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Abstract

Forced ignition has broad application in engines. Usually fuel-lean mixtures of large
hydrocarbons are used in engines and they have large Lewis numbers, Le. Due to the high
positive stretch of the expanding ignition kernel, it is very difficult to ignite a mixture with
very large Le. In this study, the forced ignition of a fuel-rich H,/air mixture with Le~2.3
in a laminar counterflow is investigated via two-dimensional simulations. The emphasis
is placed on assessing the flow effects on ignition in mixtures with large Le. The transient
ignition kernel development and the minimum ignition energy (MIE) at different strain
rates and different ignition positions are studied. The counterflow is found to greatly affect
the ignition kernel development and MIE for Le~2.3. The counterflow compresses the
ignition kernel and changes its shape from a sphere to an oblate spheroid. Consequently,
the flame propagating in the axial direction is strengthened since its curvature is reduced
and Le> 1; while the opposite occurs to the flame propagating in the radial direction. With
the increase of strain rate, the radial flame has a negative displacement speed and extin-
guishes, and thereby the MIE increases. To achieve successful ignition at large Le and at
high strain rate, a strong anchored axial flame needs to be formed. Counterintuitively, it is
found that moving the ignition position away from the stagnation point can reduce the MIE
and thereby promote ignition for the present mixture with large Le. Such ignition enhance-
ment is caused by the reduction of the flame curvature of the flame propagating in the
radial direction. The change of the density-weighted displacement speed with the Karlo-
vitz number is also studied for the transient ignition process; and strong unsteadiness is
observed. This work provides insights on better understanding of the ignition of mixtures
with Le > 2 under strained conditions.
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1 Introduction

Flame ignition is a fundamental and ubiquitous problem in combustion. It occurs in most
practical combustion devices, e.g., spark ignition engine (SIE) and gas turbine engine; and
it is also closely related to fire safety (Lewis and von Elbe 1961; Mastorakos 2017). Under-
standing ignition is important for developing advanced combustion engines. For an exam-
ple, ignition near the lean flammability limit is one of the challenges for ultra-lean combus-
tion which can greatly improve the thermal efficiency of SIE (Tsuboi et al. 2019). There are
different types of ignition (autoignition and forced ignition) in different kinds of reactants
(premixed or non-premixed, with and without phase change) under different flow condi-
tions (laminar or turbulent) (Lewis and von Elbe 1961; Mastorakos 2009, 2017). Aiming at
assessing the flow effect on flame ignition, this work focuses on forced ignition of a gase-
ous premixture in a laminar flow.

Most of previous studies on laminar premixed flame ignition considered a quiescent
mixture, for which the minimum ignition energy (MIE) was determined by many theoreti-
cal, numerical and experimental works (see Chen et al. 2011; Lewis and von Elbe 1961;
Ronney 1994; Yu and Chen 2021 and references therein). However, ignition process usu-
ally occurs in a flowing mixture. The flow may affect ignition by altering local coupling
between molecular/convective heat and mass transport and chemical reactions occurring
inside and around the ignition kernel.

Recently, several studies have been conducted on ignition in flowing mixtures (Baum
and Poinsot 1995; Beduneau et al. 2003; Kobayashi et al. 2019; Bonebrake et al. 2020;
Katta et al. 2021; Jo and Gore 2021) simulated ignition in a constant speed flow and found
that the minimal ignition power changes nearly linearly with the flow speed. Beduneau
et al. (2003) reported MIE data obtained using laser-induced ignition in laminar methane/
air mixtures. They found that the MIE increases and decreases with the flow velocity for
fuel-rich and fuel-lean cases, respectively. Kobayashi et al. (2019) studied laser-induced
spark ignition in dimethyl ether/air mixtures with low velocity. They found that low flow
velocity can promote ignition and reduce the MIE since the entrainment of unburnt gas
into ignition kernel facilitates the chemical reaction. Katta et al. (2021) simulated the igni-
tion kernel propagation in flowing CH,/air/diluent mixtures. They highlighted the role of
convection on ignition kernel development. In order to quantify the effects of convective
flow on MIE, Jo and Gore (2021) analyzed the energy balance at ignition and found that
the MIE increases with increasing bulk velocity due to the convective heat loss. These
studies indicate that the forced convection brings more unburnt mixtures into the ignition
kernel and also increases the heat exchange with the ambient environment. Therefore, the
local flow has both positive and negative effects on flame ignition.

