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Premixed and non-premixed ignition of methane/hydrogen and methane/dimethyl ether (DME) binary
fuel blends with hot air is studied through numerical simulation with detailed chemistry and variable
thermodynamic and transport properties. The emphasis is spent on assessing the kinetic and transport
effects involved in CH4 ignition enhancement caused by H, and DME addition. Two configurations are
considered: a premixed homogeneous configuration to examine the chemical kinetics and a non-pre-
mixed counterflow configuration to assess the transport effects. For the homogeneous ignition process,

Keywords: small amount of DME addition is found to be more effective than H, addition in terms of promoting
Methane/hydrogen .. . . e . . .

Methane/DME the ignition of CHy/air mixture. Sensitivity analysis and reaction path analysis are conducted and key ele-
Ignition mentary reactions involved in CH, ignition enhancement by H, and DME addition are identified. For the
Preferential mass diffusion non-premixed ignition process, H, addition is shown to be always more effective than DME addition in
Strain rate terms of CH, ignition enhancement. It is found that the preferential mass diffusion of H, over CH4 and

that of CH4 over DME have great influence on the local blending ratio at the ignition kernel, which con-
trols the non-premixed ignition process. Therefore, non-premixed ignition of binary fuel blends is signif-
icantly affected by the mass diffusivity of each fuel component. Moreover, the effects of strain rate on the
non-premixed ignition of CH4/H, and CH4/DME binary fuel blends with hot air are discussed.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Due to the rapid increase in energy consumption and
increasingly stringent emission regulations, it has become impera-
tive to develop alternative fuels and high-efficiency, low-emission
combustion devices [1]. As the cleanest fossil fuel, natural gas (NG)
has huge reserves around the world [2]. Recently, natural gas has
become one of the most promising alternative fuels because of
its favorable chemical characteristics, such as high H/C ratio, large
octane number [3], excellent knock resistance [4], and low emis-
sions. However, due to its stable molecular structure, methane
(the main component of natural gas) has some unfavorable burn-
ing properties such as long ignition delay time, low flame speed,
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low ignitability, and narrow flammability limit range, which pose
great challenges for its utilization in combustion engines. An effec-
tive way to solve this problem is to add more reactive fuels such as
hydrogen or dimethyl ether (DME) into natural gas to promote its
ignition and combustion performance. Therefore, a thorough
understanding of fundamental combustion properties of natural
gas with hydrogen-like fuel addition is important for developing
advanced NG-based combustion engines and corresponding oper-
ating strategies.

In the literature, there are many studies on the fundamental
combustion properties of CHy/H, or CH4/DME binary fuel blends,
including their ignition delay time [5-8], internal combustion
engine (ICE) performance [9-12], laminar flame speed [13-19]
and so on. For examples on ignition, Zhang et al. [7] conducted
shock-tube experiments to measure the ignition delay time of
lean CH4/H,/Ar mixtures and they found that the ignition delay
time of CHy4/H, binary fuel blends has complex dependence on
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pressure and there exists two-step transition in the global acti-
vation energy; Tang et al. [8] measured the ignition delay time
of CH4/DME over a wide range of temperature and pressure
and the nonlinear effect of DME addition in ignition promotion
was observed and interpreted through kinetic analysis. All the
previous studies showed that both H, and DME addition can
greatly promote the ignition of CH,. Since the DME oxidation
mechanism is totally different from that of H,, it is expected that
the ignition enhancement by adding DME to CH4 is different
from that by adding H, to CH,4. Moreover, the kinetics involved
in the ignition enhancement should be different for H, and
DME addition. Therefore, the first objective of this study is to
compare different ignition enhancement behavior and identify
the kinetics involved in ignition enhancement caused by H,
and DME addition to CHa.

