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Abstract

Three-dimensional direct numerical simulation results of a transverse syngas
fuel jet in turbulent cross-flow of air are analyzed to study the influence of
varying volume fractions of CO relative to H2 in the fuel composition on the
near field flame stabilization. The mean flame stabilizes at a similar location
for CO-lean and CO-rich cases despite the trend suggested by their laminar
flame speed, which is higher for the CO-lean condition. To identify local mix-
tures having favorable mixture conditions for flame stabilization, explosive
zones are defined using a chemical explosive mode timescale. The explosive
zones related to flame stabilization are located in relatively low velocity re-
gions. The explosive zones are characterized by excess hydrogen transported
solely by differential diffusion, in the absence of intense turbulent mixing or
scalar dissipation rate. The conditional averages show that differential dif-
fusion is negatively correlated with turbulent mixing. Moreover, the local
turbulent Reynolds number is insufficient to estimate the magnitude of the
differential diffusion effect. Alternatively, the Karlovitz number provides a
better indicator of the importance of differential diffusion. A comparison
of the variations of differential diffusion, turbulent mixing, heat release rate
and probability of encountering explosive zones demonstrates that differen-
tial diffusion predominantly plays an important role for mixture preparation
and initiation of chemical reactions, closely followed by intense chemical reac-
tions sustained by sufficient downstream turbulent mixing. The mechanism
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by which differential diffusion contributes to mixture preparation is investi-
gated using the Takeno Flame Index. The mean Flame Index, based on the
combined fuel species, shows that the overall extent of premixing is not in-
tense in the upstream regions. However, the Flame Index computed based on
individual contribution of H2 or CO species reveals that hydrogen contributes
significantly to premixing, particularly in explosive zones in the upstream lee-
ward region, i.e. the preferred flame stabilization location. Therefore, a small
amount of H2 diffuses much faster than CO, creating relatively homogeneous
mixture pockets depending on the competition with turbulent mixing. These
pockets, together with high H2 reactivity, contribute to stabilizing the flame
at a consistent location regardless of the CO concentration in the fuel for the
present range of DNS conditions.

Keywords: Flame stabilization, Transverse jet, Syngas combustion, Direct
numerical simulation

1. Introduction

The Integrated Gasification Combined Cycle (IGCC) represents a poten-
tial route to a more efficient and environmental-friendly power generation of
solid fuels (coal and/or bio-mass). One reason for this is that in the IGCC a
synthetic gaseous fuel (syngas) derived from the solid fuel can be burned in a
gas and steam turbine combined cycle, which has a higher thermal efficiency
than a steam power plant operating with pulverized coal combustion (PCC).
Another advantage, in the context of power generation with CO2 capture,
is that after the Water-Gas Shift (WGS) reaction, the high pressure and
CO2 concentration of the H2-rich syngas fuel enables an energy-efficient CO2
capture process. After an initial phase in which the complexity and cost of
the IGCC process led to a slow and intermittent deployment of IGCC power
plants, interest in the technology has been renewed recently with plants being
commissioned in China, Japan and the US [1].

Several problems of practical importance must be addressed in the de-
velopment of a combustion system capable of efficient, clean and safe com-
bustion of IGCC syngas: in particular, the often varying composition of the
fuel, that can contain large fractions of hydrogen, must be taken into ac-
count at the combustor design stage, especially if the system must comply
with the emissions regulations for threshold levels of CO and NOx. Some
of these problems are well understood and utilize well-developed engineering
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knowledge. However, there are a number of other issues involving complex
interactions between the flow field and the reaction kinetics associated with
the fundamental combustion process that are far less understood [2]. More
specifically, burners are often designed on the basis of complex, poorly un-
derstood balances between the flow field, the process of fuel-oxidant mixing
and flame propagation. One of the most serious operability issues often
preventing modern combustors from operating in a safe, efficient, and reli-
able manner is flashback when the flame propagates upstream of the design
position, where it is supposed to stabilize, and into the premixing duct [3].
Common flashback mechanisms include propagation of the turbulent flame in
the core flow of the premixer duct or in its wall boundary layers, oscillations
of the flame location due to combustion instabilities or combustion induced
vortex breakdown [5]. Regardless of the initiating cause of flashback, once
flashback occurs the flame will ultimately reach the fuel injection nozzles.
Therefore, understanding and accurate prediction of the flame stabilization
mechanism in the near field of fuel jet in cross flow of oxidant are vitally im-
portant for gas turbine combustor design. More specifically to applications
involving premixed combustion of hydrogen-rich syngas at gas turbine condi-
tions (high pressure, high reactant temperature) mounting evidence indicates
that boundary layer flashback constitutes a key challenge [5]. Boundary layer
flashback can result in high speed upstream flame propagation, even in the
presence of large flow velocities in the downstream direction for the reactants
in the bulk region of the duct. This has been shown recently in both experi-
mental and modelling studies [6, 7, 8]. Once flashback occurs, it can lead to
flame anchoring in the near field of the fuel injection nozzles, rapid increase
of material temperatures, with subsequent damage and failure [2]. In order
to ensure intrinsic flashback safety, flame stabilization in the near field of the
fuel injection nozzles needs to be understood.

A transverse jet in cross-flow (JICF) configuration is often used to achieve
a high level of fuel-air mixing within a confined volume and short residence
time, and hence it is used in many engineering applications including gas tur-
bines in IGCC. However, the JICF generates a complex three-dimensional
flow field involving a variety of flow structures spanning a broad range of
length and time scales: shear layer vortices, wake vortices, horse-shoe vor-
tices, and a counter-rotating vortex pair (CVP) [9]. While these flow struc-
tures are pivotal in enhancing mixing and in affecting flame stabilization char-
acteristics, they are challenging to study and characterize due to their strong
three-dimensionality. Passive scalar transport in the JICF has been stud-
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ied experimentally [10] and numerically [11], and these studies have shown
that scalar mixing in JICF might not be modeled through a direct analogue
with the turbulent flow field. In a reacting JICF heat release due to chem-
ical reactions coupled with organized turbulent motion influence the scalar
transport in a manner different than passive scalar transport. Also, pref-
erential diffusion of species, with mass diffusivities varying by as much as
five-fold, can modify the scalar mixing characteristics [12, 13]. Therefore,
flame stabilization depends upon the balance of these transport phenomena.

