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Abstract

This computational study addresses def agration initiation of lean, stoichiometric, and mod-

erately rich hydrogen-air mixtures by the sudden discharge of a hot planar jet of its adiabatic

combustion products. The objective is to determine the minimum slot size required for ignition,

a relevant quantity of interest for safety and technological applications concerning the acciden-

tal ignition of hydrogen. For sufficiently small jet velocities, the numerical solution of the

problem requires integration of the two-dimensional Navier-Stokes equations for chemically

reacting ideal-gas mixtures, supplemented by standard descriptions of the molecular transport

terms and a reduced chemical-kinetic mechanism suitable for hydrogen-air combustion. The

computations provide the variation of the critical slot size for hot-jet ignition with both the jet

Reynolds number and the equivalence ratio of the mixture. In particular, it is seen that, while

the Reynolds number exerts only a relatively weak effect on the ignition process, the inf u-

ence of the equivalence ratio is much more pronounced, with the smallest slot widths found for

stoichiometric, or slightly-rich conditions. The numerical results show three different ignition

modes, with the f ame developing from a clearly identif ed ignition kernel located either at the

core of the leading vortex pair (mode 1), at the symmetry plane near the leading edge of the

starting jet (mode 2), or at the jet stem connecting the jet exit with the starting vortex (mode 3).
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1. Introduction

It is well known that the combustion of a reactive mixture can be initiated by the sudden

discharge of a hot jet of combustion products [1, 2]. The phenomenon is relevant in practical

engineering applications, such as the hot-jet ignition systems investigated in [3], which can be

utilized for ignition of ultra-lean fuel/air mixtures in both hydrogen-f red [4] and natural-gas [5]

engines (see also [6] and references therein). There exists a minimum transverse size of the dis-

charging jet, on the order of the planar def agration thickness and smaller than the quenching

distance, above which ignition occurs [7]. This critical jet size has safety implications concern-

ing the transport, handling, and storage of fuels, notably hydrogen [8, 9], for which combustion

transmission between linked vessels or adjacent enclosures emerges as a key issue [10, 11]. For

example, in the design of f ameproof enclosures for electrical equipment [12] the permissible

gaps must be sufficiently small to ensure that, if a reactive mixture enters the enclosure and

becomes accidentally ignited by an electric spark or other ignition source, the resulting jet of

escaping combustion products would not initiate a def agration in the surrounding combustible

atmosphere. This has led to the classif cation of f ammable gases and vapors into different

groups based on the so-called maximum experimental safe gap [13, 14, 15].

In the case of axysimmetric jets, values of critical orif ce radii for propane/air mixtures,

measured in a specif c experimental facility, are available [16]. Also, the problem has been

investigated for hydrogen-air mixtures by a combination of experimental and numerical meth-

ods [17, 18, 19, 20], providing increased understanding of the inf uence of the jet temperature

and mixing process on the occurrence of ignition. General inf uences of jet Reynolds number

and limiting-reactant diffusivity on critical ignition conditions have been recently addressed

in computational work employing one-step Arrhenius chemistry along with constant transport

properties [21]. While this simplif ed model is useful in examining the general features of the

interacting physicochemical phenomena, it is in general insufficient to yield accurate numer-

ical quantif cations of critical ignition conditions for specif c fuel-air mixtures, which require

more detailed combustion models. An example of these more involved computations is found

in [22], where critical radii for lean and stoichiometric hydrogen-air mixtures were computed

numerically using a standard description for the molecular transport together with a reliable

reduced chemical-kinetic mechanism.

These previous works pertain to round jets. In many accidental scenarios, however, the

discharge occurs through cracks or slits. Examples include micro-cracks in nuclear reactor
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pressure vessels [23], pressurized hydrogen tank rupture [8] due to unusually fast crack growth

induced by Hydrogen embrittlement [24], or gaps in metal or plastic housing of the ”Flame-

proof Enclosure” ignition protection type [12]. In those cases, the planar-jet conf guration

emerges as a more relevant model to represent the discharge process [25]. Numerical computa-

tions for the planar-jet conf guration are presented below for the case of def agration initiation

of hydrogen-air mixtures at normal atmospheric conditions, providing predictions for the de-

pendence of the critical slot width on the jet velocity and mixture composition. The results

complement our previous computations for round jets [22] and extend the range of mixture

compositions investigated previously by considering also moderately rich mixtures. The effect

of thermal diffusion, which is known to play a relevant role in many hydrogen-combustion

phenomena [26], is also assessed in the computations.

