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Abstract

The effects of Hy enrichment on the propagation of laminar CHy—air triple flames in axisymmetric coflow-
ing jets are numerically investigated. A comprehensive, time-dependent computational model, which employs a
detailed description of chemistry and transport, is used to simulate the transient ignition and flame propagation
phenomena. Flames are ignited in a jet-mixing layer far downstream of the burner. Following ignition, a well-
defined triple flame is formed that propagates upstream along the stoichiometric mixture fraction line with a
nearly constant displacement velocity. As the flame approaches the burner, it transitions to a double flame, and
subsequently to a burner-stabilized nonpremixed flame. Predictions are validated using measurements of the dis-
placement flame velocity. As the Hy concentration in the fuel blend is increased, the displacement flame velocity
and local triple flame speed increase progressively due to the enhanced chemical reactivity, diffusivity, and pref-
erential diffusion caused by Hy addition. In addition, the flammability limits associated with the triple flames are
progressively extended with the increase in Hy concentration. The flame structure and flame dynamics are also
markedly modified by Hy enrichment, which substantially increases the flame curvature and mixture fraction gra-
dient, as well as the hydrodynamic and curvature-induced stretch near the triple point. For all the Hp-enriched
methane—air flames investigated in this study, there is a negative correlation between flame speed and stretch, with
the flame speed decreasing almost linearly with stretch, consistent with previous studies. The H, addition also
modifies the flame sensitivity to stretch, as it decreases the Markstein number (Ma), implying an increased ten-
dency toward diffusive—thermal instability (i.e. Ma — 0). These results are consistent with the previously reported
experimental results for outwardly propagating spherical flames burning a mixture of natural gas and hydrogen.
© 2008 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

There is a worldwide interest in developing hydro-
gen-based combustion systems, due to growing en-
vironmental concerns and the deteriorating supply—
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including CO,, NOy, UHC, and soot. In contrast, hy-
drogen represents a potentially unlimited source of
energy that is environmentally clean, with NOy be-
ing the major undesirable pollutant. There are, how-
ever, significant difficulties associated with hydrogen
storage due to its high flammability limits, low igni-
tion energy, and low volumetric energy content. There
are also many unresolved issues with regard to Hjp
combustion, such as knock, detonation, preignition,
and flashback. In this context, hydrogen—hydrocarbon
fuel blends offer a very promising alternative, as they
can synergistically resolve the storage and combus-
tion problems associated with hydrogen and the emis-
sion problems associated with fossil fuel combustion.
Consequently, there has been considerable interest in
investigating the combustion and emission character-
istics of hydrogen—hydrocarbon fuel blends.

Several studies have been reported on the perfor-
mance and emission characteristics of internal com-
bustion engines using hydrogen—fossil fuel blends.
These include studies dealing with a diesel engine us-
ing a hydrogen—vegetable oil blend [1] and spark ig-
nition engines using a hydrogen—gasoline blend [2,3],
a hydrogen—natural gas blend [4-8], and a hydrogen—
methanol blend [9]. Bauer and Forest [10] investi-
gated the effect of hydrogen addition on the perfor-
mance of methane-fueled vehicles. It was shown that
the wide flammability limits of hydrogen makes it
possible to run SI engines at lower equivalence ra-
tios using a hydrogen—methane blend, which lowers
cylinder temperature and thereby NO, emission. Al-
Baghdadi [11] also observed a significant reduction
in NO, production in spark ignition engines when a
hydrogen—ethanol mixture was used instead of gaso-
line.

Flame studies using hydrogen—hydrocarbon fuel
blends have also been reported. Choudhuri and Golla-
hali [12] performed an experimental-numerical inves-
tigation of hydrogen—natural gas jet diffusion flames
and observed a reduction in the soot concentration
and emission index of CO (EICO), but an increase
in EINO with hydrogen addition. Rortveit et al. [13]
reported an experimental-numerical study of NO,
emissions in counterflow methane-hydrogen non-
premixed flames. Naha et al. [14,15] studied the
emission characteristics of hydrogen—methane and
hydrogen—n-heptane fuel blends using a counterflow
flame, and observed significant reduction in NO,
emission in hydrogen—n-heptane flames. Fotache et
al. [16] investigated the ignition characteristics of
hydrogen-enriched methane flames at various pres-
sures and identified three ignition limits, namely (i)
hydrogen-assisted ignition, (ii) transition, and (iii)
hydrogen-dominated ignition. Huang et al. [17] mea-
sured the flame speeds for natural gas—hydrogen mix-
tures and observed that the increase in Hp content

increases the flame speed exponentially, while the
Markstein length transitions from positive to nega-
tive, implying a tendency toward diffusive—thermal
instability. Law et al. [18] examined the effect of
adding propane to hydrogen at different pressures
and observed that propane reduces the tendency to-
ward diffusive—thermal instability, whereas a pres-
sure increase promotes diffusive—thermal instabil-
ity, causing flame front wrinkling and higher flame
speeds. Schefer [19] investigated the stabilization
of hydrogen-enriched methane—air swirl-stabilized
premixed flames. It was shown that hydrogen addi-
tion reduces the lean stability limit, allowing stable
burner operation at lower flame temperature that is
in turn beneficial for achieving lower NO, emission.
Similarly, Hawkes and Chen [20] studied hydrogen-
enriched lean premixed methane—air flames and re-
ported that hydrogen addition increases flame resis-
tance to quenching, but also increases the tendency
toward diffusive—thermal instability. In addition, the
NO emission was observed to increase, while the CO
emission decreased with hydrogen addition.

Our literature review indicates that while many
important combustion and emission characteristics of
hydrogen—hydrocarbon fuel blends have been investi-
gated, the flame propagation characteristics of such
fuel blends have not been examined. A fundamen-
tal understanding of the flame propagation charac-
teristics of various fuel blends is important for the
design of future combustion devices, such as spark
ignition engines and gas turbine combustors, burn-
ing fuel blends. These characteristics are also impor-
tant for the design of flame arrestors, which require
laminar flame speed data for different fuel blends
over a wide range of conditions. For example, a Ven-
turi flame arrestor employs a flow restriction to in-
crease the local mixture velocity above the local
triple flame speed in order to capture a propagating
flame.