Most of previous studies on the transient ignition process of
CH4/H; or CHy4/DME were conducted in a homogeneous system,
in which only the chemical kinetics during ignition can be thor-
oughly examined. However, in practical combustion process, igni-
tion usually takes place in non-homogeneous zones due to a lack of
time for fully mixing of fuel and air. A laminar non-premixed coun-
terflow configuration can provide a well-defined flow field in
which the influence of strain rate, diffusive and convective trans-
ports, and their coupling effects with chemical kinetics on ignition
can be examined [5,20-24]. For examples, Fotache et al. [22] inves-
tigated the forced ignition of CH4/H, blends by hot counter-flowing
air and three ignition regimes in terms of H, blending ratio were
identified; Chen et al. [5] studied the transient ignition of CH,/
DME blends in non-premixed counterflow configuration and they
found that the ignition enhancement by DME addition to CHy4 is
strongly affected by the strain rate. Other studies using counter-
flow configuration include premixed ignition of H,/air by Zheng
et al. [23], non-premixed ignition of n-decane/toluene binary fuel
blends by Dai et al. [20], and non-premixed ignition of methane
with pulsed discharge by Sun et al. [24]. The non-premixed ignition
is controlled not only by the chemical kinetics but also the trans-
port of heat and mass. The ratio among the mass diffusivities of
H,, CH,4, and DME is about 6:2:1. Consequently, it is expected that
due to the different transport properties, the non-premixed igni-
tion of CHy is differently affected by H, addition and DME addition.
As shown later, the preferential mass diffusion between different
fuels in fact plays a very import role in non-premixed ignition.
Therefore, the second objective of this study is to compare different
ignition enhancement behavior and analyze the transport effects
on non-premixed ignition enhancement caused by H, and DME
addition to CHa.

Premixed and non-premixed ignition of CH4/H, and CH4/DME
binary fuel blends with hot air is numerically studied in the pres-
ent work and the chemical kinetics and transport effects involved
in the ignition are examined. In order to assess the kinetic effects
involved in CH4 ignition enhancement by H, and DME addition,
we study the homogeneous ignition process of CH4/H/air and
CH4/DME/air mixtures which is purely controlled by chemical
kinetics. In order to examine the transport effects on the ignition
of these binary fuel blends, the non-premixed counterflow config-
uration is employed to study the transient ignition process of CH,/
H, and CH4/DME binary fuel blends with hot air. The rest of the pa-
per is organized as follows. The numerical models and chemical
mechanism are introduced in the next section. In Section 3, the
homogeneous ignition process of CH4/H, and CH4/DME binary fuel
blends is studied and the kinetic effects involved in CH4 ignition
enhancement by H, and DME addition are assessed. In Section 4,
the non-premixed ignition process is investigated and the trans-
port effects involved in ignition enhancement are examined using
the non-premixed counterflow configuration. Finally, the conclu-
sions are presented in Section 5.

2. Numerical models and chemical mechanism

Since the homogenous ignition process does not have mass or
heat transport and is purely controlled by chemical kinetics, we
study the adiabatic homogeneous ignition process at constant
pressure so that the kinetics involved in CH, ignition enhancement
by H, and DME addition can be revealed. Stoichiometric CH4/H,/air
and CH4/DME/air mixtures initially at Ty = 1400 K and atmospheric
pressure are considered and detailed chemistry is employed in
simulation. The blending ratio, c, defined as the molar fraction of
H, or DME in the binary fuel blends, changes from 0 (pure CH,)
to 1.0 (pure H, or DME).

In order to examine the transport effects, we study the non-pre-
mixed ignition in a counterflow configuration. The transient non-
premixed ignition process is simulated using the code for unsteady
counterflow flame [25]. The counter-flowing fuel jet is at 300 K and
it consists of CHy/H, or CHy4/DME binary fuel blends with the
blending ratio of H, or DME in the range of 0 < c < 1. The hot air
jet is at 1400 K. The pressure is fixed to be P =1 atm. The distance
between the fuel and oxidizer exits is fixed at L = 10 cm. The initial
temperature and species distributions are determined under a fro-
zen flow constraint with all the reaction terms suppressed. At the
beginning (i.e. t = 0 s), chemical reactions are allowed in the pre-
calculated frozen flow field and the afterwards evolution of the
reactive counterflow system is simulated. Potential counterflow
is considered and thereby the strain rate, a, is given as input
parameter in the initial frozen flow, defined as the global gradient
of the axial velocity, namely a = (u; — ug)/L, with the subscripts L
and R denoting the fuel (left) and oxidizer (right) jets, respectively.
It is noted that increasing strain rate leads to the decrease of flow
residence time within ignition kernel, which influences the igni-
tion process in counterflow configuration. Similar procedures were
used in previous studies [5,20,26].