2. The model problem

A schematic representation of the planar conf guration under study is shown in Fig. 1. An

adiabatic f at wall separates a compartment containing a fresh mixture of hydrogen and air with

equivalence ratio φ at normal atmospheric conditions (p0 = 1 atm and T0 = 300 K) from a

compartment containing its adiabatic combustion products in equilibrium. For simplicity in

the calculations, the air is assumed to be a binary mixture of oxygen and nitrogen with mass

fractions YO2,A = 0.233 and YN2,A = 0.767. At the initial instant, a low-Mach-number stream of

hot combustion products starts to discharge impulsively with uniform constant velocity U into

the quiescent fresh mixture through a slot of semiwidth h, generating a developing variable-

density planar jet that includes a leading starting vortex pair accompanied by an increasingly

long jet stem [27].

The discharge process can be described numerically by integrating the Navier-Stokes equa-

tions for chemically reacting ideal-gas mixtures [28], with a low-Mach-number approximation
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used when writing the energy equation and the equation of state

∂ρ
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In the above equations, u is the f uid velocity, p is the hydrodynamic pressure (accounting both

for the spatial pressure variations and the isotropic component of the stress tensor), Yi is the

mass fraction of species i, and T is the f uid temperature. In addition, ρ is the density, µ the

dynamic viscosity, cp =
∑I

i=1 cpiYi the specif c heat at constant pressure, p0 the thermodynamic

pressure (which is spatially uniform in low-Mach-number f ows), q the heat f ux vector, and

W = (
∑I

i=1 Yi/Wi)−1 the molecular weight of the mixture. Regarding the I chemical species, hi

is the specif c mass enthalpy, cpi the specif c heat at constant pressure, ji the mass diffusion f ux

vector, and Wi the molecular weight of species i, while ṁi stands for the net mass of species i

produced per unit volume and unit time by the chemical reactions.

Following standard practice, the specif c heat at constant pressure cpi and the mass enthalpy

hi of species i, which are functions exclusively of the temperature, are computed using the

NASA polynomials [29]. The Fourier law is used to evaluate the heat f ux vector

q = −λ∇T, (6)

and a generalized Fick law provides the species diffusion f ux vector as follows

ji = ρYi

(

−
Di

Xi
∇Xi +

Diθi

Xi

∇T
T
+ Vc

)

, (7)

where the diffusion velocity is written in terms of three components representing, respectively,

the ordinary diffusion velocity (expressed in terms of the gradient of the species molar fractions

Xi), the thermal diffusion velocity, and a correction velocity, Vc, def ned so that the restriction
∑I

i=1 ji = 0 is satisf ed. Standard mixture-averaged methods [30, 31] are used to evaluate the

transport properties of the gas mixture, including the dynamic viscosity of the mixture µ, the

thermal conductivity λ, and the species diffusivities Di, with Soret diffusion included for H and
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H2 in the computations reported below. In particular, the thermal diffusion ratios, θi, are set to

zero for species other than the light species H and H2, a well justif ed approach adopted in most

hydrogen-air combustion studies [26, 32].

As in our previous work [22], we adopt here the three-step reduced chemical-kinetic mech-

anism proposed by Boivin et al. [33], which is known to provide accurate results under a wide

range of conditions including autoignition and def agration propagation. This reduced mech-

anism has been recently used to describe accurately autoignition of hydrogen in high-speed

turbulent jets [34], which makes it particularly suitable for the problem at hand. The three-step

mechanism includes a branching reaction (I), a recombination reaction (II), and an initiation

reaction (III)

3H2 + O2
I
⇋ 2H2O + 2H,

H + H +M
II
⇋ H2 +M,

H2 + O2
III
⇋ HO2 + H,

(8)

involving I − 1 = 5 reacting species, i.e., H2, O2, H, HO2, and H2O. This kinetic mechanism

provides the chemical source terms ṁi appearing in the species conservation equations, with the

reaction rates wI, wII and wIII computed in terms of the temperature and species mass fractions

according to the guidelines provided in [33], and with the reaction constants taken from the San

Diego mechanism [35]. The mass fraction of the I-th species, the abundant inert nitrogen gas,

is readily computed from overall mass conservation as YN2 = 1 −
∑I−1

i=1 Yi.

