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a b s t r a c t

This paper reports the results of a joint experimental and numerical study of the flow characteristics and
flame structure of a hydrogen rich jet injected normal to a turbulent, vitiated crossflow of lean methane
combustion products. Simultaneous high-speed stereoscopic PIV and OH PLIF measurements were
obtained and analyzed alongside three-dimensional direct numerical simulations of inert and reacting
JICF with detailed H2=CO chemistry. Both the experiment and the simulation reveal that, contrary to most
previous studies of reacting JICF stabilized in low-to-moderate temperature air crossflow, the present
conditions lead to a burner-attached flame that initiates uniformly around the burner edge. Significant
asymmetry is observed, however, between the reaction zones located on the windward and leeward sides
of the jet, due to the substantially different scalar dissipation 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 wind-
ward 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 arising in the inert and react-
ing JICF. The paper concludes with an analysis of the ignition, flame characteristics, 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 examined by computing the Takeno flame index, which shows that �70% of the
heat release occurs in non-premixed regions.

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The jet in crossflow (JICF) is a canonical configuration employed
in many industrial and transportation combustion systems. It facil-
itates rapid mixing 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, pre-
mixed 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 oper-
ating 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 tur-
bines 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 strat-
egy 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 important 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 com-
bustion, the design concern is primarily that of temperature uni-
formity into the turbine, NOx emissions from the secondary zone,
and JICF thermoacoustics.

The fundamental momentum and scalar transport in non-react-
ing JICF has been studied extensively both experimentally and
numerically. Comprehensive recent reviews are given by Karagoz-
ian [3] and Mahesh [4]. Previous work has focused primarily on the
influence of momentum flux ratio, density ratio, nozzle geometry,
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Reynolds number, and boundary layer thickness in inert JICF con-
figurations [1,5–10]. 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 propagation and autoignition processes, depending upon
crossflow temperature and fuel composition. Near field flame
stabilization in moderate temperature crossflow was studied
experimentally [11] and using direct numerical simulations
[12,13]. Flame blowout limits in JICFs have been reported by a
number of studies which correlate the lift-off hight with the lami-
nar burning velocity, the jet diameter and the jet and crossflow
velocities, [14–17]. Higher temperature crossflows were recently
studied experimentally [18–20], which emphasized the role of
autoignition in flame stabilization at high temperature.

The near field flame structure is also of interest and, in particu-
lar, the effect of the spatial heat release distribution on the instan-
taneous flow field and the shear layer dynamics. As the fuel jet
discharges into the crossflow, the shear layer between the wind-
ward 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 autoigni-
tion phenomena 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 character 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. [21] performed hot-wire measurements in the
windward shear layer of JICF with different J. They observed a dra-
matic shift in the velocity spectra and a significant concentration of
spectral power into a dominant fundamental mode and its har-
monics 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 instability, where
the flow behaves as a self-excited oscillator. Subsequent DNS and
global linear stability analysis of non-reacting J ¼ 9 JICF performed
by Bagheri et al. [22] and Schlatter et al. [23] 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. [24] extended the earlier
hot-wire measurements by Megerian et al. [21] to consider vari-
able density ratio, S, transverse jets and found that the JICF exhib-
ited evidence of global instability for S < 0:45, which is lower than
the critical S found for axial jets [25]. The study of Getsinger et al.
[24] 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 stabil-
ity 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 cross-
flow comprised of products of methane combustion, using comple-
mentary information from experiments and direct numerical
simulations (DNS). While the experimental and DNS conditions
are not identical, significant effort was put forth to match impor-
tant fluid mechanic and chemical kinetic parameters, in order to
enable mutually useful comparisons of the results.

Despite the fact that JICFs have been widely studied, the config-
uration has not been examined in its entirety, especially for turbu-
lent vitiated crossflows which lead to nozzle attached flames. To
the authors’ knowledge this is the first joint experimental and
numerical study of vitiated JICFs specifically designed to lie in
the same turbulence and thermochemical parameter space aiming
to provide complementary insights and to enable understanding of
the coupled role of flow, kinetics, and hydrodynamic stability.

Since this is the first presentation on this effort particular emphasis
has been placed on a thorough description of the experimental
facility and diagnostics, the details of the simulation as well as
on the analysis of the flame structure and the distinct characteris-
tics of the present complex, reacting JICF. The motivation behind
the joint DNS/experimental study is to provide complementary
information and establish that the statistical trends describing
the flow and flame structure are qualitatively similar. The DNS is
then used to glean fine scale information regarding the reacting
shear layer dynamics and the mode of combustion in vitiated
conditions. Measurements and DNS data from this arrangement
can also serve as validation data for a posteriori testing and assess-
ment of LES and RANS combustion models as has been done for
low-temperature JICFs [26].

Hence, the main focus of the present work is to investigate the
characteristics 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 sig-
nificant distinctions between windward and leeward flame struc-
tures in the JICF which are emphasized – their respective
characteristics are reported and compared. Time-resolved DNS
data are used to investigate the unsteady dynamics of the shear
layer of the reacting jet in comparison with its non-reacting coun-
terpart. Chemical explosive mode analysis is used to quantify the
propensity of the mixture to proceed to thermal runaway in isola-
tion prior to ignition. 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 experimental test conditions are considered in the present
work, one where the JICF is non-reacting and one where it is react-
ing. The crossflow is comprised of cold air for the non-reacting con-
dition and is vitiated for the reacting condition. The motivation for
this choice will be discussed in more detail in Section 3. The exper-
imental 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 Fig. 1. The vitiator section consists of a natural gas burner
coupled to a cylindrical, refractory-lined combustion chamber. In
the reacting case, the vitiator is operated at an overall equivalence
ratio of U ¼ 0:46.

Hot product gases from the vitiator flow into the rectangular
flow conditioning section and opposed air inlets inject a metered
quantity of room-temperature dilution air to reduce the tempera-
ture of the vitiated products to T ¼ 1;200 K. A series of settling
chambers and flow straighteners condition the crossflow prior to
the test section, where the jet is injected flush with the lower wall.
The crossflow enters at T1 ¼ 300 K and T1 ¼ 1;200 K in the non-
reacting and the reacting cases, respectively. The Reynolds number
of the crossflow in the test section based on mean velocity, U1, and
the hydraulic diameter of channel at the inlet to the test section for
the reacting and non-reacting conditions is Re1 = 10,270 and
Re1 = 40,090, 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
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