In this paper, we report a fundamental investiga-
tion on the propagation characteristics of Hp-enriched
CHy—air flames in a laminar nonpremixed jet. The
major objective is to examine the effects of H, enrich-
ment on the propagation characteristics of CHy—air
flames in nonuniform mixtures in which the flame
is subjected to flow nonuniformity and mixture frac-
tion gradients, as well as curvature-induced, hydro-
dynamic, and unsteady stretch effects. A propagating
flame is established by igniting the fuel-air mixture
in the far field of a jet issuing a Hy—CH4 mixture
in a coflowing air jet. The ignition event is simu-
lated by providing a small high-temperature zone con-
taining small amounts of H and OH radicals. This
high-temperature zone generates an ignition kernel
that propagates upstream and rapidly develops into
a triple flame, which then propagates upstream to-
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ward the burner rim. The effects of hydrogen enrich-
ment on the propagation characteristics of this triple
flame are investigated using a comprehensive com-
putational model that includes detailed descriptions
of transport and chemistry. The choice of this con-
figuration is based on several considerations. First,
this configuration is relevant to many combustion sys-
tems, including gas turbines and internal combus-
tion engines [21]. Second, it is difficult to establish
lifted Hp—air or CHy—air flames in a jet configura-
tion due to the high mass diffusivity of these fu-
els (Sc < 1) [22]. Third, the present configuration is
well suited to examine the propagation characteristics
of triple flames established using hydrogen—methane
fuel blends and to characterize the effects of hydro-
gen on stretch—flame speed interactions. Finally, in-
vestigations of triple flame propagation in laminar jets
provide fundamental information for the understand-
ing and modeling of turbulent flames. For instance,
the stabilization [23,24] and propagation [25,26] of
turbulent flames often involve triple flames, which are
subjected to a wide range of mixture fraction gra-
dient, stretch, and partial premixing. Consequently,
several previous studies have investigated the effects
of jet velocity [22,26], coflow velocity [27], partial
premixing [25,28,29], heat release [30], and dilution
[28,29] on laminar flame stabilization and propaga-
tion. However, the flame propagation characteristics
associated with fuel blends have not yet been investi-
gated.

It is important to note that a similar configuration
involving triple flames has been employed in previous
studies. Ruetsch et al. [30] reported the first numer-
ical investigation of triple flames and thus laid the
foundation for such studies. They showed that heat
release redirects the flow ahead of the triple flame,
reducing the flow velocity along the stoichiometric
mixture fraction line, which reaches a local minimum
just ahead of the triple flame. For a lifted triple flame,
this local minimum flow velocity was defined as the
local (triple) flame speed (Sgi) [30,31] at the triple
point, while the upstream flow velocity was defined
as the far field or global flame speed (Up) [30,31]. In
addition, it was shown that the global flame speed in-
creases with the decrease in mixture fraction gradient,
and in the limit of small mixture fraction gradient, the
Up/ Sy ratio is proportional to the square root of the
density ratio of unburnt to burnt mixtures (1/(ou/pop))
across the flame. Qin et al. [25] and Ko and Chung
[26] investigated the propagation of CHy—air triple
flames in laminar jets and observed that the instan-
taneous displacement flame velocity (Vf),1 which is

Ut s important to note the inconsistencies in the defini-
tions of Sy, U, and V¢ used in the literature. For instance,

the flame velocity in laboratory coordinates, remains
nearly constant during propagation, while the local
triple flame speed (Syj) decreases with flame stretch
and mixture fraction gradient. In addition, the global
flame speed (Up) was found to be about twice the
laminar stoichiometric unstretched flame speed (SE),
while it was observed to be considerably higher (3—
6 times) in turbulent jets [32]. It is also interesting
to note that in both laminar [25,26] and turbulent
flows [32] it was observed that an increase in jet ve-
locity decreases the displacement flame velocity but
increases the local flame speed, and that the local
flame speed decreases with axial position due to the
increase in mixture fraction gradient and flame cur-
vature. This further highlights the fact that investi-
gations of laminar triple flames can provide insight
into the stabilization and propagation of turbulent
flames.

Im and Chen [33] investigated the propagation of
Hy—air triple flames in a nonpremixed jet. Similarly to
previous studies [30,34], the global flame speed was
found to be proportional to the square root of the den-
sity ratio across the flame. Another important obser-
vation from this study was that for Hy—air mixtures,
the flame is shifted toward the air side and becomes
asymmetric with respect to the stoichiometric mix-
ture fraction (fs = 0.0285) line,2 since fg is much
smaller than 0.5. Consequently, the triple point, lo-
cated at the intersection of the stoichiometric mixture
fraction line and the flame surface, does not coincide
with the flame leading edge, which is located at the lo-
cal minimum flame curvature. This shift between the
triple point and the leading edge is important in the
context of determining the triple flame speed, since
the experimental studies have generally reported the
flame speeds at the leading edge [35], while the nu-
merical investigations have computed these speeds at
the triple point [25,29,33]. While this shift is also ob-

Siri 1s also referred as the edge speed in Ref. [31], as the
local displacement speed in Ref. [33], and as the flame prop-
agation speed in Ref. [25]. Similarly, UF is also referred as
the stabilization speed in Ref. [33] and as the relative prop-
agation speed in Ref. [32]. In addition, Vf is referred as the
flamefront propagation velocity in Ref. [25] and as the net
flame velocity in Ref. [32]. Here, we define S as the lo-
cal triple flame speed, Up as the global flame speed, and
V¢ as the displacement flame velocity. Note that we use the
term “speed” when referring to flame properties (i.e., rela-
tive velocities with respect to the incoming jet flow velocity
such as S and Ug), whereas the term “velocity” is used for
absolute velocities (i.e., measured from a fixed coordinate
system such as Vs).

2 Note that for f; = 0.5 the flame will be symmetric with
respect to the stoichiometric mixture fraction line, and the
locations of the triple point and the flame leading edge will
coincide.
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served for hydrocarbon flames, it becomes more pro-
nounced for hydrogen flames, and therefore relevant
to fuel blends containing hydrogen.

The preceding discussion indicates that several
previous studies have focused on the propagation of
triple flames in the context of pure fuels. However, the
flame propagation characteristics of fuel blends have
not been examined as yet.