These studies (Baum and Poinsot 1995; Beduneau et al. 2003; Bonebrake et al. 2020;
Jo and Gore 2021; Katta et al. 2021; Kobayashi et al. 2019) only considered uniform flow,
whereas ignition usually occurs in flows with strong non-uniformity. Though there are
many studies on ignition in turbulent flows (e.g., Mastorakos 2009; Shy et al. 2021), it
is very difficult to interpret the effects of turbulence on ignition kernel development. The
ignition kernel development is strongly affected by strain rate and its coupling with the
differential diffusion of heat and mass (i.e. the Lewis number effect) (Chen et al. 2011;
Chakraborty et al. 2008; Turquand d’Auzay et al. 2019; Pouech et al. 2021) emphasized
that large unsteady strain rates are crucial for successfully ignition. The canonical con-
figuration of a laminar counterflow provides a well-defined flow field and preserves the
similarity with the local flow in turbulent combustion. Besides, the laminar counterflow
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allows for neatly quantification of the influence of strain rate on forced ignition, which is
very challenging for a turbulent case. To our knowledge, in the literature there is little work
on premixed flame ignition in a counterflow. The ignition kernel evolution and MIE in a
strained flow are still not well understood.

The above-mentioned considerations motivate the present work, which is to investi-
gate ignition kernel development and MIE in a premixed counterflow. Similar research on
forced ignition have been performed experimentally and numerically in a non-premixed
counterflow (Ahmed et al. 2007; Richardson and Mastorakos 2007; Wei et al. 2018), in
which the variation of mixture fraction plays a major role in the determination of the MIE.
The local flow brings the hot gas kernel into mixtures with high reactivities, and possibly
triggers successful ignition even through the energy is deposited into unfavorable mixture
conditions (Ahmed et al. 2007). The consideration of a premixed counterflow isolates the
variation in mixture component and permits us to focus on the interaction between flow
field and flame kernel. In the recent work of Yu et al. (2021) and Yu and Maas (2021),
the effects of strain rate on MIE of lean methane/air mixtures were examined numerically.
They found that the MIE increases with the strain rate. However, their one-dimensional
formulation cannot capture the change in flame kernel shape and related flame stretch
interaction.

The ignition outcome is determined by the balance between heat generation and heat
loss, where the differential diffusion between heat and mass (quantified by the Lewis num-
ber, Le) plays an important role (Chen et al. 2011). For large Le, the highly positive stretch
of the expanding ignition kernel greatly reduces the flame strength and flame speed, and
thereby the transition of an embryonic flame kernel into an expanding flame is very diffi-
cult and a large ignition energy is required to achieve successful ignition (Chen et al. 2011).
The interaction of local stretch of the expanding ignition kernel and differential diffusion
controls critical ignition. Wu et al. (2014) found that turbulence facilitated ignition can be
observed at low turbulence intensity due to such interaction. Therefore, two-dimensional
simulations need to be conducted to obtain deep understanding of forced ignition in a pre-
mixed counterflow. The objectives of this study are to investigate the transient ignition ker-
nel development and to assess the effects of strain rate on the ignition of a premixture with
large effective Lewis number, Le.

Usually fuel-lean mixtures of large hydrocarbons are used in engines and they have
Le>1. Since the size of detailed chemistry for large hydrocarbons is very large, hydro-
gen is considered here in order to reduce the computational cost. To achieve large Le, we
consider a fuel-rich (¢ =5.1) Hy/air mixture with Le~2.3 (Wu et al. 2014). Here Le is the
effective Lewis number of the mixture, and it can be evaluated based on the Markstein
length as described in Refs. (Matalon et al. 2003; Law 2006). Note that the chemistry of
large hydrocarbons is certainly different from that of hydrogen. However, the development
of the highly stretched ignition kernel is mainly affected by the Lewis number rather than
the high-temperature chemistry. Therefore, it is expected that the present findings are also
qualitatively applicable to fuel-lean mixtures of large hydrocarbons.

2 Numerical Model and Methods

We consider the forced ignition of a H,/air mixture in a 2D axisymmetric counterflow as
shown in Fig. 1.