The issue of flame anchoring and stabilization in the near field of a fuel
injection nozzle in JICF was previously studied by Direct Numerical Simu-
lations (DNS). Several parameters that influence the JICF near field flame
stabilization were investigated. These parameters include fuel nozzle geom-
etry [14, 15] and injection angle with respect to the cross flow direction [16].
Previous experimental [17, 18] and DNS [14, 15] studies have reported that
a flame stabilizes in the near-field of a JICF via partially premixed flame
propagation. Indeed, the flow velocity component normal to the mean flame
base, measured conditionally at the instantaneous flame base location, was
reported to be strongly correlated to the laminar flame speed [17]. In light of
this, the fuel composition may be expected to have a dominant influence on
flame stabilization since it considerably alters the laminar flame propagation
speed and flame thickness. This is particularly true of syngas used in IGCC
since its two components – hydrogen (H2) and carbon monoxide (CO) – have
widely disparate chemical and transport properties. Well resolved DNS with
detailed chemical kinetics and transport properties can greatly illuminate the
parametric influence of fuel composition.

The present study is a continuation of a series of numerical parametric
studies [14, 15, 16] to understand key sensitivities in the JICF near field sta-
bilization of multi-component fuel combustion. While previous studies varied
fuel nozzle geometry [14, 15] and transverse injection angle [16], in the present
study the focus is on the effect of composition of hydrogen-rich syngas fuel on
flame stabilization characteristics relevant to IGCC. Thus, the present study
augments the existing parametric studies. Here, we quantify the relative im-
portance of differential diffusion, turbulent mixing and turbulence-chemistry
interaction in achieving flame anchoring. More specifically, the Chemical Ex-

plosive Mode Analysis (see Section 3) is used in combination with analysis
of the TAKENO flame/mixing index.

The remainder of this paper is organized as follows: the numerical meth-
ods in the DNS code, S3D, used to perform the present simulations is de-
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scribed in Sec. 2, followed by a detailed description of the DNS configu-
ration and numerical and thermochemical conditions. Instantaneous and
time-averaged results from the reacting DNS are discussed in Sec. 3. Finally,
conclusions and recommendations for further work are presented in Sec. 4.

2. Direct numerical simulations

The Sandia DNS code S3D [19] is used to simulate the combustion of
two H2/CO-air flames aerodynamically stabilized in the near field of the
transverse jet immediately downstream of the fuel nozzle. The code solves
fully-compressible conservation equations for mass, momentum, total energy
and species continuity. The chemical reactions are described by a skeletal
mechanism for H2/CO-air combustion involving N = 12 species and 29 ele-
mentary reactions [20]. Nitrogen is inert in this context and therefore, NOx

formation reactions are not included. The species specific heats are mod-
eled as polynomial functions of temperature as described in CHEMKIN and
TRANSPORT [21], and mixture-averaged transport coefficients are used [22].
Radiative heat transfer is not considered in the present simulations. Spatial
derivatives are obtained using an eighth-order central finite difference scheme
which gradually reduces to a third-order one-sided difference stencil on the
open boundaries [23]. A tenth-order explicit spatial filter is applied to remove
any spurious high-frequency fluctuation in the solution [23]. Time integra-
tion is achieved using a six-stage fourth-order explicit Runge-Kutta method
[23].

The numerical configuration is shown in Fig. 1. The computational do-
main is a cuboid with dimensions, Lx×Ly ×Lz = 25× 20× 20 mm3, respec-
tively. The Navier-Stokes Characteristic Boundary Conditions (NSCBC) are
implemented [24, 25] for non-reflecting inflow (x = 0) and outflow (x = Lx

and y = Ly) planes and a no-slip isothermal, solid surface wall (y = 0)
boundaries while the z boundaries are periodic. The wall is assumed to be
impermeable, such that the wall-normal mass flux of all species is identically
zero. The jet nozzle shape is round with a diameter, d = 1 mm. The center
of the nozzle is located on the spanwise symmetry plane, z = Lz/2, and at a
streamwise location of x = 5.5 mm. The governing equations are discretized
using 1408× 1080× 1100 Cartesian mesh points in the streamwise x, trans-
verse y and spanwise z directions, respectively. The mesh is uniform in the x
and z directions and non-uniform in the y direction to satisfy the resolution
requirements near the solid wall located at y = 0. The non-uniform mesh
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is refined in the wall-normal direction near the wall using a hyperbolic tanh
mapping, resulting in an increasing wall normal spatial resolution of 10.2 to
24.3 µm. The first point off the wall is at y/δvis = 0.5, where δvis is the
thickness of the viscous sublayer of the boundary layer. There are two points
within y/δvis = 1 and 13 points within y/δvis = 10, satisfying the resolution
requirements in the viscous layer [26]. The spatial resolution of the present
DNS yields kmaxη = 1.3 where kmax is the maximum wave number in the
domain and η is the mean Kolmogorov length scale, ensuring that the small-
est scales of turbulence are well resolved. A detailed analysis on numerical
resolution for the present JICF configuration is reported in Ref. [15].

