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ABSTRACT

In this work, numerical simulations on the laminar premixed C1-C4 n-alkanes with
various hydrogen addition fractions (Xn) were conducted. Flame parameters, including
laminar flame speed, adiabatic flame temperature (Toq), flame thickness (), Lewis number
(Le), Zeldovich number (Ze) and Markstein number (Ma) were calculated. Results show that
hydrogen addition alters all flame parameters, especially at the sufficiently large X, region.
Based on one step overall reaction assumption, the hydrogen addition effect is demon-
strated through three factors and it was found that the change in overall activation energy
which represents the combustion kinetics, is the most prominent, compared to the change
in adiabatic flame temperature and Lewis number. Detailed flame structure profiles show
that the laminar flame speeds of all mixtures are linearly correlated with the maximum
(H + OH) mole fraction and increase with Xy. To further understand the chemical kinetic
effect of hydrogen addition on the increase of laminar flame speed, the reaction flux and
rate of consumption of key radicals were examined. It is shown that at the small X, region,
the proportion of H radical consumption from R88 (CHs;+H(+M) = CH4(+M)) increases,
while the proportion of H radical consumption from R1 (H + O, = O + OH) decreases, thus
relatively less OH radicals are produced. As a consequence, the increase in laminar flame
speeds by hydrogen addition is slowed down. While at the large X, region, the proportion
of H radical consumption from R88 decreases dramatically, and the chain sequence R12
(H 4 Oz(+M) = HO,(+M))/R16 (HO, + H = OH + OH) which is not sensitive at small X}, region
is activated and significant amount of OH radicals are generated, leading to the remarkable
increase of the laminar flame speed.
Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.
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Introduction

Due to the growing demand of oil supply and the concerns
over the atmospheric pollution, there have been significant
interests in the renewable and clean energy sources and the
high efficiency combustion techniques for the internal com-
bustion engines in the past decades. Hydrogen is one of the
most promising alternative fuels because of its high flame
speed, wide flammability limits and low ignition energy [1-5].
Additionally, the burning of hydrogen yields no greenhouse
gas emissions. However, pure hydrogen burning in engines is
also challenged by high level of NO, emissions because of its
high flame temperature. Additionally, pure hydrogen burning
causes the issue of pre-ignition because of its low ignition
energy, wide flammability limits and short quenching dis-
tance. At present, a widely used alternative fuel for the spark
ignition engine as well as for gas turbine is natural gas. The
components of natural gas depend on the production site, but
the main component is methane, along with smaller amounts
of heavier hydrocarbons such as ethane, propane, butane, and
even pentane [6]. Although the natural gas has been widely
used in a variety of combustion devices, it does have some
unfavorable combustion characteristics, such as the slow
flame speed and poor lean-burn capability, resulting in low
thermal efficiency, large cycle-by-cycle variation and
decreased engine power output, compared to gasoline. Thus
using hydrogen as an additive to hydrocarbon fuels to in-
crease the overall hydrogen-to-carbon ratio is a more practical
approach. The high flame speed, wide flammability range, low
ignition energy, high diffusivity and low emissions of
hydrogen burning have drawn much attention and extensive
studies have been conducted on internal combustion engines
fueled by hydrogen-natural gas mixtures [7—10]. Additionally,
there has been a growing interest in the ultra-lean nature gas
burning in gas turbines to achieve the ultra-low NO, emis-
sions. One issue concerning the lean natural gas burning in
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Fig. 1 — Comparison of experimental and calculated
laminar flame speeds of G1-C4 n-alkane-hydrogen-air
mixtures at 1 atm and 298 K: symbols for experimental
data [18,21,23,27,28,30,32] and lines for calculation using
USC Mech IL[35].

gas turbine is that the flames are prone to be unstable, which
can potentially lead to the system failure [11]. Thus the
concept of hydrogen enriched combustion technique was
proposed because the lean stability limits will be extended
with the addition of hydrogen. Thus understanding the
fundamental mechanisms of the hydrogen enriched com-
bustion is important.