@ Springer



444 Flow, Turbulence and Combustion (2023) 110:441-456

Fig. 1 Schematics of flame igni-
tion in a counterflow

20 mm

L=

The transient ignition process is simulated using the code developed based on Open-
FOAM by (Zirwes et al. 2018, 2020). The governing equations for compressible reactive
flow are solved using the finite volume method. Cantera (Goodwin et al. 2021) is inte-
grated to evaluate the reaction rates and thermal and transport properties. Detailed hydro-
gen chemistry developed by Li et al. (2004) is adopted. The mixture-averaged transport
model is used for the diffusion velocity. This code was validated in recent studies on pre-
mixed flames (Wang et al. 2021; Zirwes et al. 2021a and 2021b). The details on numerical
methods and code validation can be found in Refs. (Zirwes et al. 2018, 2020) and thereby
are not repeated here.

As shown by the grey region in Fig. 1, the computational domain is LxR=20x30 cm?.
A uniform velocity, U,,, is prescribed on the top and bottom inlet boundaries, where the H,/
air mixture (¢ =>5.1) flows into the domain. Symmetric and outlet boundaries are imposed
at the left and right sides, respectively. A converged numerical solution for steady, frozen
counterflow is first obtained and used as the initial condition. The mixture is initially at 7,
=298 K and P=1 atm. The global strain rate is a, = 4U,/L (Seshadri and Williams 1978).

In simulations, the mixture is ignited through energy deposition given by the following
source term in the energy equation:

3E,

ig 2 2
q; = for 1 < 7, \/(r = Tign)” + (X = Xg,)" S (1)
47rrigrig

where 7,,=0.2 ms is the duration of energy deposition, r;, = 0.2 mm the radius of the
energy deposited region, and E,, the ignition energy. The center of the ignition kernel is
placed at (r=ry,,, x=x,,). To achieve axis-symmetry, we set r,, = 0. We adopt a uniform
mesh of 50 pm. The reaction zone is always covered by more than 15 grid points and grid
convergence is ensured. In order to accurately resolve the transient energy deposition and
the following thermal runaway processes, a two-level mesh refinement is employed for the

initial ignition kernel.

3 Results and Discussion
Ignition processes at different strain rates are simulated. For comparison, we also consider

the case with zero strain rate (ag = 0), i.e., ignition in a quiescent mixture. For a, > 0, the
counterflow enhances the convective heat and mass transfer inside and around the ignition
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kernel and thereby affects the ignition kernel development and MIE. For the expanding
flame in a counterflow, there are two characteristic directions: the axial direction along
r=0 (the upper and lower flame positions are X , and Xy ;, see Fig. 1) and the radial
direction along x=0 (the flame radius is Rj, see Fig. 1). Along the axial direction, the
flame propagates against the inlet unburnt mixture, and it is stabilized as a traditional pre-
mixed counterflow flame when the laminar flame speed balances with the local incoming
flow. Along the radial direction, the premixed flame propagates in the same direction as the
local flow, and thereby the flow accelerates the propagation of the ignition front into the
downstream unburnt mixtures.

3.1 Effects of Strain rate

We first consider the ignition at the stagnation point, i.e. r,, = X;,, = 0 mm, where the
ignition kernel is subjected to minimal convective heat loss due to the low velocity there.
Due to symmetry, we have X ; = Xp ; which is simply denoted as X. Three cases with
the same ignition energy, E;, = 0.603 mJ, but different global strain rates, a, = 0, 400 and
800 s~ !, are investigated. To quantify the ignition kernel propagation, we track the flame
front positions along the axial and radial directions, X and R, which are defined based on
the local maximum heat release rate. The results are shown in Fig. 2.

A spherically expanding flame is successfully ignited in the quiescent mixture. The
flame has the same propagation speed in each direction due to spherical symmetry. The
introduction of the counterflow breaks the symmetry. As shown in Fig. 2, for the success-
ful ignition at relatively low strain rate of a, = 400 s~ !, the flame in radial (axial) direction
propagates faster (slower) than its counterpart in a quiescent mixture. This is due to the dif-
ferent flow directions relative to the flame front in the counterflow, which was mentioned
before and indicated in Fig. 1. The larger the strain rate, the stronger the difference between
propagation speeds of flames in radial and axial directions. For large strain rate of a, =
800 s~ !, the ignition kernel first expands, then shrinks and finally extinguishes, indicating
ignition failure. Therefore, higher ignition energy is required for larger strain rate.