The jet fluid issues into a cross-flow and is comprised of H2 and CO species
with the following volumetric ratios: (i) 1:0.06 (CO-lean) and (ii) 1:1 (CO-
rich), while the cross-flow is air. The H2/CO composition for the CO-lean
case corresponds to a typical syngas composition after WGS [27]. The jet
and cross-flow mixtures are preheated to 420 and 750 K, respectively. These
temperatures are within the nominal temperature range of the fuel stream
and of the combustion air delivered by the compression stage in large, sta-
tionary gas turbines for power generation in the 200-400 MW range, although
atmospheric pressure conditions are considered in the present work due to
the prohibitive computational cost of spatial resolution at higher pressure.
The fuel mixtures issue into the cross-flow of air from the round hole flush
mounted with the solid surface. The jet bulk velocities, uj, are 250.0 and
176.0 m/s, respectively for the CO-lean and the CO-rich cases, maintaining
a constant momentum flux ratio, Rm ≡ [(ρju

2
j)/(ρcfu

2
cf)]

0.5, 3.45, where ρj
and ρcf are the densities of jet and cross-flow mixtures. The jet Reynolds
number, Rej = ujd/ν, corresponding to these parameters is 3810 for the
CO-lean and 4430 for the CO-rich cases, where ν is the kinematic viscosity
of the jet fluid. In the DNS, a symmetric, top-hat-shaped profile is assigned
to the jet wall-normal velocity component while the other two components
are set to zero. The free-stream velocity of the cross-flow, ucf , is 56.5 m/s
for both cases. As described in detail in a previous paper [15], the cross-flow
velocity yields a Reynolds number Reδ99% in the range of 8200–8900, where
Reδ99% is defined based on ucf , the boundary layer thickness δ99% defined
as the height at which the streamwise velocity reaches 99% of ucf and the
kinematic viscosity of air.

New et al. (2006) [28] experimentally compared the behavior of top-hat
and parabolic JICF arrangements at similar momentum ratios and found
that while the time-averaged flows exhibit many similar features, the thinner
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shear layer in the top-hat profile led to earlier onset of more coherent leading-
edge and lee-side vortices. From the perspective of attempting to generate
a database for model development, an additional benefit of using a top-hat
profile, such as the one that arises from nozzle flow, is that the jet boundary
condition can be unambiguously specified and the results are not dependent
on assumptions about the nature of - or interactions with - a notional pipe
upstream of the jet inlet, such as would be the case for a parabolic profile.
Turbulent velocity fluctuations are not imposed on the jet due to its relatively
low Reynolds number. The latter boundary condition specification relies on
the assumption that jet velocity fluctuations in themselves ultimately play
a minor role in the transverse jets behavior compared to the approaching
cross-flow turbulence, the turbulence generated by the interaction of the jet
with the cross-flow, and the jet wall-normal velocity mean profile itself [28].

The cross-flow of air enters the domain from a non-reflecting inflow bound-
ary at x = 0. The velocity fluctuations imposed at the cross-flow inlet
are obtained from temporal sampling of time-evolving turbulence at a fixed
streamwise location in an auxiliary DNS of inert turbulent boundary layer
flow with the same cross-flow velocity, ucf , carried out separately. This ap-
proach, which allows eddies to “evolve” on the boundary, provides a more
realistic description of the incoming turbulence compared with the usual
practice of convecting an isotropic turbulence field at one time instant into
the domain by using Taylors hypothesis. The simulation used to generate
the inflow data is described in detail in [15].

The initial flow field is also obtained from the auxiliary DNS [15]. After
the initialization of the combustion DNS domain, an intermediate mesh of
704× 540× 550 is used to ignite the flame and flush the ignition transients
out of the computational domain. Forced ignition is implemented by placing
an ignition source across the fuel plume for a short duration of 8 µs before
it is removed. The ignition source is obtained by smoothly imposing the
adiabatic flame temperature and burnt composition in a cylindrical region of
the domain characterized by a diameter of 0.25 mm. The ignition source is
placed at x = 6 mm and y = 1.5 mm and extends throughout the spanwise
direction. Once all of the fluid present in the domain when the ignition
source is removed exits through the outflow boundary, the solution is mapped
onto the production mesh described above. Subsequently, the simulation is
continued using a time step of 4 ns for 9 flow-through times, and Nt =
247 (CO-lean) and 229 (CO-rich) instants of the field data are collected for
the present analysis during the last flow-through period. The simulation is
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performed on 96000 cores of Cray XE6 (Hopper) at the National Energy
Research Scientific Computing Center. The CPU cost is approximately 7.8
million CPU hours per flow-through time.

3. Results

3.1. Flame stabilization characteristics

Using advanced laser diagnostics a previous experimental study [29] re-
vealed the existence of two flame branches in a JICF configuration: a per-
sistent branch located upstream and referred to as a “lee-stabilized” branch
and a second more intermittent branch located downstream on the windward
side, referred to as a “lifted” branch. Based on the description in Ref. [4],
both branches are comprised of stratified partially-premixed (triple) flames
similar to those observed in conventional lifted co-flowing flames. On the
basis of earlier qualitative observations reported in Ref. [14], we anticipate
that the present CO/H2 flame will anchor where the conditions are favor-
able in terms of fluid velocities and mixture preparation. As for mixture
preparation, in the near field of the JICF the intense fine scale turbulence in-
creases micro-mixing rates and provides a sufficiently homogeneous mixture
resulting in flame stabilization via partially premixed combustion [15, 16].
Accordingly, if turbulent mixing, which scales with the momentum flux ratio
Rm, is kept constant, the laminar flame speed SL would have a dominant in-
fluence on flame stabilization [30, 29]. Indeed, the fluid velocity component
normal to the flame base is scaled by SL in JICF configurations [17]. Thus,
as the amount of CO increases in the fuel stream, the laminar flame speed
decreases, and one might expect the flame to anchor progressively farther
downstream.