In the literature there are few mechanisms that can accurately
predict the ignition of both CHy/H, and CH4/DME binary fuel
blends. Here we use the detailed chemical mechanism for DME
oxidation developed by Zhao et al. [27]. It consists of 55 species
and 290 elementary reactions and was validated against experi-
mental data of ignition delay time from shock-tube, species pro-
files from flow-reactor, and laminar flame speeds from spherical-
and stagnation-flame experiments for DME [27]. Since this DME
mechanism contains the H, oxidation sub-mechanism developed
by Li et al. [28], the ignition process of H, as well as DME can be
well predicted by this mechanism. In the Supplementary Material
we demonstrate that this mechanism against experiments can well
predict the ignition delay time of CH4/DME/air mixtures [8] and
CH4/Hy/air mixtures [7].

3. The homogeneous ignition process

The homogeneous ignition process is studied in order to com-
pare different ignition enhancement behavior and to identify the
kinetics involved in ignition enhancement caused by H, and DME
addition to CHy. Fig. 1 shows the ignition delay time, 7, of stoichi-
ometric CH4/H,/air and CH4/DME/air mixtures as a function of the
blending ratio, c. The ignition delay time is defined as the time
when the temperature exceeds its initial value by 400K (i.e.
T=T,+400 K= 1800 K). Other definitions based on the maximum
temperature changing rate and the sudden rise in OH concentra-
tion are checked and the ignition delay times defined in different
ways are nearly the same (the relative difference is within 2%,
see Fig. 1 of Zhao et al. [29]). Fig. 1 indicates that both H, and
DME addition can greatly reduce the ignition delay time of CH,/
air mixture. However, different enhancing trends are observed
for these two additives: the logarithmic ignition delay time of
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Fig. 1. Change of the homogeneous ignition delay time with the blending ratios of
H, and DME for stoichiometric CHy4/H,/air and CH4/DME/air mixtures initially at
To=1400K and P=1 atm.

CH4/Hy/air changes almost linearly with the H, blending ratio;
while nonlinear change is observed for CH4/DME]/air (similar trend
was observed in shock-tube experiments by Tang et al. [8]). At low
DME blending ratio (0 < ¢ < 0.2), the ignition delay time is greatly
reduced by DME addition. However, at high DME blending ratio
(0.4 < c < 1), a further increase of DME blending has little influence
on the ignition delay time. Moreover, it is observed that when the
blending ratio is below 0.53, DME addition is more effective than
H, addition in terms of promoting the homogeneous ignition of
CHy/air mixture. (It is noted that the blending ratio is defined based
on the molar/volumetric fraction, not the mass fraction.)

Fig. 2a and b respectively show the temporal evolution of radi-
cal pool (sum of H, O, OH, CH3, and HO,) as well as the specific rad-
ical CHs; at different levels of H, and DME blending. Fig. 2a
indicates that the radical pool increases almost linearly with the
H, blending ratio. However, Fig. 2b shows that DME addition has
a magnificent boosting effect on radical build-up at small amount
of DME addition while such effect is reduced rapidly as the DME
blending ratio further increases. Since radical accumulation and
run-away determine the ignition process, the difference between
ignition enhancement by H, and DME addition observed in Fig. 1
can be accounted for by the different impact of H, and DME addi-
tion on the radical pool development.

