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Abstract

As a zero-carbon fuel, hydrogen is considered a promising alternative fuel. Hydrogen
flames can be greatly affected by intrinsic instabilities including the diffusional-thermal
instability (DTI) and Darrieus-Landau instability (DLI). Therefore, it is important to
understand their properties, especially for cryogenic flames that are related to the safe
utilization of liquid hydrogen. In this work, we conduct two-dimensional simulations of
unsteady hydrogen/air conical flames to assess the effects of intrinsic instabilities, DTT and
DLI, on the response of premixed hydrogen/air conical flames to inlet flow perturbations.
The equivalence ratio and initial temperature are changed to respectively achieve differ-
ent Lewis numbers (related to DTI) and expansion ratios (related to DLI). It is found that
under certain conditions flame pinch-off occurs, during which a separated flame pocket is
formed by the strong amplification of flame wrinkles generated by the inlet flow perturba-
tions. The underlying mechanism of flame pinch-off enhancement due to DTI and DLI is
different. For fuel-lean hydrogen/air at normal temperature, the flame front wrinkling is
enhanced by strong DTI and it is the stretch-chemistry interaction that leads to flame pinch-
off. However, for stoichiometric hydrogen/air at cryogenic temperature, there is a strong
effect of DLI and flame pinch-off is mainly induced by flame-flow interaction. Moreover,
downstream flow and flame speed near the separated flame pocket for flames exhibiting
strong DTT and DLI are compared and the difference is analyzed. The findings indicate that
intrinsic flame instability can amplify flame wrinkling and fluctuations in heat release rate,
thereby contributing to flame pinch-off.
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1 Introduction

As a zero-carbon fuel, hydrogen has attracted considerable attention due to its promising
applications in reducing carbon dioxide emissions (Abdin et al. 2020; Dawood et al. 2020).
However, there are many challenges in hydrogen combustion. For example, hydrogen-air
mixtures exhibit strong intrinsic instabilities which interact significantly with the dynam-
ics of hydrogen flames causing undesired consequences, e.g. significant reduction in the
performance of hydrogen-fueled combustors. Since hydrogen has a very large molecular
diffusivity, fuel-lean hydrogen/air flames are prone to the diffusional-thermal instability
(DTI) (Law 2006; Matalon 2007) which can lead to an increased burning rate (Berger et al.
2022; Huo et al. 2018). Besides, the dynamics of hydrogen/air flames is strongly affected
by the Darrieus-Landau instability (DLI) (Landau 1988), which is due to the density jump
across the flame front and depends on the expansion ratio (i.e., the density of unburnt gas
divided by that of the burnt gas). Hydrogen at cryogenic temperature is commonly used to
increase its volumetric energy density (Aziz 2021; Sinigaglia et al. 2017). Since the expan-
sion ratio at cryogenic temperature is much higher than that at room temperature (Yang and
Chen 2023), the large thermal expansion ratio of cryogenic hydrogen/air flames consider-
ably promotes the DLI (Kuznetsov et al. 2022; Liberman 2021). In industrial applications,
hydrogen combustion at cryogenic temperature is relevant to the risk assessment of liquid
hydrogen. Due to high diffusivity, released liquid hydrogen quickly vaporizes and mixes
with ambient air, forming the cryogenic premixed mixture. Since hydrogen has low mini-
mum ignition energy and high reactivity, the cryogenic mixture can be easily ignited after
mixing, causing fire or explosion. To utilize liquid hydrogen safely and to understand acci-
dental fire/explosions resulting from liquid hydrogen release, it is necessary to understand
the dynamics of premixed hydrogen/air flames affected by DTI and DLI at both normal and
cryogenic temperatures. This motivates the investigation of cryogenic hydrogen/air flames.

The coupling of unsteady heat release and acoustic waves can lead to strong pressure
oscillations. This is referred to as “combustion instability” (Lieuwen 2003; Shreekrishna
et al. 2010; Wang et al. 2009), and can cause severe damage to the combustor. In practice,
the flame fronts are often affected by perturbations in mixture composition, unsteady flow
or temperature inhomogeneity. In terms of safe utilization of hydrogen at cryogenic temper-
ature, the accidental fire usually occurs in the turbulent regime characterized by unsteady
flow and velocity fluctuation. Besides, the accidental fire at cryogenic temperature may
be affected by oscillation from its surrounding, which is also relevant to the flow pertur-
bations. Therefore, great effort has been devoted to understanding the dynamic response
of premixed flames to unsteady flow perturbations (Fleifil et al. 1996; Kim et al. 2017;
Magina et al. 2019; Preetham et al. 2010, 2008; Wang et al. 2009). In this context, the
flame “pinch-off” phenomenon is of particular interest as it is directly related to the sound
generation (Talei et al. 2013) and is important for evaluating the heat release response to
inlet flow oscillations (Schlimpert et al. 2015). Flame “pinch-off” refers to the formation of
isolated flame pockets when the local flame front is so strongly distorted that a flame tun-
nel closure results in a “pinching” of the flame (Chen and Sohrab 1995; Chen et al. 1999).
The occurrence of flame pinch-off can lead to abrupt changes in flame surface area and
heat release rate. As mentioned before, premixed hydrogen/air flames are prone to intrinsic
flame front instabilities, which affect flame front wrinkling and overall heat release rate.
Furthermore, if the frequency of inlet flow perturbation equals the intrinsic frequency of
the conical flame, the occurrence of resonance between flow and flame can cause strong
pressure changes relating to the combustion instability or unsteady flame dynamics (Zhang
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et al. 2022). Therefore, it is important to explore the flame response of hydrogen flames
based on a simple canonical configuration subjected to DLI and DTI, especially for the
cryogenic flame experiencing strong DLI. Moreover, since the flame pocket formation rep-
resents a general characteristic of turbulent premixed flames (Tyagi et al. 2020), it is neces-
sary to understand flame pinch-off induced by unsteady flow conditions. In the literature,
the flame dynamics, especially the flame pinch-off, subjected to intrinsic flame instabili-
ties at cryogenic temperature receives little attention. However, as mentioned above, this is
especially important for hydrogen flames. This motivates the present study which aims to
interpret the influence of intrinsic instabilities, including both DTI and DLI, on premixed
hydrogen/air flame pinch-off.

