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A computational study is performed to investigate the effects of diluents on the ignition of premixed
H,/air mixtures. The ignition processes for fuel lean, stoichiometric, and fuel rich H,/air mixed with dif-
ferent diluents (He, Ar, N,, and CO,) are simulated with detailed chemistry and variable thermodynamic
and transport properties. The minimum ignition energies (MIE) for different diluents at different dilution
ratios are obtained. It is found that the change of the MIE with the dilution ratio consists of two regimes:
in the first regime with a small value of dilution ratio, diluent addition has little effect on the MIE and in
the second regime with dilution ratio above a certain value, the MIE increases exponentially with the
dilution ratio. The kinetic and radiation effects of dilution are assessed by conducting sensitivity analysis
and using the optically thin model, respectively. The thermal and flame-dynamic effects of dilution, char-
acterized by the adiabatic flame temperature and Markstein length, respectively, are also discussed.
Moreover, the dilution limits for H,/air mixtures at different equivalence ratios are obtained. The dilution
limits predicted by present ignition calculation are found to agree well with those based on laminar flame
speed measurements at micro-gravity conditions. The ranking in terms of the effectiveness on ignition
inhibition for stoichiometric Hy/air is shown to be in the order of Ar, N, He, and CO,. The dilution limit
is of practical interest since it is a measure of the efficiency of the diluent in fire prevention and

suppression.

© 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

The inert gases such as helium, argon, nitrogen, and carbon
dioxide are benign to people and the environment and can be mass
produced. Therefore, they are considered to be an important class
of fire extinguishers, especially for fire prevention and suppression
in confined environments such as spacecraft [1-4]. In the litera-
ture, there are many studies on flame extinction caused by these
diluents [5-11]. For examples, Tsjuji and Yamaoka [5] studied
the influence of different diluents on the extinction fuel concentra-
tion using counter flow diffusion flames; Satio et al. [6] compared
the efficiency of different diluents for the flame-extinguishing con-
centration; Liao et al. [7] assessed the effects of inert dilution on
the flammability limits of combustible gases and vapors using a
tubular flame method; Park and coworkers [8,9] studied the
extinction of counter flow flames caused by different diluents;
and Tang et al. [10,11] investigated the extinction of spherical dif-
fusion flame caused by dilution.

However, besides flame extinction, ignition and flame propaga-
tion also happen in the fire extinguishing process. Therefore,
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studies on the ignition and flame propagation with dilution are
also important for understanding and improving fire prevention
and suppression. For flame propagation, there are many studies
investigating the effects of diluents on the flame propagation
speed. For examples, Liu et al. [12] studied the thermal and kinetic
effects of CO, dilution on the laminar flame speed of premixed H,/
air and CHy/air; Qiao et al. [2-4] measured the laminar flame speed
of Hy/air mixed with different diluents; Chen et al. [13] studied the
effects of radiation emission and re-absorption on the propagation
of premixed CHy4/air/CO, flames; Halter et al. [14] investigated the
effects of diluents on the propagation speeds of methane and iso-
octane air flames; and Hu et al. [15] measured the laminar flame
speed of Hy/air diluted by N, and CO,. However, there are only a
few studies in the literature focused on the dilution effects on
the ignition process. Lewis and von Elbe [16] measured the mini-
mum ignition energy (MIE) of different fuel/oxygen/diluent mix-
tures and they found that different diluents have different
influences on the magnitude of the MIE. Unfortunately, they did
not thoroughly explain why the ignition is affected differently by
different diluents. Therefore, the mechanisms of ignition with dilu-
tion are not well known and deserve further study.

Based on the motivation discussed above, numerical simula-
tions of the ignition process are conducted in the present study
for different Hy/air/diluent (He, Ar, N, and CO,) mixtures. The
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objectives of this study are twofold. First, we study the effects of
different diluents on the MIE of premixed H,/air mixtures. The
change of the MIE with the dilution ratio is presented and the ki-
netic effect, radiation effect, thermal effect, and flame-dynamic ef-
fect of dilution are studied. Second, we determine the dilution
limits for H,/air with different equivalence ratios and diluents.
The dilution limit for each diluent is of interest because it is a mea-
sure of the efficiency of the diluent in preventing or suppressing a
fire.

2. Numerical method and specifications

A space-adaptive numerical solver for Adaptive Simulation of
Unsteady Reactive Flow, A-SURF (1D), is used to simulate spherical
flame initiation and propagation of different H/air/diluent mix-
tures. A-SURF has been validated and used in a series of studies
on spherical flame initiation and propagation [17-23]. The details
on the governing equations, numerical schemes, and code valida-
tion of A-SURF can be found in Refs. [17,21] and thus are only
briefly described below.

The one-dimensional, unsteady, compressible Navier-Stokes
equations for multi-component reactive flow are solved in A-SURF.
The finite volume method is used to discretize the conservation
governing equations in the spherical coordinate [17,21]. The sec-
ond-order-accurate Strang splitting fractional-step procedure
[24] is employed to separate the time evolution of the stiff reaction
term from that of the convection and diffusion terms. In the first
fractional step, the non-reactive flow is solved. The Runge-Kutta,
central difference, and MUSCL-Hancock schemes, all of second-or-
der accuracy, are employed for the calculation of the temporal
integration, diffusive flux, and convective flux, respectively. The
chemistry is solved in the second fractional step by using the VODE
solver [25]. Detailed chemistry is considered and the reaction rates
as well as thermodynamic and transport properties are evaluated
using the CHEMKIN and TRANSPORT packages [26,27] interfaced
with A-SURF. The mixture-averaged formula [26] is employed to
calculate the diffusion velocity, in which the thermal diffusion of
H, H,, and He is considered. Moreover, a correction velocity is in-
cluded to ensure the mass conservation [17,26]. In order to main-
tain adequate numerical resolution of the moving flame front, a
multi-level, dynamically adaptive mesh refinement algorithm
[28] is employed in A-SURF. Nine grid levels are utilized in this
study and the moving reaction zone is always fully covered by
the finest meshes of 8 um in width. Grid convergence is tested to
ensure the numerical accuracy.