To identify key elementary reactions involved in CH4 ignition
enhancement by H, and DME addition, sensitivity analysis is con-
ducted. The sensitivity coefficient of the ignition delay time with
respect to the reaction rate of the ith elementary reaction is de-
fined as:

_ T(l.lk,‘) — T(k,‘)
S (1)

where 7(1.1k;) represents the ignition delay time with the rate con-
stant of the ith reaction being artificially modified to be 1.1 times of
its original value, while 7(k;) is the original ignition delay time when
all reaction rates remain unchanged. The results of sensitivity anal-
ysis are plotted in Fig. 3 for different H, blending ratios. It is well
known that the ignition of CHy/air is controlled by the slow oxida-
tion of methyl through reactions CHs; + 0, =CH30+ 0O (R49) and
CH;5 + 0, = CH,0 + OH (R50) [5,22]. Fig. 3 shows that when H, is
added to CHg/air mixture, the sensitivity coefficients for reactions
(R49) and (R50) as well as that for CHz + HO, = CH30 + OH (R51) de-
crease. On the other hand, sensitivity coefficients for the chain-
branching reactions, H+ 0, =0 + OH (R1) and O + H, = H + OH (R2)
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Fig. 2. Temporal evolution of molar fraction of the radical pool (sum of H, O, OH,
CH3 and HO,, dashed lines) and CH; radical (solid lines) during the homogeneous
ignition of stoichiometric (a) CH4/H,/air and (b) CH4/DME/air mixtures.
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Fig. 3. Sensitivity of key elementary reactions during the homogeneous ignition of
stoichiometric CH,4/H;/air at different levels of H, addition.

and chain-propagation reaction H, + OH = H,0 + H (R3) are shown
to increase significantly with H, blending ratio. Therefore, it is the
H,-related chain reactions (R1-R3) that greatly enhance the radical
pool build-up and thereby accelerate the ignition process. Similar
observation was also confirmed by Zhang et al. using other detailed
chemical mechanisms for CH,4/H; binary fuel blends [7].



4 P. Dai et al./Fuel 118 (2014) 1-8

In order to further explore the kinetics and key elementary
reactions involved in the ignition enhancement by H, addition,
reaction path analysis for radicals such as H, OH, and CHs is con-
ducted at different levels of H, addition. The contribution of the
ith reaction to the concentration change of a certain intermediate
species M is defined as [30]

N
Cui = fu. i/ (fw, i) (2)
i1

where fy,; represents the rate of change in the concentration of
species M due to the ith reaction, and N is the total number of ele-
mentary reactions. A positive/negative value of Cy; indicates that
M is produced/consumed by the ith reaction. It is noted that only
the comparison among values of Cy;; for different reactions at the
same time is meaningful since the reaction rates change greatly with
time during the ignition process. Fig. 4 shows contributions of main
elementary reactions to the concentration change of H radical at
three different H, blending ratios: c = 0, 0.05 and 0.3. As the amount
of H, addition increases, reaction H, + O, = HO, + H (reverse R14)
gradually replaces reaction CH4(+M)= CHs + H(+M) (reverse R53)
as the main chain-initiation reaction producing H radical. In the late
stage of ignition, reaction H, + OH = H,0 + H (R3) is shown to be a
more important source of H radical while reaction CH30 + M = CH,_
O +H+M (R71) becomes less important. Transition between these
two reactions implies that the main path of producing H radical
changes from CHs/CH30/CH,O-relevant reactions to H,-revelant
ones (which have much higher reaction rates) when the level of H,
addition is increased. Fig. 4 also demonstrates that H, addition
significantly decreases the portion of reaction CH4+H = CHs + Hy
(R54) in H consumption, and meanwhile makes the chain-branching
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Fig. 4. Contributions of main elementary reactions to the production/consumption
of H radical during the homogeneous ignition of stoichiometric CH4/H;/air mixture:
(@) c=0.0, (b) c=0.05 and (c) c=0.3.

reaction H+ O, = O + OH (R1) a more important H sink, which sub-
stantially benefits the ignition. Similar reaction path analysis for
OH radical is also conducted and the results indicate that reaction
H, + OH=H,0+H (R3) gradually replaces CH,4+ OH =CH3 + H,0
(R56) as an important OH sink when H; blending ratio increases.
This helps to promote ignition since H radical is much more reactive
than CHj; radical.