To further demonstrate the effects of strain rate on ignition kernel development,
Fig. 3 shows the heat release rate distribution at t=1.5 ms. The animation of the heat
release rate distribution during the entire ignition process is shown in the Supplemen-
tary Material. Figure 3 shows that the counterflow squeezes the ignition kernel from a

Fig.2 Evolution of ignition 6 —
kernel in both axial and radial | Solid lines: R,
d¥rect10ns for E;, = 0.603 mJ and | Dashed lines: X

different global strain rates | F

4+

R; or X (mm)
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Fig.3 The heat release rate contours at =1.5 ms for different global strain rates. The solid lines represent
the iso-line of Yy, = 0.082 with their color representing the magnitude of density weighted displacement
speed. The red arrows are the energy flux vectors and their lengths are proportional to the magnitude of
energy flux. See also the animation in the Supplementary material

sphere to an oblate spheroid. This is because the counterflow inhibits the flame propaga-
tion in the axial direction, whereas it promotes the flame propagation along the radial
direction, leading to a more flattened ellipsoid at higher strain rate. Compared to the
spherically expanding flame, the counterflow exerts opposite effects on flames in the
axial and radial directions. For the axial flame, the flame front curvature is greatly
reduced by the counterflow, and thereby the flame is strengthened for fuel-rich H,/air
with large Lewis number. In contrast, the radial flame is subjected to very large curva-
ture and thereby is greatly weakened. Consequently, the radial flame has a much lower
heat release rate than the axial flame at the same strain rate and the spherically expand-
ing flame at a=0 5!

The density weighted displacement speed, S*, considers the integrated effects of dif-
fusion and reaction, and can quantify the flame propagation speed relative to local flow
(Groot et al. 2002; Giannakopoulos et al. 2015; Bottler et al. 2021). We adopt the iso-
surface of H,O mass fraction in the evaluation of S7:

socfSa_ | om0 Ve (oDroVlio) @

where p is the density, p, the density of unburnt mixture, @y, the production rate of
H,0, and Dy, the mass diffusivity coefficient of H,O. The representative iso-surface
of Yo = 0.082 is chosen since its position is close to that of the local maximum heat
release rate in the unstretched laminar planar flame. Figure 3 shows that the flame in the
axial direction is greatly enhanced and its large positive displacement speed increases
with the strain rate. At the initial stage, the ignition kernel is small, and the influence
of curvature on local flame speed is dominant compared to the strain rate. The increase
of global strain rate significantly reduces the local flame curvature for the axial flames.
Therefore, even though the axial flame is subject to a larger positive straln rate at a,
= 800 5!, the local displacement speed is larger than that at a, =400 s~ However
the flame in the radial direction is significantly weakened and its displacement speed is
close to zero for a, = 400 s~ ! Further increase in strain rate to a, = 800 s~ ! leads to the
negative displacement speed as shown in Fig. 3c. The radial flame is pushed by local
flow in the radial direction; and it serves as a heat sink and induces ignition failure for
a, =800s~ L

To visualize the energy transport, the energy flux vector proposed by Hooman (2010) is
used and it is defined as
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E = pc,v(T = Tpy) = kVT 3)

where ¢, is the specific heat capacity at constant pressure, k the thermal conductiv-
ity, and T, =298 K the reference temperature. Similar to the velocity vector representing
streamlines, the energy flux vector shown in Fig. 3 indicates energy transfer streamlines
(Hooman 2010). Including both convection and diffusion (see the first and the second term
on the right-hand side of Eq. 3), the energy flux vector represents the net energy transfer
rate along a specific direction.

For the spherically expanding flame shown in Fig. 3a, the energy flux vector is oriented
normal to the flame front and thereby there is no energy transfer between different parts
of the flame. However, the situation changes when there is a counterflow. Along the flame
front, the angle between convective and diffusive energy flux varies from — & to w. There
is a stagnation point for energy transfer on the axis of symmetry, where the temperature
change is controlled purely by local chemical reaction. The energy flux vectors in Fig. 3b
and c clearly show the energy transfer path from the strong axial flame to the weak radial
flame. The convective energy transfer increases with the strain rate. At relative high strain
rate of a, = 800 s™!, the energy is transferred away from the axial flame mainly by con-
vection, which subsequently induces ignition failure. The above results indicate that the
counterflow not only changes the local flame curvature but also has great impact on energy
transfer.