In all simulations, the computational domain is 0 <r < 50 cm.
Zero flow velocity and zero gradients of temperature and mass
fractions are enforced at both inner (r=0) and outer (r =50 cm)
boundaries. At the initial state, the homogeneous mixture is quies-
cent at 298 K and atmospheric pressure. Flame initiation is
achieved by spatial dependent energy deposition for a given igni-
tion time

E#exp —(L)Z if t<T
Qig(r, ) = § ™ Tt Ti ¢ (1)
0 lffZTig

where Ej is the total ignition energy, t;,, the duration of the energy
source, and rj, the ignition kernel radius. It is noted that the dura-
tion of the source energy and the ignition kernel size both affect the
minimum ignition energy (MIE) [29,30]. Since the emphasis of this
study is focused on the change of the MIE with the dilution and the
dilution limit, the ignition kernel size and time are both kept con-
stant with 7;e =200 pus and rig =200 pm, respectively. Frendi and
Sibulkin [29] studied the dependence of the MIE on the ignition ker-
nel size and time and it was found that the MIE becomes the lowest

and/or nearly constant for iz ~ 100 ps and rjg ~ 100 pm. Large val-
ues of 7;; and rig are used in this study so that in the simulation the
temperature at the center is not too high after ignition energy depo-
sition. Nevertheless, as will be mentioned in Section 3.2, the main
results of this study are found to be independent of the ignition ker-
nel sizes and times.

In the one-dimensional simulations, the thermal-diffusive and
hydrodynamic instabilities in flame propagation cannot be cap-
tured. As observed in spherical flame experiments [4,31,32], ther-
mal-diffusive and hydrodynamic instabilities occur only when
the flame radius is above a critical value (which is usually more
than 1 cm for Hy/air at atmospheric pressure) and the flame kernel
is stable since it has a large positive stretch rate which stabilizes
the flame propagation. Therefore, the effect of thermal-diffusive
and hydrodynamic instabilities on the ignition process is
negligible.

The composition of the initial fresh mixture is specified accord-
ing to the molar ratio given by

2¢pH; + 0, + 3.76N,

-0=—5,7476

+aD )

where ¢ is the equivalence ratio (¢ = 0.5, 1.0, and 2.0 for fuel lean,
stoichiometric, and fuel rich, respectively), D denotes the chemical
formula of the diluent (He, Ar, N,, or CO,), and a is the dilution ratio
equaling to the molar fraction of the diluent added to the mixture.

3. Results and discussions

There are many kinetic mechanisms for hydrogen oxidation
with/without CO and CO, chemistry in the literature [33-38].
According to the comparison conducted in Section 3.3 (see
Fig. 5), weak dependence of the main results on different kinetic
mechanisms is observed. Therefore, except those in Fig. 5, all other
results reported in this study are obtained from simulations using
the kinetic mechanism developed by Li et al. [38]. Moreover, the ef-
fect of radiation, also discussed in Section 3.3, is not included for all
the following results except those in Fig. 8.

3.1. The ignition process

The evolution of temperature distribution for unsuccessful and
successful ignition is shown in Fig. 1. When the ignition energy is
smaller than the so-called minimum ignition energy (MIE), Fig. 1a
shows that the resulting flame kernel decays rapidly. This is due to
the fact that the chemical heat release rate is smaller than the rate
at which heat is conducted away from the kernel [16,39]. At the
time around t=1.2ms, the maximum temperature is below
700 K and the chemical reaction is negligible. Therefore, it becomes
an unsteady thermal conduction process in which the temperature
at the center continuously decreases. For the case of successful
ignition with energy deposition larger than the MIE, Fig. 1b shows
that the temperature at the center initially decreases due to the
termination of energy deposition and heat conduction away from
the center. Subsequently, the temperature increases when the local
chemical heat release rate is larger than the heat conduction rate
and the flame kernel can propagate outwardly in a self-sustained
manner [16,30,39].

These characteristics can be further substantiated from the
flame front history, Rr=R{t), which is defined as the position of
maximum heat release rate in the simulation. Figure 2a shows
the temporal variation of flame radius for stoichiometric Hy/air/
He (a = 40%) at different ignition energies. The MIE for this mixture,
Emin=0.157 mJ, and for all other mixtures is calculated by the
method of trial-and-error with relative error below 1%. It is ob-
served that a self-sustained propagating flame can be successfully
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Fig. 1. Evolution of temperature distribution for (a) unsuccessful and (b) successful
ignition (Hy/air/He, ¢ =1, a=0.4).