The initial composition of the fresh mixture is def ned by the equivalence ratio φ, which

also determines the temperature and composition of the hot burnt mixture in the jet through an

a-priori equilibrium calculation using the GASEQ code [36]

x = 0, 0 < y < h : u = Uex, Yi = Yib(φ), T = Tb(φ). (9)

The values of Yib and Tb are listed in Table 1 for the range of equivalence ratios under study.

Additional boundary conditions for the numerical integrations include an adiabatic imperme-

able wall

x = 0, y > h : u = 0, ji · n = 0, q · n = 0, (10)

a zero f ux condition at the symmetry plane

x > 0, y = 0 : u · ey = 0, ji · n = 0, q · n = 0, (11)
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and an outf ow condition for the velocity and pressure far from the orif ce

x→ ∞, y→ ∞ :
{

−p + µ
[

∇u + (∇u)T
]}

· n = 0, ji · n = 0, q · n = 0, (12)

where the composition and temperature are those of the unburnt mixture.

A space-adaptive f nite element method, used also in our previous work [22], was employed

for the numerical integration. Due to the slender shape of high Reynolds number jets and the

development of thin mixing layers surrounding the jet head, anisotropic mesh elements are

used in the space discretization in combination with local adaptive mesh ref nement [37], with

the size of the smallest elements, located at the jet mixing layer, limited to a hundredth of the

orif ce semiwidth h. The use of anisotropic mesh adaptation constitutes a major improvement

with respect to our earlier work [22], which reduces the number of nodes required for the

simulations and signif cantly increases the efficiency of computing. Two meshes obtained in

a sample case computed with anisotropic and isotropic adaptation are compared in Fig. 2.

Although the number of elements of the anisotropically adapted mesh is only 20% smaller than

in the corresponding isotropic mesh, the computational speed-up factor, evaluated from the

start of the jet discharge to the instant shown in f gure, is close to 2.4. In brief, the anisotropic

mesh is best suited to the characteristics of the f ow, which leads to system matrices that are

better conditioned and linear systems that require a signif cantly smaller number of iterations

to be solved.

The time discretization scheme uses a semi-Lagrangian-Galerkin method to treat the con-

vective terms, whereas the diffusion-reaction terms are discretized using a second-order explicit

Runge-Kutta-Chebyshev scheme with a variable number of stages that is adaptively changed

in time. Further details on the numerical method and its application to low-Mach transient

combustion problems can be found elsewhere [38]. The equations (1)–(4) were integrated with

a small constant time step ∆t = 0.05h/U in a rectangular integration domain with width 100h

and streamwise length up to 500h. Different time steps and also different minimum element

sizes were employed in sample computations to check the independence of the results with the

selected discretization.

3. Numerical results

Besides the equivalence ratio φ, the solution depends on the values of h and U, with

the dependence on the latter being conveniently expressed through a jet Reynolds number
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Re = ρuUh/µu, where ρu and µu denote the density and viscosity of the unburnt mixture. For

given values of φ and Re, there exists a critical value of the slot semiwidth, hc, above which a

def agration forms as a result of the jet discharge.

Two series of snapshots corresponding to typical subcritical and supercritical ignition events

are illustrated in Fig. 3. The two panels display isocontours of temperature and H-atom mass

fraction obtained for φ = 0.7 and Re = 250 at different times t, conveniently scaled with the

residence time h/U, whereas the axial and transverse coordinates are scaled with the slot semi-

width h. The left-hand-side snapshots are computed for h = 0.0270 mm, slightly below the

critical value hc = 0.0271 mm corresponding to these conditions. As a result, the products in

the jet mix with the ambient fresh mixture without signif cant chemical reaction, generating

for large times a radical-free slender steady jet. The right-hand-side snapshots in Fig. 3 corre-

spond to h = 0.0272 mm > hc = 0.0271 mm. In the initial stages following the jet discharge,

the hot products mix with the fresh mixture without appreciable chemical heat release, giving

for t/(h/U) = 800 a temperature distribution very similar to that found in the accompany-

ing subcritical computation. The effect of chemical reaction begins to modify the temperature

f eld at later times, as can be seen in the plots for t/(h/U) = 900 and, to a larger extent, for

t/(h/U) = 1000, with a clear ignition kernel identif ed by the H-atom presence in the core of

the leading vortex. Combustion spreads from this kernel in the form of a relatively thick f ame

front that propagates in all directions, as indicated by the isocontours for t/(h/U) > 1000.