To investigate the dynamics of the weak radial flame, we conduct the transport budget
analysis along the stagnation plane (i.e. x=0) at =1.5 ms. Figure 4 shows that the influ-
ence of convection increases with the strain rate. For a, = 0, the spherical flame propaga-
tion is mainly driven by diffusion and reaction. With the increase of strain rate, convection
first thickens the preheat zone (see a, = 400 s~!) and then participates in the energy bal-
ance within the reaction zone (see a, = 800 s~1) to support the outwardly propagation of
the radial flame through the enhanced preheating of unburnt mixtures downstream. It is

Reac 1200
20 Unsteady 4900
0
4600
> 20
"’E L—————1 300
E, 1200
= 20
% o 900 <
R =
3 600 F
g 20
g_ 300
0 1200
c
o
- 900
-1 600
300

Fig.4 Profiles of convection, diffusion, reaction and unsteady terms in the energy equation along the stag-
nation plane (i.e. x=0) at r=1.5 ms for different global strain rates
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noted that large local flow velocity reduces the residence time and thereby prevents the
flame to propagate in a quasi-steady manner, manifested in the long unsteady transition
period for the radial flame (to be shown in Fig. 5). If the energy gain from convection
is insufficient to compensate the loss, the radial flame extinguishes. Therefore, to achieve
successful ignition at high strain rate, a strong anchored axial flame needs to be formed to
resist the energy loss along the radial direction.

Figure 5 shows the change of the normalized displacement speed with the Karlovitz
number defined as Ka = Ko/S,, where K is the local stretch rate, and 6 and S, are respec-
tively the flame thickness and laminar flame speed of the H,/air mixture at ¢ =5.1. Both
SZ and Ka are evaluated along the iso-surface of Yy,o = 0.082. Figure 5 only shows
the results for flames in the axial and radial direction. For successful ignition at a,
= 400 s~', the propagation of the axial flame follows the Z-shaped curve, OABC as
marked in Fig. 5a, which is similar to the spherically expanding flame at a, = 0. Such
Z-shaped curve was also observed in previous studies for mixtures with large Lewis
number (Chen et al. 2021; Wang et al. 2019). The propagation of the radial flame fol-
lows the curve OADEEF in Fig. 5a, which is totally different from the Z-sharped curve.
Near the outmost position along radial direction, the local curvature is much larger than
that for the axial flame. Therefore, the flame undergoes a much longer unsteady transi-
tion period before becoming self-sustained and entering the quasi-steady regime. Along
the radial direction, the premixed flame propagation (S,) is simultaneously advected by
the local flow (u), i.e., dR/dt=S, + u, except that S, is small at large strain rates due
to large local curvature. The custom scaling law for premixed flame, i.e. S, /S, =p, /p,,

Fig.5 Change of the normalized 1F
displacement speed S; with the (a)
Karlovitz number Ka. a Only Solid lines: axial
shows the results for flames in

the axial (i.e., r=0) and radial 0.5
(i.e., x=0) directions; and b and

¢ Shows the results for flames A
in all directions. The solid lines s
represent the temporal variation 0 . 6 - -
of the axial flame and the radial
flame, and the colored symbols
represent the spatial variation
of the flame at certain times,

I Dashed lines: radial

1)

-

[(b).a,=400s" I~

-

i.e., t=1~5 ms. The lines and U)—'
symbols lying in the ellipses .o 0.5}
represent flames propagating in a
quasi-steady manner (
0 L
0.5fF - -
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rather than that for triple flame speed, i.e., S,; /S, = (p, /p,)"* (Ruetsch et al. 1995), is
applicable for the this weak flame branch at small strain rates.

The results for flames in all directions and at different times are shown in Fig. 5b and
c. At the same time, different parts of the flame may undergo different transition stages.
For an example, at 1=4 ms and a, = 400 s~!, the axial flame enters the quasi-steady
propagation region, whereas other parts of the flame still lie in the unsteady transition
region. It is clear that the linear dependence of displacement speed on stretch rate at
low Karlovitz number (Matalon and Matkowsky 1982) is still applicable, indicating that
the acceleration mechanism of triple flame is absent considering the homogeneous mix-
ture in the present configuration (Ruetsch et al. 1995; Chung 2007). Besides, Fig. 5c
shows that negative flame stretch and negative displacement speed appear due to the
local flame extinction. Therefore, forced ignition in strained flows can pose challenges
to flamelet modeling.