The kinetics involved in CH4 ignition enhancement by DME
addition is also investigated with sensitivity analysis and reaction
path analysis. Fig. 5 shows the sensitivity analysis results for the
homogeneous ignition of stoichiometric CH4/DME/air mixtures at
different levels of DME addition. It is found that unlike H, addition,
DME addition benefits the ignition of CH4 mainly via the unimolec-
ular decomposition reaction CH30CH3=CHs3+ CH50 (R239) and
the CHs oxidation reaction CHz + HO, = CH30 + OH (R51), instead
of chain reactions (R1-R3) for H, addition. The chemical path
analysis shows that once a small amount of DME is present, the
system is strongly driven by the unimolecular decomposition of
DME thorough reaction R239. This reaction is the major initial
source of radicals and continues to contribute to radical production
thereafter [5]. After DME is decomposed into CH3 and CH50 via
reaction R239, subsequent H-abstraction reaction CH3OCHj; +
CHs3 = CH30CH, + CH4 (R244) produces CH3OCH, which in turn
yields additional radical growth through the decomposition reac-
tion CH30CH, = CH,0 + CH3 (R247). Therefore, with DME addition
to CHy, the radical pool grows rapidly. More importantly, the above
reaction sequences produce a large amount of HO,, which in turn
promotes the fast reaction CH; + HO, = CH30 + OH (R51) in compe-
tition against the much slower counterpart CHs; + O, =CH30 +0
(R49).

To demonstrate the influence of DME and H, addition on this
competition, Fig. 6 shows the ratio of integral CH; consumption
through reaction R51 to that through reaction R49 in the homoge-
neous ignition of stoichiometric CH4/Hy/air and CH4/DME/air mix-
tures. It is seen that the replacement of reaction R49 by R51 for
DME addition increases greatly with the blending ratio and it is
stronger than that for H, addition. Therefore, as shown in Fig. 1,
a small amount of DME addition is more effective than H, addition
in terms of promoting the homogeneous ignition of CH,/air mix-
ture. (The vertical axis of Fig. 6 is in logarithmic scale which is sim-
ilar to the ignition delay time shown in Fig. 1.) More details of the
comparison between ignition enhancement mechanism of small
amount of H, addition and that of DME addition are shown in
the Supplementary Material accompanying this paper.
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Fig. 5. Sensitivity of key elementary reactions during the homogeneous ignition of
stoichiometric CH4/DME/air at different levels of DME addition.
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Fig. 6. The ratio of integral CHs consumption through reaction R51 to that through
reaction R49 in the homogeneous ignition of stoichiometric CH4/H;/air and CH,4/
DME/air mixtures.

The above results show that both H, addition and DME addition
can promote the ignition of CH,. However, different enhancing
trends are observed for these two additives. This is due to the fact
that different kinetics is involved in the ignition enhancement.
When H, is added, highly active radicals such as H and OH are pro-
duced abundantly via chain reactions R1-R3, leading to a rapid
radical build-up and to the transition from slow CHj-oxidation
path to fast Hy-oxidation path. On the other hand, when DME is
added, the unimolecular decomposition of DME (R239) amplifies
the production of radicals and leads to a large concentration of
HO,, which boosts fast methyl oxidation reaction through reaction
R51 that replaces the slower oxidation one, R49.

4. The non-premixed ignition process

In practical combustion processes, ignition is also affected by
mixing of fuel and air as well as heat conduction. Since the mass
diffusivity of Hy is about five times larger than that of DME, it is
expected that the ignition enhancement by these two additives is
different due to transport effects. In order to examine the transport
effects involved in CH, ignition enhancement by H, and DME addi-
tion, we study the non-premixed ignition in counterflow configu-
ration. The ignition delay time in the non-premixed counterflow
ignition is defined as the time when the maximum temperature
in the whole domain is 400 K above the initial temperature of
the counter flowing hot air (i.e. Tynax = Tajr + 400 K = 1800 K).