It is worth mentioning that the snapshots in Fig. 3 represent only one of the manners in

which ignition can be observed to develop in these hydrogen-air systems (mode 1). This igni-

tion mode is also found for other values of φ and Re, as shown by the computations of Fig. 4a,

corresponding to φ = 0.4 and Re = 500. By contrast, the computations shown in Fig. 4b reveal

that for the same equivalence ratio ignition for Re = 250 occurs instead at the symmetry plane

near the leading edge of the starting jet (mode 2). The ignition front propagates then laterally

along the mixing layer that surrounds the jet head, in the form of an edge f ame [39] assisted

by the induced vortex motion. Reducing the Reynolds number to sufficiently small values also

changes the observed behavior. For instance, Fig. 4c shows that for Re = 100 and φ = 0.7 the

starting vortex plays a secondary role and the f ame develops rather as a result of ignition in the

trailing jet stem connecting the jet exit with the leading vortex (mode 3). Detailed videos of

the jet discharge process illustrating failed and successful initiation events for various Reynolds

numbers and equivalence ratios, including the cases shown in Figs. 3 and 4, are provided as
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supplementary material.

Extensive numerical computations for f xed values of φ and Re and incrementally increas-

ing values of h were carried out to determine the critical slot semiwidth hc in the parametric

ranges 100 ≤ Re ≤ 500 and 0.3 ≤ φ ≤ 1.5, with results summarized in Fig. 5. The left

plot shows the variation of hc with φ for different values of Re, whereas the right plot shows

the variation of hc with U for different values of Re and φ. As can be seen, for a given Re

there exists a pronounced variation of hc with the composition, with the minimum value of hc

occurring at approximately stoichiometric conditions (φ ≃ 1− 1.1), just like the quenching dis-

tance [40]. For the range of φ shown in the f gure, the largest value of hc (∼ 0.27 mm) is found

for φ = 0.3. Reducing the value of φ further leads to even larger values of hc that diverge as φ

approaches φ = 0.25, the chemical-kinetic limit at which the crossover temperature of atmo-

spheric hydrogen-air combustion is reached, so that for smaller temperatures chain-branching

ignition is precluded [26].

The left plot of Fig. 5 also provides information regarding the ignition modes observed

in the numerical integrations, with different symbols used to indicate conditions under which

modes 1, 2, and 3 prevail. As can be seen, mode 1 dominates for the larger Reynolds numbers

(Re = 250 and 500) for all except the lower equivalence ratios (φ . 0.4 for Re = 250, and φ .

0.3 for Re = 500) for which mode 2 takes over. For the lowest Reynolds number (Re = 100)

mode 2 is still observed at low equivalence ratios (φ . 0.4), and also for near stoichiometric

mixtures (0.9 . φ . 1.3), whereas for moderately lean (0.5 . φ . 0.8) and rich (1.4 . φ)

mixtures ignition occurs at the trailing jet according to mode 3.

For a given value of φ, the critical slot width increases mildly with the Reynolds number,

although the variation is not very pronounced. For instance, for stoichiometric mixtures (φ = 1)

the numerical computations yield hc = (0.0066, 0.0127, 0.0141) mm for Re = (100, 250, 500),

respectively. Indeed, as the Reynolds number grows the critical slot size becomes less and less

dependent on Re, so that critical slot semiwidth vs. equivalence ratio curves for larger values

of Re are expected to be very similar to those reported in Fig. 5 (left) for Re = 500, as long as

the f ow remains laminar and sufficiently subsonic.