For all the results above, the ignition energy is fixed to be E;, = 0.603 mJ. The MIE
at different strain rates is determined by the trial-and-error method and the relative error
is within 5%. The results are shown in Fig. 6. The flame temperature, T, ,,, for the cor-
responding premixed counterflow flame is also plotted, which indicates the extinction
strain rate, a,,= 1689 s~!. The MIE is shown to increase monotonically with the strain
rate. At low strain rate with a, < 400 s~ !, the MIE remains nearly constant with the
relative increase below 5%. When the strain rate is close to the extinction value, the
MIE rises rapidly. To illustrate the differential diffusion (Lewis number) on premixed
flame ignition in a counterflow, we calculate the MIE for the same H,/air mixture but
with unity Lewis number diffusion, which is achieved by manually setting the diffu-
sion coefficients of all species equal to the thermal diffusivity, i.e., Dy ,, = Dy=A/pc,,
Figure 6 shows that for Le =1, the MIE is significantly reduced and is nearly constant.
Note that for Le=1, the extinction strain rate a,, increases greatly and the MIE also
increases when the strain rate is close to the extinction value. The above results indicate
that similar to ignition in a quiescent mixture, the MIE for ignition in a counterflow also
strongly depends on Lewis number. Moreover, Fig. 6 also indicates that the effects of
Lewis number on ignition in a counterflow become stronger at higher strain rate.

Fig.6 Change of the MIE and r a1 1400
maximum temperature with the - a,=1689s :
strain rate for two ignition posi- 0.9- T
tions of x;,,, = 0 and 5 mm maxs !
__ 08t I 11300 __
2 e
~ i _ 1 %
£ 077 Xig, = 0 mm =
w L |
C 411200
0.6 E xign =5mm I
r = = 1
o5 Emnforte=t x, =0mm 4 o
0 500 1000 1500
a,(s")
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3.2 Effects of Ignition Position
The above results are obtained for ignition at the stagnation point, i.e., x;,, = r;,, = 0 mm.
Around the stagnation point, the flow speed is small which corresponds to a relatively
long residence time and low convective transport of heat and mass. Therefore, it could be
expected that the stagnation point is the optimum ignition position. Counterintuitively, this
is not true. As shown in the following, moving the ignition position away from the stagna-
tion point can promote ignition.

We first consider the same strain rate, a, = 800 s~ !, and the same ignition energy, Eign
= 0.603 mJ], as before. The previous subsection (see Fig. 2) shows that ignition fails when
the ignition kernel is initially at the stagnation point. In contrast, successful ignition is

achieved when the ignition position moves upwardly to x;,, = 5 mm. This is demonstrated
by the animation of heat release rate distribution in the Supplementary Material B and by
Fig. 7.

Figure 7 shows the evolution of the axial flame positions for both the upper and lower
branches, i.e., X ;; and Xj ;, and the distance between them, Xy, - X ;. For 1<0.3 ms,
two dashed lines in Fig. 7 overlap, indicating the ignition position has little influence on the
formation of the initial ignition kernel. This is also demonstrated by Fig. 8 which shows
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that the ignition kernel is nearly spherical at t=0.2 ms. The ignition kernel is then pushed
toward the stagnation plane, companioned with the thermal expansion of burnt products.
Finally, the upper and lower flames approach to their stabilized states and traditional twin
premixed counterflow flames are observed.

Moving the ignition kernel upwards (i.e., x;,, = 5 mm) breaks the symmetry across the
plane at x=0 and creates windward (upper) and leeward (lower) flames at the same time.
Compared to the upper flame front, the lower flame has a longer residence time and rela-
tively lower local equivalence ratio (see Fig. 8), and thereby it is easier to develop into a
self-sustained flame. For the lower branch, the local strain rate is lower and so is the flame-
stretch interaction. This is demonstrated by Fig. 9 which shows that the lower flame has
much stronger heat release rate than the upper flame. Furthermore, the local equivalence
ratio of radial flame is always the largest due to the coupling between positive stretch and
large Lewis number. Therefore, Fig. 9 shows that the flame tip propagating in the radial
direction has very low heat lease rate and negative displacement speed. Note that the local
equivalence ratio is also influenced by the preferential diffusion. The shift in turn influ-
ences the reactants’ consumption and radicals’ production, leading to a change in local
flame structure and flame speed.

