Reynolds number between DNS and ex-
periment; however all other parameters have been matched. To ensure that
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the Damköhler number, defined based on jet time-scale and ignition time
scale of the stoichiometric mixture, matches that of the experiment, the jet
and crossflow temperatures have been adjusted to 407.26 K and 1640 K,
respectively. The corresponding temperatures in the experiment are 300 K
and 1200 K.

As alluded to earlier, the elevated crossflow temperature leads to small
ignition delay times, i.e. tign ∼ 10−6 s for a stoichiometric mixture. This,
in turn, leads to initiation of reactions very close to the jet exit as the fuel
issues from the nozzle tip and mixes with the crossflow, so that the flame is
essentially attached to the jet outlet. The significant concentration of H2O
surrounding the jet in the near field denotes the development of a stable
flame that encompasses the fuel plume and spans both the windward and
leeward sides of the jet.

The time-dependent fluctuating velocity field imposed at the inflow bound-
ary is obtained from an auxiliary inert fully developed turbulent channel flow
simulation. The auxiliary channel flow simulation is performed on a domain
that is 178.3 mm × 44.5 mm × 44.5 mm in the x, y and z directions, re-
spectively and with a grid of 1000× 720× 240 points, respectively. The grid
spacing is uniform in the x and z directions while it is refined in the y direc-
tion to ensure that the near-wall boundary layer is sufficiently resolved, with
the first point located at y+ ∼ 0.25, and 30 points below y+ ∼ 10. The inert
simulation is run for five flow through times, based on the centerline velocity,
before it is fully developed. The inert JICF simulation is initially performed
for one flow through time to allow for the hydrogen plume to be established.
Subsequently the inert JICF solution is advanced for three more flow through
times. In parallel, a reacting JICF DNS is performed in which the plume is
ignited and the simulation is advanced at an intermediate resolution until the
ignition transient is flushed out of the computational domain. The solution
is then up-sampled to the production grid with 1500 × 2080 × 1500 points
in the x, y and z directions, respectively. The calculations are performed on
Titan at ORNL and Edison at NERSC on more than 105 cores.

4. Results and Discussion

The results presented in this paper are organized around three main is-
sues. First, we discuss the time averaged flow and flame structures. This
discussion characterizes the very different flame characteristics on the wind-
ward and leeward sides of the jet, due to the significant differences in flow
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strain. Then, we further consider the stability characteristics of the flow,
including the implication of flow and scalar fields upon its stability, as well
as showing spectra. Finally, we utilize the DNS results to determine areas of
the flow driven by autoignition, as well as quantify the Takeno index to show
the dominance of non-premixed flame structures in driving the majority of
the JICF heat release.

4.1. Time-averaged Flow and Flame Structure

Reynolds-averaged flame and flow features on the spanwise midplane of
the non-reacting JICF are presented in Fig. 3, enabling comparison of the av-
eraged velocity magnitude between the experiment and the DNS. Note that
the velocity is not resolved below y/d = 0.75 in the experiment due to laser
reflections off the lower wall. Recall that, though the J values are matched,
the crossflow Reynolds numbers of the experiment and DNS are different
for the non-reacting case (having values of 40200 and 9480, respectively),
and so comparisons should only be qualitative. As the experimental cross-
flow Reynolds number is higher by a factor of four, its shorter potential core
(y/d < 2) relative to the DNS (y/d = 3) is expected. In addition, the tra-
jectory of the experimental result turns more quickly into the crossflow than
the DNS. As JICF trajectories are largely independent of Reynolds number
for Re ≥ 1× 103 [8], this difference in trajectory may be a manifestation of
a thinner approach flow boundary in the experiment.