Fundamentally, previous studies on hydrogen enriched
alkane or natural gas have been widely reported in ignition
delay times [12—17] and laminar flame speeds [18—32]. Among
all the fundamental parameters in combustion, laminar flame
speed is one of the most important ones because it is bench-
mark data for the turbulent flame speed -correlation.
Furthermore, the laminar flame speed can be used to validate
the chemical reaction mechanisms. Up to now, a number of
fundamental studies on hydrogen enriched alkane fuel have
been reported. These studies include binary fuels of hydrogen
with methane [18-26], ethane [27], propane [18,19,28,29] and
n-butane [30,31].

Previous studies on hydrogen enriched combustion used
different definitions of hydrogen addition extent. The
hydrogen mole fraction definition (X) is straightforward and
have been used frequently [21-26,28,32] and these studies
show that a weak increase of flame speed is observed when
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Fig. 2 — Calculated laminar flame speeds of C1-C4 n-
alkane-hydrogen-air mixtures versus X, at 1 atm and
298 K. (a) ¢ = 0.7; (b) ¢ = 1.4.
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12 B - -
\’\’\~\~\
S8 F e :
g S e \
% ............... \
) Y
.g 4F - — - - - _ _ _ _ R
E -~ <. "
= = kY
= ~
5ol SR
2 i
< Kl
= — \y
= CH, \
- - CH,
Y C3H8 ¢=0.7
== nCH (a)
1 . 1 s 1 4 1 . . - L
0.0 0.2 0.4 0.6 0.8 Lo
Xh
12
10 |-
S 8F
=
D
£l
=
=
=
S 4t
>
<
3 2
=
ol - =T ¢=1_4
—-=- nCH, (b)
2 ' N 1 . 1 . 1 " 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Fig. 7 — Calculated Markstein number of C1-C4 n-alkane-
hydrogen-air mixtures versus X, at 1 atm and 298 K. (a)

¢ =0.7; () ¢ =1.4.

hydrogen fractions in fuels are small (less than 40%) but when
hydrogen fractions are high enough (more than 80%), there is
a sharp increase in flame speed. The other definition of the
hydrogen addition extent is proposed by Yu et al. [19], who
assumed that the stoichiometrically small amounts of
hydrogen in the mixture were completely consumed and a
hydrogen addition extent Ry is defined. Later studies by Wu
[27], Sher [31] and Tang [30] used the same definition and the
flame speed is found to be linearly correlated with the defined
hydrogen addition parameter Ry.

Although much research has been devoted to the laminar
flame speeds of the alkane—hydrogen blends, the fundamental
understanding of the flame enhancement effect by hydrogen
addition still remains to be systematically explored, and the
underlying physics of the nonlinear dependence of laminar
flame speed on hydrogen mole fraction needs to be further
interpreted. One objective of this study is to present the de-
pendences of the premixed flame parameters of gaseous
alkane (methane, ethane, propane and n-butane)-air mixtures
with hydrogen addition. These parameters include laminar
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flame speed (S°), adiabatic flame temperature (T.q), flame
thickness (6)), Lewis number (Le), Zeldovich number (Ze) and
Markstein number (Ma), etc. The available measurements of
these parameters will be compared with numerical simulations
by using the PREMIX codes in conjunction with the CHEMKIN
package. Additionally, based on the one step overall reaction
assumption, the laminar flame speed can be correlated with
the Lewis number (Le), the adiabatic flame temperature (Taq)
and the overall activation energy (E,), which respectively
demonstrate the transport, the thermal and the kinetic effect.
Our second objective is to clarify the modification of these three
mechanisms due to hydrogen addition. Finally, we note that
the overall activation energy is only a global flame parameter
derived from the one step overall reaction assumption and its
dependence on Xy, does not represent the real modification of
the oxidation kinetics due to hydrogen addition, thus the
chemical kinetic analysis will be conducted.

Numerical approach
Mechanism

Laminar flame speeds of C1-C4 n-alkane-air mixtures with
hydrogen addition were calculated at 298 K and 1 atm at
equivalence ratios of 0.7, 1.0, and 1.4, using the PREMIX codes
combined with the CHEMKIN packages [33,34]. In this study,
mixture-averaged diffusivity model was employed and Soret
effect was not considered. The USC Mech II [35], which con-
tains 111 species and 784 reactions, was employed for the
simulation.