The response of flames to inlet flow perturbations has been investigated in many pre-
vious studies. For non-premixed flames, acoustic inlet flow perturbations were found to
lead to wrinkled flame fronts and the flame pinch-off was mainly attributed to local flame
extinction and air entrainment which depend on the frequency and amplitude of the acous-
tic excitation (Ahn et al. 2021; Kim et al. 2017; Magina et al. 2015; Xia and Zhang 2018).
During the pinch-off process, the interaction between flame dynamics and flow conditions
is crucial since it affects flame stabilization and the reaction—diffusion balance. For pre-
mixed flames, attention has been paid to evaluating the flame transfer function that char-
acterizes the response of heat release rate to the flow velocity modulation. Based on the
linearization of the G-equation (Kerstein et al. 1988; Law 2006; Peters 2000), Ducruix
et al. (2000) proposed a theoretical formulation for the flame transfer function of a conical
laminar premixed flame. Schuller et al. (2003) further included convective effects of the
flow modulation and proposed a unified model to predict the flame transfer functions of
premixed conical and V-shaped flames. In these studies (Ducruix et al. 2000; Schuller et al.
2003), the local flame displacement speed was assumed to be constant, and the effects of
curvature and strain rate on flame speed were not considered. Wang et al. (2009) consid-
ered the influence of curvature and strain rate on the local flame speed and found that the
contribution from the stretch-caused flame speed fluctuations to the flame transfer function
becomes considerable for high-frequency disturbances. Unfortunately, they did not con-
sider the thermal expansion across the flame front. Zirwes et al. (2021) studied oscillating
laminar hydrogen/air flames at atmospheric conditions and found that pinch-off occurs for
lean flames (equivalence ratio below 0.8) and frequencies in the order of the characteristic
flame frequency. Recently, Schlimpert and co-workers (Schlimpert et al. 2016, 2015) con-
sidered thermal expansion and showed that the DLI can increase the flame front deflection
near the flame tip and change the flame tip kinematics. The flame pinch-off phenomenon
was found to play an important role in the nonlinear response of laminar premixed flames
to inflow velocity oscillation (Schlimpert et al. 2016, 2015). The above-mentioned studies
provide a helpful understanding of flame pinch-off. However, the separate effects of DTI
and DLI on flame pinch-off are still not fully understood. First, the response of intrinsically
unstable flames to flow velocity perturbations is not completely clear. Although the indi-
vidual effects of DTI or DLI were assessed in the literature (Berger et al. 2023), the mech-
anisms of pinch-off and heat release rate response for flames subjected to various types
of intrinsic instabilities have not been thoroughly compared. Second, the properties of the
highly stretched flame pockets in DTI or DLI enhanced flame pinch-off have not been thor-
oughly analyzed. The difference between DLI and DTI enhanced flame pinch-off is still not
clear. Finally, hydrogen/air flames subjected to inlet flow perturbation were mainly studied
for normal temperature while there is little work at cryogenic temperatures. Fundamental
flame characteristics, such as displacement speed in highly wrinkled regions, where cryo-
genic flame pinch-off occurs, are seldom discussed.
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Based on the above discussion, the objectives of this study are (1) to assess mechanisms
of flame pinch-oft enhanced by DTI and DLI at normal and cryogenic temperatures and the
interaction of these two types of intrinsic instabilities with inlet flow perturbations in pre-
mixed hydrogen/air flames and (2) to analyze and compare the characteristics of separated
flame pockets caused by flame pinch-off, such as flow field, flame displacement speed and
flame consumption speed. An axisymmetric conical flame subjected to periodic inlet flow
oscillation is studied via 2D simulations considering detailed chemistry and transport. This
configuration has been considered in many previous studies (Zhang et al. 2022; Zirwes
et al. 2021). Here, we consider fuel-lean hydrogen/air flames at normal temperature with
strong DTI and stoichiometric hydrogen/air flame at cryogenic temperature with strong
DLI. In this way, the dynamics of unstable flames with two types of intrinsic instability,
DTTI and DLI, are investigated. Besides, the mechanisms of flame pinch-off and its impact
on flow and local flame speed are analyzed. The remainder of the paper is organized as fol-
lows. Section 2 introduces the method and the computational setup. The simulation results
and discussion on the mechanisms of flame pinch-off as well as the local flame character-
istics on the detached flame pockets are presented in Sect. 3. Finally, the conclusions are
summarized in Sect. 4.

2 Model and Numerical Methods

An unsteady, axisymmetric, premixed hydrogen/air conical flame is considered and simu-
lated using the in-house code EBIdnsFoam (Nagel et al. 2015; Zirwes et al. 2020). EBIdns-
Foam is developed in the framework of OpenFOAM (Weller et al. 1998) and incorpo-
rates Cantera (Goodwin et al. 2018) to evaluate the thermal and transport properties as
well as the reaction rates of elementary reactions. EBIdnsFoam has been successfully used
in many previous studies (Wang et al. 2023, 2021; Wen et al. 2022a, 2022b; Zhang et al.
2022; Zirwes et al. 2023a, 2021, 2020). A two-dimensional wedge-shaped computational
domain is used to simulate the three-dimensional axisymmetric geometry in cylindrical
coordinates, as shown in Fig. 1. It is the same as that in previous studies (Zhang et al. 2022;
Zirwes et al. 2021), in which the details can be found. The width and height of the compu-
tational domain are respectively 14.56 and 58.85, where the flame thickness 6 is obtained
from the corresponding 1D premixed freely-propagating planar flame. The premixed fuel-
gas mixture flows into the domain from a central inlet, corresponding to the nozzle exit
of a Bunsen burner. An annular pilot flow of the corresponding fully burnt gas is used
to stabilize the flame and ensure adiabatic conditions. The temperatures and equivalence
ratios at the two inlets are summarized in Table 1. The outside wall is treated as a slip wall
to suppress any flow recirculation from the ambience so that the setup can be used to focus
solely on the induced flow oscillations. The outlet boundary condition for velocity, along
with wave transmissive boundary conditions for pressure, are imposed at the top boundary,
as shown in Fig. 1. Uniform grid spacing is used and the grid size is /20, which is fine
enough to fully resolve the flame structure (Zirwes et al. 2021).