Fig. 7 plots the non-premixed ignition delay time as a function
of H, and DME blending ratio at three different strain rates. The
results for homogeneous ignition are also presented in Fig. 7 for
comparison. It is observed that H; addition is always more effective
than DME addition in terms of promoting the non-premixed igni-
tion of CH4 with hot air, which is totally different from the homog-
enous ignition shown in Fig. 1. Fig. 7 shows that the ignition delay
time in the non-premixed counterflow configuration differs signif-
icantly from that in the homogeneous configuration. When the H,
blending ratio is in the range of 0.02 < ¢ < 0.8, the non-premixed
ignition is shown to be faster than the homogeneous one. This is
counterintuitive since for the transient ignition kernel in the coun-
terflow configuration, there are radical and heat losses due to
convective and diffusive transport processes which are unfavorable
for ignition. This counterintuitive observation will be explained
later.
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Fig. 7. Chang of the ignition delay time of (a) CH4/H; and (b) CH4/DME blends in
non-premixed counterflow configuration with the H, and DME blending ratio in the
fuel jet.

Fig. 7a indicates that ignition delay time of CH4/H, mixtures is
insensitive to strain rate when c > 0.05. This is consistent with
the analysis of ignition limits of H, in the non-premixed counter-
flow configuration conducted by Kreutz and Law [21]. They found
that the ignition temperature at the second ignition limit of H, is
insensitive to the strain rate since the ignition process is mainly
controlled by kinetics rather than mass and heat transport. The
second ignition limit in Ref. [21] covers the conditions in terms
of temperature, pressure, and strain rates employed in the present
study. Furthermore, as shown later, a small amount of H, addition
into CH4 in non-premixed counterflow configuration converts the
ignition behavior of CH4/H; blends into the one which is very sim-
ilar to that of H,. Therefore, under the conditions considered here,
the non-premixed ignition of CH4/H, with ¢ > 0.05 is insensitive to
the strain rate.

The ignition enhancement by DME addition in counterflow
configuration shown in Fig. 7b is quite different from that by H,
addition in Fig. 7a. For CH4/DME blends, the ignition delay time
in counterflow configuration is always larger than that in homoge-
neous configuration except the case for very low strain rate
(a=20s"") and low DME blending ratio (c<0.01). Furthermore,
the strain rate has significant influence on the ignition delay time
in the whole range of DME blending ratio. With the increase of
strain rate, the ignition delay time increases significantly and the
ignition enhancement by DME addition is amplified. This is under-
standable in view of the fact that at a high strain rate, the short
flow residence time prevents the radical pool from quickly building
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up and thereby DME addition can significantly improve the radical
pool build-up through kinetics discussed in the previous section
and lead to a strong ignition enhancement at high strain rates [5].

The different behavior shown in Fig. 7 for the non-premixed
ignition of CH4/H, and CH4/DME binary fuel blends is caused by
the preferential mass diffusion between CH4 and H, and that be-
tween CH4 and DME. In the above discussion, the blending ratio,
¢, is defined at the boundary. Here we introduce the local blending
ratio at the initial ignition kernel, ¢ (i.e., the local molar ratio of H,
or DME to CHy is ¢:(1 — ¢,)), in the non-premixed counterflow
configuration. The initial ignition kernel here is defined as the loca-
tion of maximum heat release rate immediately after the exother-
mic process begins following endothermic pyrolysis of fuel. Since
the molecular weight of H,/DME is much smaller/larger than that
of CHy4, the mass diffusivity of Hy/DME is much larger/smaller than
that of CH,4. In the non-premixed counterflow configuration, igni-
tion starts at the hot air side and fuels need diffuse across the stag-
nation surface [5,20,26]. Therefore, the preferential mass diffusion
between different fuels determines the local blending ratio of H,
and DME at the ignition kernel. Fig. 8 plots the local blending ratio
at the initial ignition kernel, c,, versus the blending ratio at the
boundary, c. Moreover, the results with the mass diffusivity of H,
and DME artificially modified to the value of CH, are presented
for comparison. It is observed that the local H/DME blending ratio
at ignition kernel is in fact much higher/lower than that at the
boundary. This is because H,/DME has much higher/lower mass