Figure 2 shows two sampling regions and the jet trajectory superimposed
on the instantaneous and averaged heat release rate, Q◦ and Q

◦

, and veloc-
ity magnitude, ‖u‖∗ and ‖ũ‖∗ iso-contours in the spanwise mid plane. Here,
the superscript “ ◦ ” denotes normalization using the maximum value in a
given 2D plane and “∗” denotes normalization using a jet parameter(s) such
as d and/or uj. Also, q̃ refers to a Favre average of a quantity q obtained
using its Reynolds average q as q̃ = ρq/ρ. The sampling regions, namely LW
(leeward) and WW (windward), are located just downstream of the jet exit
bounded by the jet trajectory having dimensions of 2d (distance from the jet
center line) × 0.2lj, where lj is the length from the jet exit to the x outflow
boundary along the jet center line. The jet trajectory is constructed based
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on the mean velocity field. As described below, the LW sampling region
is where most of the interesting flame stabilization phenomena exist. DNS
results are presented at the symmetric spanwise mid-plane (z ∼ Lz/2) since
the most upstream reaction zones are located. The mean and instantaneous
heat release rate fields in Fig. 2 show that there are two intense heat releasing
regions similar to those observed in experiments [29]. These two regions cor-
respond to the flame edges of the two branches. In the present configuration,
however, the triple flame structure suggested by Ref. [4] is not apparent since
these flame branches (lean and rich premixed and diffusion flames) interact
and merge with each other. However, as described below each high heat
release rate region spans lean, stoichiometric and rich mixtures. Additional
mean fields (temperature, YCO, YH2

and YOH for both CO-lean and CO-rich
cases) on the spanwise mid plane are also provided as supplemental material.

The normalized velocity magnitude iso-contours in Figs. 2 show that the
location and shape of the low-velocity region do not change significantly
between the two cases. Thus, flame stabilization could be determined based
on the laminar flame speeds SL, 2.92 m/s for the CO-lean and 1.54 m/s
for the CO-rich mixtures under stoichiometric conditions with a reactant
temperature of 420 K at atmospheric pressure. The ratio, SL/uj, is 0.0117
and 0.00875 for the CO-lean and CO-rich cases, respectively. However, both
instantaneous and mean heat release rate fields in Fig. 2 show that the flame
base exists at a similar location (x∗ ∼ 7 and y∗ ∼ 2) for both cases. Also, the
intense Q

◦

in the LW sampling region is located just outside of the ‖ũ‖∗ = 0.4
iso-contour, indicating that both CO-lean and CO-rich flames are capable of
stabilizing where ‖ũ‖∗ < 0.4, corresponding to 100 m/s for the CO-lean
and 70.4 m/s for the CO-rich cases. The ratio of flame base flow velocities
for the two cases is substantially smaller than the ratio of SL noted above.
These results suggest that scaling based on nominal flame speed is irrelevant
to the flame stabilization location for syngas fuel considered in the present
CO/H2 range unlike that observed in previous measurements [17]. The flame
stabilization mechanism involves additional complexity for multi-component
fuel flames with varying molecular transport properties.

Based on the mean field in Fig. 2, the most upstream point of large
heat release rate is located near/inside the small velocity region enclosed
by ‖ũ‖∗ = 0.4 iso-contours in the LW region. Thus, to further understand
the flame stabilization mechanism in syngas combustion, the local mixture
preparation in the LW region prior to combustion needs to be understood.
For this purpose the Chemical Explosive Mode (CEM), λexp (s−1), is em-
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ployed [31]. The CEM is the largest positive eigenvalue of the reaction rate
Jacobian, which is a reciprocal of the CEM time scale. The normalized CEM
is defined here as:

Λexp = sign (λexp)× log10 [max (1, |λexp|)] . (1)

Positive values of CEM indicate that the mixture is “explosive”, although
auto-ignition may not proceed in the presence of losses due to turbulent
mixing and molecular diffusion. The CEM value increases as the mixture
approaches the preheat zones, and peaks where intense chemical reactions
commence. Once intense chemical reactions begin, the CEM decreases and
attains negative values in the burnt mixture. Thus, local mixtures exhibiting
maximum possible CEM are located in a region of very small CEM gradient,
‖∇Λexp‖ ∼ 0 with Λexp ≫ 0. Based on the CEM time scale, “Explosive

Zones” (EZ) are identified using the following criteria:

Λexp ≥ 0.95Λexp,max, ‖∇Λexp‖ ≤ 0.01‖∇Λexp‖max, (2)

where the subscript “max” is a maximum value in a given 2D plane. Mix-
tures satisfying these conditions possess or nearly attain positive peak CEM
locally and the local conditions are expected to be favorable for combustion.
Note that mixtures classified as “explosive zones” will not necessarily involve
explosive behavior. A laminar premixed flame front also exhibits “explosive”
characteristics even though it is “propagative”. An explosive zone identifies
local mixture conditions that are well prepared and about to produce intense
heat release rate. The probability of finding explosive zones is also defined
as:

pEZ(x) =
1

Nt

Nt∑

n=1

δEZ(x, t), δEZ =

{
1, if (x, t) ∈ EZ

0, otherwise
(3)

where Nt is the number of instantaneous DNS snapshots for each case. Fig-
ure 3 shows pEZ in the spanwise mid-plane for the CO-lean and the CO-rich
cases. For both cases, there are two probable explosive zones (see the yellow-
redish colors in pEZ) that are also observed in the Q̄◦ field in Fig. 2. The
upstream zone is located inside the LW sampling region and the second zone
is located further downstream, spanning both the windward and leeward
sides. The upstream explosive zones exist primarily on the lean side char-
acterized by a lean partially premixed flame in a conventional lee-stabilized
branch [29], while the intense heat release rate regions (see Q

◦

= 0.8, 0.7 con-
tour line in Fig. 3) in the flame base exist slightly on the rich side. Clearly,
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the upstream probable explosive zones, located slightly upstream of the high
heat release rate, exist at a similar location between the two cases. The al-
most identical flame base locations between the two cases observed in Fig. 2
may be a consequence of similar locations of mixture preparation occurring
prior to intense chemical reactions. Thus, it is of interest to understand the
factors which contribute to the local mixture preparation in addition to tur-
bulent mixing. These factors may illuminate the insensitivity of the flame
base location to the fuel composition in syngas fuel composition.

