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Abstract

A computational study is performed to investigate the effects of hydrogen addition on the fundamental characteristics
of stretched methane/air premixed flame in an opposed flow configuration. The problem is of interest as a potential
application to gas turbines and spark-ignition engines, where it has been anticipated that addition of a small amount of
hydrogenwill extend the lean flammability limit, allowing combustion at leaner conditionsto achieve lower NOx emission.
The flame response is first studied under steady conditions with different levels of hydrogen addition. The results show
that the extinction strain rate and the lean flammability limit are significantly extended due to the presence of hydrogenin
the mixture. On the other hand, the consumption speed and time scale of the flame close to extinction were found to be
insensitive to the extent of blending. Further simulations were performed in an unsteady opposed-flow configuration to
study the effects of mixture stratification at varioustime scales. The dependence of the dynamic flammability limits on the
mean composition was determined at various frequencies and compared with a pure methane-air flame.

Introduction

Inmany practical applicationsfor power generation, such
as gas turbines, there has been strong interest in achieving
lean premixed combustion. The advantages of operating
at very lean mixture conditions are high thermal efficiency
and low emissions of NOx due to lower flame temperatures.
However, operating very closeto the lean flammability limit
has the drawback of local extinction, emissions of unburnt
hydrocarbons, and large-amplitude oscillations in pressure
that can result in mechanical damage [1]. These consider-
ations demand the mixture to be significantly richer than
what would otherwise be desirable. It has been shown in
earlier studies that blending of hydrogen with hydrocarbon
fuels improves its lean flammability limit and flame propa-
gation speed [2, 3, 4], thereby enabling stable combustion at
lean mixture conditions. In the case of natural gas engines,
enriching the fuel with hydrogen has the proven benefits of
improving the combustion stability and reducing the emis-
sions [5, 6, 7]. The available results indicate a definite ad-
vantage in blending hydrogen, provided an economical and
efficient source of hydrogen can be established.

In this paper, we study the effects of hydrogen addition
on stretched premixed methane-air flames. 1t is known from
earlier studies[2, 3, 4] that blending of hydrogen causes an
increase in the laminar flame speed (S) of afreely prop-
agating flame due to an increase in the flame temperature
(thermal effect) and an increased supply of active radicals
(chemical effect). In amore recent work that considered the
effect of strainrate[8], Ren et al. concluded that theincrease
in extinction strain rate due to hydrogen addition outweighs
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the effects on flame speed and flammability limit. The pri-
mary objective of this paper is to quantify the increased im-
munity of lean premixed flames to flow strain due to the
blending of hydrogen. In particular, the mixing between
diffusive-thermally neutral methane and highly diffusive hy-
drogen can introduce unique dynamic behavior of stretched
premixed flames.

Another focus of the study is the basic characteristics
of premixed combustion in an inhomogenous mixture field.
Dueto thelack of understanding of the flame response under
a spectrum of various mixture composition due to the ini-
tia stratification and subsequent turbulent mixing process,
severa earier simulations of the direct injection spark ig-
nition (DISI) engine have relied on empirical assumptions
for the combustion models [9, 10, 11]. In the last sym-
posium [12], we demonstrated that a stretched flame with
transient composition fluctuation is able to sustain combus-
tion evenif the equivalenceratio temporarily becomes|lower
than the steady flammability limit for a certain duration of
time. This observation is further examined in the present
study by exploring the effect of mixture stratification in a
system with multi-component fuels and the dependence of
the dynamic flammability limit on the characteristic time
scale of the flame.

Formulation and Numerical Method

The computational configuration is a counterflow pre-
mixed flame between two opposing axisymmetric nozzles
separated by a distance L. The governing equationsfor this
configuration and details of the numerical implementation
can befoundin Ref. [13]. The steady solutions are obtained
using a modified version of OPPDIF [14] and the unsteady
solutionsusing OPUS [15]. These codes are interfaced with



Chemkin [16] and Transport [17]. The full methane-air ki-
netic mechanism (GRI 3.0) [18] including NOx chemistry
has been used. The radiative heat transfer term is included
by using the optically-thin gas approximation, where the
Planck mean absorption constantsaretakenfrom Ju et al. [19].

To understand the strained premixed flame character-
istics, a symmetric back-to-back premixed flame is estab-
lished by supplying premixed fuel-air mixture at identical
conditions from both nozzles. Only a half of the domain is
actually solved by applying the symmetry boundary condi-
tion at the stagnation plane. A zonal grid refinement method
is used to capture the flame moving in the computational do-
main [13]. The grid convergenceisfully tested to ensurethe
numerical accuracy of the solutions.