0.8

0.6

-
(3]
0.4
0.2 a=200s"
—6— a=20s" 1(DH2=DCH4)
I_'é'_ ?=2005 (PH2=DCH4)
08 : : : : — —
0 0.2 0.4 0.6 0.8 1
Cc
1
I —e—— a=20s"
| —A—— a=200s"
08 F—6— a=20s" (D,,,=D.,.)
| —A—— a=200s" (D,,,=Dg,,)
06 |-
o -
04
0.2 -
(b) CH, / DME
0 L L 1 L L L 1 L L L
0 0.2 0.4 0.6 0.8 1
c

Fig. 8. Comparison between the local blending ratio at the initial ignition kernel
with that at the boundary in the fuel jet. The open symbols denote results with the
mass diffusion coefficients of (a) H, or (b) DME artificially changed to that of CH,.
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Fig. 9. The ignition delay time of (a) CH4/H, and (b) CH4/DME blends in non-
premixed counterflow configuration as a function of local H, and DME blending
ratio at the initial ignition kernel.

diffusivity than CH4 and hence can more easily/difficultly pene-
trate into the hot air side. When the mass diffusion coefficients
of H, and DME is artificially changed to be equal to that of CH,,
the local H, and DME blending ratio at the ignition kernel is shown
to be the same as that at the boundary. Therefore, the local blend-
ing ratio of H, or DME at the ignition kernel is strongly affected by
the preferential mass diffusion. Furthermore, Fig. 8 shows that the
results at a = 20 s~! are almost the same as those at a higher strain
rate of a = 200 s~!, indicating that strain rate has a negligible effect
on the local blending ratio, cy.

The influence of preferential mass diffusion on non-premixed
ignition is further demonstrated by plotting the ignition delay time
as a function of local blending ratio at the ignition kernel in Fig. 9.
The results for cases with the mass diffusion coefficients of H, and
DME artificially changed to that of CH, are also plotted in Fig. 9. For
H, addition, Fig. 9a shows that the results for the non-premixed
ignition process are close to those for the homogenous case. There-
fore, according to results in Figs. 7, 8 and 9a, the amplification of
ignition enhancement by H, addition in counterflow configuration
is mainly caused by the preferential mass diffusion of H, over CHy
which raises the local H, blending ratio at the ignition kernel.
However, unlike H, addition, Fig 9b shows that the non-premixed
ignition is still much slower than the homogeneous ignition at the
same local DME blending ratio, especially at higher value of c,
although an obvious reduction of ignition delay time is observed
compared to results in Fig. 7b. Therefore, the ignition enhancement
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Fig. 10. Change of the homogeneous ignition delay time with the equivalence ratio:
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by DME addition is only partly reduced by the preferential mass
diffusion of CH4 over DME.

The above analysis indicates that the non-premixed ignition is
controlled by the blending ratio at the ignition kernel rather than
that in the original fuel jet. The blending ratio at the ignition kernel
can significantly differ from that at the boundary if the diffusivities
of two fuel components greatly differ from each other.

Fig. 9 shows that in terms of the local blending ratio at the igni-
tion kernel, the ignition delay time for the non-premixed case is
close to that for the homogeneous case for CH4/H;, binary fuel
blends while obvious difference is observed for CH4/DME binary
fuel blends. This is because besides the local blending ratio, other
parameters such as local temperature and equivalence ratio at
the ignition kernel also affect the ignition. For CH4/H, with
c=0.5, the non-premixed ignition delay time with Dy, = Dcpy is
very close to the homogeneous ignition delay time. For the case
of a=200s"1, c=0.5, and Dy = Dca, the temperature and equiva-
lence ratio at the ignition kernel of counterflow configuration are
respectively 1330K and 0.23, both of which are lower than the
values specified in the homogeneous simulation (1400 K and 1.0).
Fig. 10 plots the homogeneous ignition delay time as a function
of equivalence ratio at different initial temperatures. It is noted
that the ignition here is defined as the moment when maximum
heat release rate occurs. The total heat release is too small to in-
crease the system by 400 K when the equivalence ratio is very
low. Points A and B correspond to the initial temperature and
equivalence ratio in the homogeneous configuration and the non-
premixed counterflow configuration, respectively. Fig. 10a indi-
cates that due to the coupling influence of initial temperature
and equivalence ratio, the ignition delay time at point B is slightly