2. Computational model

The numerical model is based on the solution of
the time-dependent governing equations for a two-
dimensional unsteady reacting flow [36,37]. Using
cylindrical coordinates (r, z), these equations can be
written as
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Here ¢ denotes the time, p the density, and u and
v the axial (z) and radial (r) velocity components,
respectively. The general form of the equation rep-
resents conservation of mass, momentum, species,
or energy conservation, depending on the variable
used for @. The diffusive transport coefficient re
and source terms S® are described in Ref. [36]. In-
troducing the overall species conservation equation
and the state equation completes the equation set.
A sink term based on an optically thin gas assump-
tion was included in the energy equation to account
for thermal radiation from the flame [38] in the form
Grad = —40 K p(T* — T3} [39], where T denotes the
local flame temperature, and K, accounts for the ab-
sorption and emission from the participating gaseous
species (COp, HrO, CO, and CHy) expressed as
Kp=PY ; X;K,;, where K, ; denotes the mean
absorption coefficient of the kth species, o is the
Stefan—Boltzmann constant, and 7 is the ambient
temperature. The value of K, ; is obtained using a
polynomial approximation to the experimental data
provided in Ref. [39].

The thermodynamic and transport properties ap-
pearing in the governing equations are temperature-
and species-dependent. The thermal conductivity and
viscosity of the individual species were based on
Chapman-Enskog collision theory, following which
those of the mixture are determined using the Wilke
semiempirical formulas [40]. Chapman—Enskog the-
ory and the Lennard-Jones potentials were used to
estimate the binary diffusion coefficient between each
species and nitrogen. The methane—air chemistry is

modeled using a detailed mechanism that considers
31 species and 346 elementary reactions [41]. The
major species included in the mechanism are CHy,
0,, CO,, CO, CH,0, Hy, HyO, C,H;,, CoHy, CoHg,
CH3O0H, and Nj, while the radical species include
CH3, CH;, CH, CHO, H, O, OH, HO,, H,0,, C>H,
CyH3, CyHs, CHCO, C, CHj(s), CH;OH, CH30,
CH,CO, and HCCOH. The mechanism has been val-
idated previously for the computation of premixed
flame speeds and the detailed structure of premixed
and nonpremixed flames [42—44].

The finite-difference forms of the momentum
equations are obtained using the QUICKEST scheme
[45], while those of the species and energy are ob-
tained using a hybrid scheme of upwind and cen-
tral differencing. The pressure field is calculated
at every time step by solving all of the pressure
Poisson equations simultaneously and using the LU
(lower and upper diagonal) matrix-decomposition
technique.

Fig. 1 illustrates the computational domain. It con-
sists of 100 x 50 mm in the axial (z) and radial (r)
directions, respectively, and is represented by a stag-
gered, nonuniform grid system. The reported results
are grid-independent, as discussed in the next section.
The minimum grid spacing is 0.05 mm in both the
r- and z-directions. It is important to note that we
have examined the grid resolution issues in a previ-
ous study [29] and found that a minimum grid spacing
of 0.05 is sufficient to resolve the H and CH radi-
cal layers. An isothermal insert (2 x 0.8 mm) sim-
ulates the inner burner wall. The temperature at the
burner wall was set at 300 K. The inner and outer
jets are set with constant and uniform velocities of
10 and 30 cm/s, respectively. The inner jet issues
a Hp—CHy mixture, while the outer jet issues air.
A propagating flame is established by igniting the
fuel-air mixing layer in the far field (35 mm above
the burner rim). The ignition event is simulated by
providing a small high-temperature zone with a tem-
perature of 2000 K and a rectangular cross-sectional
area of 2 mm?, and containing small amounts of H
and OH radicals. This high-temperature zone gener-
ates an ignition kernel that propagates upstream and
rapidly develops into a triple flame, which then prop-
agates upstream toward the burner rim and eventually
stabilizes at the rim. A detailed numerical algorithm
is developed to determine the propagation character-
istics of this flame, which include the instantaneous
displacement flame velocity and propagation speeds
(i.e., local and global flame speeds), flame structure
and dynamics near the triple point, and flame stretch—
speed interactions for various levels of Hy enrich-
ment.
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Fig. 1. Schematic of the computational grid used in the simulations. The small rectangle shows the minimum grid spacing region
where the propagation flame front is located. A schematic of the computational domain is also shown.

3. Results and discussion
3.1. Validation of numerical model

The algorithm used for the simulation of propa-
gating flames has been extensively validated in pre-
vious studies, using experimental data from burner-
stabilized flames [36,46], lifted partially premixed
flames [37], and propagating partially premixed
flames [25]. The validation has included the compar-
ison of the predicted and measured flame topology,
liftoff heights (Lf), temperature, velocity and concen-
tration fields, and instantaneous displacement flame
velocity (V). In the following section, we will pro-
vide an additional validation by comparing the pre-
dicted and measured [47] displacement flame velocity
(Vf) of a propagating CHy—air triple flame.

3.2. Ignition and flame propagation

Fig. 2 presents the simulated results of transient
ignition, flame propagation, and flame attachment for
a propagating CHy—air triple flame in terms of heat
release rate contours. The first image at + = O ms
corresponds to an instant when the high-temperature
ignition source is removed, while the subsequent im-
ages show the formation and propagation of a triple
flame. Following ignition, two reacting volumes (or
kernels) are formed, as indicated by the image at
t = 3 ms. One propagates downstream and is quickly
extinguished. The other propagates upstream toward

the burner and develops into a triple flame, which is
the focus of this investigation. The triple flame struc-
ture develops at ¢ ~ 18 ms. The flame propagates in a
quasi-steady manner, i.e., at near-constant displace-
ment flame velocity (V§), from z =25 mm to z =
4 mm, exhibiting a well-defined triple flame structure,
as indicated in the snapshot at 48 ms. The three reac-
tion zones, namely the rich premixed zone (RPZ), the
lean premixed zone (LPZ), and the nonpremixed zone
(NPZ), can be readily identified in the 18- and 48-ms
images. As the flame approaches the burner rim (i.e.,
z &~ 4 mm), the length of the RPZ decreases, and the
flame transitions to a double flame; i.e., the LPZ ex-
tinguishes. The flame reaches the burner rim at 88 ms,
and during its stabilization at the rim, the RPZ extin-
guishes and the flame transitions from a double flame
to a steady nonpremixed flame.