The inlet velocity profiles for the fresh and burnt gas corresponding to the products of
fresh gas after complete combustion are (Zhang et al. 2022; Zirwes et al. 2021)

uy,inlet(r) = Mmax (l - XZ/RZ) (1)

with u,, =65, (S, is the laminar flame speed). For 0<r<r, x=r and R=r;=86. For
r <r<(ry+r,y), x=(r;+r,)—r and R=r,. The value u,,, =6S; used in previous studies
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Fig. 1 Schematic of the two-
dimensional wedge-shaped com-
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Table 1 Parameters for the four cases considered in this work
Case Stoi-NT Lean-NT Stoi-CT Lel-NT
Equivalence ratio, ¢ 1 0.5 1 0.5
Initial temperature, T, (K) 300 300 100 300
Adiabatic flame temperature, 7, (K) 2381.17 1641.42 2272.42 1641.42
Laminar flame speed, S; (m/s) 2.341 0.532 0.556 0.739
Thermal flame thickness, § (mm) 0.3385 0.4275 0.2525 0.2932
Characteristic frequency, f=S5,/6 (Hz) 6915 1244 2202 2519
Lewis number in unburnt gas, Le 1.27 0.48 1.1 1
Expansion ratio, o 6.8 5.0 19.5 5.0

(Zhang et al. 2022; Zirwes et al. 2021) is adopted in our simulations since this value is
proper for the development of flame instability with relatively low computational cost. In
this way, the flame is stabilized by the parabolic inlet velocity profile (Cuquel et al. 2013a;
Poinsot 2017) and the hot pilot flow. In this way, the flame configuration presents a generic
and well-defined numerical setup to study flame-flow interactions. Similar setups were
used in many theoretical analyses as well (Cuquel et al. 2013b; Magina et al. 2019, 2015).
At the beginning, the domain is filled with hot products to ignite the fresh gas from the
central inlet. The unsteady conical flame is obtained by imposing an inlet velocity profile
with sinusoidal perturbation:

u(r,t) = uy,l-n,e,(r)[l + asin(Zﬂft)] )

The amplitude of the perturbation is fixed to a=0.5, while the frequency is chosen to
be the same as the characteristic flame frequency, i.e., f=S5;/0. At this characteristic fre-
quency, the flame is in resonance with the unsteady flow and the local flame fluctuation is
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most pronounced (Zhang et al. 2022). When the frequency is much smaller than the char-
acteristic flame frequency (e.g., f~0.1S,/5), the entire flame oscillates synchronously with
the inflow (Zhang et al. 2022; Zirwes et al. 2021). On the contrary, when the frequency
is much larger than the characteristic flame frequency (e.g., f~10S,/0) the flame front is
almost unaffected by the inlet flow perturbation. The reason is the competition of two time
scales: the flow perturbation time scale versus the characteristic flame time scale. At low
perturbation frequencies, the spatial extend of the wrinkles, which is determined by the
flame’s intrinsic propagation speed and time scale, approaches or exceeds the length of
the flame. Then, no individual wrinkles can be formed. On the other hand, at very high
frequencies, the flame cannot respond to the flow perturbations. The frequency in our
present simulations is chosen based on previous studies (Zhang et al. 2022, 2017; Zirwes
et al. 2021) which showed significant front wrinkling occurs when the frequency is equal
to the inverse of the characteristic time of the premixed flame. Details on the influence of
the perturbation frequency of the inlet flow can be found in the previous studies (Zhang
et al. 2022, 2017; Zirwes et al. 2021). When the flame is submitted to strong instabilities,
it is an interesting topic to further study the flame response at lower inlet flow perturbation
frequency. Note that in the present model radial fluctuating at the inlet is not considered,
which makes the comparison between our simulations and experiments difficult. In order
to isolate and analyze the effect of intrinsic instabilities on the flame response to inlet flow
perturbation, we use this simplified model in simulations, which was also adopted in previ-
ous studies (Zhang et al. 2022; Zirwes et al. 2021) on similar topics.

Four typical cases listed in Table 1 are considered in this work. All cases are simulated
at atmospheric pressure of P=1 atm. The flame thickness is defined as 6=(T,—T,)/(dT/
dx) . and is derived from 1D planar flames. The first case, denoted as Stoi-NT, corre-
sponds to a stoichiometric hydrogen/air mixture at normal temperature of 7,,=300 K. It is
simulated to obtain a diffusively stable flame with weak DLI for comparison. The second
case, Lean-NT, corresponds to a fuel-lean (equivalence ratio ¢ =0.5) hydrogen/air mixture
at normal temperature and the flame is strongly affected by DTI due to the Lewis number
smaller than unity (Le=0.48). To investigate the effect of DLI which is promoted at large
expansion ratios, we consider the stoichiometric hydrogen/air mixture at cryogenic temper-
ature of 7;,=100 K in the third case, Stoi-CT. The temperature value of 100 K is somewhat
arbitrarily chosen but this ensures that both hydrogen and air are in gaseous phase and it is
close to the temperature considered in previous experiments (Kuznetsov et al. 2022). In the
fourth case, Lel-NT, unity Lewis number is specified for all species so that the impact of
DTI can be substantially reduced. Comparison between cases Lean-NT and Lel-NT helps
to demonstrate the impact of DTI on the flame response to inlet flow perturbations. The
ideal gas equation of state is applied in this study for all cases since the real-gas effect is
still not significant at 100 K and 1 atm (Verfondern et al. 2021). The chemical mechanism
developed by Konnov (2019) is used in all simulations and its validation at cryogenic tem-
perature has been done in a previous study (Yang and Chen 2023). To evaluate the accu-
racy of Cantera at cryiogenic temperature, the unstretch laminar flame speed for different
unburnt gas temperature above 100 K is calculated using Cantera. The results agree well
with previous experimental measurement at cryogenic temperature (Ghosh et al. 2022;
Verfondern et al. 2021). Although considering Soret effect may lead to flame wrinkling
enhancement for the fuel-lean case through diffusional-thermal instability, this second-
order diffusion is not dominant and is neglected in the simulations.

When flame pinch-off occurs, the flame front near the tip is strongly corrugated and
stretched. The flame stretch rate, K, is defined as the relative change of flame surface area A
(Law 2006; Poinsot and Veynante 2005),
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The stretch rate encompasses contributions from hydrodynamic strain on the flame sur-
face (Kg =V, -u) and from the propagation of local flame surface curvature (x=V - n)
(Law 2006; Poinsot and Veynante 2005),

K =K+ Sk, 4)

where S, is the flame displacement speed, V, is the tangential gradient along the flame
surface and u is the flow velocity. The displacement speed is widely used in flame model-
ling including the flame surface density model (Peters 2000). To quantify the local flame
properties for cases with flame pinch-off, we analyze the density-weighted flame displace-
ment speed, S, . The flame front is defined as the iso-surface of H,O mass fraction, which
corresponds to the maximum heat release rate position in a corresponding 1D unstretched
planar flame (Xie et al. 2023). This flame front is used in the subsequent calculation of
flame surface area and stretch rate. Based on the mass fraction of H20, S d* can be derived
by tracking the iso-surface of H,O mass fraction in the reaction zone. The transport equa-
tion (Echekki and Chen 1999) is,

oY =ly. [
E+u~VY_ pV (pDVY) + 5 5)

where Y is the mass fraction of H,0, p is density, D is molecular diffusion coefficient, and
o is the net production rate of H,O. The displacement speed S, is calculated as the flame
front speed relative to the flow:

_ 1 Dy
4= Wy o (6)

where DY /Dt denotes the substantial derivative of Y. Substituting Eq. (5) into Eq. (6)
yields

=—_1 5. - . @
S, = P V(pD|VY|)— DV -n+ 7] 7
where n = —VY/|VY] is the unit normal vector of the flame surface and k = V e n is its

curvature. The first two terms on the right hand side of Eq. (7) are the contribution of dif-
fusion S, 4 (including normal component S,, ;;, and tangential component S, ;;7,) and the
last term is due to chemical reactions S,

1
Sd,diﬁ',n = _Mn - V(pDIVYY]), Sd,diﬁ’,t =-DV.n 8)
Sd,reuc = m (9)

Sadifr = Sadiin t Sadif.s (10)

The density-weighted flame displacement speed ;" is:
kP
S =S (11)
Another common definition of flame speed is consumption speed S,. It can be expressed

as a line integral in the normal direction of the flame surface:
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_ = [wpdn

SC - /’O(YF.O_YFAL’) (12)

where wp. is the net reaction rate of Hy, Yo and Yy, are mass fraction of H, in the unburnt
and burned gas, respectively.

3 Results and Discussion
3.1 Response of the Conical Flame to Inlet Flow Perturbation
3.1.1 Reference case without flame pinch-off (case Stoi-NT: ¢ =1 and T;=300 K)

We first consider the Stoi-NT case for the stoichiometric hydrogen/air mixture at 300 K.
Figure 2 shows the evolution of the heat release rate contour after imposing the inlet flow
perturbation. Note that the simulations were performed in 2D in cylindrical coordinates,
so the figures of the flames are mirrored for better visualization. Periodic flame front wrin-
kling is observed. Convex and concave segments are formed near the flame base and then
propagate towards the flame tip. In Fig. 2d, the sharp flame tip is formed by the collision of
convex segments towards the unburnt mixture at the tip. For this case, the flame wrinkling
is not strong enough to induce flame pinch-off. This is reasonable since the stoichiometric
hydrogen/air flame at normal temperature is thermo-diffusively stable.

To quantify the flame’s response to the inlet flow perturbation, we plot the evolution of
total heat release rate, g, and total flame surface area, A, in Fig. 3. The flame surface area
is calculated based on the area of the iso-surface of H,O mass fraction, as introduced in
Sect. 2. The temporal evolution of inlet flow velocity (u) is also plotted as a reference. Note
that all variables are normalized by the mean values (i.e., gy, Ay and u) after a statisti-
cally steady state is reached. The total heat release rate and total flame surface area both
increase when the inlet flow perturbation is introduced. After an unsteady transition stage,
the flame response becomes quasi-steady and the amplitude of the oscillation in both g and
A remains nearly constant for (t—#,)f> 10. Note that g exhibits a slight phase delay with
respect to the inflow, which was explained by Zhang et al. (2022) (Zirwes et al. 2021).

Figure 3 also shows that the fluctuation in total flame surface area is much smaller than
that of the total heat release rate. Moreover, it is observed that the local minimum of total
heat release rate corresponds to the maximum of total flame surface area at the instant when

(a) T = 13.21 (b) T =13.41 i(c) T = 13.62 (d) T=13.83 Q (W/m?)

30f L L L 1.5E+10
1.3E+10

w20k L L 1.0E+10
N 8.2E+09
10F L L 6.0E+09
3.8E+09

0= ' =T ' q0 0 10 156409

q0 0 10
r/'d

0
r/d

10 A0

0
)

10

r/d

Fig.2 Temporal evolution of heat release rate contour within one oscillation period (corresponding to the
green symbols “+” in Fig. 3 shown later, T=(t—1,) f) for a stoichiometric hydrogen/air flame initially at

T,=300 K (case Stoi-NT)
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Fig.3 Temporal evolution of 1.25 T T
normalized total heat release rate u/ug 145
q/q, total flame surface area A/ 1.2 5
A, and inlet flow velocity for :
the stoichiometric hydrogen/
air flame initially at T, =300 S 115} 11
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shown in Fig. 2 i
10
1
AJAy
0.95 * * -0.5
0 5 10 15

(t—to)f

the flame tip is smooth (see Fig. 2a). Therefore, the small fluctuation (around +1.15%) in
total heat release rate is not due to the change in the total flame surface area (with an ampli-
tude of +0.22%) which remains nearly constant for (r—¢,)f>7 as shown in Fig. 3. Since
the flame front is wrinkled and Le=1.27 for this mixture, preferential diffusion and flame
stretch affect the local chemical reactions and modify the effectivity factor of the flame so
that flame surface area and heat release do not perfectly correlate.

3.1.2 Flame Pinch-off Due to DTl (Case Lean-NT: ¢ =0.5 and T,=300 K)

For the fuel-lean hydrogen/air flame at ¢ =0.5, the effective Lewis number is around 0.48
and the flame front wrinkles are expected to be mainly enhanced by DTI. Consequently,
the stretch-chemical reaction interaction (Chen et al. 2021) can greatly affect the flame
front. Figure 4 shows the evolution of heat release rate contour at four typical instants after
the inlet flow perturbation is enforced. It is noted that due to low equivalence ratio the heat
release rate for case Lean-NT is much smaller than that for the cases with stoichiomet-
ric mixture or unity Lewis number. Therefore, heat release rate levels with smaller values
are used in Fig. 4 to show the stretch effect on heat release rate for the corrugated flame
front. Since the negative stretch rate decreases as the flame propagates downstream, the

(@) T=10.2 [(b) T=10.45 f(c) T =10.69 (d) T =10.95 Q (W/m’)

30l A A [ 3.0E+09
o ° 2.5E+09

w20l i [ 2.1E+09
N 1.6E+09
10F L L 1.1E+09
6.7E+08

0 2.0E+08

0 0 1 0
r/d r/d /s

Fig.4 Temporal evolution of heat release rate contour within a period (corresponding to the green symbols

“+” in Fig. 5 shown later, T=(t-t)f) for a fuel-lean hydrogen/air flame initially at 7,=300 K. The equiva-
lence ratio is $ =0.5 (case Lean-NT). The black lines denote the flame fronts
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heat release rate from flame base to the tip exhibits a decreasing trend. The overall decreas-
ing negative stretch rate from the flame base to tip for this axisymmetric conical flame is
similar to the Bunsen flame. For case Lean-NT with Le < 1, the negative stretch rate tends
to weaken the flame. Therefore, heat release rate near the flame tip is relatively weak. It
is seen that the flame is intensified at the convex segments towards the unburnt gas and is
weakened at the concave segments. The non-uniform heat release rate along the flame front
indicates that DTI plays an important role in flame wrinkling. It is noted that for the Lean-
NT case without inlet flow perturbation, the steady conical flame is smooth (see Fig. 12a
shown later) and thereby DTI itself does not induce flame front wrinkling in such a small
scale (r;=80), as explained in the previous study (Zhang et al. 2022). In fact, the flame
wrinkling caused by inlet flow perturbations is amplified by the DTI during its propagation
from the flame base to the flame tip.