smaller than that at point A. Considering the transport loss in the
counterflow configuration, the coincidence of the ignition delay
time at ¢=0.5 in non-premixed counterflow and homogeneous
configurations shown in Fig. 9a is reasonable. On the other hand,
for ¢, = 0.9 in Fig. 9a, the ignition delay time in counterflow config-
uration is much larger than that in homogeneous configuration.
This is due to the fact demonstrated in Fig. 10b that the homoge-
neous ignition delay time at 1400 K is always smaller than that
at 1240 K, which is the initial temperature of the ignition kernel
in the counterflow configuration with a =200s".

For CH4/DME binary fuel blends, Fig. 9b shows that the ignition
delay time for the non-premixed case is much larger than that for
the homogeneous case. In order to explain this, we chose the case
of ¢=0.5 (Dpme = Dcua, @ = 200 s~ 1) for further analysis. The initial
temperature of the ignition kernel in the counterflow configuration
at ¢=0.5 is around 1370 K and Fig. 10c shows that lean ignition at
1370 K is much slower than the one at point A with T, = 1400 K and
¢ = 1.0. Therefore, the difference between non-premixed ignition
delay time and homogeneous one in Fig. 9b is caused by the influ-
ence of temperature and equivalence ratio.

Therefore, the results in Figs. 9 and 10 indicate that the non-
premixed ignition counterflow configuration is controlled by not
only the local blending ratio but also the local temperature and
equivalence ratio at the ignition kernel.

5. Conclusion

The premixed and non-premixed ignition of CHy4/H, and CHy/
DME binary fuel blends with air at high temperature and atmo-
spheric pressure is investigated numerically considering detailed
chemistry and transport. The kinetic and transport effects involved
in CH,4 ignition enhancement by H, and DME addition are exam-
ined. The main conclusions are as follows:

1. For the homogeneous (premixed) ignition, both H, and DME
addition can greatly reduce the ignition delay time of CHy/air
mixture. However, different enhancing trends are observed. It
is found that when the blending ratio is below 0.53, DME addition
is more effective than H, addition in terms of promoting the
homogeneous ignition of CHy/air mixture. Sensitivity analysis
and reaction path analysis indicate that the kinetics involved in
ignition enhancement by H, and DME addition are different.
When H, is added, the chain reactions, H+ 0, =0+ OH, 0 + H, =
H+ OH, and H;+ OH =H,0 +H substantially promote radical
production and thereby accelerate the ignition process. For
DME addition, the unimolecular decomposition of DME and sub-
sequent reactions produce a large amount of HO,, which in turn
promotes the fast reaction CHs + HO, = CH30 + OH in competi-
tion against the much slower counterpart CH3 + O, = CH30 + O
and thereby greatly accelerate the ignition process.

2. The non-premixed ignition of CH4/H; binary fuel blends is much
faster than the homogeneous case and is insensitive to strain
rate; while that of the CH4/DME binary fuel blends is much
slower than the homogeneous case and is greatly affected by
strain rate. Hydrogen addition is found to be always more effec-
tive than DME addition in terms of promoting the non-pre-
mixed ignition of CHg/air mixture. This is due to the facts that
the preferential mass diffusion of H, over CH,4 significantly
raises the local H, blending ratio within the ignition kernel
and thus amplifies the ignition enhancement; and that on the
contrary, the preferential mass diffusion of CH4; over DME
reduces the local DME blending ratio in the ignition kernel
and thereby reduces the ignition enhancement. Besides the
local blending ratio, the non-premixed ignition in counterflow
configuration is also affected by the local temperature and
equivalence ratio at the ignition kernel.
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