In Fig. 3, we present the temporal variation of
axial flame position with respect to the burner rim
(df = z—2 mm) for the propagating 0%H;-, 25%H>-,
50%H;-, and 75%H,-enriched CHy—air triple flames.
As the amount of Hj in the fuel blend is increased, the
displacement flame velocity increases, as expected,
and the time taken for the flame to reach the burner
rim decreases considerably. In addition, the simu-
lations indicate that for all four flames depicted in
Fig. 3, the axial flame position (df) varies almost lin-
early with time. This behavior is consistent with the
measurements reported by Ko and Chung [26], who
showed that the flame position of propagating lami-



372 A.M. Briones et al. / Combustion and Flame 153 (2008) 367—-383

Oms

18ms

48ms

88ms

Stable

3ms

z (mm)

o 5 10
r(mm) r(mm)

5
r(mm)

1

5 5 5
r(mm) r (mm) r (mm)

Fig. 2. Simulations showing the temporal evolution of ignition and flame propagation in terms of heat release rate contours for
the pure CHy—air flame. The three reaction zones, i.e., the rich premixed (RPZ), nonpremixed (NPZ), and lean premixed (LPZ)

zones, are indicated in the snapshot at # = 48 ms.
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Fig. 3. Axial flame position (dy) as a function of time for the
0%, 25%, 50%, and 75% Hj-enriched CHy—air propagating
flames.

nar CHy—air triple flames in nonpremixed jets varies
linearly with time regardless of the jet inlet velocity.
Fig. 4 presents the instantaneous displacement
flame velocity (V¥) as a function of flame position (df)
for the four Hp-enriched CHy—air flames discussed
in the context of Fig. 3. The displacement flame ve-
locity is obtained by calculating the rate of change
of axial position of the triple point with time (i.e.,
Vi = (Az)yi/ At). Note here that based on our simula-
tions the radial component of the displacement flame

300 f"\ = —_
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- ~ -
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Fig. 4. Predicted displacement flame velocity (Vf) as a
function of axial distance from the burner rim (df) for the
0%, 25%, 50%, and 75% H,-enriched CHy—air propagating
flames. The measured Vi for a CHy—air propagating flames
from Ref. [47] is also shown for validation of the numerical
model.

velocity is negligible (i.e., Vf = V¢ ;). The flame sur-
face, which is needed for determining the triple point,
is chosen to be the isocontour of the 0.0727 H,O mass
fraction, following Won et al. [35]. The measured dis-
placement flame velocity as a function of flame po-
sition for a propagating CHy—air triple flame, taken
from Ref. [47], is also shown in the figure. There is
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good agreement between the predicted and measured
values. Both predictions and measurements indicate
that V¢ is nearly independent of time. Our predic-
tions are also consistent with the measurements of Ko
and Chung [26] for propagating CHy—air triple flames
with different jet inlet velocities. The displacement
flame velocity decreases as the flame gets close to the
burner rim (df ~ 2-3 mm) and tends to zero as the
flame stabilizes at the rim. In addition, results in Fig. 4
indicate that as the amount of Hy in the fuel blend is
increased, V¢ progressively increases, and the flame
reaches the burner rim in a shorter time (cf. Fig. 3).
The increase in Vf is due to an increase in the lo-
cal triple flame speed, Sy (discussed later), which in
turn is due to the enhanced chemical reactivity, dif-
fusivity, and preferential diffusion effects caused by
H» enrichment. The aspects dealing with the effects
of Hy enrichment on the flame propagation character-
istics, including stretch—flame speed interactions, are
discussed in Section 3.4.

3.3. Flame base structure

In order to spatially resolve the various reaction
zones of the propagating flame more clearly, we have
previously developed a modified flame index [28,29],
defined as

(S-S 1 Gro
éM_<|f—fs|) 2<1+|GFO|>. @

Here the mixture fraction (f) is defined following Bil-
ger [31], and Gpp is the flame index proposed by
Takeno and co-workers [48]. Note that Grp can only
distinguish between premixed and nonpremixed reac-
tion zones, while with the modified definition (i.e.,
Eq. (2)), ém = 1 represents a rich premixed zone,
—1 a lean premixed zone, and |0.5| a nonpremixed
zone for hydrocarbon flames. Since identification of
the various reaction zones is more relevant in regions
of high reactivity, i.e., where the heat release rates
are significant, we have computed &y only in regions
where the heat release rate is at least 1% of the maxi-
mum heat release rate.

Fig. 5 presents &y contours for propagating CHy—
air flames established with different H, enrichment.
The contours are shown when the flames are at two
different positions, one at z = 17 mm corresponding
to quasi-steady propagation, and the other near the
burner rim (z ~ 2) when the flames are in the at-
tachment process at the burner rim. For all four cases
considered, the &\; contours clearly indicate that dur-
ing quasi-steady flame propagation, the flames exhibit
a triple flame structure at the flame base. The LPZ is
weakened with Hy addition, as indicated by the re-
duction of the lean premixed wing. For all the four
cases, as the flames get close to the burner rim, the

LPZ extinguishes and the triple flame transitions to
a double flame containing the rich premixed (RPZ)
and nonpremixed (NPZ) zones. As these four flames
are stabilized at the burner rim, the RPZ gets extin-
guished due to insufficient mixing near the rim, and
the flames exhibit a single (NPZ) flame structure.

In order to further examine the structures of the
four flames depicted in Fig. 5 during quasi-steady
flame propagation, we present in Fig. 6 the radial pro-
files of heat release rate and reactant species (CHy,
H,, and O,) mass fractions at an axial location z =
20 mm near the flame base. The heat release rate pro-
files have been used in previous investigations [28,
49,50] to identify the global flame structure. For all
four flames, the heat release rate profiles exhibit three
distinct peaks, indicating a triple flame structure. The
triple flame structure is also indicated by the CHy,
Hj, and O, mass fraction profiles. The effect of Hp
enrichment is to increase the heat release rate in all
three reaction zones and to reduce the spatial distance
between the nonpremixed and lean premixed reaction
zones, and thereby enhance interaction between them.