In Fig. 4c, flame pinch-off occurs near the flame tip and a separated flame pocket con-
taining unburnt gas is observed. It is seen that the convex segments towards the unburnt
gas near the tip move towards each other and then a narrow throat is formed (see Figs. 4a
and b). Finally, the convex segments collide with each other and a flame pocket is sep-
arated (see Fig. 4c). The flame pocket is similar to an inwardly propagating flame with
negative stretch rate. The unburnt mixture inside the flame pocket is gradually consumed
by the inwardly propagating flame, which moves downstream and eventually vanishes (see
Fig. 4d).

The evolution of total heat release rate and total flame surface area are shown in Fig. 5.
Quasi-steady oscillation is observed for (¢#—1,)f>7. Compared to the Stoi-NT case shown
in Fig. 3, the amplitude of flame surface area increases from 0.22 to 1.52% while that of
total heat release rate increases from 1.15 to 1.54%. Significant increase in flame surface
area amplitude demonstrates that flame wrinkling is greatly enhanced when the flame is
subjected to strong DTI. Though the mean total flame surface area is about 90% of its
steady-state value before imposing inlet flow perturbations, the mean total heat release rate
is close to its steady-state value. This indicates that DTI can enhance the local burning rate.
It is interesting to see that when the separated flame pocket is formed, the total heat release
rate and the total flame surface area are both close to their local maximum values. The fluc-
tuation in total flame surface area for the Lean-NT case shown in Fig. 5 is much stronger
than that for the Stoi-NT case shown in Fig. 3. This demonstrates that in addition to strong
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Fig. 6 Temporal evolution of heat release rate contour within one oscillation period for a fuel-lean (¢ =0.5)
hydrogen/air flame initially at 7,=300 K and unity Lewis number for all species (case Lel-NT, T=(t—1,)f)
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Fig.7 Temporal evolution of heat release rate contour within one oscillation period (corresponding to the
green symbols “+” in Fig. 8 shown later, T=(t—1,)f) for the stoichiometric hydrogen/air flame initially at
T, =100 K (case Stoi-CT)

flame front wrinkling, the pinch-off of the fuel-lean hydrogen/air flame subjected to DTI
substantially affects the flame surface area.

To further demonstrate the influence of DTI on flame pinch-off, we consider the same
fuel-lean hydrogen/air mixture but artificially enforce a unity Lewis number for all species
in the Lel-NT case listed in Table 1. The heat release rate contours are shown in Fig. 6. It
is seen that the flame front is relatively smooth and there are no sharp crests on the flame
front. The flame response to the inlet flow perturbation is similar to the stoichiometric case
shown in Fig. 2. Comparison between Figs. 4 and 6 indicates that the DTI at sub-unity
Lewis number enhances the flame pinch-off.

3.1.3 Flame Pinch-off Due to DLI (Case Stoi-CT: ¢ =1 and T, =100 K)

As listed in Table 1, the expansion ratio increases from 6.8 for the Stoi-NT case to 19.5 for
the Stoi-CT case. Therefore, the DLI is expected to be strongly promoted at cryogenic tem-
perature. Figure 7 shows the heat release rate contours at four typical instants after impos-
ing the inlet flow perturbation at #=¢, for the stoichiometric hydrogen/air mixture initially
at 100 K. To capture the flame pinch-off process, the time intervals among these snap-
shots are different. The flame wrinkles grow from the flame base to the flame tip. Figure 7b
shows that two branches of the flame merge with each other and consequently flame pinch-
off occurs in Fig. 7c. The flame pocket disappears after consumption of all the reactants
inside it, resulting in a conical flame with flat head as shown in Fig. 7d.
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For the stoichiometric hydrogen/air flame, the effective Lewis number is slightly larger
than unity (see Table 1). Therefore, the appearance of flame pinch-off after changing the
temperature from 300 K (Fig. 2 without flame pinch-off) to 100 K (Fig. 7 with flame pinch-
off) is mainly enhanced by DLI, which becomes stronger at larger expansion ratio at cryo-
genic temperature.

Similar to Figs. 3 and 5, Fig. 8 depicts the evolution of the normalized total heat release
rate, normalized total flame surface area and inlet flow velocity. Periodic fluctuations
in both total heat release rate and total flame surface area are observed for (r—z,)f>7.
Besides, their phases are nearly the same. Compared to the Stoi-NT case shown in Fig. 3,
the amplitude of total flame surface area changes from 0.22 to 2.44%. This more than
tenfold increase indicates that the effect of DLI at cryogenic temperature on flame wrin-
kling is significant. Besides, the amplitude of total heat release rate increases from 1.15
to 1.34% though the mean of HRR is close to its steady-state value, indicating stronger
fluctuations for the flame subjected to strong DLI. The local maximum of total heat release
rate is obtained when the total flame surface area reaches its local maximum within one
oscillation period as shown in Fig. 7b, while the local minimum of total heat release rate
is obtained when the separated flame pocket disappears as shown in Fig. 7d. This phe-
nomenon is similar to the fuel-lean case shown in Figs. 4 and 5. Compared to the Stoi-NT
case without flame pinch-off, the relative change of total flame surface area is much larger
for the Stoi-CT case with flame pinch-off. This indicates that flame pinch-off substantially
changes the flame surface area and flame response to the inlet flow perturbation.