3.2. Differential diffusion and turbulent mixing

Previous studies have reported the presence of increased micro-mixing
caused by intense fine scale turbulence in the near field of a JICF [15, 16].
Since such micro-mixing could help to create favorable homogeneous mix-

tures for flame stabilization, the turbulent scalar flux, ‖̃u′′‖ξ′′
∗

, is examined
in Figs. 4a and 4b for the CO-lean and CO-rich cases, respectively. Here, ξ
is the mixture fraction based on Bilger’s definition [32] and ξ′′ is its Favre
fluctuation. Consistent with previous studies, intense turbulent mixing re-
gions are observed near the jet exit starting from y∗ ∼ 0.5 for both cases.
The probable explosive zones (p◦EZ ≥ 0.5) exist in regions of relatively small

scalar flux (eg. ‖̃u′′‖ξ′′
∗

≪ 10).
Similar to the effect of turbulence on mixing, scalar mixing can also be

carried out through transport related to scalar dissipation rate of mixture
fraction, Nξ = Dξ∂ξ/∂xi∂ξ/∂xi, and differential diffusion of species [13].
Here, Dξ is the mixture fraction diffusivity taken to be the thermal diffusiv-
ity in the present analysis. The mean scalar dissipation rate can be scaled
using turbulent kinetic energy and its dissipation rate. Since these turbulence
characteristics are not significantly different in the present DNS cases given
the constant Rm, the mean scalar dissipation rate has qualitatively similar
characteristics between the two flames as shown in Figs. 4c and 4d. As ex-
pected, one of the favorable mixture conditions for flame anchoring is having
sufficiently low scalar dissipation rates since high dissipation rate delays the
reactions via thermal and species concentration loss. The present flames also
exhibit this preference by the explosive zones clearly, although the peak heat
release rate region exists in a high scalar dissipation region since adequate
mixing is required for reaction to occur as will be described in detail below.

As for differential diffusion, previous studies have shown that fuel mix-
tures comprised of hydrogen and hydrocarbons are prone to significant differ-
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ential diffusion effects in both non-premixed non-reacting [12] and reacting
[13, 33] flows. Thus, differential species transport could also contribute to
the formation of a favorable mixture pocket in the LW region. For the pur-
poses of the present analysis, the extent of differential diffusion is quantified
by [12, 13]:

ξHC = ξH − ξC. (4)

Here, ξH and ξC are the elemental mixture fractions of H and C defined as:

ξH =
ZH − ZH,o

ZH,f − ZH,o

; ξC =
ZC − ZC,o

ZC,f − ZC,o

, (5)

where ZH and ZC are the elemental mass fractions of H and C and the sub-
scripts, f and o, denote the corresponding values in the fuel and oxidizer
streams, respectively. Since this quantification of differential diffusion be-
tween H atom containing species and carbon containing species is based on
elemental mass fractions, the interpretation of ξHC is straightforward, even
in the presence of chemical reactions. A positive value of ξHC indicates an
excess of hydrogen containing species compared to carbon containing species
relative to that present in the fuel stream and vice-versa, purely due to differ-
ential molecular transport. Favre averaged ξHC is shown in Figs. 4e and 4f for
the CO-lean and CO-rich cases. Clearly, the probable explosive zones inside
LW exist in a relatively large ξHC region for both cases. Negative values of
ξHC are observed in the shear zone since H-related species are diffused away
due to differential diffusion in this region. The Reλ = 80 contour lines over-
laid on the ξHC field in Figs. 4e and 4f show the relation between differential
diffusion and local turbulence. Here, Reλ is the Reynolds number based on
the Taylor microscale λ, and λ is obtained as:

λ =
1

3

3∑

i=1

λi, λi =

√√√√
ũ′′2
i /

˜(∂u′′

i

∂xi

)2

, (6)

where u′′

i is the fluctuation of ui from its Favre average. Due to the nature of
the formulation for Reλ, relatively large Reλ(> 80) could appear in the shear
layer where the turbulence is not fully developed. The Reλ > 80 regions are
also observed outside the shear zones, although such samples occupy a small
volume for the CO-lean case compared to the CO-rich case. This difference
is due to the constant Rm conditions which results in different Rej between
the two cases. However, in spite of the large Reλ regions, the locations of the
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explosive zones in the CO-rich case remains similar to that in the CO-lean
case. Thus, local turbulence alone does not seem to have a significant impact
on the explosive zone locations compared to differential diffusion effects. The
spatial relationship between explosive zones and positive differential diffusion
is also revealed in several x-z planes at different y locations as shown in Fig. 5.
As clearly seen, the most upstream explosive zones (see Fig. 5a) on average
tend to appear near the spanwise mid-plane. The upstream explosive zones
prefer high ξ̃HC as discussed above, but not all high ξ̃HC regions are associated
with explosive zones. For example, for both sides of the jet in the leeward
side (see arrows in Fig. 5a) high values of ξ̃HC are also observed, due to the
high curvatures of the scalar iso-surfaces. However, explosive zones do not
exist at these locations since the mean velocity is not small enough to achieve
sufficient residence time for mixture preparation. At downstream positions
(Figs. 5b–5e), the shape of ξ iso-lines approaches a “kidney” shape as the
CVP develops. This shape produces a high concentration of H due to the
mean curvature and scalar gradient at the spanwise mid-plane position (see
arrow in Fig. 5e), although this effect is insignificant for near field flame
stabilization. The explosive regions downstream also show the evolution
of the CVP. The effect of strain rate tangent to ξ iso-surfaces on mixture
preparation through differential diffusion [33] (not shown) is also found to be
insignificant since intense tangential strain exists primarily on the windward
side of the jet.