Since Hy—air premixed flames exhibit wider flam-
mability limits than typical hydrocarbon—air pre-
mixed flames, it is relevant to examine the effect of Hp
enrichment on the flammability limits of propagating
CHy~air triple flames. Fig. 7 presents the four flames,
discussed in the context of Fig. 5, in terms of the in-
stantaneous heat release rate contours, streamlines,’
and equivalence ratio contours. The equivalence ra-
tio is computed using ¢ = (f(1 — f5)/(fs(1 — f))),
which implies that the stoichiometric line (¢ = 1.0)
coincides with the stoichiometric mixture fraction
(fs) line. Previous investigations [47] have used a
different equivalence ratio, namely ¢y = Yr/(vYox),
where v is the stoichiometric fuel-air mass ratio,
based on the reactants’ mass fractions in the unburnt
mixture. However, the propagating triple flame struc-
ture is better characterized using ¢, since the ¢y, = 1.0
line does not coincide with fg in the burnt region,
although it does in the unburnt region. For the 0%
Hj-enriched flame, the region of high reactivity (red
color) extends from ¢ = 0.46 to ¢ = 1.58, which cor-
respond, respectively, to the lean and rich flammabil-
ity limits of CHy—air premixed flames [51-53]. There
is, however, still significant reactivity beyond these ¢
values, implying that a triple flame extends the flam-
mability limits due to synergistic interactions among
the three reaction zones. The Hy enrichment further
extends these flammability limits, since it enhances
flame reactivity as well as interactions between the re-

3 For propagating flames, which represent a dynamic sys-
tem, streamlines are simply used here to indicate an instan-
taneous snapshot of the flow field.
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Fig. 5. Flame structures of various Hp-enriched CHy—air flames are shown through the modified flame index (£p1) contours
during quasi-steady flame propagation (a) and flame attachment (b).

action zones. For instance, for the 75% H,-enriched
flame, the region of high reactivity (red color) ex-
tends from ¢ = 0.14 to ¢ = 2.54. Hy addition also
increases both the mixture fraction gradient and the
flame curvature, as indicated by the collapsed ¢ lines
near the flame base. Moreover, since Hy enrichment
decreases the stoichiometric mixture fraction ( fs), the

flame becomes more asymmetric with respect to the
¢ = 1.0 line. For example, fs is 0.055 for the 0%
H,-flame, and decreases to 0.044 for the 75% Hj-
enriched flame. Consequently, the flow divergence
ahead of the flame base becomes more asymmetric
with increasing Hy content. Therefore, the effect of
Hj enrichment is to significantly extend the flamma-
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Fig. 6. Flame structure in terms of heat release rate and (a)
CHy, (b) Oy, and (c) Hj radial profiles as a function of radial
distance from the centerline (r) for the 0%, 25%, 50%, and
75% Hj-enriched CH4—air propagating flames.

bility limits, decrease the radius of curvature at the
triple flame base, increase the mixture fraction gradi-
ent, and make the flow divergence more asymmetric
with respect to the stoichiometric line. These effects
influence the flame dynamics, as discussed in the fol-
lowing sections.

Planar flames

Triple flames

YLEAN  #RICH [53] ¢LEAN @RICH
0%H—-100%CHy4 0.46 [51] 1.58 0.30 2.0
25%H,-75%CHy — 1.66 0.20 2.4
50%H,~50%CH,; — 1.84 014 29
75%H-25%CHy — 2.00 0.10 3.7

100%H,~0%CH,4

0.14 [52] 2.54

In order to further quantify the effect of Hy en-
richment on the flammability limits of propagating
CHy—air triple flames, Fig. 8 presents the heat re-
lease rate profiles for the four flames as a function
of equivalence ratio in the radial direction at an ax-
ial location (z = 20 mm) near the flame base. As the
amount of Hp in the fuel blend is increased, both
the lean and rich flammability limits widen consid-
erably. For instance, the rich flammability limit in-
creases from 2.0 (for the 0% Hj-enriched flame) to
3.7 (for the 75% Hjp-enriched flame), while the lean
flammability limit increases from 0.3 to 0.1. Table 1
summarizes the lean and rich flammability limits of
planar and triple flames.* As mentioned before, the
triple flame structure exhibits a wider flammability
limit than the corresponding planar premixed flames.
In addition, the equivalence ratio corresponding to the
local maximum heat release rate in the NPZ shifts to
the leaner mixture with Hy enrichment. For instance,
these equivalence ratios are ¢ = 0.9 and 0.8 for the
0% and 75% Hj-enriched flames, respectively. Con-
sequently, the locations of the local maximum heat
release rate and the triple point, which is at the sto-
ichiometric line, do not coincide, and the difference
becomes more pronounced with the increase in Hp
enrichment. This has implications for accurately de-
termining the flame speed and stretch—flame speed
interactions for propagating triple flames.

3.4. Stoichiometric flame structure and preferential
diffusion effect

Our simulations indicate that in addition to the
enhanced flammability limits, Hy enrichment also
causes a significant increase in the local flame speed
of triple flames. Since the flame speed is strongly in-
fluenced by preferential mass diffusion effects, we
examine in this section the effect of H, enrichment
on preferential diffusion. The preferential diffusion

4 The rich and lean flammability limits for each propagat-
ing flame are obtained at 2.5% of the maximum heat release
rate.
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Fig. 7. Computed heat release rate contours (rainbow scheme) (q), equivalence ratio contours (red lines) (¢), and flow field
streamlines (black lines) (v) for 0%, 25%, 50%, and 75% Hj-enriched CH4—air propagating flames.
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axial location of z = 20 mm for 0%, 25%, 50%, and 75%
Hj-enriched CHy—air propagating flames in the context of
Fig. 7.

effect can be demonstrated by comparing the struc-
ture of Hp-enriched propagating triple flames along
the stoichiometric mixture fraction with that of the
corresponding stoichiometric planar flames.