The hydrogen addition level is represented by the
hydrogen fraction in the total fuel mixtures, and is defined as.

Cx

— . 1
Cu+Ca 1)

Xn

where C4 and Cy are the mole fractions of the alkanes and
hydrogen, respectively.

Fig. 1 compares the measured [18,21,23,27,28,30,32] and
numerically predicted laminar flame speeds of C1—C4 n-alkane-
hydrogen-air mixtures at 1 atm and 298 K. The calculated
laminar flame speeds show good agreement with the reported
experimental ones, indicating the validity of the mechanism.

Flame parameters

The flame thickness in this work is defined as [36,37]

o= (4/Cp)/(puS2) &)

where 1, C, and p, are thermal conductivity, specific heat and
density of the unburned gas mixture, respectively.
The Lewis number, Le, is expressed as:

Le = a/Dy = 2/ (0,CpDm) (3)

where « = #/(p,Cp) represents the thermal diffusivity of the
mixtures and D,, is the mass diffusivity of the deficient reac-
tant to the abundant inert. For the fuel lean conditions, the
deficient reactants are the fuel mixtures, and the effective
Lewis number is calculated as [36]

Le—1+3%

(LeH2 - 1) + qukane (LeAlkane - 1) (4)
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where Le; and q; are the Lewis number and the dimensionless
heat release rate of the ith species (i = hydrogen and alkanes),

Ea (Tad - Tu)

RT?,
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respectively. ) ) For sufficiently off-stoichiometric mixtures, E, can be
Based on the one step overall reaction assumption, the  jetermined through the following equation, as suggested by
Zeldovich number, is calculated as. Law [38]
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In this work, the activation energy is obtained by perturb-
ing the inert species (N,) concentration.

The Markstein length can then be extracted from the
following equation suggested by Bechtold and Matalon [39].

L, =d|o "y, +%Ze(Le -1, 7)
wherey, = 2q/(\/g + 1),

v, =40/(o — 1)][\/o —1—-1In(1/2)(y/o +1)] and ¢ is the expan-
sion ratio. The Markstein number (Ma = Ly/d)) can be then
correspondingly derived and it quantifies to what extent the
laminar flame speed is affected by the stretch.

Results and discussions
The global flame parameters

Figs. 1 and 2 show the calculated laminar flame speeds of
C1-C4 n-alkane-hydrogen-air mixtures versus Xy, under fuel
lean, stoichiometric and fuel rich conditions. For the four
alkanes-hydrogen mixtures studied here, the laminar flame
speeds show the similar trend with increasing X. Specif-
ically, when X; is small, say 50% approximately, the in-
crease in laminar flame speed due to hydrogen addition is
very weak. When X, is larger than 80%, the increase in
laminar flame speed is significant. Additionally, although
methane-air mixture has the lowest flame speed in the four
alkane flames, the laminar flame speed of hydrogen
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and 298 K.
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enriched methane is higher than other hydrogen-alkane
mixtures when hydrogen fraction is sufficiently large,
which indicates that the increase in flame speed due to
hydrogen addition is more effective for methane, compared
to other alkanes. Furthermore, the peak laminar flame
speed of the fuel mixture shifts to the rich side with the
increase of Xj,.

Fig. 3 presents the adiabatic flame temperature of the
C1—C4 n-alkane-hydrogen-air mixtures as a function of X
under the fuel lean, stoichiometric and fuel rich conditions.
The adiabatic flame temperature increases with the increase
of X;, and reaches its maximum at X3, = 1. The adiabatic flame
temperature shows the similar trend as the flame speed:
when X}, is small, the increase in adiabatic flame temperature
is weak; but when Xj is larger than 80%, the increase in
adiabatic flame temperature is steep. However, the highest
adiabatic flame temperature turns out to be under the stoi-
chiometric condition, unlike the laminar flame speed depen-
dence on the equivalence ratio. In addition, C2—C3 alkanes
have similar adiabatic flame temperatures while methane has
the lowest one compared with others, but shows faster in-
crease with increasing Xy,