initiated only when the ignition energy is above the MIE. The flame
propagation speed, S, = dRf/dt, as a function of flame radius is pre-
sented in Fig. 2b. It is seen that the flame propagation speed
changes non-monotonically with the flame radius for successful
ignition: it initially decreases with the flame radius and then re-
verses the trend and increases after passing through a minimum
speed attained at the critical flame radius. The sharp decrease of
Sp is due to the termination of the ignition energy deposition at
t = 0.2 ms, before which the flame kernel is over-driven by the igni-
tion energy. The afterwards increase of S, with Rris due to the fact
that the positive flame stretch (which reduces the flame propaga-
tion since the Markstein length of this mixture is positive, see
Fig. 10 and Eq. (5)) continuously decreases during spherical flame
propagation [17]. The same behavior was also observed in theoret-
ical analyses and experiments [17,23,31,32,40-45]. Furthermore,
Fig. 2b shows the Flame Speed Reverse (FSR) behavior: compared
to the flame initiated by a larger ignition energy (Eig=0.158 m]),
the one initiated by a smaller energy (Ei;=0.157 mJ) has larger
propagation speed at Ry> 0.18 cm. The FSR was observed in exper-
iments and transient numerical simulations for mixtures with
large Markstein length [17,31]. Since the FSR cannot be predicted
by quasi-steady theoretical analysis, it must originate from the un-
steady flame kernel evolution [17]. The mechanism controlling the
appearance of the FSR phenomenon is not well known and thus de-
serves further study. Figure 2b shows that the flame propagates in
a quasi-steady state manner [17,42] when the flame radius is
larger than 0.45 cm, and that the flame propagation speed is inde-
pendent of the ignition energy for R;> 0.45 cm.
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Fig. 2. Spherical flame initiation for H,/air/He mixture (¢ =1, a = 0.4) at different
ignition energies: (a), temporal variation of flame radius; (b), flame propagation
speed as a function of radius.

3.2. The MIE and dilution limits of stoichiometric Hy/air/diluent
mixtures

In order to assess the effects of different diluents on the ignition
of Hy/air mixture, simulations are conducted for stoichiometric
H,/air/diluent mixtures at different dilution ratios. The results
are presented in Fig. 3. It is seen that for each diluent, the change
of the minimum ignition energy, E,;;;,, with the dilution ratio, q,
consists of two regimes: in the first regime with a small value of
dilution ratio, E,;; is shown to be insensitive to a and the diluent
addition has little effect on the MIE; however, in the second regime
with dilution ratio above a certain value, E,;;, is shown to increase
exponentially with a and the diluent addition eventually results in
an infinite value of the ignition energy. It is noted that, according to
our calculation for other ignition kernel sizes and times (t;; =150
or 250 ps, rig = 150 or 250 pum), the same transition of the MIE evo-
lution with the dilution ratio is observed as that shown in Fig. 3
(which is for 7ig = 200 ps, g = 200 um). Figure 3 shows that, at a gi-
ven dilution ratio, the diluents increase in the effectiveness based
on prohibition of ignition (increasing the MIE) in the order of Ar,
N, and CO,, and that the MIE of He-diluted mixture is higher/low-
er than that of CO,-diluted mixture when the dilution ratio is be-
low/above 0.4. The different influences of dilution on the MIE are
due to the different physical and chemical properties of these dil-
uents, which will be discussed in Sections 3.3 and 3.4.

As shown in Fig. 3, for each diluent there is a critical dilution ra-
tio or dilution limit, ac, above which the MIE becomes infinite and
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Fig. 3. Change of the MIE with the dilution ratio for stoichiometric H,/air/diluent
mixtures.

thus the mixture cannot be ignited. The value of the dilution limit
for each diluent basically represents its fire-suppressant effective-
ness [1-4], and it is determined via non-linear regression based on
the following relationship between E,;;; and a

Emin =Aln(a. —a)+B (3)

which shows that E;, increases exponentially with a (see Fig. 3)
and E,;j, —» oo as a — d.. In Eq. (3), A and B are constants also deter-
mined by the non-linear regression, in which only data sets (a, Epin)
in the second regime are utilized.

The dilution limits for stoichiometric Hy/air are shown in Fig. 4.
Simulations for other different ignition kernel sizes and times
(tig=150 or 250 ps, rig =150 or 250 um) are also conducted for
CO, dilution and the dilution limit is found to be nearly the same
(the difference is within 2%) as those shown in Fig. 4 (which is
for i = 200 ps, g = 200 um). Therefore, the dilution limit is not af-
fected by the duration and size of the ignition kernel. The experi-
mental results reported by Qiao et al. [3] are also presented in
Fig. 4. In the spherical flame experiments at micro-gravity condi-
tions [3], the flame was ignited by a spark with gap distance
adjustable in the range of 0.5-3.0 mm and the spark energy was
supplied by a high-voltage capacity system with an adjustable
0-30 kV voltage and a discharge time of roughly 5 ps. Unlike the
definition used in the present ignition simulation, the dilution limit
is defined in experiments as the dilution ratio at which the un-

100%
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Qiao et al. (2007)
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60% —

40%

20%
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Fig. 4. Dilution limits, a, of stoichiometric H,/air/diluent mixtures. It is noted that
the dilution limits predicted by simulation are base on the MIE while those
measured in experiments are based on the laminar flame speed.

stretched laminar flame speed is reduced to S; ~ 2 cm/s [3]. There-
fore, the dilution limits predicted by present simulation and those
measured in experiments [3] are based on completely different
parameters: one on the MIE and the other on the laminar flame
speed. Figure 4 shows that the dilution limits predicted by the
present simulation are slightly lower than those measured in
experiments (the maximum difference between them is around
5%). Nevertheless, good agreement is still achieved.