The reactant stream consists of a premixed CH 4-H,-air
mixture. The temperature at theinlet is set to 300K and the
pressureis1atmfor al thetest cases. Dueto the presence of
multiple fuels in the mixture, it is necessary to suitably de-
fine the equivalence ratio such that it takes into account the
overall stoichiometry of the mixture. Following Yuetal.[2],
we define two parameters, ¢ and R g, characterizing the ef-
fective equivalence ratio and extent of hydrogen blending
respectively, namely

_Cr/[Ca—Cr/(Cu/Ca)yl
B (CF/CA)st ’

__ Cu+Cu/(Cu/Ca)y
- Cr+[Ca—Cr/(Cr/Ca)g]

inwhichCr, Cg, and C 4 arethe molefractionsof methane,
hydrogen and air, respectively. The subscript ‘st’ denotes
the stoichiometric conditions. The above definitions im-
ply that hydrogen is aways completely oxidized and only
the remaining air is used to oxidize methane. The effective
equivalence ratio ¢ of methane is defined in Eq. (1) based
on this assumption. Also, in Eq. (2), the numerator is the
amount of hydrogen plus the stoichiometric amount of air to
completely consume hydrogen, while the denominator isthe
amount of methane plus the amount of air available for its
oxidation. These two parameters have been shown to be a
reasonable choice for data reduction and correlation[2]. We
first study the effect of hydrogen blending on a steady flame
at various mixture conditions.
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Steady Stretched Flame Response

The response of a steady methane-air flameat ¢ = 0.7
is computed with different levels of hydrogen addition. Fig-
ure 1 showsthe variation of the maximum flame temperature
(at the symmetry boundary), T, asafunction of theimposed
strain rate for a pure methane-air flame (R = 0) and with
two levelsof hydrogen addition (R i = 0.05,0.1). For these
valuesof Ry, theratio of the molefractionsof H, to theto-
tal mole fraction of the fuel (Crr/(Cr + Chr)) is roughly
18% and 30% respectively. Also, the strain rate (k) is de-
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Figure 1. Flame Temperature variation with strain rate at
¢$=0.7.

fined as the radia velocity gradient at the location of maxi-
mum heat release. In al the cases, T}, decreases monotoni-
cally with increasing strain rate, until the extinction point is
reached. The extinction strain rates at R=0.0, 0.05, 0.1 are
Kext=1040, 1620 and 2270 s, respectively, demonstrat-
ing an increased immunity to stretch driven extinction with
hydrogen addition. This can result in a significant improve-
ment in the operation of lean burn gas turbines.

We further investigate the variation of the flame speed,
which represents the overall rate of combustion. The con-
sumption speed has been found to be a reasonable measure
of the burning velocity of a stretched flame even under un-
steady conditions [20]. The consumption speed based on a
species k is defined as [21]

5 Wi, [ wedn
 pu (Ve — Yiu)’

where subscripts ‘U’ and ‘b’ denote the unburnt and burnt
sides, respectively, Wy, is the molecular weight of speciesk,
and wy, isits molar reaction rate. Figure 2 shows the varia-
tion of consumption speed based on methane for the above
cases. Note that, unlike the response of 7%, the consump-
tion speed initially increases with strain rate and then starts
decreasing at a point much earlier than extinction. Based
on the diffusive properties of the unburnt mixture, the ef-
fective Lewis number is estimated to be 0.96. In genera,
the methane-air mixture is considered nearly equidiffusive,
hence the nonmonotonic behavior of the consumption speed
cannot be explained based on the Lewis number effect.

To substantiate this point, Fig. 3 shows the normalized
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Figure 2: Variation of consumption speed with strain rate at
¢=0.7.

consumption speed and the mass fraction of methane at the
stagnation plane (Ycw, ) are plotted against . S, has been
normalized using the corresponding laminar flame speeds,
which is 20, 24 and 28 cm/s for ¢=0.7 , Ry = 0.0, 0.05
and 0.1 respectively [2]. As k increases, S. increases and
the flame moves closer to the stagnation plane. At acritical
strain rate, ., defined as the strain rate at which the re-
action layer attaches to the stagnation plane, the amount of
unburnt reactant increases rapidly, which is evident from the
increase in CH4 mass fraction at the burnt side (see Fig. 3).
This leads to a decrease in the reaction rate and eventually
extinction. This suggests that the decrease in S, near ex-
tinction is a confinement effect due to the downstream in-
teraction, and for lower strain rates the consumption speed
appearsto increase with an increasein strain rate. Thisissue
isbeing investigated for clear explanation.