To examine the preference of explosive zones and differential diffusion rel-
ative to local turbulence, conditional averages conditioned on the Reynolds
number, 〈ξHC|Reλ〉 and 〈‖u′′‖ξ′′∗|Reλ〉, collected from the LW sampling re-
gion are presented in Figs. 6a and 6b. For Reλ ≤ 10, the value of ξHC is very
small (ξHC ∼ 0.01 or less) since these samples are located inside the jet where
the elemental mixture fractions of both H and C are almost unity. Outside
the jet, the amount of excess H decreases while ‖u′′‖ξ′′∗ increases with an
increase of Reλ for Reλ ≤ 80 for both CO-lean and CO-rich cases. However,
the trends of differential diffusion relative to Reλ are different between the
two cases for Reλ > 80. For the CO-lean case (Fig. 6a), the value of ξHC con-
tinually decreases with Reλ while ‖u′′‖ξ′′∗ remains important. Such behavior
is consistent with the asymptotic relation, ξHC ∝ 1/Ret at high Reynolds
number [34]. Thus, turbulent mixing is predominant and the effect of differ-
ential diffusion becomes subordinate in this region. In contrast, the behavior
of ξHC at Reλ > 80 is opposite for the CO-rich case; ξHC increases with an
increase of Reλ while ‖u′′‖ξ′′∗ diminishes. Here, one should be careful about
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the interpretation of ξHC for Reλ > 80 in this figure. Most of these samples
are located in the high Reλ regions outside the shear layer (see Fig. 4f) with
sparse samples collected from inside the shear layer where turbulent mixing
is more predominant than differential diffusion. In the high Reλ regions the
scalar flux is low despite the relatively intense local turbulence. This is repre-
sented by the decreasing value of ‖u′′‖ξ′′∗ at larger Reλ in Fig. 6b. As a result,
differential diffusion becomes predominant compared to turbulent mixing in
these regions. Thus, on average turbulent mixing and not Reynolds number
is negatively correlated with differential diffusion over a range of Reλ. This is
also implied by a previous investigation into the relation between differential
diffusion and global Reynolds number [13]. Also, when Karlovitz number
Ka = (uηδF )/(ηSL) is used for conditioning (Figs. 6c and 6d), the increasing
ξHC with local turbulence level in the CO-rich case becomes less apparent
and for large Ka, Ka has a stronger negative correlation with ξHC . Here, uη

is the Kolmogorov velocity scale and δF is the Zeldovich flame thickness.
Figure 6 also shows the volume averages of ξHC and ‖u′′‖ξ′′∗ collected

from the probable explosive zones (p◦EZ ≥ 0.5) in the entire domain and
from those in the LW sampling region to highlight the preferential location
of the flame base with respect to the location of excess H. Generally, the
explosive zones exist where ξHC and ‖u′′‖ξ′′∗ have comparable values (see
red and black circles), suggesting that the formation of reaction zones is
favorable in locations with both sufficient amounts of turbulent mixing and
excess H resulting from differential diffusion. Among all the explosive zones
throughout the domain, those forming the flame base (EZ in LW) particularly
have a strong preference to excess H over turbulent mixing for both cases (see
red and black plus symbols). Thus, it is reasonable to conjecture that the
small amount of H2 in the syngas fuel produces excess H in the LW region
due to differential diffusion, which enhances the reactivity of the mixture
that forms the flame base.

The relation between differential diffusion and turbulent mixing is more

clearly seen in the scatter plot in ξ̃HC- ˜‖u′′‖ξ′′∗| space shown in Figs. 7a (CO-
lean) and 7b (CO-rich). As described above, most of the explosive zones in
the LW region (they are likely to form the flame base) are located where
differential diffusion is predominant compared to turbulent mixing for both
cases. Other non-EZ samples in the LW region (blue scatter) are distributed
in a broad area with three branches which can be categorized as: relatively
large excess H and small turbulent mixing (zone [I]); reasonable or small
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excess H and relatively large turbulent mixing (zones [II]); and negligible

ξ̃HC or excess C and large turbulent mixing (zone [III]). This classification is
performed using the following criteria.

Zone [I] : ξ̃HC ≥ 0.25ξ̃HC,max and ‖̃u′′‖ξ′′
∗

≤ 0.25‖̃u′′‖ξ′′
∗

max
. (7)

Zone [II] : ξ̃HC ≥ 0.05ξ̃HC,max and ‖̃u′′‖ξ′′
∗

> 0.25‖̃u′′‖ξ′′
∗

max
. (8)

Zone [III] : ξ̃HC < 0.05ξ̃HC,max and ‖̃u′′‖ξ′′
∗

≥ 0.25‖̃u′′‖ξ′′
∗

max
. (9)

These criteria are arbitrary and are based on visual inspection of trends
from Figs. 7a and 7b. However, the zones are insensitive to changes in the
threshold values. For example, changes in values by ±50% do not alter the
conclusions addressed here. The locations of the zones [I]–[III] along with the
probable explosive zones are shown with heat release rate contours in physi-
cal space in Figs. 7c and 7d. Clearly, the region of predominant differential
diffusion (zone [I]) is not collocated with the region of predominant predom-
inant turbulent mixing (zone [III]). While the probable explosive zones are
located in zone [I], the peak heat release in the LW region appears slightly
downstream of zone [II] where both turbulent mixing and the level of excess
H are substantial. These zone maps clearly suggest that differential diffu-
sion plays a significant role in mixture preparation and initiating chemical
reactions. This occurs prior to intense chemical reactions maintained by suf-
ficient mixing due to turbulent motion and scalar dissipation rate, and by a
small amount of radicals and heat provided by the initiation in the explosive
zones.