Figure 4 compares the Reynolds averaged velocity magnitude and OH
mass fraction fields on the spanwise midplane of the reacting JICF. The
mean heat release rate isolines, spanning 10% to 90% of the maximum value,
are superimposed on the DNS results to demarcate the reaction zone. The
two-dimensional contour plots show that the major flow and flame features
including the jet trajectory and flame brush extent are qualitatively similar
between the reacting DNS and experiment (they are more directly compared
in Fig. 5). In particular, the presence of significant heat release rate on the
jet windward side shows that a thin reaction zone is formed in the mixing
layer between the crossflow and the jet near field, y/d < 3, that leads to
an attached flame established near the jet exit. The peak volumetric heat
release rate occurs at approximately y/d ∼ 0.75, within a region where the
average mixture fraction is nearly stoichiometric ξ̄ = 0.04 (ξ̄st = 0.03), at
the outer edge of the jet shear layer (the vorticity magnitude is ∼ 2% of the
maximum value) where the average velocity is relatively low, Ū/Uj ∼ 10%.
A much broader reaction zone and region of elevated OH is observed in the
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near field of the leeward side of the jet, a region which is characterized by
much lower strain rates where the mean OH concentration and temperature
(not shown) fields reach their maximum levels. Note that the two flame
branches remain firmly attached to the burner outlet at all times, and de-
tachment from the wall was not observed in either the experiment or the
simulation. The low velocity region formed in the jet lee side at x/d ∼ 4
and y/d ∼ 2 in the inert JICF persists for reacting conditions. The mean
volumetric heat release rate in the leeward side is lower than the mean vol-
umetric heat release rate observed on the windward side by a factor ∼ 2.5.
This is due to the lower gradients, strain rate and scalar dissipation rate of
the non-premixed flame on the leeward side. The windward-biased heat re-
lease distribution is noteworthy since entrainment of crossflow fluid into the
jet plume was shown previously to occur predominately on the leeward side
in non-reacting JICF [9], at least for the higher momentum ratio (J = 32.49)
conditions investigated in that study. More detailed analysis of the heat
release distribution in the present work will be presented below.

It is noteworthy that the mean flame characteristics observed here are
considerably different than those of the non-vitiated crossflow case of Grout
et al. [12], which was studied using the same DNS code and methodology.
In that study, the flame was anchored on the jet lee side in a low velocity
region coincident with near stoichiometric mixture conditions. No distinct
windward flame branch was observed, although an intermittent lifted wind-
ward branch, presumably due to propagation of the flame from the lee side
stabilization point around the jet, was reported from experiments in [11], sim-
ilar to the higher-temperature measurements reported by Sullivan et al. [16].
Furthermore, intense turbulent mixing in the near field resulted in partially
premixed flame stabilization near the anchoring location. Slight changes in
flow conditions, such as through modification of the injection angle, disrupted
the flame anchoring and resulted in blowoff [13]. In contrast, under the cur-
rent vitiated conditions, the flame is uniformly stabilized adjacent to the jet
exit around its entire circumference.

Figure 5 compares the time-averaged jet trajectory (center streamline)
and the mean streamwise and transverse velocity components along this tra-
jectory from the reacting experiment and DNS. The jet trajectory can be
used to define the local arc length coordinate, sj, and the local normal co-
ordinate, n. n is zero at the center streamline, positive in the leeward and
negative in the windward sides of the jet, respectively. In the near field, for
x/d ≤ 5, the computed jet trajectory and the transverse velocity component
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exhibit good agreement with the measurements. The streamwise velocity
component, however, increases more rapidly in the DNS than in the exper-
iment, presumably due to differences in the stagnation pressure along the
windward edge of the jet between the simulation and the experiment.

Figure 6 compares the measured and computed mean streamwise velocity
profile as a function of the distance from the wall, y/d, at a streamwise dis-
tance, x/d = 1.33, upstream of the jet center, for reacting conditions. Results
from measurements and DNS conducted with and without the transverse jet
are presented. In the DNS the mean streamwise velocity is nearly parabolic,
corresponding to a fully developed channel flow and is not significantly al-
tered by the presence of the jet. The measured streamwise velocity profile in
the absence of the transverse jet is similar although it is approximately 10%
higher than the DNS profile for y/d > 2.5. The measured crossflow velocity
profile in the presence of the jet, however, is lower by up to 30% at y/d ∼ 5,
at all y/d locations. Therefore the transverse jet in the experiment interacts
with a crossflow characterized by a streamwise velocity profile that is lower
than in the DNS; thus, both the measured near field streamwise velocity and
far field jet turning are lower in the the reacting experiment compared to the
DNS.