In the experiments of Qiao et al. [3], the laminar flame speed at
the maximum helium dilution is above 30 cm/s, which is much lar-
ger than the near-limit flame speed (~2 cm/s) used to determine
the dilution limit. Therefore, the dilution limit for helium cannot
be determined based on requirement that the unstretched laminar
flame speed is reduced to S; ~ 2 cm/s [3,46]. The possible reason
why Qiao et al. [3] cannot measure the flame speed at a higher he-
lium dilution is that it requires extremely high ignition energy
above the maximum energy that the ignition system can supply.
This was mentioned in the recent paper of Qiao et al. [46] in which
experiments on CHy/air/He mixtures were conducted.

The dilution limit for each diluent is of interest because it is a
measure of the efficiency of the diluents in preventing or suppress-
ing a fire [3,46]. If the effectiveness of the diluents is evaluated
based on their dilution limits in terms of ignition inhibition, the
ranking is Ar < N, < He < CO, (see Fig. 4 and Table 1). This ranking
is the same as the one based on the laminar flame speed [3,46].
Therefore, from the point of view of fire prevention and suppres-
sion, CO, is the most effective with the smallest dilution limit.

3.3. Kinetic and radiation effects of diluents

As mentioned before, many kinetic mechanisms for hydrogen
oxidation are available in the literature [33-38]. Figure 5 shows
the MIE predicted by different kinetic mechanisms. The depen-
dence of the MIE on the kinetic mechanisms is shown to be notice-
able only when the dilution ratio is close to the dilution limit.
Moreover, the trend at which the MIE changes with the dilution ra-
tio and the dilution limit are nearly independent of the kinetic
mechanism. Therefore, only the kinetic mechanism of Li et al.
[38] is used in the simulation and it is expected that the same con-
clusions will be drawn on the effects of dilution on hydrogen/air
ignition when other mechanisms are employed.

In order to assess the kinetic effects of elementary reactions on
the ignition, a sensitivity analysis of the MIE with respect to the
reaction rate coefficients is conducted. In the numerical simulation,
the sensitivity of the MIE to the jth elementary reaction, S;, is
defined as

Sj=FE . /Emin— 1 (4)

where E, is the MIE when all the reaction rates are kept un-
changed and E| . is the MIE when only the rate of the jth elemen-
tary reaction is artificially doubled. According to the results for
H,/air/CO, in Fig. 6, at a low dilution ratio (a = 0% or 30%), the sen-
sitivity is small and nearly independent of the dilution ratio. This is
similar to the dependence of the MIE on the dilution ratio in the first
regime (see Fig. 3 or Fig. 5). However, at a high dilution ratio (a =
40% or 45%), the sensitivity increases significantly with the dilution
ratio. Therefore, the kinetic effect of diluents is important only in

Table 1
Dilution limits, a,, of different H,/air/diluent mixtures.
Ar (%) N, He CO,
=05 73.8 66.5 54.4 55.8
»=1.0 69.8 60.8 58.3 49.0
®=2.0 55.1 47.2 45.7 324
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Fig. 5. The MIE of stoichiometric H,/air/CO, and H;/air/N, mixtures predicted by
different kinetic mechanisms.
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Fig. 6. Sensitivity of the MIE for stoichiometric H,/air with different amounts of CO,
dilution.

the second regime with dilution ratio close to the dilution limit.
This explains why the dependence of the MIE on the kinetic mech-
anisms is noticeable only when the dilution ratio is close to the
dilution limit (see Fig. 5). Similar results were reported by Qiao
et al. [3] who performed sensitivity analysis of the laminar flame
speed rather than the MIE. Figure 6 indicates that the three-body
recombination reaction, H+ O, + M = HO, + M, is extremely impor-
tant for highly diluted near-limit mixtures. As noticed by Qiao
et al. [3], this is due to the competition between chain-branching
and chain-terminating reactions near the dilution limits.

It is noted that unlike He, N;, and Ar, which are chemically inert
in the ignition processes, CO, is chemically active and reacts with
radicals (for example, CO,+H=CO +OH) [12,46]. In order to
understand the kinetic effect of CO, dilution on the ignition pro-
cess, we conduct numerical analysis using the approach similar
to the work of Liu et al. [12]. An artificial species, named as inert
CO,, is introduced. The inert CO, has the same thermal and trans-
port properties as the real CO, but it does not participate in any
chemical reaction (i.e. chemically inert). Since the three-body
recombination reactions are very important for highly diluted mix-

tures (see Fig. 6), we consider two types of artificial inert CO; in the
simulation: one still acts as a three-body (the three-body coeffi-
cient of CO, is remained to be 3.8) and the other does not (the
three-body coefficient of CO, is changed to be zero). The results
for H,/air diluted by three types of CO, are shown in Fig. 7. Consis-
tent with the sensitivity results shown in Fig. 6, the kinetic effect of
CO,, dilution is shown to be important only at high dilution ratio.
Figure 7 indicates that, for highly CO,-diluted mixtures, the MIE
can be greatly reduced if CO, does not react with other species
but still acts as a three-body, and that the MIE can be further re-
duced if CO, does not act as a three-body. The large difference be-
tween results for the two types of artificial inert CO, further
demonstrates the importance of the three-body recombination
reactions in highly diluted near-limit mixtures. The dilution limits,
a., for these three cases are 49.0%, 51.0%, and 54.7%, respectively.
Therefore, in terms of the kinetic effect of CO, dilution, the dilution
limit is mainly reduced by CO, involved in the three-body recom-
bination reactions.