3.3. Effects of differential diffusion on mixture preparation

In the previous section it was shown that the explosive zones in the LW
region, which is likely to be a flame base, prefer excess H to turbulent mix-
ing. The present section addresses how differential diffusion contributes to
mixture preparation prior to intense chemical reactions in JICF using the
Takeno Flame Index (FI) in the near field. The Flame Index is a metric
for the alignment between the gradient of fuel (H2 and/or CO) and oxidizer
(O2) mass fractions used to describe the mixing mode between the fuel and
oxidizer [35]:

FI =
∇ (YH2

+ YCO) · ∇YO2

|∇ (YH2
+ YCO) | |∇YO2

|
. (10)
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In perfectly premixed and non-premixed mixtures, FI yields 1 and -1, re-
spectively. Positive FI indicates that fuel and oxidizer are premixed, and
otherwise, non-premixed. Figure 8 shows the mean Flame Index in the near
field with mean velocity and pEZ iso-lines. The mixing mode shown in Fig. 8
seems to be consistent with the idea that flame stabilization is a result of
micro-mixing that provides a sufficiently homogeneous mixture, but only for
the CO-lean case. Such a positive FI exists where the velocity magnitude is
sufficiently low and turbulent mixing is sufficiently high (but not too high;
see Fig. 4a). In such a region there is sufficient residence time for mixing
[14]. For the CO-rich case, however, the mean FI is negative for almost the
entire LW region including the explosive zones, suggesting that mixing be-
tween fuel and oxidizer does not, on average, provide an “ideal condition” for
the explosive zones. Note that the instantaneous fields (not shown) reveal
the presence of positive FI locally in the LW region, similar to findings from
an earlier JICF DNS study [14]. However, positive FI is not predominant in
the CO-rich case resulting in an overall negative FI. To further investigate
such inconsistent behaviors of FI between CO-lean and CO-rich cases, the
Flame Index is obtained based on individual fuel species as:

FIH2
=

∇YH2
· ∇YO2

|∇YH2
| |∇YO2

|
, FICO =

∇YCO · ∇YO2

|∇YCO| |∇YO2
|
. (11)

The Flame Indices based on individual fuel species are shown in Fig. 9 with
heat release rate and pEZ iso-lines. For the CO-lean case as shown in Fig. 9a,
the more diffusive H2 species is mixed with the oxidizer before CO is, cre-
ating an ideal homogeneous mixture for the explosive zones (see p◦EZ = 0.5
envelope). In contrast, positive values of FICO exists only near the intense
heat release rate region where scalar and velocity gradients are high enough
to enhance scalar mixing.

For the CO-rich case, the trend is more or less similar. The location of
positive values of FIH2

exists in the vicinity of the p◦EZ = 0.5 envelope, while
the value is generally negative for FICO, although its magnitude decreases
near high scalar and velocity gradient zones. Without differential diffusion,
H2 would behave similar to CO in Fig. 9b and the probable explosive zones
would consequently locate further downstream, possibly resulting in dynamic
flame blowout. This conclusion also holds when instantaneous FI, FIH2

and
FICO (not shown) are examined. Several quantities in the explosive zones
in the LW region, which could potentially influence flame stabilization, are
qualitatively compared with those in the WW and downstream regions in Ta-

16



ble. 1. The ensemble averages clearly validate the importance of differential
diffusion of mobile species such as H2 for premixing prior to combustion. The
averaged value of FIH2

in the explosive zones shows the distinctive features
in the LW region compared with the WW and downstream regions for both
CO-lean and CO-rich cases while other quantities are not as distinctive as
FIH2

. While the present DNS are performed at moderate turbulent Reynolds
numbers, even at much higher turbulent Reynolds numbers the fluid dynam-
ical mechanism of anchoring of the JICF in the localized low velocity regions
on the lee side of the jet are likely persist. Hence, differential molecular
diffusion of hydrogen-enriched fuel blends in the flame anchoring region will
remain important.

4. Conclusions

Three-dimensional DNS of a transverse syngas fuel jet in a turbulent
boundary layer cross-flow of air shows the influence of increasing the con-
centration of CO relative to H2 on near field flame stabilization. The mean
flame anchors at a similar location for the two cases counter to the trend
suggested by their laminar flame speeds which is higher for the CO-lean
condition. To identify local mixtures having preferable mixture conditions
for flame anchoring, explosive zones are defined using the CEM timescale.
The explosive zones related to flame stabilization are located in relatively
low velocity regions, slightly upstream of the peak heat release rate region.
The explosive zones are characterized by excess H transported by differential
diffusion with relatively low turbulent mixing intensity. The conditional av-
erages show that differential diffusion is negatively correlated with turbulent
mixing, while Reynolds number alone is insufficient to estimate the positive
differential diffusion effect. This complementary relationship is further ex-
plained through examination of a scatter plot of differential diffusion and
turbulent mixing. Based on the clustering in the scatter plot, three zones
are defined: [I] large excess H with small turbulent mixing; [II] reasonable

or small excess H and large turbulent mixing; and [III] negligible ξ̃HC or
excess C and large turbulent mixing. Clearly, the most probable explosive
zones exist in zone [I]. Comparing these three zones with the heat release rate
and probable explosive zones, it is found that differential diffusion predomi-
nantly plays an important role in mixture preparation and initiates chemical
reactions, followed downstream by intense chemical reactions sustained by
sufficient mixing owning to the turbulent motion and scalar dissipation rate
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in the zone [II]. Finally, the mechanism by which differential diffusion con-
tributes to mixture preparation is investigated using the Flame Index. The
mean Flame Index shows that the extent of premixing is not intense based
on combined fuel species. However, the Flame Index based separately on H2

and CO species reveals that H2 has a significant contribution to premixing,
particularly in the explosive zones in the upstream leeward region which are
likely to be the flame base. Therefore, a small amount of H2 is able to dif-
fuse much faster than CO, creating a relatively homogeneous mixture which,
together with its reactivity, helps to stabilize a flame at a similar location
regardless of the amount of CO present in the fuel for the present range of
DNS conditions. Therefore, the near-field flame stabilization mechanism in a
multi-component fuel JICF is not solely due to a balance between the flame
speed and local fluid velocity, but differential diffusion of lighter species also
plays an important role. This suggests that combustion simulation of a gas
turbine should employ both turbulent and molecular mixing especially in the
near field.
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Figure 1: Volume rendering of instantaneous temperature and mixture fraction fields for
the CO-lean case.
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(a) (b)

(c) (d)

Figure 2: (a, c) Instantaneous Q◦ and (b, d) mean Q
◦

heat release rate in the mid-plane
for CO-lean (a, b) and CO-rich (c, d) cases. Solid lines: iso-lines of ‖u‖∗ = 0.1 (thin) and
0.4 (bold) (a, c) and ‖ũ‖∗ = 0.1 (thin) and 0.4 (bold) (b, d). Thin dashed lines show the
leeward (LW) and windward (WW) sampling domains and mean jet trajectory.
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(a) (b)