It is interesting to note that the critical slot semiwidth hc is signif cantly smaller than the crit-

ical jet radius ac computed in axisymmetric conf gurations [22], the value of hc being roughly

one-half of ac for low equivalence ratios, and up to one-fourth for near stoichiometric mix-

tures. This f nding is in qualitative agreement with the observation that measured quenching
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diameters for round tubes are about 50% larger than the quenching distance in parallel-plate

conf gurations [41].

Particularly relevant for safety issues, the critical slot widths computed here (e.g., 2hc =

0.0282 mm for φ = 1 and Re = 500) are much lower than the published hydrogen quenching

distance of 0.05 − 0.64 mm [41, 42]. They are also signif cantly smaller than the maximum

experimental safe gap (MESG) reported in the literature, which ranges from 0.08 to 0.28 mm

depending on the experimental apparatus used for testing [43]. This is probably a consequence

of the absence of heat losses to the slot walls, which have been ignored in our simulations in

contrast with the experimental apparatus for determining the MESG, which features f at metal

joints 25 mm width which remove a signif cant amount of the thermal energy of the hot gases

issuing from the enclosure.

Compressibility effects, which were not accounted for in our computations, are increas-

ingly important for increasing injection velocities and can no longer be neglected when the

jet velocity becomes comparable to the ambient sound speed cu. To help assessing the impor-

tance of this effect, the right-hand-side plot in Fig. 5 includes lines of constant Mach number

Ma = U/cu. The incompressible computations presented are accurate for sufficiently small val-

ues of Ma, corresponding to the points towards the left-hand side of the plot. Modif cations to

the resulting values of hc are expected to arise as Ma increases. For these cases, the associated

transient computation should account for counteracting effects of the waves generated at the

initial instant (i.e., a shock wave traveling into the fresh mixture and an accompanying expan-

sion wave that propagates upstream from the slot into the burnt mixture). Such an analysis has

been carried out in a closely related conf guration by Radulescu and coworkers [44, 45, 46],

who studied the release of pressurized hydrogen gas at room temperature into ambient air, and

the shock-induced ignition of the resulting one-dimensional unsteady mixing layer of fuel and

oxidizer at the jet head. However, their results can not be easily extrapolated to our analysis of

def agration initiation by hot products discharge.

The relevance of Soret diffusion in these hot-jet ignition events was assessed in computa-

tions by removing selectively the associated terms in the diffusion f ux. Contrary to expecta-

tions, the effect is only mild. The values of hc obtained without accounting for thermal diffusion

of H and H2 tend to be larger, but the differences observed never exceed 10%, with the effect

being somewhat more noticeable for leaner mixtures and smaller Reynolds numbers. Although

the number of simulations carried out without Soret effect was small, none of them showed
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changes in the mode of ignition due to the lack of thermal diffusion.

To asses the effect of non-impulsive jet discharge, numerical simulations of def agration

initiation by transient hot jets were also carried out in the case Re = 500 and φ = 0.5 with

the jet velocity increasing linearly from u = 0 at t = 0 to u = U at t = tr for three non-

dimensional rising times tr/(h/U) = (1, 10, 25). The numerical results show that increasing

the dimensionless rising time from 0 to 25 decreases the critical slot semiwidth from 0.06

mm to 0.055 mm, resulting in a reduction of the critical slot size of less than 10%. As a

result, increasing the rising time has qualitatively the same effect than decreasing the Reynolds

number.

Larger values of the injection velocity, for which compressibility effects are likely to be

relevant, and also larger values of the chamber pressure p0 > 1 atm and elevated initial temper-

atures T0 > 300 K, are also of interest for hydrogen safety applications. Clearly, these issues

are worth investigating in future numerical and experimental studies. This study could also be

improved if experimental data were available to validate the numerical results. However, due

to the small size of the critical slot widths predicted by the simulations (between 13 and 540

microns in the parametric range considered here), large difficulties are anticipated in carrying

out the required experiments, since in the case of hydrogen-air mixtures critical slot sizes are

much smaller than those of hydrocarbon-air (e.g., propane-air) mixtures, already tested in the

literature [16].