The influences exerted by the local flow are primarily manifested after the energy depo-
sition and roughly categorized in two aspects, which are demonstrated by the flame front
evolution shown in Fig. 8. One is the overall downward shift of the ignition kernel, and
the other is the compression of the ignition kernel, leading to flattening. It is noted that the
former is absent for ignition at the stagnation point. The ignition kernel is squeezed by the
inlet flow from both sides, leading to a more flattened ellipsoid. The compression effect can
be effectively reduced by the downward movement of the ignition kernel, which happens
only for ignition away from the stagnation point. Shown in Figs. 8 and 9a, the ignition ker-
nel at r=1.5 ms is mainly subjected to compression from the upper side while there is little
contribution from the lower inlet stream. As the ignition kernel moves downward, Figs. 8
and 9b show that at =3 ms the contribution from the lower sider is no longer negligible.
The distance between the upper and lower flames, X ;; - X ;, quantifies the flatness of the
ignition kernel. Compared to ignition at the stagnation point (i.e., x;,, = 0 mm), ignition

ign
at x;,, = 5 mm corresponds to a larger distance (see dashed lines in Fig. 7) and thereby
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Fig.9 The heat release rate contours at a t=1.5 ms and b #=3.0 ms for a, = 800 s E;,,=0.603 mJ and
X;gn = 5 mm. The solid lines represent the iso-line of Yy, = 0.082 with their color representing the mag-
nitude of normalized, density weighted displacement speed. The red arrows are the energy flux vectors and
their lengths are proportional to the magnitude of energy flux. See also the animation in the Supplementary

material

@ Springer



452 Flow, Turbulence and Combustion (2023) 110:441-456

a less flat flame shape, which reduces the curvature of the flame tip propagating in the
radial direction and thereby strengthens this flame tip. Consequently, successful ignition is
achieved for x;,,, = 5 mm. Its transition to obtain a steady counterflow flame takes about 6
ms.

To further interpret the effects of ignition position, the density weighted displacement
speed, curvature and strain rate data are uniformly sampled along the flame surface (i.e.,
the iso-line of Yy, = 0.082), and the probability density distribution is computed based
on the spatial distribution of the 2D flame at #=1.5 ms (the iso-line of Y;,, = 0.082 in
Fig. 9a). The results are displayed in Fig. 10. There are three local peaks for displacement
speed for x;,, = 5 mm. The middle and rightmost peaks respectively correspond to the
upper and lower axial flames, both of which have small curvature and thereby is mainly
affected by hydrodynamic strain rate. Compared to the upper axial flame, the lower axial
flame is exposed to weaker hydrodynamic strain (see Figs. 9a and 10c) and has larger dis-
placement speed. The leftmost peak in Fig. 10a corresponds to the weakest flame with the
largest curvature, which is the flame tip propagating in the radial direction. Note that at
this outmost position the local strain rate is almost negligible while the curvature is large.
Figure 10b shows that the curvature range is greatly reduced by moving the ignition posi-

tion from x;,, = 0 mm to x;,, = 5 mm. This is consistent with the statements made in the
previous paragraph.
Similar to Fig. Sa, Fig. 11 plots the results for x;,, = 5 mm. The Z-shaped curve is

obtained for both the upper and lower axial flames. Compared to the results for a, =
400 s~! shown in Fig. 5b, the data in Fig. 11 are more broadly distributed. The imposed

Fig. 10 Distribution of a normal-
ized density weighted displace-
ment speed, b non-dimensional
curvature and ¢ Karlovitz number
defined with strain rate, i.e.,