Lateral diffusion of heat and species plays an im-
portant role in determining the structure of propagat-
ing triple flames. With fuel blends (say) containing
fuels A and B with unequal diffusivities, preferen-
tial diffusion of fuel species can lead to localized

regions of higher concentration of fuel A compared
to fuel B, and this may significantly affect the flame
propagation characteristics. This preferential diffu-
sion effect becomes more significant in propagating
triple flames that in planar flames due to the pres-
ence of lateral diffusion. In order to characterize this
effect, we compare the structure of Hp-enriched prop-
agating triple flames along the stoichiometric mixture
fraction with that of the corresponding stoichiometric
planar flames. Fig. 9 presents these flame structures
in terms of the temperature, axial velocity, and major
species (CHy, Oz, HyO, Hj, CO,, and CO) profiles
for the four Hp-enriched triple flames (discussed in
the context of Figs. 7 and 8) and the corresponding
stoichiometric planar flames. The two structures are
superimposed at the location of the maximum heat re-
lease rate. The stoichiometric planar premixed flames
were computed using the freely propagating flame
simulator of CHEMKIN 4.0 [54] with GRI-Mech 1.2
[41]. The peak flame temperature for triple flames is
lower than that for the corresponding planar premixed
flames, and this may be attributed to the effects of lat-
eral heat transport and stretch in triple flames. The
peak flame temperature, however, increases with Hp
addition for both triple and planar premixed flames.
The presence of preferential diffusion in the case
of triple flames can be observed by comparing the
CHy4 and Hp mass fraction profiles for the triple
flames and the corresponding planar flames in Fig. 9.
For the 0% Hj-enriched case, the CHy mass fraction
profiles for the triple flame is almost identical to that
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for the planar premixed flame. However, with increas-
ing Hy enrichment, the CH4 mass fraction becomes
increasingly smaller while the Hy mass fraction be-
comes larger in triple flames than in planar flames,
indicating the preferential diffusion of H, over CHy.
The reduction in the CH4 mass fraction due to pref-
erential diffusion is further indicated by the reduced
CO and CO; mass fractions and the increased HoO
mass fractions for the triple flames compared to those
for the planar flames. Therefore, the preferential dif-
fusion of H in H,-enriched propagating triple flames
leads to localized higher concentration of hydrogen,
which enhances the local flame speed (S;).

Another important observation from Fig. 9 is that
the axial flow velocity in the case of triple flames
reaches a minimum ahead of the flame due to the
flow divergence effect. This minimum velocity is as-
sociated with the local triple flame speed (S). For
stationary lifted triple flames, Ruetsch et al. [30] and
Im and Chen [33] have shown this minimum velocity

to be close to the stoichiometric planar flame speed
(SL). However, for upstream propagating triple flames
this minimum velocity becomes negative (cf. Fig. 9)
due to flow reversal ahead of the flame. This is consis-
tent with the results reported by Qin et al. [25]. As the
amount of Hy in the fuel blend is increased, the mini-
mum flow velocity increases in magnitude, indicating
that the local triple flame speed also increases.

3.5. Flame dynamics at the triple point

In order to examine the flame dynamics and
stretch—flame speed interactions, the local flame
speed (Sii) and the hydrodynamic (ky,), curvature-
induced (kc), and total (k) stretch rates at the triple
point are extracted from our simulations, using the
following equations [25,33,55]:

S
S§=u7 Sd=(
Pu

e [V-(oDVg) +w¢;]>,

(3a)
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Table 2

Unstretched flame speeds (SE) and thicknesses (88) of Hp-
enriched CHy—air stoichiometric planar premixed flames,
computed using the CHEMKIN package [54] and the GRI-
Mech. 1.2 [41] chemistry model

89 (mm/s) 80 (mm)>?
0%H,-100%CHy 400.0 0.47
25%H,-75%CHy 497.0 0.44
509%H,-50%CHy 693.0 0.37
75%H,-25%CHy 1163.0 0.33
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Fig. 10. Normalized local (triple) flame speed (Si/ SE) plot-
ted as a function of distance from the burner rim (dy) for the
0%, 25%, 50%, and 75% Hj-enriched CHy—air propagating
flames.

kn =V - Viiuid —nn 0 VVgid, (3b)
ke = Sq(V - n), (3c)
K = Kh + Kc. (3d)

In Eq. (3a) the scalar ¢ is represented by the HyO
mass fraction (Yy,o0 = 0.0727 [26]). Note that a
density-weighted flame speed (Sé‘) is being used, fol-
lowing Im and Chen [33]. Here Sa" represents the local
flame speed along the flame surface, while S(’i‘ at the
triple point yields the local triple flame speed (Sg;).
In addition, the global flame speed (UF) is evaluated
using [33,56]

Up = Up = Sy — Ue = Vi “)

Here Uy is the local maximum flow velocity along
the stoichiometric mixture fraction line ( fs) ahead of
the flame, which is not affected by flow divergence,
whereas Ue is the local minimum flow velocity along
fs ahead of the flame. Note that if the flame were to
be stabilized as a lifted flame, its displacement flame
velocity would be zero (V; = 0), and then Ug = |Up|
and Sy = [Ue|.

Fig. 10 presents the normalized local triple flame
speed (Sii/ SB) as a function of distance from the
burner rim (df) for the four H,-enriched CHy—air
triple flames. Here SE is the stoichiometric un-
stretched planar flame speed, which is computed
for each of the four Hp-enriched flames using the
CHEMKIN package [54] with the GRI 1.2 chemistry
model [41]. The SE values for the four flames are pro-
vided in Table 2. Several important observations can
be made from this figure. First, with increasing Hp
enrichment, Sy increases due to the enhanced chem-
ical reactivity, diffusivity, and preferential diffusion

4 Flame thickness was obtained using the gradient method:
68 = (Tmax — Tmin)/(dT /dx)max - Here T is the temperature
and x is the axial distance in a one-dimensional configura-
tion.
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Fig. 11. Normalized global flame speed (Ur/Sy) as a func-
tion of distance from the burner rim (df) for the 0%, 25%,
50%, and 75% Hj-enriched CHy—air propagating flames.