4. Conclusions

Numerical integrations incorporating realistic descriptions for molecular transport and chem-

ical kinetics have been used to determine the critical slot semiwidth hc for ignition of a hydrogen-

air mixture by a sudden planar jet discharge of its adiabatic combustion products. Atmospheric

normal conditions p0 = 1 atm and T0 = 300 K were selected for the mixture, as they are of

direct interest for safety studies concerning the accidental ignition of hydrogen. The varia-

tion of hc with the injection velocity and equivalence ratio is calculated assuming negligible

compressibility effects, giving the results summarized in Fig. 5, of direct interest for safety

applications.

The numerical results show, in particular, the existence of three different ignition modes,

with the ignition kernel located at the core of the leading vortex pair (mode 1), at the sym-

metry plane near the leading edge of the starting jet (mode 2), or at the jet stem connecting
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the jet exit with the starting vortex (mode 3). The computed values of hc are signif cantly

smaller than the critical jet radius ac previously reported in axisymmetric conf gurations, hc

being approximately one-half of ac for low equivalence ratios, and up to one-fourth for near

stoichiometric conditions. Finally, non-impulsive jet discharge obtained with linear ramp up

velocity programs of growing rising times are observed to have qualitatively the same effect

than decreasing the Reynolds number, leading to a slight reduction of the critical slot size.
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List of table captions

Table 1. Temperature and composition of the adiabatic reaction products in the burnt mixture

as a function of the equivalence ratio.

List of f gure captions

Figure 1. Schematic representation of the problem showing the computational domain used

for integration.

Figure 2. Anisotropic (8531 elements, top) and isotropic (10526 elements, bottom) adapted

meshes for Re = 500 and φ = 0.8, corresponding to a marginally supercritical successful

initiation event with h = 0.02119 mm (> hc = 0.02069 mm) at t/(h/U) = 250.

Figure 3. Snapshots of temperature (upper isocontours) and H-atom mass fraction (lower

isocontours) corresponding to failed (h = 0.0270 mm: left-hand-side panel) and successful

(h = 0.0272 mm: right-hand-side panel) initiation events for φ = 0.7 and Re = 250. The plots

show temperature isocontours corresponding to (2, 3, 4, 5, 6, 7)× 300 K and H-atom mass frac-

tion isocontours corresponding to (0.1, 0.2, . . . , 0.9) × YH,max for different times, scaled in the

labels with the residence time h/U. Axial and transverse coordinates are scaled with the slot

semiwidth h, with minor (major) ticks spaced by 10h (50h). The maximum computed H-atom

mass fraction is YH,max = 2.412 × 10−3.

Figure 4. Snapshots of temperature (upper isocontours) and H-atom mass fraction (lower iso-

contours) corresponding to marginally supercritical successful initiation events in the three

ignition modes identif ed in this study: a) mode 1: φ = 0.4, Re = 500, h = 0.1097 mm,

YH,max = 9.728 × 10−4; b) mode 2: φ = 0.4, Re = 250, h = 0.09726 mm, YH,max = 8.410 × 10−4;

and c) mode 3: φ = 0.7, Re = 100, h = 0.0187 mm, YH,max = 1.870 × 10−3. For further details

see caption of Fig. 3.

Figure 5. Variation of the critical slot semiwidth hc with the equivalence ratio (left) and jet ve-

locity (right). The left plot shows error bars indicating the marginal subcritical and supercritical

values of h determined numerically, with hc def ned as the average of both values. The right

plot is limited to cases with φ ≤ 1.1. The ignition modes observed in the numerical integrations

are indicated by the symbols specif ed in the f gure legend.
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Tables

Table 1: Temperature and composition of the adiabatic reaction products in the burnt mixture as a function of the

equivalence ratio.