Figure 7 presents the Reynolds-averaged streamwise velocity, transverse
velocity and OH mass fraction profiles, as a function of the normal coordi-
nate, n, at selected locations along the jet trajectory, sj, shown in Fig. 5.
The overall agreement of the computed Reynolds-averaged transverse veloc-
ity profiles with the experimental data in the jet near field, sj/d < 5, is good,
suggesting that the imposed jet boundary conditions are adequate. Consis-
tent with the results presented in Fig. 5, the streamwise velocity U/Uj in the
near field, however, is higher in the DNS than in the experiment, and thus the
simulated jet is found to exhibit a faster alignment with the crossflow. In the
far field, for sj/d > 5, the streamwise velocity agrees with the measurements
but the transverse velocity is slightly underestimated. The OH mass fraction
profiles are consistent with the earlier plots showing that the attached flame
is characterized by a thin reaction zone in the windward side of the jet near
the jet exit which becomes broader in the far field. On the lee side of the jet,
the width of the reaction zone is broader but does not change significantly
along the jet trajectory. Both the experiment and DNS show the significant
difference in scale of the OH layer thickness on the leeward and windward
sides near the jet exit. This result is a consequence of the significant differ-
ence in scalar dissipation rate and leads to very different thicknesses of the
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high temperature, elevated OH region, with maximum OH mass fractions
as much as three times higher on the lee side.

The OH layer thickness and heat release, q, layer thickness are presented
in Fig. 8 as a function of the arc length trajectory on both sides of the jet.
The OH and heat release layer thickness is evaluated as the full width at half
maximum of the OH mass fraction and q profiles. Consistent with the OH
profiles shown in Fig. 7, the OH layer thickness on the lee side of the jet is
an order of magnitude higher than the windward side at the jet exit. As the
jet aligns with the crossflow, however, the difference between the thickness of
the two flame branches progressively diminishes. Note the close agreement
between the DNS and experiment for the evolution of the windward thickness
with downstream distance. On the leeward side, the two differ substantively
near the jet exit but then attain better agreement further downstream. In
the near field sj/d < 5, the experimentally measured OH layer thickness
follows the heat release layer thickness extracted from the simulation along
the leeward side of the jet but the two thicknesses diverge in the far field.

The normalized integral of the burning rate (Q) and fuel consumption rate
(RRH2) at selected locations normal to the jet trajectory evaluated on the jet
windward and leeward sides are presented in Fig. 8. The integrated burning
and fuel consumption rates normalized by their respective global maximum
values (qmax and rrH2max) and the local OH layer thickness, δOH(sj), are
evaluated as:

Q =

∫∞
0

q(n)dn

qmaxδOH(sj)
(1)

and

RRH2 =

∫∞
0

rrH2(n)dn

rrH2maxδOH(sj)
(2)

and are found to be high in the near field of the windward side and decrease
in the far field. The heat release and consumption rate from the leeward side
is substantially lower than the windward side up to sj/d ∼ 8. Note also that
the leeward side heat release rate exhibits significantly less variation with
downstream distance than the windward side.

Further insights into the different characteristics of the leeward and wind-
ward sides can be gained from the conditional mean heat release rate and
mixture fraction scalar dissipation rate. These quantities are presented in
Fig. 9 in the near field (y/d < 3) for the windward and leeward sides of
the jet. Also shown are one-dimensional laminar flame results, obtained
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using OPPDIF [26], corresponding to low (600 1/s) and high strain rates
(9000 1/s). These two levels of strain rate were selected as they closely match
the maximum conditional heat release on each side. The mixture fraction
conditioned heat release rate is higher on the windward side and exhibits
large conditional fluctuations, which suggests that the flame in the vicinity
of the windward near field is subject to a broad range of scalar dissipation
rate levels. The conditional mean and rms mixture fraction scalar dissipation
rate on the windward and leeward jet sides are presented in Fig. 9 (bottom).
The conditionally averaged scalar dissipation rate is of interest because of
its use in various modeling approaches. The stoichiometric mixture fraction
dissipation rate and its variance on the windward side is two-orders of magni-
tude higher than on the leeward side. For ξ > 0.2, however, the mean scalar
dissipation rate is comparable on both sides, albeit slightly higher on the lee
side. The rms of the conditional scalar dissipation is higher on the windward
side, accounting for higher heat release rate levels compared to the lee side,
and consistent with the one-dimensional strained laminar flame results.