Fig. 4 presents the flame thickness ¢, of the C1-C4 n-
alkane-hydrogen flame versus Xy. Flame thickness decreases
with the increase of Xy, especially under the high hydrogen
addition condition. For different equivalence ratios, the flame
thickness shows the smallest change at the stoichiometric
condition. When Xj, is small, the methane—hydrogen mixture
has the largest flame thickness and ethane—hydrogen
mixture has the smallest one. When Xj, is increased, the
dependence of flame thickness on carbon number is gradually
modified: the flame thickness of the n-butane-hydrogen be-
comes the highest, and that of the methane—hydrogen
mixture becomes the smallest.

Fig. 5 displays the calculated Lewis number (Le) of C1-C4 n-
alkane-hydrogen-air mixtures versus Xj at equivalence ratios
of 0.7 and 1.4. As shown in Fig. 5a, Le decreases with the in-
crease of X, and the decreasing tendency becomes more
apparentin high hydrogen fractionregionat ¢ =0.7. At ¢ = 1.4,
Le increases with the increase of X; and shows significant
growth in the high X, region. This phenomenon is resulted
from the small molecular weight of hydrogen and the large
mass diffusivity. This is consistent to the observations by
Addabbo [40], when equivalence ratio increases from lean to
rich, Le is increased for light fuels and decreased for heavy
fuels. Thus, Le of hydrogen and methane flame is larger than
unity under fuel rich conditions and smaller than unity under
fuel lean conditions, while the C,Hg, CsHg, n-C4Hqo flames
show the reverse trends. For this reason, Le is decreased under
fuel lean conditions and increased under fuel rich conditions
with the increase of Xj,.

Fig. 6 shows the Zeldovich number (Ze) versus X at
equivalence ratios of 0.7 and 1.4. Ze decreases with hydrogen
addition and shows a distinct drop in the large Xy region,
indicating a similar trend for the global activation energy (E,).
This trend reflects the controlling effect of the adiabatic flame
temperature, which increases with the increase of X;, espe-
cially in the large Xy, region and facilitates the temperature-
sensitive two body branching reactions relative to the
temperature-insensitive three-body termination reactions
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Fig. 12 — Laminar flame speed as functions of the
maximum (H + OH) mole fraction in the reaction zone for
C1-C4 n-alkane flames with different X}, and various
equivalence ratios at 1 atm and 298 K: symbols for
calculated data and lines for linear fit of the calculation.

[28,41], resulting in faster reaction with the increase of Xy, It
can be seen that alkane flames presents smaller Ze in the fuel
lean condition and hydrogen flame shows smaller Ze in the
fuel rich condition, leading to a much more remarkable
decrease with the increase of Xy, for the rich fuel.

Fig. 7 shows the calculated Markstein number, Ma, of
C1-C4 n-alkane-hydrogen-air mixtures versus X, at equiva-
lence ratios of 0.7 and 1.4. It can be seen that Ma decreases
with the increase of X, at ¢ = 0.7 (Fig. 7a), however, at the
equivalence ratio of 1.4, Ma increases and then decreases with
the increase of Xy, giving its peak at Xy, around 0.9 (Fig. 7b). The
different trends of Ma for different equivalence ratios are
mainly caused by the combined effect of Ze and Le. Under fuel