Kag, = (-nn : Vv +Ven)s, /S,
along the flame front (defined

as iso-line of Yy,o = 0.082) at
t=1.5 ms for a, = 800 s/, El-g =
0.603 mJ

Axial Xign = 0 mm

—— Xign =5 mm

Radial
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Fig. 11 Change of normalized [
displacement speed S, with 1
the Karlovitz number Ka for I
flames in all directions and at 0.8f
different times. a, = 800 s~ L [
E;,, = 0.603 mJ and x;,,, = 5 mm. 0.6L
. . - .
The solid lines represent the (7)) I
results for the upper (blue) and o [
lower (red) axial flames, and 0 04r
the colored symbols represent r
the spatial variation of flame at 0.2
certain times, i.e., t=1~5 ms [
or
-0.5

global strain rate influences the termination point of the Z-shaped curvature for the axial
flames, since this point represents the final stabilized diffusion flame state. Furthermore,
Fig. 11 shows that successful ignition does not guarantee positive displacement speed eve-
rywhere. As mentioned before, the flame tip propagating in the radial direction has a very
large curvature and thereby it has a negative displacement speed since Le > 1.

We also calculate the MIE for different strain rates but fixed ignition position of x;,,
= 5 mm. The results are plotted in Fig. 6, which shows that moving the ignition position
away from the stagnation point can reduce the MIE and thereby promote ignition. For a,
< 400 s~ !, the stain rate has little influence on the MIE and so does the movement of the
ignition position. For a, > 400 s~!, the reduction in MIE caused by moving the ignition
position from x;,,, = 0 mm to x,,, = 5 mm is clearly observed and it increases with the
strain rate. This is because at higher strain rate, the compression of the ignition kernel is
stronger and the flame tip propagating in the radial direction has a larger curvature. Mov-
ing the ignition position away from the stagnation point can induce larger reduction in the
curvature at higher strain rate. Note that the presence of the counterflow increases the MIE
mainly due to the extinction of the highly curved radial flame. The ignition enhancement
via moving the ignition position away from the stagnation point is mainly caused by the
reduction of the flame curvature of the radial flame.

4 Conclusion

Two-dimensional simulations considering detailed chemistry and transport are conducted
for forced ignition of a fuel-rich H,/air mixture (¢ =5.1, Le ~2.3) in a laminar counterflow.
The transient ignition kernel development and the MIE at different strain rates and different
ignition positions are investigated.

The counterflow is shown to have great impact on ignition kernel development and MIE
for mixtures with large Le. The counterflow compresses the ignition kernel and changes its
shape from a sphere to an oblate spheroid. Compared to the spherically expanding flame in
a quiescent mixture, the curvature of the upper and lower axial flames is greatly reduced by
the counterflow, and thereby for fuel-rich H,/air with Le >?2 the axial flame is strengthened.
On the contrary, the radial flame is subjected to very large curvature induced by the coun-
terflow, and thereby is greatly weakened. Besides, the counterflow also has great impact
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on energy transfer. The energy flux vector shows that the weak radial flame relies on the
convective energy transfer from the axial flame. With the increase of strain rate, the radial
flame has negative displacement speed and extinguishes. Therefore, for Le > 2, the ignition
becomes more difficult at higher strain rate. To achieve successful ignition in mixtures with
large Le and at high strain rate, a strong anchored axial flame needs to be formed to resist
the energy loss along the radial direction.

Counterintuitively, it is found that moving the ignition position away from the stagna-
tion point can reduce the MIE and thereby promote ignition for the present mixture with
large Le. Moving the ignition position above the stagnation point can efficiently reduce
the curvature of the flame tip propagating in the radial direction and thereby strengthens
this flame tip. Besides, moving the ignition position upwards also strengthens the lower
axis flame via increasing the local residence time, decreasing the convective heat transfer
and moving the local equivalence ratio toward stoichiometric case. For relatively low strain
rate, both stain rate and ignition position have little influence on the MIE. At relatively high
strain rate, the MIE is reduced after changing ignition position from x;,, = 0 mm to x;,, =
5 mm and the reduction increases with the strain rate.

The change of the density-weighted displacement speed with the Karlovitz number
is studied for the transient ignition process. A Z-shaped curve is obtained as in previous
studies for large Le. The unsteadiness is clearly shown and negative displacement speed is
observed, which can pose challenges to flamelet modeling of forced ignition under strained
conditions and deserves further study.

This work is a first step towards a better understanding ignition of mixtures with Le >?2
in strained flows. In future works, it would be interesting to consider more complicated
flows and turbulence.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/510494-022-00374-2.
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