3.2 The Mechanism of Flame Pinch-off

The previous sub-section demonstrate that the wrinkled flame front can collide to form a
separate flame pocket and thereby induce flame pinch-off when either DTI or DLI is strong
enough. To explain the mechanism of flame pinch-off, we compare the amplitude of flame
front wrinkling in Fig. 9. The normalized wrinkle amplitude is defined as

Az _ 2n)—zy(n)
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Fig.8 Temporal evolution of 1.25 v T
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Fig.9 Profiles of flame front wrinkle amplitude (defined as Eq. 12) from flame base (#/6=38) to flame tip
(r/6=0) for a amplified amplitude for the Lean-NT case with pinch-off, b small fluctuation in amplitude for
the Stoi-NT case without pinch-off, and ¢ amplified amplitude for the Stoi-CT case with pinch-off

where z(r) and z,(7) is the height of the flame front for the case with and without inlet flow
perturbation, respectively. In Fig. 9, r/6=0 corresponds to the position of the flame tip and
r/6=28 to that of the flame base.

Figure 9 shows that the wrinkle amplitude for the Lean-NT and Stoi-CT cases with
flame pinch-off is up to one order of magnitude larger than that for the Stoi-NT case
without flame pinch-off. When flame pinch-off occurs, the flame front wrinkle ampli-
tude increases as the wrinkles move towards the flame tip (i.e., /6 changes from 8 to 0 in
Fig. 9). For the case without flame pinch-off, Fig. 9b, the wrinkle amplitude is comparable
to the flame thickness and it does not increase as the wrinkle propagates from the flame
base to the flame tip. When the convex segments of the flame front towards the unburnt gas
collide near the flame tip, the wrinkle amplitude is relatively small and a separated flame
pocket cannot be formed. Therefore, the wrinkle amplitude amplification is responsible for
the subsequent flame pinch-off at the tip. Contrary to the relatively stable flame shown in
Fig. 9b, for the unstable flame subjected to DTI (Fig. 9a, see also Fig. 4) or DLI (Fig. 9c,
see also Fig. 7), the initial wrinkle caused by the inlet flow perturbation is amplified by
the intrinsic flame instability as it propagates from the flame base towards the flame tip.
Consequently, the highly-wrinkled flame fronts collide around the flame tip and form a
separated flame pocket. This leads to the flame pinch-off phenomenon.

Figure 10 plots the distributions of flame stretch rate and normalized heat release rate
for different cases. For the lean-NT case with flame pinch-off, Fig. 10a and d show the
flame front wrinkle amplification induced by DTI for Le < 1. It is seen that the local heat
release rate is weakened in the negatively stretched regions while it is intensified in the
positively stretched regions. The stretch-chemical reaction interaction involved in DTI
enhances strong flame wrinkling and flame pinch-off for the Lean-NT case. It is noted
that the number of wrinkles formed on the flame front is approximately equal between the
DTI and DLI dominated cases. While the shape of the wrinkles is different, the kinemat-
ics seem to be determined by the perturbation time scale, which is the same characteristic
flame time scale for all cases.

For the stoichiometric hydrogen/air flame at normal and cryogenic temperatures, Stoi-
NT and Stoi-CT shown in Fig. 10b, c, e and f, the effective Lewis number is slightly larger
than unity (see Table 1). Consequently, the local heat release rate is promoted in the nega-
tively stretched regions. Therefore, for Le > 1, DTI does not enhance flame wrinkling and
thereby it cannot be the mechanism for flame pinch-off occurring at cryogenic temperature
(see Fig. 7).
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Fig. 10 Flame stretch rate K and normalized heat release rate Q/Q,, (where Q,, is the maximum value of Q)
immediately before flame pinch-off: (a) and (d), t=0.0185 s; (b) and (e), t=0.0059 s; (¢) and (f), 7=0.0208
S

To explain the flame wrinkle amplitude amplification and flame pinch-off for the Stoi-
CT case, we investigate the flow induced by thermal expansion and flame wrinkling. For a
conical flame, the flow velocity in main flow direction (i.e., axial direction) is much larger
than that in the radial direction. Therefore, the flow divergence in the wrinkle’s crest and
the flow focusing in the wrinkle trough, which are the characteristics of DLI (Troiani et al.
2022), cannot be clearly shown by the streamlines. To overcome this difficulty and to high-
light the flow induced by DLI, the flow velocities in the axial and radial directions around
the wrinkled flame front are modified according to the method proposed by Troiani et al.
(Troiani et al. 2022),

Us=U,+8,, U =U, —U,up (14)

where U, and U, are the original flow velocities in the radial and axial directions and the
superscript “*” denotes the modified flow velocities. Here ﬁz g 1s the averaged velocity in
the axial direction along the upstream line AB as indicated in Fig. 11b, and S; is the lami-
nar flame speed. The streamlines based on the modified velocity superimposed on the tem-
perature contours are shown in Fig. 11. It is seen that flow focusing occurs around the con-
cave segments towards the unburnt gas while flow divergence appears around the convex
segments of the flame front. This interaction between the flame front and the upstream flow
is characteristic for DLI and further enhances flame front wrinkling. The wrinkle ampli-
tude is amplified by this flame-flow interaction as the flame wrinkle is convected from the
flame base to the flame tip. Therefore, it is DLI that induces the increase in flame front
wrinkle amplitude and thereby results in flame pinch-off near the tip.
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Fig. 11 Modified streamlines for the stoichiometric hydrogen/air flame at cryogenic temperature (case Stoi-
CT) before and after flame pinch-off. The pink lines denote the flame fronts

“

3.3 Differences in Downstream Flow Near the Separated Flame Pocket

The intrinsic instabilities, DTI and DLI, can amplify the flame wrinkling generated by the
inlet flow perturbation at the flame base during its propagation towards the flame tip. Con-
sequently, flame pinch-off occurs at the tip and a separated flame pocket is formed. Since

-8 -4x984 8 -8 -4x984 8 -8-4x984 8 -8-4)384 8

Fig. 12 The evolution of streamlines before and after flame pinch-off for the fuel-lean premixed hydrogen/
air flame (case Lean-NT)
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the properties (Lewis number, expansion ratio) of mixtures or flames with strong DTI and
DLI are different, the flow around the separated flame pocket is expected to be different,
which is analyzed in the following.