CH 4 R123,R279,R410,R631() Alkyl

Alkane
CH, T
R88 +)R2

Fig. 13 — Main reaction pathways of H and OH radicals for
C1—-C4 n-alkane-hydrogen-air mixtures. Dotted line:
pathway only effective with sufficiently large Xy,; Solid lines:
pathways effective with all X;,; Red lines: H consumption
pathways enhanced at small X;, region; Blue lines: H
consumption pathways enhanced at large X, region. (For
interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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lean condition, both Le and Ze are decreased with the increase
of Xy, thus the Ma shows similar trend. Under fuel rich con-
dition, Le increases with hydrogen addition while Ze shows a
significant decrease. The net effect of Le and Ze contribute to
the non-monotonic variation of Ma with Xj. The increasing
trend of Le dominates in most range and Ma shows an increase
in small X, region, however, the significant drop of Ze be-
comes the dominant factor and results in the reversing trend
of Ma in the large X}, region. Furthermore, the value of Le has a
great influence on the sign of Ma. Under fuel lean condition,
methane flame has negative Ma with all X;, while the others
express positive value with small hydrogen addition. The
main reason for this phenomenon is that methane and
hydrogen have Le smaller than unity, so (Le-1) is negative
while the Le of others are larger than unity with small Xy,
Under fuel rich condition, methane presents higher value
than others for the same reason.

Three factors on flame speed enhancement

Previous research [21,22] classified the methane-hydrogen
flame into three regimes, namely the methane-dominated,
the transition and the methane-inhibited hydrogen com-
bustion regimes. They believe that the first and third one

almost unchanged with small hydrogen addition, and at the
large Xj, region, the growth rates become extremely high. In
order to interpret the increasing mechanisms of laminar
flame speed due to hydrogen addition, theoretical analysis
was conducted.

Based on the one step overall reaction assumption, the
laminar flame speed is found to be correlated with the Lewis
number, which represents the diffusion effect, the overall
activation energy, which represents the kinetic effect and the
adiabatic flame temperature which represents the thermal
effect.

S0 ~ (aLe)”? exp( — Ta/2Tad) @)

where « is the thermal diffusivity and T, (=E./R) is the acti-
vation temperature. The influence of diffusion can be treated
as (ale)”?, and the effects of thermal and kinetic can be
considered as a combined Arrhenius effects, represented by
the exponential factor exp(—Ta/2T.q). To access the relative
importance of these three aspects, we take derivative of the
normalized laminar flame speed S9/S%(0) with respect to Xj,.

d(sg/su(0))

ax, = DF + TF + KF

©)

_exp( — Tq/2T4q) d(aLe)'?

DF = 10
have linear trends with hydrogen addition. Fig. 8 gives the S(0) dXp (10
calculated growth rates of the norm.ahz?d laminar flame (ale)? exp( — Ta/2Tad)Ta dTad
speeds of C1-C4 n-alkane-hydrogen-air mixtures versus Xp,. TF = 250(0)T2 ax, (12)
This parameter quantifies the extent of flame speed increase " T
due to unit percent of hydrogen addition. It is seen that the ~ pp _ _(ele) " exp(—Ta/2Taa) dTa (12)
growth rates of the normalized laminar flame speeds keep 253(0)Taa dXp
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Fig. 16 — Consumption proportion of H radical from R1 at 1 atm and 298 K. (a) ¢ = 0.7; (b) ¢ = 1.0; (c) ¢ = 1.4.
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where DF, TF, KF are short for the diffusion, thermal and kinetic
sensitivity factor, respectively. These three parameters quali-
tatively represent the modifications of the diffusion, thermal
and kinetics due to hydrogen addition. Fig. 9 illustrates the
sensitivity factor as a function of Xy, It is seen that in all cases
the three sensitivity factors change little until hydrogen addi-
tion reaches a sufficiently high value. The great change of the
three sensitivity factors agrees well with the remarkable in-
crease of laminar flame speeds in the large X;, region. In addi-
tion, at ¢ = 0.7, the thermal and kinetic sensitivity factors
increase with hydrogen addition, indicating a promoting effect
on the laminar flame speed; while the diffusion factor de-
creases from the decrease of Le with hydrogen addition, leading
to a suppression effect on the flame speed enhancement. At
¢ = 1.4, Le increases with hydrogen addition so that the diffu-
sion sensitivity has an increasing trend in addition to the
thermal and kinetic ones, indicating a greater promotion of
laminar flame speeds. Considering the different trends of
diffusion factor under different conditions, the combined ef-
fects of these three factors can explain the greater growth of
laminar flame speeds under the fuel-rich condition than under
the fuel-lean condition. Furthermore, it can be seen that the
kinetic factor plays the most important role on the enhance-
ment of laminar flame speed.