As shown in our recent study [21] and in the work of Qiao et al.
[46], the radiation effect is important for spherical flame propaga-
tion of near limit mixtures. In the following, the effect of radiation
on the MIE and on the dilution limit is assessed. The optically thin
model [47] is used in the simulation, in which the radiation emis-
sion from CO,, H,0, and CO, is considered. According to the results
in Fig. 8, for Hy/air/N, mixtures, the effect of radiation on the MIE
and on the dilution limit is negligible. The reason for this fact is
that H,O is the only radiative species in the burned mixture and
its molar fraction decreases with the dilution ratio of N,. The same
results are also obtained for H,/air/He and Hj/air/Ar mixtures.
However, for H,/air/CO, mixtures, CO, is highly radiative and the
effect of radiation on the MIE is shown to strongly depend on the
dilution ratio. At a low CO, dilution ratio, the radiation intensity
is low and thus the radiation effect on the MIE is also negligible
(the relative difference between the MIE predicted by the adiabatic
model and that by the radiative model is within 3% for a < 0.4).
When the CO, dilution ratio is close to the dilution limit, Fig. 8
shows that the radiation effect on the MIE is noticeable: the MIE
is increased by 7.5%, 11.2%, and 16.9% for a = 0.45, 0.46, and 0.47,
respectively. However, unlike the MIE, the dilution limit of Hj/
air/CO, is almost not affected by radiation (the dilution limits are
49.0% and 48.4% for the adiabatic and radiative cases, respectively).
Moreover, Fig. 8 shows that the change of the MIE with the dilution
ratio is not affected by radiation. Therefore, the radiation effect is
not considered in all other calculations and it is expected that

0.8

| ——e—— reactive CO,
[—=4—— inert CO,, still third body
[ ——&—— inert CO,, not third body

0.6

0.2

Fig. 7. Chemical effect of CO, on the MIE of stoichiometric H,/air/CO, mixtures.
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Fig. 8. Radiation effect on the MIE of stoichiometric H,/air/CO, and Hy/air/N,
mixtures.

the same conclusions will be drawn on the effects of dilution on
hydrogen/air ignition even when the radiation effect is included.

3.4. Thermal and flame-dynamic effects of diluents

In order to understand the change of the MIE with the dilution
ratio for different diluents (Fig. 3), the following two effects caused
by dilution are analyzed: the first one is the thermal effect that
dilution can reduce the adiabatic flame temperature and thus de-
crease the reactivity of the diluted mixture; and the second one
is the flame-dynamic effect that dilution can change the Markstein
length and thus affect the influence of stretch rate on the flame
propagation speed of the diluted mixture. The thermal effect is
characterized by the adiabatic flame temperature, T,4, Which is
proportional to the ratio between fuel molar fraction and molar
heat capacity of the mixture. Figure 9 shows that, for each diluent,
the adiabatic flame temperature decreases monotonically with the
dilution ratio (i.e. dT,q/da < 0). At the same dilution ratio, we have
Tad, He = Tad, Ar > Tad, N2 > Tad, co2 Since the molar heat capacities of
helium and argon are the same, both of which are lower than that
of nitrogen and much lower than that of carbon dioxide. Therefore,
the ranking based on the thermal effect in increasing the MIE is
He = Ar < N, < CO,. If only the thermal effect is considered, the
MIE should always increases with the dilution ratio (this will be
demonstrated by Fig. 13). However, the enlarged inset in Fig. 3

2000
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© T T

1000

Fig. 9. Change of the adiabatic flame temperature with the dilution ratio for
stoichiometric Hy/air/diluent mixtures.

shows that E,,;;; decreases with a for Ar and N, when the dilution
ratio is below 35%. This is in fact caused by the flame-dynamic ef-
fect explained below.

It is well known that the Markstein length characterizes the
variation in the local flame speed due to the influence of external
stretching [48]. At moderate stretch rate, the stretched flame prop-
agation speed, Sp, can be considered to vary linearly with the
stretch rate, K [48]

Sy =Sy — LK (3)

where Sﬁ and L, are, respectively, the unstretched laminar flame
speed and Markstein length with respect to the burned mixture.
For a propagating spherical flame, the stretch rate, K =2S,/Ry, is in-
versely proportional to the flame radius [48]. Therefore, for an igni-
tion kernel with small radius (around 0.5 mm, see Fig. 1), its
propagation speed is strongly affected by the large positive stretch
rate according to Eq. (5) if the Markstein length is not close to zero
[23,40]. Depending on the value of the Markstein length, L, the
flame kernel propagation can be either promoted (for L, <0) or
inhibited (for L, > 0) by the positive stretch rate. As a result, the
MIE depends strongly on the Markstein length: the larger the Mark-
stein length, the larger the MIE. The validity of this conclusion was
demonstrated by theoretical analysis and numerical simulation
conducted in Ref. [23] and will also be confirmed by results in
Fig. 12. Therefore, the Markstein length can be used to characterize
the flame-dynamic effect of dilution on ignition.