Figure 12 depicts the streamlines superimposed on the temperature field for the fuel-
lean hydrogen/air flame subjected to DTI. Figure 12a shows the results for the steady-state
conical flame without inlet flow perturbation while Fig. 12b—d illustrate the flame pinch-
off process after imposing inlet flow perturbations. After the pinch-off near the flame tip
shown in Fig. 12d, the separated flame pocket moves downstream and it consumes the
unburnt mixture inside it. Finally, the flame pocket disappears when the unburnt mixture
inside it is fully consumed. In Fig. 12a, the streamlines are vertical in the unburnt gas while
they are deflected by thermal expansion in the burnt region. When the inlet flow perturba-
tion is imposed, the flame front is wrinkled periodically and the streamlines are curved in
the unburnt region. In the region close to the flame tip, streamlines are less affected by the
flame front though strong flame wrinkling appears there. This is because the heat release
rate near the flame tip is weakened due to the negative stretch rate (see Figs. 4 and 10b)
that is related to defocused diffusion of H, and decrease in flame speed. Consequently,
Fig. 12d shows that the separated inwardly propagating flame has little influence on the
downstream flow.

For the Stoi-CT case with large expansion ratio, the flame pinch-off is mainly enhanced
by DLI instead of DTI. The streamlines for the cryogenic flame are shown in Fig. 13.
Qualitatively, the streamline deflection in Fig. 13a is much stronger than that shown in
Fig. 12a. This is reasonable since the expansion ratio 6 =19.5 for the Stoi-CT case is much
larger than =5 for the Lean-NT case. Moreover, Fig. 13b and ¢ show that the down-
stream streamlines are substantially curved by the separated flame pocket, which is unlike
the results shown in Fig. 12b—d. This difference can be explained as follows. First, the
large expansion ratio of the Stoi-CT case plays an important role in streamline deflection.
Compared with the Lean-NT case, the significant difference in expansion ratio is likely the
primary cause of streamline deflection. Second, the effective Lewis number is larger than
unity for the Stoi-CT case and thereby the negative stretch of the separated inwardly propa-
gating flame pocket increases the local flame strength and heat release rate (see Fig. 7b and

() t=0.0150 s £ (d) t=0.0210 s

(c) 1=0.0209 s

\ W A AR Wi L B \ T
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Fig. 13 Evolution of streamlines before and after flame pinch-off for the stoichiometric hydrogen/air flame
at cryogenic temperature (case Stoi-CT)
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c). This stretch-chemistry interaction has an additional effect on the expansion ratio differ-
ence. Consequently, the streamlines are greatly deflected around the separated flame pocket
as shown in Fig. 13b and c.

In summary, the above results show that for pinch-off promoted by DTI, the separated
flame pocket has little influence on the downstream flow. However, the separated flame
pocket appearing in flame pinch-off enhanced by DLI strongly deflects the downstream
flow. This is interpreted by the difference in the expansion ratio and the flame-stretch inter-
action for different Lewis numbers.

3.4 Differences in Local Flame Speed Near the Pinch-off Position

Figure 14 shows the dependence of normalized density-weighted flame displacement
speed, Sd*/SL, on the normalized stretch rate, K6/S;, at four instants within one oscillation
period. Details of displacement speed calculation and flame stretch rate have been intro-
duced in Sect. 2. For the fuel-lean hydrogen/air flame subjected to DTI in Fig. 14a and the
stoichiometric hydrogen/air flame at cryogenic temperature subjected to DLI in Fig. 14c,
large negative stretch rate (or curvature) is reached when the separated flame pocket is
observed during the flame pinch-off process. For the Stoi-NT case without flame pinch-
off, Fig. 14b, large negative stretch rate is also reached at 1=0.006 s because the flame
tip exhibits large negative curvature when it becomes sharp. Although flame speed or
reaction rate increases greatly in this region, the total heat release rate in Fig. 3 is slightly
affected by this since only a small portion of flame front is strongly negatively stretched.
Further analysis shows that the strongly negatively stretched regions correspond to the nar-
row throat where the flame pinches off and annihilates. Therefore, large but rare negative
stretch rate values are emphasized in this section to analyse the pinch-off process though
they don’t govern the flame dynamics. Figure 14 shows that in regions with large nega-
tive stretch, the density-weighted flame displacement speed is much larger than the laminar
flame speed. This is counterintuitive since the negative stretch reduces the flame speed for
Le< 1 (Law 2006). To explain this phenomenon, the dominant factors affecting flame dis-
placement speed are analyzed. The negative stretch is found to be mainly induced by the
negative curvature leading to strong tangential diffusion which appears during the flame-
flame interaction process in the narrow flame throat. When flame pinches off, two branches
of wrinkled flame front (defined by H,O isolines) forming the throat move towards each
other, leading to large negative curvature. According to the expression in Eq. (7), when the
effect curvature is dominant,
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Fig. 14 Dependence of normalized density-weighted flame displacement speed (Sd*/S ;) on normalized
flame stretch rate (K6/S;) in regions with large negative stretch (pinch-off position) at different times for:
a the Lean-NT case with ¢=0.5 and 7;,=300 K, b the Stoi-NT case with $=1.0 and 7;,=300 K, and c the
Stoi-CT case with ¢=1 and 7;=100 K
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Sdcx—DV-nz—l;—f, S,; < \/=DK. (15)

This expression qualitatively agrees well with the results shown in Fig. 14. In fact, the
density-weighted flame displacement speed can be modelled as a linear function of curva-
ture with a positive Markstein length as shown in the work of Dave and Chaudhuri (2020).
This also shows that although the pinch-off may be affected by different mechanisms such
as stretch-chemistry interaction and thermal expansion during the amplification of wrinkles
on the flame front, the final stage of flame pinch-off is significantly affected by diffusion
process dominant by curvature. Such phenomenon is common in turbulent premixed flame.
Therefore, flame pinch-off in this simple laminar configuration can provide useful insights
into turbulent flame modelling.

To assess the relative importance of diffusion and chemical reactions in regions with
large negative stretch rate, we decompose the displacement speed S, into two parts, S,
and S ... as given by Egs. (8) and (9). Furthermore, the contribution of tangential diffu-
sion which is related to curvature is also calculated and presented. The results at the instant
with large negative stretch rate are plotted in Fig. 15. For the strongly unstable flame shown
in Fig. 15a and c, the contribution of the diffusion term in the largely negatively stretched
regions is large. However, for the case without flame pinch-off, Fig. 15b, the contribution
of the diffusion term is much smaller than that of the reaction term. Besides, the contri-
bution of diffusion is mainly caused by tangential diffusion though the effect of normal
diffusion at the largely negatively stretched region is not negligible for the Stoi-CT case.
This indicates that diffusion, especially tangential diffusion, is important for the flame front
with large negative curvature induced by flame pinch-off. Figure 15a shows that for flame
pinch-off enhanced by DTI, the contribution of reaction is much smaller than that of dif-
fusion. However, Fig. 15¢ shows that for flame pinch-off enhanced by DLI, the contribu-
tions of reaction and diffusion are comparable. This is reasonable since for the fuel-lean
premixed hydrogen/air flame the Lewis number effect is strong and the reaction near the
separation position is weakened due to the large negative stretch rate (see Fig. 10d). Since
the Lewis number of the cryogenic fresh gas is larger than unity, the reaction is enhanced
in the largely negatively stretched regions (see Fig. 10f) and the importance of the chemical
contribution increases.