The heat release rate conditioned on the dissipation rate located at the
stoichiometric mixture fraction and the pdf of the stoichiometric mixture
fraction dissipation rate on the windward (W) and leeward (L) sides of the
jet, at y/d < 3 (W1, L1) and 3 < y/d < 6 (W2, L2) are presented in Fig. 10
and Fig. 11, respectively. Values of elevated heat release rate correspond to
conditions on the windward side of the jet characterized by strong gradients
and high mixture fraction dissipation rate. The corresponding pdfs of the
stoichiometric mixture fraction dissipation rate describing the magnitude of
the fluctuations about the conditional mean are presented in Fig. 11. The
pdf of the conditional scalar dissipation rate is often assumed to follow a log-
normal distribution [27], which appears to be a reasonable approximation at
most of the locations. The variance of the dissipation rate on the near field
windward side is up to three times higher than on the leeward side of the
jet. As the sampling window is moved from y/d < 3 (1) to 3 < y/d < 6
(2) the mean scalar dissipation rate increases by 50% on the windward side
and is less broadly distributed since its variance reduces by 54%. In the
far field of the jet leeward side both the mean scalar dissipation rate and its
variance decrease by nearly an order of magnitude compared to the near field
averages.
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4.2. Flow Stability Implications
This section considers the unsteady features of the flow, as well as its

hydrodynamic stability. Due to the stagnation flow on the windward side of
the jet, the velocity and scalar gradients have their highest average values
here. The vorticity in the shear layer between the windward side of the jet
and the crossflow quickly concentrates into shear layer vortices (SLV) near the
exit of the jet injector. The combination of the stagnation flow and this roll-
up stretches the material interface between the jet and crossflow, driving up
scalar gradients and leading to the larger heat release rates on the windward
side of the jet. The shear layer on the leeward side of the jet also rolls up,
but much farther downstream, presumably because the shallower velocity
gradients lead to slower growth rate of disturbances. The Kelvin-Helmholtz
instability is often attributed as the physical mechanism responsible for the
formation of the SLV, which can be seen clearly in the instantaneous contour
plots of spanwise vorticity shown in Fig. 12.

The degree to which heat release influences hydrodynamic stability and
the shear layer growth rate of the reacting JICF is dependent on the location
of the flame relative to the shear layer. Clemens & Paul [28] examined
shear layer growth rates in inert and reacting co-axial jets and demonstrated
that the reduced growth rates seen in reacting jets were very similar to the
reduced growth rates measured in inert jets injected into lower density co-
flow. Erickson et al. [29] and Emerson et al. [30] studied the effect of reactant
preheat temperature in bluff-body stabilized premixed flames and found that
increasing preheat temperatures had a strongly destabilizing effect on the
reacting wake, which they attributed to a reduction in the density of the
reactants relative to the burnt products in the wake. Tacina & Dahm [31]
developed a general equivalence principle to extend scaling laws derived for
non-reacting turbulent shear flows to reacting flows. Their results support
the notion that combustion heat release modifies shear layer growth rates in
momentum-driven flows primarily through the same physical mechanism at
work in density stratified inert flows.

These combustion-induced density gradients both modify how vortical re-
gions interact with each other, due to dilatation effects, as well as enable vor-
ticity production/destruction through the baroclinic mechanism. In density
stratified, single shear layers with a fixed velocity ratio, it is known that high
velocity regions containing higher/lower density fluid lead to lower/higher
shear layer growth rates [32, 33]. The interaction between multiple shear
layers, however, as is the case in jets and wakes, can lead to fundamentally
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different stability characteristics. For example, jet and wake flows can con-
tain pockets of absolute instability, which may lead to global instability of
the flow [34]. In jet/wake flows, it is known that a low density central region
increases/decreases absolute instability growth rates, as shown by Monkewitz
& Sohn [21], Sreenivasan et al. [35], and Yu & Monkewitz [36]. The physical
mechanism that creates the low density region can also influence instability
growth rates. Jets comprised of low molecular weight fluid generally have
different growth rates than heated jets with the same density, which was ex-
plained by Raynal et al. [37] as a consequence of differences in the relative
offset of the velocity and density gradients in each case. Similarly, in a recent
study on the wake characteristics of a turbulent, bluff-body stabilized pre-
mixed flame, Emerson et al. [30] showed that, in addition to the magnitude
of the density change, the relative locations of velocity and density gradients
strongly influence the hydrodynamic stability of the wake flow. In partic-
ular, they showed that offsets between these gradients increased absolute
instability growth rates, largely by modifying baroclinic vorticity production
processes. It is important to note that, because they studied the stability
characteristics of a low density wake, increased offset between the inflection
point of the velocity and density profiles had a destabilizing effect, as opposed
to the stabilizing effect observed previously in jets.