Kinetic analysis
The above analysis based on one step overall reaction
assumption shows the importance of the chemical kinetics

induced by hydrogen addition. However, the overall activation
energy is just a global overall reactivity for given mixture and

35

it does not represent the real chemical kinetics in flames.
Thus in the following, the detailed chemical kinetics were
analyzed, including the chemical flame structure, sensitivity
analysis and reaction path analysis.

Flame structure

The structures of premixed stoichiometric methane-
hydrogen-air flame (X, = 0.6) is explored in Fig. 10. Profiles
of the stable species (H,, CHy4, O,, H,0, CO, CO,, etc) are pre-
sented in Fig. 10a, and that of radical species are provided in
Fig. 10b. The reactants (H,, CHy, O,) are decreased and final
products (H,0, CO,) show increasing trends while the inter-
mediate product (CO) first increases and then decreases with
the distance through the flame as expected. Besides, the flame
temperature increases along the distance. In this case, the OH
radical has the largest concentration in the flame, compared
to other free radicals such as H and O radicals. The CHs radical
shows the lower concentration.

The fractions of H and OH radicals vary with hydrogen
fraction significantly, as shown in Fig. 11. It can be seen that
different alkanes show similar tendencies of H and OH radi-
cals thus we use CH, to interpret the hydrogen addition effect
on flame structures. It is seen that both H and OH radicals
increase by hydrogen addition and the increasing trend is
more significant at the high X; region. Moreover, H radical
increases faster than OH radical by hydrogen addition and
domains in the large X region. This is because that H, is
mainly consumed by two reactions, namely the reaction R2
(O + H, = H + OH) and R3 (OH + H, = H + H,0). R2 produces
both H and OH while R3 only produces H. Besides, R3 accounts
for a larger proportion in the H, consumption, about 70% and
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Fig. 17 — Consumption proportion of H radical from R12 at 1 atm and 298 K. (a) ¢ = 0.7; (b) ¢ = 1.0; (c) ¢ = 1.4.
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R2 only about 30%. Resulting from the different production
and proportion of R2 and R3, H radical shows a more signifi-
cant increase than OH radical by hydrogen addition.

Reaction path analysis

Sensitivity analysis with different equivalence ratios and al-
kanes show that the reactions with high sensitivity co-
efficients are mainly related to the H and OH radicals,
indicating the importance of the free radical H and OH in the
laminar flame speed prediction. Fig. 12 shows the laminar
flame speed versus the maximum (H + OH) mole fraction,
which means “max[X(H) + X(OH)]” at a certain location in the
reaction zone. It can be obviously seen that the laminar flame
speed for all mixtures correlate quasi-linearly with the
maximum (H + OH) mole fraction. This empirical correlation
is shown as.

S% = k[H + OHJ,,,cm-s™* (13)

max

where k is the coefficient that represents the sensitivity of
laminar flame speed to the maximum (H + OH) mole fraction
and the value of k is given in Fig. 12.

Further analysis on the consumption/production of H and
OH radicals were conducted since the above empirical corre-
lation indicates the importance of these two radicals for the
laminar flame speed prediction. Fig. 13 shows that the main
reaction channels involving the H and OH radicals are:

R1.H+ 0, =0 + OH

R2.0 +H,=H+ OH

R3.0H + H, = H + H,0

R12. H + O, (+M) = HO, (+M)

R16. HO, + H= OH + OH

R88. CHs + H (+M) = CH, (+M)

R123. CHs + H=CHs + H;

R279. C,Hg + H = C,Hs + H,

R410. CsHg + H = iC5H, + H,

R631. C4Hqg + H = sC4Hg + H»