Figure 16 shows the dependence of normalized consumption speed (S/S;) on normal-
ized flame stretch rate (K6/S;) at different times. Most points exhibit small stretch rate
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Fig. 15 The contribution of diffusion term (Diff), tangential diffusion term (Diff-t) and reaction term (Reac)
to the normalized density-weighted flame displacement speed (Sd*/SL) as functions of normalized flame
stretch rate (Ko/S;) at the instant with large negative stretch rate for: a the Lean-NT case with ¢=0.5 and
Ty, =300 K, b the Stoi-NT case with $=1.0 and 7,=300 K, and ¢ the Stoi-CT case with ¢=1 and 7,=100
K

@ Springer



Flow, Turbulence and Combustion (2024) 112:1275-1297 1293

© 001865 0| © 002095 % © o

(@ =] (b) (c)
1 00182 1 111 002065
21 o 0.01845 ! o 0.0208s o
0.0188 5 oo SO 0.02095 5

000  o@aPoccRd® |
0.00591 s |
° 0.00594's,
0211 o 0.00597 s 0.2
0.006s |

ofl 0m® O 0 0
-120 -100 -80 -60 -40 -20 0 -100 -80 -60 -40 -20 0 -300 -250 -200 -150 -100 -50 0
Ki/S, K5/S, Ki/S,

Fig. 16 Dependence of normalized consumption speed (S./S;) on normalized flame stretch rate (K&/S;) at
different times for: a the Lean-NT case with $=0.5 and 7{,=300 K, b the Stoi-NT case with ¢$=1.0 and
T,=300 K, and ¢ the Stoi-CT case with ¢=1 and 7,=100 K

(IK6/S,1< 10). For stoichiometric cases, S./S; of these points is close to unity. However,
for the fuel-lean case, S./S; varies more widely, ranging from 0.2 to 2.3. This is reason-
able because for the Stoi-NT case and Stoi-CT case, near-unity Le indicates chemical reac-
tions are insensitive to weak stretch rate, which is similar to previous studies (Bariki et al.
2019; Bell et al. 2007) with near-unity Le mixture. While for the Lean-NT case, Le is much
smaller than unity, leading to a more sensitive response of S./S; to stretch rate changes
along the flame front, which also agrees with the results in (Bell et al. 2007).

The dependence of S/S; on K6/S; in the strongly negatively stretched region where
flame pinch-off occurs is of great interest though only a small portion of the flame front is
in this range. It is found that for the Lean-NT case shown in Fig. 16a, S, decreases to zero
in the region with large negative stretch rate, which agrees with the study of Zirwes et al.
(2023b). This implies that during flame pinch-off, local extinction occurs. For the Stoi-NT
case, S, decreases at the flame tip due to the large negative stretch rate. Contrary to the
Lean-NT case, S/S; almost remains constant at 0.85 in the largely negatively stretched
regions of cryogenic flame shown in Fig. 16¢ at r=0.0208 s. Chemical reactions as well
as heat release are relatively strong during the flame pinch-off process. After flame pinch-
off at r=0.0209 s, the normalized consumption speed along the flame pocket decreases
to about 0.5, which implies flame extinction does not occur during the pinch-off process.
This coincides with previous results shown in Fig. 10f that the flame is strong (flame with
significant heat release rate) near the narrow throat. Therefore, the local flame dynamics
are different near the narrow flame throat where flame pinches off: extinction occurs for the
Lean-NT case subjected to DTI while strong flame branches collide for the Stoi-CT case
subjected to DLI.

For the Lean-NT case, different trends between S, and S, with flame stretch are reason-
able: the negative flame stretch at the flame throat drives the flame iso-surface forward due
to the increased tangential diffusion, leading to an increase in S,, but decreases the local
reactions to the point of extinction, decreasing S,. Therefore, flame pinch-off has differ-
ent influence on displacement speed and consumption speed shown in Figs. 15a and 16a,
respectively.

4 Conclusions
This study assesses the effects of intrinsic instabilities, diffusional-thermal instability (DTI)

and Darrieus-Landau instability (DLI), on the response of premixed conical hydrogen/
air flames to inlet flow perturbations. Two-dimensional transient simulations considering
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detailed chemistry and transport are conducted. It is found that the flame front wrinkling
induced by inlet flow perturbations can be amplified by strong DTI and DLI. Consequently,
strong DTI or DLI can enhance flame pinch-off forming a separated flame pocket under
the inlet flow perturbation. Though flame pinch-off enhanced by DTI and DLI are similar,
the underlying mechanisms are different: the amplification mechanism of DTI is stretch-
chemistry interaction while that of DLI is flame-flow interaction. Moreover, it is found
that for flames with pinch-off enhanced by DTI and DLI, the characteristics of downstream
flow and flame speed are different. For flame pinch-off enhanced by DTI for a fuel-lean
hydrogen/air flame with Le < 1, the separated flame pocket has little influence on the down-
stream flow. However, the separated flame pocket appearing in flame pinch-off enhanced
by DLI for the stoichiometric hydrogen/air flame at cryogenic temperature strongly deflects
the downstream flow. This can be explained by the difference in the expansion ratio for
different initial temperatures and the flame-stretch interaction for different Lewis numbers.
In regions with large negative flame curvature, the density-weighted flame displacement
speed correlates negatively with the stretch rate. The contribution of chemical reactions to
the displacement speed is smaller than that of diffusion for the fuel-lean flame subjected
to strong DTI, while contributions of reaction and diffusion are comparable for the cryo-
genic flame subjected to strong DLI. Furthermore, the analysis of consumption flame speed
demonstrates that when flame pinch-off occurs, flame extinction occurs in the largely nega-
tively stretched region for the fuel-lean flame while strong flame branches collide for the
cryogenic flame.

The present study shows that the intrinsic instabilities, both DTT and DLI, have a strong
impact on the response of premixed conical hydrogen/air flames to inlet flow perturbations.
Here, the frequency of the inlet flow perturbation is fixed to be the inverse of the character-
istic time for a planar premixed flame. In future works, it will be interesting to consider the
influence of the frequency of the inlet flow perturbation and the flame dynamics in a more
realistic 3D configuration.
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