Finally, an unexplored topic is the role of flame stabilization, and there-
fore kinetic coupling in determining hydrodynamic stability tendencies of
shear flows. For example, reacting jets in low-to-moderate temperature air
crossflows stabilize a flame on the leeward side of the jet in a well-mixed,
low velocity region removed from the lower wall [5, 12]. The windward shear
layer near the jet-exit region may be essentially isothermal under these con-
ditions. Jets injected into high-temperature, vitiated crossflows, on the other
hand, lead to strongly attached flames anchored at the jet injector exit in
the windward and leeward shear layers. The flame and its location relative
to the jet shear layers in the present work can be seen in Fig. 12, which
presents instantaneous vorticity fields from the experiment and the simula-
tion superimposed with isolines of OH mass fraction (DNS) /normalized OH
PLIF (Exp.) to denote the flame location. Combustion heat release near
the jet injector modifies the shear layer density profile, and, based on the
discussion above, these differences have important implications for flow sta-
bility. To appreciate the modification of the density profile between the inert
and reacting cases, Fig. 13 presents mean density gradient profiles extracted
along trajectory normal lines. The mean vorticity profile has been superim-
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posed to quantify the position of the density inflection point relative to the
location of peak time-averaged vorticity. The lowest density fluid in the sim-
ulations, both for the inert and the reacting case, is the pure jet fluid, but,
as seen in Fig. 7, significant asymmetry exists between the windward and
leeward density profiles. The density gradient is much stronger and is offset
further from the location of peak vorticity magnitude in the windward shear
layer, presumably due to the reduced density of the wake zone associated
with entrainment of crossflow fluid, and in the reacting case, the presence of
combustion products. If the axial jet results discussed above can be applied
here, the offset between the density inflection point and the peak vorticity
in the windward shear layer would have a stabilizing effect, while the larger
density jump in the windward shear layer may contribute to its faster roll-up
relative to the leeward shear layer. However, these are speculations which
require focused stability studies of non-isothermal JICF.

The present work builds on the previous studies described above to ex-
plore the influence of near-field heat release on the stability characteristics
of the windward shear layer. Note that the present test conditions lie in
the globally unstable parameter space for a non-reacting JICF suggested by
Megerian et al. [17] and Getsinger et al. [20]. The non-reacting experiments
suggest that the shear layer global mode oscillates at a Strouhal number,
defined as St = fd/Uj, of St ∼ 0.7. This frequency is much higher than can
be resolved experimentally (fNyquist = 5 kHz), but can be analyzed from the
computations. For this analysis the spanwise vorticity in the windward shear
layer of the reacting JICF is sampled during the simulation at three distinct
locations. The first probe is placed at (x/d = 2.9, y/d = 1), the second probe
is placed at (x/d = 3.1, y/d = 2) and the third at (x/d = 3.4, y/d = 3).
The frequency spectra from the three probes are shown in Fig. 14. Two
narrow-band spectral features are present in the first probe, corresponding to
Strouhal numbers of approximately 0.35 and 0.69. The high frequency mode
corresponds well to the expected shear layer instability frequency whereas
the lower one is likely a subharmonic. Probe locations 1 and 2, show strong,
narrow-band peaks at both the fundamental and the subharmonic instability
frequencies, with the subharmonic becoming dominant by probe 3, presum-
ably because of vortex pairing. As discussed by Huerre & Monkewitz [34],
the narrow-band oscillations seen in the single point spectra do not confirm
the existence of a global mode since a strong spatial instability could result
in the same type of spectra. The existence of such peaky spectra in a fully-
turbulent crossflow does, however, support the existence of a global mode
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and makes it less likely that a spatial instability is responsible. Such rapid
transfer of energy to the subharmonic is not generally expected in globally
unstable flows but similar behavior was observed in the non-reacting exper-
iments of Getsinger et al. [20]. Under conditions believed to be globally
unstable, they observed enhanced energy transfer to the subharmonic mode
in low density JICF that was not seen in iso-density JICF.