In Fig. 13, the pathways with ‘+’ and ‘—’ respectively repre-
sent the favored and unfavored channels with the increase of
hydrogen addition. The dotted line indicates the pathway of R12
which is only effective with sufficiently large X;,. Rate of con-
sumption of different species was calculated by the Chemkin II
and then the consumption of a specific species through the in-
dividual reactions was calculated by the spatial integration of
the elementary reaction rate of consumption within the whole
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reaction zone [42,43]. The specific consumption proportions
(rate of consumption of a specific species through the individual
reaction normalized by the total rate of consumption of the
specific species) are shown later in Figs. 14 to 20. It is seen that
the four alkane-hydrogen mixtures studied here show very
similar major pathways of H and OH production/consumption;
we then attempt to explore the kinetic mechanisms for the
enhanced reactivity (increased laminar flame speed) due to
hydrogen addition. Firstly, the production of H radical is mainly
contributed from R2 (O + H, = H + OH) and R3
(OH + H, = H + H,0). These two H production channels are
favored with the increase of hydrogen addition. Because of the
increased consumption of O and OH respectively through R2
and R3 (see Figs. 14 and 15), H radical production is increased by
hydrogen addition. Secondly, the consumption of H is primarily
through the main chain branching channel R1 and this channel
is unfavored with the increase of hydrogen addition, and H rate
of consumption from R1 decreases remarkably at large Xy, re-
gion (50—30%, see Fig. 16). Furthermore, the reactions of H
abstraction from alkanes, say R123 (CH4 + H = CH3 + H,), R279
(CoHg + H = C,Hs + Hy), R410 (CsHg + H = H, + iGsH,) and R631
(C4Hj0 + H = sC4Ho+H,) shows similar trends with R1, but their
contributions are weaker than R1 (less than 30%, see Fig. 20); R12
(H + O, (+M) = HO, (+M)) consumes negligible H radicals at
small X;, region, but it becomes effective when X, is sufficiently
large. When HO, is accumulated to a sufficient concentration at
the large X, region, the subsequent reaction R16
(HO,+H = OH + OH) becomes important (see Fig. 18) to produce
OH radicals and favors the reactivity. The contribution of R88
(CH3+H (+M) = CH, (+M)) increases gently first when Xy, is small,
and it then decreases dramatically with the increase of Xy,

If we artificially divide the hydrogen addition level into the
“small Xy,” and “large X;” region, the kinetic reason for the
laminar flame speed enhancement due to hydrogen addition
is summarized as the following:

In the small X, region, as shown in Fig. 13, the chain
branching reaction (promoting reactions) R1 dominates the H
consumption, yetits contribution decreases with the increase of
Xn. The H abstraction reactions from alkane fuel (R123, R279,
R410, and R631) are chain propagating but reduce the reactivity.
These reactions also contribute to the H consumption. The
termination reaction R88 also presents a moderate contribution
to H consumption and its contribution grows with the increase
of Xy,. Because the consumption proportion from R12 is small
and that from R16 changes little in the small X}, region, the two
reactions are not considered in this region. Thus the gentle in-
crease of the laminar flame speed in this small X; region
(observed in Fig. 1) is from the competition of H radical between
the chain branching reaction R1 and the H abstraction reactions
as well as the termination reaction R88. Specifically, the amount
of H and OH radicals increases with the hydrogen addition,
which leads to an increased reactivity. However, R88 produces
stable species CH, and no active radicals, thus it increases H
consumption proportion, compared to R1 which produces OH
and O radicals, slows down the H and OH radical accumulation
by hydrogen addition.

In the large X;, region, R12 (H + O, (+M) = HO,(+M)) becomes
effective in consuming H radical, as shown by the dotted
pathway in Fig. 13. However, when HO, is accumulated to a
sufficient concentration, the subsequent chain branching R16
(HO,+H = OH + OH), which is not sensitive at the small Xj, re-
gion, is activated. R16 favors the reactivity and this sequence has


http://dx.doi.org/10.1016/j.ijhydene.2014.11.010
http://dx.doi.org/10.1016/j.ijhydene.2014.11.010