The Markstein length, L, is obtained from the linear extrapola-
tion between S, and K according to Eq. (5). Figure 10 shows the
change of Markstein length with the dilution ratio for different dil-
uents. It is seen that, for helium dilution, L, increases monotoni-
cally with a (i.e. dLy/da > 0); while for other diluents (Ar, N, and
C0,), L, decreases monotonically with a (i.e. dL,/da < 0). Moreover,
the magnitude of the gradient, |dL,/dal, is shown to increase with
the dilution ratio, indicating that the flame-dynamic effect be-
comes stronger at higher dilution ratio. The change of L, with a
can be explained with the help of the following relationship [48]

L, _In(1/0)  Ale—1) {G /'“/”*1 ln(lx-i-x)

671—0'+ 5 dx (6)

JO

where 4, g, A, and Le are, respectively, the adiabatic planar flame
thickness, the density ratio between burned and unburned gases,
the activation temperature normalized by the temperature of un-
burned gas, and the Lewis number. With the increase of the dilution
ratio, 6, o, and A all increase. It can be easily shown that the term
inside the square brackets in Eq. (6) increases quickly with the

| L L L 1 L L L L L L
-0.8; 0.2 0.4 0.6

Fig. 10. Change of the Markstein length with the dilution ratio for stoichiometric
H,/air/diluent mixtures.
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density ratio and so does it with the dilution ratio. Moreover, the
thermal diffusivity, 2/(pCp), and thus the Lewis number, Le = 4/
(pCpD), increases (decreases) with the dilution ratio for He (Ar, Ny,
CO,;). According to Eq. (6), L, should increase (decrease) with the
dilution ratio for He (Ar, N5, CO,). Therefore, the numerical results
shown in Fig. 10 are consistent with Eq. (6) derived from asymptotic
analysis [48].

The change of the MIE with the dilution ratio for different dilu-
ents (see Fig. 3) is mainly caused by the thermal and flame-dy-
namic effects introduced above:

dEmin
da

dTad
da

dL,

~ Gr X +GL><% (7)

where Gr = 0Ein/0Taq and Gy = OE,in/0OLy, Tespectively, represent the
influence/intensity of the thermal effect and flame-dynamic effect
on the MIE. It is noted that Eq. (7) is an approximation since the
MIE depends on other factors besides T,y and L,. Moreover, the
Markstein length depends on several parameters such as thermal
diffusivity, mass diffusivity, activation energy and density ratio
(see Eq. (6)). Since these parameters change together with the dilu-
tion ratio, it is difficult to evaluate more precisely the relative im-
pact of each parameter. The influences of dilution on the adiabatic
flame temperature (dT,q/da) and Markstein length (dL,/da) have
been obtained (see Figs. 9 and 10). In order to explain the change
of the MIE with dilution, we need know how G and G; are affected
by the dilution ratio.

To demonstrate the flame-dynamic effect on ignition, the ther-
mal effect should be fixed: only the Markstein length changes
while the adiabatic flame temperature is kept constant. Using the
same approach employed in our previous study [23], the Hy/air/
He/Ar mixtures are considered in numerical simulations. Figure
11 shows the results for mixtures in which the volumetric fractions
of helium and argon are changed while their sum is fixed to be 55%.
With the increase of the helium fraction, aye (thus the decrease of
the argon fraction, aa, = 0.55 — ay.), the Markstein length is shown
to increase since the thermal conductivity of the mixture increases.
However, as shown in Fig. 11, the adiabatic flame temperature re-
mains unchanged with the helium fraction since the molar heat
capacities of helium and argon are the same. Therefore, the influ-
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Fig. 11. The MIE, adiabatic flame temperature, and Markstein length of stoichiom-
etric H/air/He/Ar mixtures.

ence of the thermal effect on ignition is fixed while that of the
flame-dynamic effect changes with the helium fraction. In order
to reveal the influence of the flame-dynamic effect on the MIE,
Fig. 12 shows the change of the MIE with L, As expected, the
MIE is shown to monotonically increase with the Markstein length
(i.e. Gp=0Enn/0Ly, >0) when the adiabatic flame temperature is
kept constant. More importantly, Fig. 12 indicates that G, decreases
with T,y and increases with L. For He dilution, T,y decreases with a
(see Fig. 9) and L, increases with a (see Fig. 10). Consequently, G;
increases quickly with a for Hy/air/He (see the dashed line AC on
Fig. 12). While for other diluents (Ar, N,, and CO,), both T,y and
L, decreases with a. Therefore, the dependence of G; on a becomes
weaker compared to that of He dilution. It is found that for Ar dilu-
tion (see the dashed line AB in Fig. 12), G, increases moderately
with a.

Similarly, to demonstrate the thermal effect on ignition, the
flame-dynamic effect should be fixed: only the adiabatic flame
temperature changes while the Markstein length is kept constant.
Figure 13 shows the change of the MIE with T,4. The MIE is shown
to monotonically decrease with the adiabatic flame temperature
(i.e. Gy = OE,in/0T 44 < 0) when the Markstein length is kept constant.
Moreover, Fig. 13 shows that the magnitude of the gradient, |Gy,
increases (decreases) exponentially with the dilution ratio (the adi-
abatic flame temperature). Therefore, the thermal effect increases
significantly when the dilution limit is approached.

Since only a very limited number of cases (represented by the
symbols in Figs. 9-12) are studied in simulation, the accurate val-
ues of these gradients, dT,4/da, dLy/da, G, and Gr, are not obtained.
Nevertheless, together with Eq. (7), the qualitative information on
dTyq/da, dLy/da, G;, and Gr indicated by Figs. 9, 10, 12 and 13,
respectively, is still helpful for understanding the change of the
MIE with the dilution ratio shown in Fig. 3. For He, the thermal
and flame-dynamic effects both prohibit ignition (Gr x dT,q/da >0
and G; x dLy/da>0) and thus the MIE monotonically increases
with the dilution ratio (dE;;,/da > 0). Moreover, as mentioned in
the discussions related to Figs. 12 and 13, both |Gy| and G, increases
significantly with a when the dilution limit is approached. This re-
sults in the exponential increase of E,;;; with a in the second re-
gime, which is consistent with results for H,/air/He shown in Fig. 3.