4.3. Combustion Mode and Flame Stabilization

The Introduction section discussed how both flame propagation and au-
toignition processes influence flame stabilization. Their relative roles can be
directly assessed from the DNS. The DNS data is processed using chemical
explosive mode analysis (CEMA) to determine the mode of combustion and
flame stabilization. CEMA is a useful diagnostic that can systematically
detect limit flame phenomena including local ignition and extinction, and
premixed flames fronts [38]. A chemical explosive mode (CEM) is the eigen-
mode associated with the largest eigenvalue of the Jacobian of the chemical
reaction rates, with a positive real part. The distribution of the chemical
explosive mode (texp) is shown in Fig. 15 at the spanwise midplane from the
inert and reacting DNSs at a given instant. In the inert case fast chemical
modes are present in the jet near field, encompassing both the windward and
the lee sides. Locally, the crossflow is comprised of burnt products in equi-
librium, and thus exhibits negative explosive modes since it is non ignitable.
In contrast, in the reacting case a flame envelope immediately forms around
the jet anchored at the nozzle tip, and the flame front is characterized by a
negative explosive mode (texp) indicating an almost instantaneous transition
to burnt conditions. The dark blue zones (texp << 0) delineate the strong
diffusion flame branches in which reactions take place, but where the mix-
ture would not proceed to thermal runaway in isolation. Two thin islands
demarcated in red (texp >> 0) in the windward shear layer correspond to
autoignitive fuel-oxidizer mixtures created by the shear layer vortices. To
further examine the nature of the flame, a local Damköhler number, defined
as Da = sign(texp)× log10[max(1, |texp ·ω−1|)], where |ω| is the vorticity mag-
nitude, is shown on the spanwise midplane in Fig. 16. Values of Da << 1
are associated with the slowest decaying mode in a nonexplosive mixture.
The local Da within the region surrounding the jet is much larger than unity
indicating the flame is mixing-limited.

The Takeno index [39] defined as FI = ∇YF ·∇YO

|∇YF |·|∇YO| , where subscripts F
and O denote the fuel and oxidizer, is a useful tool for analyzing the nature
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of mixing in the flame; the flame index is +1 when the reactants are aligned
and -1 when they are opposed, respectively. The flame index and the isolines
of heat release shown in Fig. 16 illustrate that the fuel and oxidizer gradients
are misaligned in regions where chemical reactions prevail, therefore identi-
fying diffusion as the predominant combustion mode. Distinct from flames
stabilized in moderate temperature crossflow where partially premixed com-
bustion is significant, in the present JICF combustion occurs almost entirely
in the diffusion mode. The conditional heat release rate conditioned on the
Takeno index and the pdf of the Takeno flame index on both sides of the jet,
in the near and far fields are shown in Fig. 17. This figure confirms that 70%
of the combustion occurs under conditions in which the alignment between
fuel and oxidizer gradients exceeds 115o.

5. Conclusions

This paper presents results from a joint experimental and numerical in-
vestigation of inert and reacting hydrogen rich transverse jets injected into
a turbulent, vitiated crossflow of lean methane combustion products. Both
the experiment and the DNS reveal that under the present conditions an au-
toigniting, burner-attached flame is stabilized in the stagnation region just
upstream of the windward shear layer and in the low velocity region behind
the jet potential core. Significant asymmetry is observed between the wind
and leeward reaction zones due to the substantially different scalar dissipa-
tion rates prevailing on the two sides of the jet. The windward reaction
zone is much thinner in the near field, while exhibiting significantly higher
local and global heat release than the broader reaction zone established on
the leeward side of the jet. The unsteady dynamics of the windward shear
layer, which largely control the important jet/crossflow mixing processes in
that region, are explored in order to elucidate the important flow stability
implications. Vorticity spectra extracted from the windward shear layer re-
veal that the reacting jet is globally unstable and features two high frequency
modes, including a fundamental mode whose Strouhal number of ∼0.7 agrees
well with previous non-reacting JICF stability studies. The paper concludes
with an analysis of the ignition, flame stabilization, and global structure of
the burner-attached flame. Chemical explosive mode analysis (CEMA) shows
that the entire windward shear layer and a large region on the leeward side
of the jet are highly explosive prior to ignition and are dominated by non-
premixed flame structures after ignition. The predominantly mixing limited
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nature of the flow after ignition is confirmed by computing the Takeno flame
index, which shows that ∼ 70% of the heat release occurs in non-premixed
regions.
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Figure 1: Schematic of the Reacting JICF Facility
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Figure 2: Volume rendering of the instantaneous temperature, H2O and H2 mass fraction
fields.