Unlike S., the temperature of the flame decreases mono-
tonically, which can be explained by visualizing the reaction
zone as having athin inner reaction layer and a downstream
CO oxidation layer [22]. While the flame temperature con-
tinuously decreases due to the incomplete oxidation of CO,
the effect is not felt by the consumption speed until the in-
ner reaction layer reaches the stagnation plane. It is also
seen from Fig. 3 that addition of hydrogen causes a substan-
tial increase in the burning velocity, even in the presence of
stretch, both in absolute terms and relative to their laminar
flame speeds.

One could possibly argue that the blending of hydrogen
may also affect the equidiffusive nature of the methane-air
flame. While Joulin and Mitani [23] have derived an expres-
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Figure 3: Normalized consumption speed and reactant |eak-
age as afunction of strain rate.

sion for the effective Lewis number for two-reactant near-
stoichiometric flames, it is difficult to accurately estimate
the effective Lewis number of a multi-component fuel mix-
tures. We estimate the effect of hydrogen blending on Lewis
number using the available strain rate data as follows.

Sun and Law [24] have derived the anaytical expres-
sions characterizing the extinction of a counterflow flame
dueto incompletereaction using an integral analysis. In our
results, the amount of unburnt fuel at the stagnation plane
increases exponentially (see Fig. 3), which isin good agree-
ment with the analytical prediction. According to the results
of their integral analysis, the ratio of the critical strain rate
(k) to the extinction strain rate (kexs) IS given by

ln< Fee ) =InLe+ Le — 1.
Kext

The results of the Lewis number calculated using Eq.( 4)
are shown in Table 1. The critical strain rate was defined as
the point where the unburnt reactant mass fraction exceeds
1 x 10~®, which coincides with the point of peak consump-
tion speed. The addition of hydrogen does reduce the Lewis
number of the mixture. However, at the levels of blending
considered, it is not substantial enough to alter the equidif-
fusive behavior.

Next we study the variation of the flame temperature, T,
as a function of the equivalence ratio, at a fixed strain rate
of kK=1100 s~'. Asis seen from Fig. 4, the flame temper-
atures decrease as the mixture equivalence ratio decreases,
and eventually reach the limit beyond which no steady com-

(4)



Table 1: Estimated Lewis number based on . and kext

Ry ko(S')  Kex(s!) Le

0 950 1040 0.9552

0.05 1430 1620 0.9385

0.1 1950 2270 0.9255
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Figure 4: Flame temperature as a function of equivalence
ratio at afixed strain rate, k=1100s!.

bustion can exist. The steady flammability limit!, ¢%, is de-
fined as the minimum equivalenceratio for asteady stretched
flame to exist, and is a function of the imposed strain rate.
For the conditions shown in Fig. 4, the flammability limits
are found to be ¢% = 0.712, 0.617 and 0.527 at Ry = 0,
0.05 and 0.1 respectively. The advantages of blending hy-
drogen are two-fold — the ability to sustain combustion at
a much leaner mixture condition, and secondly, the lower
flame temperature close to the flammability limit. In other
words, although the temperature of a blended flameis higher
than a pure methane-air flame of the same equivalenceratio,
by taking the advantage of the extended flammability limit it
ispossibleto burn at alower temperature, which might lead
to lower NOx emissions.

Thevariation of the consumption speed(S ;) for the same
set of cases, as a function of the equivalence ratio is plot-
ted in Fig. 5. It is readily seen that, despite the differences
in the value of ¢%, the consumption speed at and near the
extinction point is similar for all the cases. This has a sig-

1Although the conventional “flammability limit” is defined for un-
strained premixed flames and thus should be independent of strain rate,
we choose to extend this terminology for a strained flame aswell, since we
are concerned about a critical mixture composition.
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Figure 5: Consumption speed as a function of equivalence
ratio at afixed strain rate, k=1100s~*.

nificance in considering the characteristic flame time scale
(tr), which can be defined ast p =

erage diffusivity of the fuel species. Al S0, the consumption
speed, S., has been demonstrated to be a good measure of
the propagation speed of the flame front [20]. Theresultsin
Fig. 5 and the above definition imply that at a fixed strain
rate, the characteristic flame time scale is amost insensitive
to blending. This conjecture is confirmed by the results ob-
tained using an oscillatory composition at the inlet.