For CO,, the thermal effect (which prohibits ignition since
Gr x dT44/da > 0) should always dominate over the flame-dynamic
effect (which promotes ignition since G; x dL,/da < 0) so that the
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Fig. 12. Change of the MIE with the Markstein length for stoichiometric Hy/air/He/
Ar mixtures. Point A represents results for stoichiometric H,/air without He or Ar
addition. The dashed lines, AEFB and ADC, represent results for stoichiometric Hy/
air/Ar and H/air/He mixtures, respectively. Each solid line represents results for
mixtures which have the same adiabatic flame temperature and each dash-dotted
line for mixtures with the same Markstein length.
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Fig. 13. Change of the MIE with the adiabatic flame temperature for stoichiometric
H,/air/He/Ar mixtures. On each solid line (AA’, DD’, EE’ and FF'), the Markstein
length is constant (see the dash-dotted lines in Fig. 12). The dashed lines, AEFB and
ADC, represent results for stoichiometric H,/air/Ar and H,/air/He mixtures, respec-
tively (same as those in Fig. 12).

MIE monotonically increases with the dilution ratio (dE;;,/da > 0,
see Fig. 3). Compared to He dilution, at a small dilution ratio, the
flame-dynamic effect makes (dEn/da)co, smaller than (dEp./
da)ye. Therefore, the MIE of Hy/air/CO, is smaller than that of Hy/
air/He when the dilution ratio is below 0.4. However, as shown
in Fig. 13, |Gq| increases (decreases) quickly with a (T,q) at high
dilution ratio. Since T4, coz is much lower than T, ye at the same
a (see Fig. 9), it will be expected that, at high dilution ratio, |Grl|co2
is much larger than |Gy|ge. This results in a larger value of dE,;;,/da
for H,/air/CO, than that for H,/air/He. Consequently, as shown in
Fig. 3, the MIE of H,/air/CO, is larger than that of H,/air/He at high
dilution ratio.

For Ar and N, at a small value of dilution ratio (in the first re-
gime), the flame-dynamic effect (which promotes ignition since
G, x dLy/da < 0) dominates over the thermal effect (which prohibits
ignition since Gr x dT44/da > 0) so that, as shown in Fig. 3, the MIE
decreases with dilution ratio (i.e. dEy;,/da < 0). However, at a large
value of dilution ratio (a > 56% for Ar and a > 43% for N,), the ther-
mal effect dominates over the flame-dynamic effect and thus the
MIE increases with the dilution ratio (i.e. dE,;,/da > 0). Again, this
is due to the fact that |G;| increases quickly with a at high dilution
ratio (see Fig. 13). Therefore, the non-monotonic change of the MIE
with the dilution ratio for Ar and N, is caused by the competition
between the thermal and flame-dynamic effects. Compared to He
at the same dilution ratio, the MIE for Ar is always lower. This is
because the thermal effect of Ar dilution is the same as that of
He dilution, while the flame-dynamic effect promotes and prohib-
its ignition for Ar and He dilution, respectively. Fig. 3 shows that
the transition between the first and second regimes occurs at dif-
ferent dilution ratios (denoted by a*) for different diluents:
Aioy < fje < Oy < @4, According to Fig. 13, G, increases signifi-
cantly with a (so does dE,;;/da) when the adiabatic flame temper-
ature is low enough (i.e. the dilution limit is approached).
Therefore the transition dilution ratio depends on the adiabatic
flame temperature. Since the adiabatic flame temperature for CO,
dilution is the lowest while that for Ar dilution is the highest
(see Fig. 9), we have agy, < aj, < aj,.. Unlike other diluents, for
He, the thermal and flame dynamic effects both prohibit ignition.
Therefore, the transition dilution ratio of He, q;;., becomes lower
than those of N, and Ar.

3.5. Results for lean and rich Hy/air/diluent mixtures

Besides the stoichiometric case, both fuel lean (¢ = 0.5) and rich
(@ = 2.0) Hy/air/diluent mixtures at atmospheric pressure are stud-
ied and the results of the MIE are shown in Fig. 14. Similar to the
results for the stoichiometric case (Fig. 3), two regimes are also ob-
served in the change of the MIE with the dilution ratio for the fuel
lean and rich cases. Moreover, Fig. 14 shows that for a given dilu-
tion ratio, the diluents increase in the effectiveness based on pro-
hibition of ignition (increasing the MIE) in the order of Ar, N,
and CO,, which is the same as the stoichiometric case. The transi-
tion of the MIE evolution with the dilution ratio is caused by the
thermal and flame-dynamic effects discussed above for the stoichi-
ometric case.