Figure 3: Reynolds-averaged velocity magnitude normalized by Uj from the inert JICF,
left: DNS, right: experiment.
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Figure 4: Reynolds-averaged velocity magnitude normalized by Uj (left) and normalized
OH mass fraction (right), top: experiment, bottom: DNS from the reacting JICF. Isolines
of the mean heat release rate between 10%−90% of the maximum value (white) are overlaid
on the DNS. The normalized OH-PLIF signal is plotted from the experiment.
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Figure 5: Left: Reynolds-averaged jet trajectory. Solid line: DNS, Dashed line: experi-
ment. Right: Reynolds-averaged streamwise and transverse velocity components normal-
ized by Uj on the jet trajectory. Lines: DNS, points: experiment.

Figure 6: Normalized streamwise velocity profile on the spanwise midplane from the ex-
periment (points) and the DNS (lines). Results are shown from experiments and DNS with
(solid line, closed symbols) and without (dotted dashed line, open symbols) the transverse
jet.
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Figure 7: Reynolds-averaged streamwise velocity, transverse velocity and OH mass frac-
tion. Profiles are plotted as a function of the normal to the jet n coordinate at selected
locations along the jet trajectory, sj , as indicated on each figure. Lines: DNS, points:
experiment. The normalized OH-PLIF signal is plotted from the experiment.
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Figure 8: Left: Normalized OH layer thickness (δOH/d) and heat release layer thickness
(δq/d) from the DNS (lines) and normalized OH-PLIF (δOH/d) layer thickness from the
experiment (points) as a function of the jet trajectory sj evaluated on the windward and
leeward sides of the jet. Right: Line integrated heat release rate and fuel consumption
rate (right) as a function of the jet trajectory sj evaluated on the windward and leeward
sides of the jet.
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Figure 9: Top: Conditional means (solid lines) and rms (dashed lines) of the heat release
rate (red) and scalar dissipation rate (blue) on the windward (left) and leeward (right)
sides of the jet. The heat release rate profiles of two strained flames at 500 1/s and
9000 1/s, respectively are shown in black. Bottom: Conditional mean (solid lines) and
rms (dashed lines) of the mixture fraction scalar dissipation rate on the windward (red)
and leeward (blue) sides of the jet.
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Figure 10: Reynolds-average of the logarithm of the mixture fraction dissipation rate
(left). Conditional average of the heat release rate on the stoichiometric mixture fraction
dissipation rate. Conditional averages are sampled on the windward (W) and leeward (L)
sides of the jet, at y/d < 3 (W1, L1) and 3 < y/d < 6 (W2, L2) as denoted in the figure
on the left.
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Figure 11: Pdf of the logarithm of the stoichiometric mixture fraction dissipation rate.
Sampling is performed on the windward (W) and leeward (L) sides of the jet, for y/d < 3
(W1, L1) and 3 < y/d < 6 (W2, L2). The solid lines represent normal distributions
evaluated using the first two moments from the DNS data, denoted by the values in
parentheses.
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Figure 12: Spanwise vorticity component normalized by tj = d/Uj from the inert (left) and
reacting (right) JICF, top: experiment, bottom: DNS. Isolines of the OH mass fraction
between 10%−90% of the maximum (white) demarcate the flame location. The normalized
OH-PLIF signal is plotted from the experiment.
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Figure 13: Reynolds-averaged density gradient and spanwise vorticity from the inert (left)
and reacting (reacting) DNS. Profiles are plotted as a function of the normal to the jet n
coordinate at selected locations along the jet trajectory, sj , as indicated on each figure.
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Figure 14: Probe locations and frequency spectra from probes 1, 2 and 3, located on the
windward shear layer at y/d = 1, 2 and 3, respectively.
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Figure 15: Chemical explosive mode (texp) at the spanwise midplane from the inert (left)
and reactive (right) DNS. The boundary between non-explosive and explosive regions is
delineated by a black iso-contour at texp = 0.

Figure 16: Left: Damköhler number at the spanwise midplane from the inert DNS. Right:
Takeno flame index from the reacting DNS. isolines of the heat release rate, between
20%-80% of the peak (black) demarcate the reaction zone.
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(a)

(b)

Figure 17: (a) Conditional average of the heat release rate on the Takeno flame index. (b)
Pdf of the Takeno flame index. Averages are sampled on the windward (W) and leeward
(L) sides of the jet, for y/d < 3 (W1, L1) and 3 < y/d < 6 (W2, L2).
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