%, where D isthe av-

Unsteady Response to Composition Fluctuations

In our earlier study [12] on the response of a stretched
premixed flameto time-varying compositions, it was reported
that the flame can be sustained at equivalence ratios lower
than the steady flammability limit, when the time scales of
the fluctuations are comparable to those of the flame. To
study the effect of composition fluctuation, the velocity at
theinlet is held fixed and the equivalenceratio ¢ isvaried in
time. We use a monochromatic oscillation of the form,

¢(t) = do[l — A(1 — cos(2m f1))]. ©)

The effect of oscillations in Ry was not considered. Since
hydrogen is a highly diffusive species, any spatia varia-
tion in its composition is expected to diffuse out faster than
methane, henceisunlikely to changetheresults significantly.

Figure 6 shows some typical unsteady flame responsein
the case of k=1100s~" and R =0, where the flame temper-
ature, and the consumption speed are plotted versus the in-
stantaneous mixture equival enceratio, evaluated at the flame
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Figure 6: Response of flame temperature to the oscillatory
equivalenceratio at flame base

base, oncethelimit cycleisreached. For al the cases shown,
¢p=1 and the amplitude is taken to be the maximum value
that can be reached without extinguishing the flame. The
results show that the flame can self-sustain at higher fre-
guencies even if the equivalence ratio falls below the steady
flammability limit ¢* for some part of the cycle. Thisled us
to define a dynamic flammability limit, ¢}, as the minimum
alowable equivalenceratio for unsteady flames. A paramet-
ric mapping of the dependence of ¢; on the strain rate (x),
mean composition (¢) and frequency of oscillation (f) has
been presented in Ref. [12].

In this paper, we determine the dynamic flammability
limits of methane-air flame with hydrogen blending and com-
pare it with the corresponding limits of an unblended fuel.
The results for Ry = 0.05 and 0.1 compared with a pure
methane-air flame is shown in Fig. 7. The functiona re-
lationship between the dynamic flammability limit and the
mean composition seems to be independent of the extent
of hydrogen blending, as can be explained by the follow-
ing analysis. The flame response at any time can be consid-
ered to depend not on the instantaneous state of the mixture
composition, but rather on the history of its variation [25].
Therefore, at any instant of time, the behavior of the flame
is governed by the integral of the mixture condition over
the characteristic flame time scale(t ) instead of its instan-
taneous value. Thisintegral quantity iswritten as

t
—tp

or(t) =

t

o(t) dt. ©)
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Figure 7: Dynamic flammability limits as a function of the
mean equivalenceratio for various|evel s of hydrogen blend-
ing; R=0 (—), R=0.05(——-) and R=0.1(— - —- - ).

Giventhat ¢(t) = ¢ + Asin(2r ft), Eq. (6) yields,
14.SiI1(7Tlft1?) . tlr
MTSIH |:27Tf (t — ?>] .

The flammability criterion based on the steady limit (¢7)
would demand that ¢ min > @5, whichyields

or(t) =o+

wftp
sin(w ftg)

Figure 8 shows the analytical solution obtained using the
above equation, wherethetimescalet = D/S2(¢), D=1.0
cm?/s, and S, was extracted from Fig. 5. Although Eq. (8)
cannot match the exact magnitude of the dynamic flamma-
bility limits, it does a good job in predicting the qualitative
trend. The agreement between the results for various lev-
els of blending seen in Fig. 7 supports our conclusion that
blending of hydrogen does not affect the time scale of the
flame close to the flammability limit. Furthermore, the abil-
ity of Eq. (8) to qualitatively predict the trends of the dy-
namic flammability limit demonstrates the relevance of the
flame consumption speed, S .., in determining the flame time
scale.

(6 -6 = (- 03) |1 - | ®

Conclusions

Theeffectsof hydrogen blending on astretched methane-
air premixed flame has been computationally studied. The
results demonstrated an increased extinction strain rate and
lower lean flammability limits due to the addition of hydro-
gen. Furthermore, the effect of hydrogen addition on the
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Figure 8: Analytical solution for the dynamic flammability
limits obtained using Eqg. (8).

Lewis number of the flame was estimated and found to be
insignificant for the cases studied. At afixed strain rate, the
consumption speed of the flame close to extinction was in-
variant even with blending. Unsteady simulations to study
the effect of mixture stratification led to similar results for
the dynamic flammability limits as apure methane-air flame.
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