caused by Hp addition. Second, the ratio S/ SE is
less than unity, implying that the effect of stretch is
to reduce the flame speed for these flames. Third,
the difference between S and SE is reduced with
increasing Hp enrichment, implying that the flame be-
comes less sensitive to stretch rate with Hy addition.
Finally, Sy varies during flame propagation. These
aspects are further discussed later in this section.
Ruetsch et al. [30] and Im and Chen [33] have
shown that Ug/Sy; is proportional to the square root
of the density ratio (i.e., \/(ou/pp)) in the limit of
small mixture fraction gradient. In order to confirm
this relationship for our simulations, we present in
Fig. 11 the normalized far-field flame speed (Ug/Sgi)
as a function of flame position (df) for the flames dis-
cussed in the context of Fig. 10. It is interesting to
note that for all Hy-enriched flames, Ug/Syi ~ 2.5
during quasi-steady flame propagation. Our simula-
tions also indicate that the square root of the density
ratio remains nearly constant (,/(ou/pp) =~ 2.6) for
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all four flames during propagation. While Ruetsch et
al. [30] and Im and Chen [33] reported this relation-
ship for triple flames under idealized conditions, our
simulations demonstrate a similar relationship under
more complex conditions. For instance, Ruetsch et al.
[30] used global chemistry with constant thermody-
namics and transport properties to establish perfectly
symmetric nonbuoyant propagating triple flames in a
uniform flow field, while our simulations include de-
tailed chemistry as well as variable transport and ther-
modynamic properties and show that the flow redirec-
tion effect (i.e., Ur/Swi = +/(pu/pp)) is observed for
propagating triple flames under more complex con-
ditions, such as nonuniform flow field, presence of
buoyancy, flame radiation, and asymmetric flow di-
vergence upstream of the flame.

Fig. 12 presents the hydrodynamic (kp, ), curvature-
induced (k¢), and total («) stretch at the triple point
plotted as a function of distance from the burner rim
(dr) for the four flames discussed in the context of
Fig. 10. As the Hj enrichment is increased, both «p
and k¢ and, consequently, the total stretch increase
considerably. The increase in kp, can be attributed to
the increased heat release rate at the flame base (cf.
Figs. 6, 7, and 8) due to Hy enrichment, which in
turn increases the normal component of flow velocity
across the flame front, while the tangential compo-
nent remains nearly constant. This flow redirection
effect, which bends the streamlines toward the sto-
ichiometric mixture fraction line, is responsible for
flow divergence ahead of the flame (cf. Fig. 9). The
increase in curvature-induced stretch with Hy enrich-
ment is due to the increase in flame curvature (V - n),
as discussed in the context of Fig. 7.

It is worth mentioning that the stretch rates for the
CHy—air flame studied here are comparable to those
reported by Qin et al. [25] and Ko and Chung [26] for
propagating CHy—air triple flames. For instance, the
curvature-induced stretch in the present study is com-
parable to those reported in the cited studies. While
the hydrodynamic stretch (kp) is comparable to that
reported by Qin et al. [25], it is considerably higher
than that reported by Ko and Chung [26]. The differ-
ence could be related to the different flow conditions,
especially the jet velocity and the absence of coflow
in the cited study [26].

In order to examine the stretch—flame speed in-
teractions, we present in Fig. 13 the normalized lo-
cal triple flame speed (Syi/ SE) as a function of the
Karlovitz number (Ka) for the flames discussed in the
context of Fig. 10. Based on the flame stretch theory,
SE /Sti = 1 +MaKa [57], where the Karlovitz num-
ber is given by Ka = 88 - k/Sti,» and the Markstein
number (Ma) is equal to the negative of the slope
of each curve in this figure. The local triple flame
speed decreases almost linearly with increasing Ka

3000
- 2)
- 0% H, S
L] —— .
Y ——— SD%H r\ ’\ j
[ ———— 75%H VaNRY v
20001 A ;o\t
= [ A .'I N
— -
=1500 / !
= B g
¥ - e
1000} g
i P
[\ s E—
N i el T
500 < _--~
VST e
O 1 P i - 1
0 5 10 15 20 25
d; (mm)
F 7
i b) / A f‘\\/
i ~ N
5000 = aTa
L A 7/ ~ / v
I jf\\ I\ / N
a000F -7 VNV 0% H,
I - — — — 25%H,
- A ————— 50% H,
= 3000f TTTo TR
° E/’-\-\ _____________ PR
2000} A
e e
1000}“"“—""‘————-—»’—-___——_-—-—————
07I a1 MR | L P i - -
0 5 10 15 20 25
d; (mm)
gooof ©) paz” |
I _—
L //‘\/
7
6000 | ~+ /N7 0% H,
= === 28%H,
- [ 50% H
L i ——— - T5%H,
24000 B
2000F "~ -~--- o S
07 L L L 1 1 L 1 L
0 5 10 15 20 25
d; (mm)
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flames.



380 A.M. Briones et al. / Combustion and Flame 153 (2008) 367—-383

12
B -~
1f N‘
F ~ ~—
08 =~ _ ’Ww
i RN “1.,_"_"_
o I *‘ r P "o
= 06 F
0 i
04
- —=— o%H,
[ — —A— - 25%H,
02k oy 50% H, -
I —-@—- 75%H,
[T ST SN WA NN ST U ST S (YUY ST SRS N!
%3 0.6 0.9 12

Ka
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for all cases, implying that these flames are diffusive—
thermally stable [57,58]. This result is also consis-
tent with the results reported in Ref. [25] concern-
ing flame speed—stretch interactions in a propagat-
ing partially premixed methane—air flame. For a pos-
itively stretched flame base, its convex nature toward
the fresh mixture defocuses the heat, while focusing
the deficient reactant. Thus, for Le > 1.0, the defo-
cusing effect dominates, leading to a negative corre-
lation between local triple flame speed and stretch.
In addition, Fig. 13 indicates that the propagating
triple flames become less sensitive to stretch (i.e.,
less diffusive—thermally stable) as Hy enrichment in-
creases, as indicated by the decrease in the slope (i.e.,
—Ma). This is consistent with the results shown in
Fig. 10. Previous experimental and numerical studies
have shown that the flame speed decreases linearly
with stretch for stoichiometric outwardly propagat-
ing spherical CHy—air and Hp—air flames (Ka > 0),
and that the latter is less sensitive to stretch [57,58].
Therefore, our results are consistent with those re-
ported in the cited studies. Our results are also con-
sistent with the experimental results of Huang et al.
[17], who observed that for outwardly propagating
spherical flames burning a stoichiometric mixture of
natural gas and hydrogen with air, the increase in
Hj content decreases the Markstein number, implying
increased tendency toward diffusive—thermal instabil-
ity.