For fuel lean and rich Hy/air/diluent mixtures, the dilution lim-
its are also determined via non-linear regression based on Eq. (3).
The results are presented in Table 1. It is seen that the results for
the fuel rich cases are similar to those for stoichiometric case
and the ranking in terms of the effectiveness on ignition inhibition
is also Ar < N, < He < CO,. Therefore, CO, has the smallest dilution
limit and is the most effective in fire prevention and suppression
for Hy/air flames at stoichiometric and fuel rich cases. However,
for the fuel lean case (¢ = 0.5), the dilution limit for He is slightly
lower than that of CO,. Figure 15 shows the MIE, adiabatic flame
temperature, and Markstein length for different Hy/air/CO, mix-
tures. When the adiabatic flame temperature is the same (Tgga = -
Taa), the MIE increases with the Markstein length (Lya <Lpp,
Emina < Eming); when the Markstein length is the same (Lpa = Ly ),
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Fig. 14. Change of the MIE with the dilution ratio for (a) fuel lean and (b) fuel rich
H,/air/diluent mixtures.
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Fig. 15. Effects of equivalence ratio on the (a) MIE, (b) adiabatic flame temperature,
and (c) Markstein length of H,/air/CO, mixtures.

the MIE decreases with the adiabatic flame temperature (Tgg4 > -
Tad.c, Emina < Emin,c)- At the same dilution ratio, Fig. 15b shows that
the adiabatic flame temperature of the fuel lean mixture (¢ = 0.5)
is about 300 K lower than that of the fuel rich case (¢ =2.0), and
about 600 K lower than the stoichiometric case (¢ = 1.0). However,
Fig. 15a shows that the MIE of the fuel lean mixture is the lowest.
This is because the Markstein length of the fuel lean mixture is
negative and much smaller than those of fuel rich and stoichiome-
tric mixtures (Fig. 15c). It is the flame-dynamic effect that makes
the ignition of lean mixture much easier. Furthermore, Fig. 15a
shows that for 0.5 < ¢ < 2.0, the dilution limit decreases with
the equivalence ratio. This is due to the fact that the Markstein
length of H,/air decreases with the equivalence ratio and thus
the flame-dynamic effect makes ignition more difficult at a higher
equivalence ratio.

4. Conclusions

Numerical simulations of the ignition process are conducted for
different Hy/air/diluent (He, Ar, N,, and CO,) mixtures. The mini-
mum ignition energies for different diluents at different dilution
ratios are obtained. The dilution limits for fuel lean, stoichiometric,
and fuel rich H,/air/diluent mixtures are reported. The main con-
clusions are:

1. For each diluent, the change of the MIE with the dilution ratio
consists of two regimes: in the first regime the diluent addition
has little effect on the MIE; and in the second regime the MIE
increases exponentially with the dilution ratio and the diluent
addition will eventually results in an infinite value of the ignition
energy. Results for stoichiometric Hs/air/diluent mixtures show
that, at a given dilution ratio, the diluents increase in the effective-
ness based on the prohibition of ignition (increasing the MIE) in the

order of Ar, N5, and CO,, and that the MIE of He-diluted mixture is
higher/lower than that of CO,-diluted mixture when the dilution
ratio is below/above 0.4.

2. The dilution limits for stoichiometric H,/air mixtures are
obtained and compared with those measured in micro-gravity
experiments by Qiao et al. [3]. Good agreement is achieved
between the dilution limits based on the MIE (present simulation)
and those on the laminar flame speed (experiments by Qiao et al.
[3]). The ranking in terms of the effectiveness in ignition inhibition
is shown to be Ar < N, < He < CO,. Therefore, CO, has the smallest
dilution limit and is the most effective on fire prevention and sup-
pression for Hy/air flames.

3. The kinetic effect of dilution is assessed by conducting sensitiv-
ity analysis and artificially setting CO, to be inert. It is found that
the kinetic effect is important only in the second regime with dilu-
tion ratio close to the dilution limit. Therefore, the dependence of
the MIE on the kinetic mechanisms is noticeable only for large
dilution ratio. The three-body recombination reaction,
H+0,+M=HO,+M, is shown to be extremely important for
highly diluted near-limit mixtures. Therefore, in terms of the
kinetic effect of CO, dilution, the dilution limit is mainly reduced
by CO, involved in the three-body recombination reactions.

4. The effect of radiation on the MIE and on the dilution limit is
assessed. For N,, He and Ar, the effect of radiation on the MIE
and on the dilution limit is negligible. For H,/air/CO, mixtures,
only when the dilution ratio is close to the dilution limit will the
radiation effect on the MIE be noticeable, while the dilution limit
and the transition of the MIE evolution with the dilution ratio
are almost not affected by radiation.

5. The thermal and flame-dynamic effects of dilution, character-
ized by the adiabatic flame temperature and Markstein length,
respectively, are discussed. The thermal effect always prohibits
ignition and the ranking based on the thermal effect in increasing
the MIE is He = Ar <N, < CO,. However, when only the flame-
dynamic effect is considered, the ignition process is prohibited
(promoted) by He (Ar, N;, CO,) dilution since the Markstein length
of the diluted mixture increases (decreases) with the dilution ratio.
The influence of the thermal effect (Gy=0E;;n/0Tqq) and flame-
dynamic effect (G = 0E,in/0Ly) on the MIE is assessed using Ha/
air/He/Ar mixtures. For He, the thermal and flame-dynamic effects
both prohibit ignition and thus the MIE monotonically increases
with the dilution ratio; while for Ar, N,, and CO,, the change of
the MIE with the dilution ratio is caused by the competition
between the thermal effect (which prohibits ignition) and flame-
dynamic effect (which promotes ignition). Since the influence of
thermal effect becomes significant when the dilution limit is
approached, the MIE increases exponentially with the dilution
ratio in the second regime for all these diluents.
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