Figure 3: Iso-lines of stoichiometric mixture fraction ξst (ξ = 0.188) for the CO-lean (a)
and (ξ = 0.293) for the CO-rich (b) cases (bold dashed line) and the mean heat release

rate Q
◦

= 0.8 for CO-lean (a) and 0.7 for CO-rich (b) cases (bold solid line) overlaid on
the probability of finding the explosive zones pEZ .
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(a) (b)

(c) (d)

(e) (f)

Figure 4: Color contours of (a, b) the mean turbulent scalar flux ‖̃u′′‖ξ′′
∗

, (c, d) the

logarithm of the scalar dissipation rate, log10(Ñξ(1/s)) and (e, f) ξ̃HC for the CO-lean (a,

c, e) and the CO-rich (b, d, f) cases. Iso-lines of mean heat release rate Q
◦

= 0.2, 0.4 (thin
solid line, (a, b, c, d)), Taylor Reynolds number Reλ = 40, 80 (thin solid line, (e, f)) and
the probability of finding explosive zones p◦EZ = 0.5 (bold solid line) are also overlaid. The
thin dashed lines show the leeward (LW) and windward (WW) sampling domains and the
mean jet trajectory.
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(a) (b) (c) (d) (e)

Figure 5: Mean mixture fraction iso-lines (ξ̃ = 0.2, 0.3, 0.4) overlaid on the differential
diffusion elemental mixture fraction ξ̃HC in the x-z slices at different y positions, (a)
y∗ = 1.20, (b) y∗ = 1.69, (c) y∗ = 2.20, (d) y∗ = 2.88, (e) y∗ = 3.75, for the CO-lean case.
Bold line shows explosive zones. The mean jet trajectory is also denoted by the + symbol.
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(a) (b)

(c) (d)

Figure 6: Conditional averages of 〈ξHC|Reλ〉 (red solid line) and 〈‖u′′‖ξ′′∗|Reλ〉 (black
solid line) and their standard deviation (dotted line) for the CO-lean (a) and the CO-rich
(b) cases. Similar averages conditioned based on local Karlovitz number, 〈ξHC|Ka〉 (red
solid line) and 〈‖u′′‖ξ′′∗|Ka〉 (black solid line) are also shown for the CO-lean (c) and the
CO-rich (d) cases. Volume averages constructed from explosive zones in the entire domain
(EZ) and explosive zones in the leeward sampling region (EZ, LW) are also shown. The
red circle denotes 〈ξHC〉EZ, the black circle 〈‖u′′‖ξ′′∗〉EZ, the red plus 〈ξHC〉EZ,LW, the
black plus 〈‖u′′‖ξ′′∗〉EZ,LW.
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(a) (b)

(c) (d)

Figure 7: Variation of ‖̃u′′‖ξ′′
∗

with ξ̃HC with the classification of zones [1]–[3] (a, b),
and a map showing these zones in the LW region in physical space (c, d) for the CO-lean
(a, c) and the CO-rich (b, d) cases. In (a, b), red: samples taken from the probable EZ
(p◦EZ > 0.5) in the LW sampling region, blue: non-EZ samples in the LW sampling region,

and gray: other samples in entire domain. In (c, d), iso-lines of Q
◦

= 0.1, 0.3, 0.5, 0.7 (thin

lines), 0.8, 0.9 (bold line) for the CO-lean and Q
◦

= 0.1, 0.3, 0.5 (thin lines), 0.7, 0.8 (bold

line) for the CO-rich cases. Zone [I]: Large ξ̃◦
HC

≥ 0.25 and negligible ‖̃u′′‖ξ
◦

≤ 0.25, zone

[II]: ξ̃◦
HC

≥ 0.05 and large ‖̃u′′‖ξ′′
◦

> 0.25, and zone [III]: negative or negligible ξ̃◦
HC

< 0.05

and large ‖̃u′′‖ξ′′
◦

≥ 0.25.
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(a) (b)

Figure 8: Iso-lines of mean velocity magnitude ‖ũ‖∗ = 0.125, 0.25, · · · , 0.75 (thin solid line)
and probable explosive zones p◦EZ = 0.5 (bold solid line) overlaid on color iso-contours of
the mean flame index FI for the CO-lean (a) and the CO-rich (b) cases.
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(a) (b)

Figure 9: Iso-lines of the mean heat release rate Q
◦

= 0.8, 0.9 (a) and Q
◦

= 0.7, 0.8 (b)
(thin solid line) and the probable explosive zones p◦EZ = 0.5 (bold solid line) overlaid
on color iso-contours of the mean Flame Indices FIH2

(top) and FICO (bottom) for the
CO-lean (a) and the CO-rich (b) cases.
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Table 1: Ensemble averages in the explosive zones (EZ) in the LW,WW and other sampling
locations.

CO-lean/rich EZ (LW) EZ (WW) EZ (elsewhere)
〈ξ〉 0.16 / 0.27 0.35 / 0.43 0.18 / 0.26
〈N〉∗ 4.0× 10−4 / 2.3× 10−3 4.6× 10−3 / 4.5× 10−3 3.4× 10−4 / 5.8× 10−4

〈FI 〉 0.37 / -0.17 -0.42 / -0.75 -0.17 / 0.026
〈FIH2

〉 0.60 / 0.19 -0.37 / -0.58 0.13 / 0.38
〈FICO〉 -0.13 / -0.20 -0.45 / -0.74 -0.38 / -0.0039
〈ξHC〉 0.075 / 0.11 0.094 / 0.17 -0.0063 / 8.0× 10−4

〈‖u′′‖ξ′′〉∗ 0.017 / 0.044 0.064 / 0.17 0.011 / 0.014
〈Q〉/Qmax 1.4 / 1.1 0.93 / 1.2 0.95 / 0.90
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