To characterize the effects of curvature and mix-
ture fraction gradient on triple flame propagation,
Fig. 14 presents the normalized local triple flame
speed (Sgi/ S](z) as a function of 88 -V -nand Da™ !,
which are, respectively, the dimensionless flame cur-
vature and the dimensionless mixture fraction gradi-
ent. Following Ruetsch et al. [30], Da is computed
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Fig. 14. Normalized local (triple) flame speed (Sy/ Sg) as
a function of (a) dimensionless flame curvature (88 - Vn)
and (b) inverse Damkohler number (Da_l) for the flames
discussed in the context of Fig. 10.

at the location of the local minimum flow velocity
along fs. Results indicate a linear correlation between
Stri/ SE and 88 -Vn and between S/ SE and Da~! for

all the four cases. As 88 -V - n increases, Sm/SS de-
creases, since the premixed wings are weakened and
the propagating triple flame structure resembles more
that of a nonpremixed flame. Similarly, with increas-
ing Da~ !, S/ SE decreases. The response of the lo-
cal triple flame speed to curvature and mixture frac-
tion gradient is consistent with previous investigations
[25,26,30]. Generally, the effect of Hy enrichment is
to reduce the flame’s sensitivity to curvature and mix-
ture fraction gradient, as indicated by a decrease in
the respective slopes.

Finally, in order to isolate the effect of Hy enrich-
ment on Markstein numbers (Ma) from that of flame
structure, Table 3 summarizes the Markstein numbers
for triple flames discussed in the context of Fig. 13
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Table 3
Summary of Markstein numbers (Ma) for Hj-enriched
CHy—air planar and triple flames

Markstein numbers (Ma)

Planar flames® Triple flames

0%H,~100%CH, 0.42 0.55
25%H,~75%CH, 0.26 0.43
50%H,~50%CH, 0.19 0.31
75%H,~25%CH, 0.11 0.39

4 Computed under stoichiometric conditions.

and the corresponding counterflow (twin) premixed
flames. The Markstein numbers for the latter flames
are computed using the CHEMKIN package [54] with
the GRI 1.2 chemistry model [41]. The methodol-
ogy is described in Ref. [59]. An important observa-
tion from this table is that triple flames have higher
Ma than the corresponding premixed flames, indicat-
ing greater sensitivity to stretch and higher diffusive—
thermal stability for triple flames.

4. Conclusions

We have presented a numerical investigation on
the propagation characteristics of Hy-enriched CH4—
air flames in a nonpremixed jet. Propagating triple
flames are established in axisymmetric coflowing jets
by igniting the fuel-air mixture at a downstream lo-
cation. A time-accurate implicit algorithm that uses
detailed descriptions of transport and CH4—air chem-
istry is used for simulations. The predictions are val-
idated using measurements of the instantaneous dis-
placement flame velocity. The effects of Hy enrich-
ment on the flame structure, dynamics, and stretch—
flame speed interactions for propagating triple flames
are characterized.

1. Following ignition, a well-defined triple flame is
formed that propagates upstream along the sto-
ichiometric mixture fraction line with a nearly
constant displacement flame velocity (Vf). As the
flame approaches the burner, it transitions to a
double flame and subsequently to a nonpremixed
flame, and stabilizes at the burner rim. With in-
creased Hy concentration in the fuel blend, both
V¢ and Sy (local triple flame speed) increase pro-
gressively due to the enhanced chemical reactiv-
ity, diffusivity, and preferential diffusion caused
by Hj enrichment.

2. The propagating triple flame structure is sub-
stantially modified by Hp enrichment, which in-
creases the flame curvature and mixture fraction
gradient near the triple point. The addition of
Hj also enhances interactions between the reac-

tion zones, which extend the flammability limits
associated with CHy—air triple flames. In addi-
tion, Hy, enrichment makes the flow divergence
ahead of the flame more asymmetric with re-
spect to the stoichiometric mixture fraction line.
Consequently, the triple point does not coincide
with the flame leading edge, which is located at
the local minimum flame curvature. This distinc-
tion is important in the context of determining
Siri» since experimental studies have generally re-
ported flame speeds at the leading edge, while
numerical investigations have reported these val-
ues at the triple point.

. The flame dynamics at the triple point is also

significantly modified by Hy enrichment. In ad-
dition to the enhancement in local triple flame
speed (Sii), Hy addition considerably increases
both the hydrodynamic and curvature-induced
stretch, and hence the total stretch. Moreover,
the stretch—flame speed interactions are substan-
tially modified, as Hp enrichment reduces the
flame sensitivity to stretch; i.e., it decreases the
Markstein number (Ma) and thus increases the
flame tendency toward diffusive—thermal insta-
bility (i.e., Ma — 0). These results are consis-
tent with the previously reported experimental re-
sults for outwardly propagating premixed spher-
ical flames burning a stoichiometric mixture of
natural gas and hydrogen with air.

. For all the Hp-enriched methane—air flames in-

vestigated in this study, the local triple flame
speed decreases linearly with stretch. This is con-
sistent with previous studies that have shown
a negative correlation between flame speed and
stretch for stoichiometric CHy—air and Hp—air
premixed flames with an effective Lewis num-
ber greater than one. While Sy decreases lin-
early with stretch, the ratio Ug/ Sy (UF being the
global flame speed) is found to be proportional
to the square root of the unburned to burned
density ratio (y/(pu/pp))- This is an important
result because it implies that the flame stretch
theory and flow redirection effect, which have
previously been discussed in the context of ide-
alized flame configurations, also apply to more
complex flames such as Hj-enriched CHy—air
triple flames propagating in a nonuniform flow
field.

. Results also indicate that the flammability lim-

its associated with triple flames are signifi-
cantly wider than those associated with the
corresponding planar premixed flames. Triple
flames also exhibit higher sensitivity to stretch
and greater diffusive—thermal stability than their
corresponding stoichiometric planar premixed
flames.
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