716

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (?OTS) 703*7T8

30

w
S

S _~
g S
z 5 O CH-R123 =5t
o— 2]
5 o CH-R279 e
£ o2l 2 1] -
= A CHR4I0  ¢=0.7 = o
S st v nCH -R631 (2) S 15k o
g 47710 = o ° n
— =
T = o
5 10} B B B £ 10} o
= A A g a A A
5 A & R g ¢ v ¢ $ 6 Ra
& 5 v v v v v 2 A o
£ v% = O CHRI23 %
E‘ ok é of O CH-R279
=
£ st g sl A CHR410  ¢=1.0
o S v nCH, -R631 (b)
-10 1 1 1 1 1 1 10 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Xh Xh
30
~ o o
B o
3 b
S o
E ol o ° ° o
= o
% 15| o
- o
= A A
IR I'N ] = " oo
2 - ool
] O CH-RI23
;§_ oL o CH-R279
g A CHR4I0  ¢=14
5 st v nCH,R631 (0
Ty A A A A A
0.0 0.2 0.4 0.6 0.8 1.0

X

h

Fig. 20 — Consumption proportion of H radical from alkane H abstraction reactions at 1 atm and 298 K. (a) ¢ = 0.7; (b) ¢ = 1.0;

(c) 9 =1.4.

been previously reported by Dagaut and Nicolle [44] for natural
gas/hydrogen oxidation in a jet stirred reactor study. Addition-
ally, at the large X;, region, the contributions from R88, R1 and
the alkane H abstraction reactions are significantly decreased,
and more H radical is consumed through the R12/R16 sequence,
resulting in the remarkable growth of (H + OH) concentration at
the large X}, region and consequently a rapid increase in laminar
flame speeds with the increase of X}, as shown in Fig. 8.

Itis noted that for the dependence of the equivalence ratio,
the H abstraction reaction of alkanes (R123, R279, R410, and
R631) have an increasing trend (see Fig. 20). This phenomenon
is reasonable because the abundant oxygen under the fuel
lean condition indicates that more fuel is consumed by OH
and O while H radical shows a priority in fuel consumption
under the fuel rich condition. Similar behaviors of OH radical
for lean methane-air mixtures consumption have been re-
ported in previous researches [21,44,45]. The abundant O, is
responsible for the larger proportion of R12 under the fuel lean
condition. Consequently, R12 is promoted in this case. In
comparison, the consumption proportion of R88 increases
with the equivalence ratio and changes more quickly under
fuel rich condition. Furthermore, methane shows a variation
of kinetic reaction path with smaller amount of hydrogen
addition compared with other alkanes, which is consistent
with the laminar flame speed behavior.

Conclusions

Numerical simulations of the laminar premixed C1-C4 n-al-
kanes with different hydrogen addition levels (Xy) were

conducted using the USC II. Flame parameters, including
laminar flame speeds, adiabatic flame temperature (Ta.q),
flame thickness (4)), Lewis number (Le), Zeldovich number (Ze)
and Markstein number (Ma) were calculated at different
hydrogen additions and equivalence ratios. Results show that
all the flame parameters are altered with the increase of Xj,
and their dependence on X, becomes increasingly significant
at the high X;, region. Based one step overall assumption, the
increase of laminar flame speeds by hydrogen addition is
interpreted through three factors: the overall activation en-
ergy which represents the kinetic effect, the adiabatic flame
temperature which represents the thermal effect and the
global Lewis number which represents the diffusion effect.
Qualitative comparisons among the three factors indicate that
kinetic effect is the most prominent. Detailed kinetic analysis
was conducted by looking into the flame structures and it
shows that laminar flame speeds of all mixtures can be line-
arly correlated with the maximum mole fraction of (H + OH).
To further understand the kinetic effect of hydrogen addition,
the reaction flux and rate of consumption of key radicals show
that the kinetic effect of hydrogen addition differs at small
and large X, regions. Although the amount of H and OH rad-
icals increases with the increase of X, the consumption
proportion of H radical from R88 (CHs+H(+M) = CH, (+M)) is
increased, and the consumption proportion of H radical from
R1 (H + O, = O + OH) is decreased at the small Xy, region,
leading to a comparatively weaker increase in laminar flame
speeds by hydrogen addition in this region. At the large Xj
region, the consumption proportion of H radical from R88
decreases dramatically, and the chain sequence R12
(H + O5(+M) = HO»(+M))/R16 (HO,+H = OH + OH) which is not
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important at small X, region is activated and the increased
production OH radicals lead to the remarkable increase of
laminar flame speed.
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