φ Tb YH2b YO2b YHb YHO2b YH2Ob

0.30 1189 2.353 × 10−10 1.631 × 10−1 3.332 × 10−13 1.433 × 10−8 6.990 × 10−2

0.35 1311 3.006 × 10−9 1.515 × 10−1 9.864 × 10−12 5.035 × 10−8 8.155 × 10−2

0.40 1428 2.342 × 10−8 1.398 × 10−1 1.489 × 10−10 1.355 × 10−7 9.320 × 10−2

0.50 1647 5.351 × 10−7 1.165 × 10−1 8.930 × 10−9 5.735 × 10−7 1.165 × 10−1

0.60 1849 5.345 × 10−6 9.325 × 10−2 1.721 × 10−7 1.510 × 10−6 1.398 × 10−1

0.70 2034 3.202 × 10−5 7.017 × 10−2 1.623 × 10−6 2.860 × 10−6 1.628 × 10−1

0.80 2198 1.360 × 10−4 4.775 × 10−2 9.238 × 10−6 4.087 × 10−6 1.852 × 10−1

0.90 2333 4.487 × 10−4 2.715 × 10−2 3.481 × 10−5 4.266 × 10−6 2.057 × 10−1

1.00 2420 1.243 × 10−3 1.066 × 10−2 8.916 × 10−5 2.790 × 10−6 2.220 × 10−1

1.10 2431 3.032 × 10−3 2.222 × 10−3 1.489 × 10−4 8.979 × 10−7 2.300 × 10−1

1.20 2391 5.675 × 10−3 4.336 × 10−4 1.709 × 10−4 2.349 × 10−7 2.312 × 10−1

1.30 2343 8.509 × 10−3 1.185 × 10−4 1.683 × 10−4 7.698 × 10−8 2.309 × 10−1

1.40 2298 1.137 × 10−2 4.057 × 10−5 1.562 × 10−4 2.983 × 10−8 2.303 × 10−1

1.50 2254 1.422 × 10−2 1.590 × 10−5 1.406 × 10−4 1.282 × 10−8 2.296 × 10−1
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Figure 1: Schematic representation of the problem showing the computational domain used for integration.
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Figure 2: Anisotropic (8531 elements, top) and isotropic (10526 elements, bottom) adapted meshes for Re = 500

and φ = 0.8, corresponding to a marginally supercritical successful initiation event with h = 0.02119 mm (> hc =

0.02069 mm) at t/(h/U) = 250.
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Figure 3: Snapshots of temperature (upper isocontours) and H-atom mass fraction (lower isocontours) corre-

sponding to failed (h = 0.0270 mm: left-hand-side panel) and successful (h = 0.0272 mm: right-hand-side

panel) initiation events for φ = 0.7 and Re = 250. The plots show temperature isocontours corresponding to

(2, 3, 4, 5, 6, 7)× 300 K and H-atom mass fraction isocontours corresponding to (0.1, 0.2, . . . , 0.9)× YH,max for dif-

ferent times, scaled in the labels with the residence time h/U. Axial and transverse coordinates are scaled with the

slot semiwidth h, with minor (major) ticks spaced by 10h (50h). The maximum computed H-atom mass fraction

is YH,max = 2.412 × 10−3.
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a) mode 1 b) mode 2 c) mode 3

Figure 4: Snapshots of temperature (upper isocontours) and H-atom mass fraction (lower isocontours) correspond-

ing to marginally supercritical successful initiation events in the three ignition modes identif ed in this study: a)

mode 1: φ = 0.4, Re = 500, h = 0.1097 mm, YH,max = 9.728 × 10−4; b) mode 2: φ = 0.4, Re = 250, h = 0.09726

mm, YH,max = 8.410 × 10−4; and c) mode 3: φ = 0.7, Re = 100, h = 0.0187 mm, YH,max = 1.870 × 10−3. For

further details see caption of Fig. 3.
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Figure 5: Variation of the critical slot semiwidth hc with the equivalence ratio (left) and jet velocity (right). The

left plot shows error bars indicating the marginal subcritical and supercritical values of h determined numerically,

with hc def ned as the average of both values. The right plot is limited to cases with φ ≤ 1.1. The ignition modes

observed in the numerical integrations are indicated by the symbols specif ed in the f gure legend.
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List of supplemental material

Supplementary videos

Filename: Re=250_Phi=0.7_subcritical_Fig_3a.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in the failed initiation

event shown in Fig. 3a for Re = 250 and φ = 0.7.

Filename: Re=250_Phi=0.7_supercritical_mode_1_Fig_3b.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in the successful initia-

tion event (mode 1) shown in Fig. 3b for Re = 250 and φ = 0.7.

Filename: Re=500_Phi=0.4_supercritical_mode_1_Fig_4a.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in the successful initia-

tion event (mode 1) shown in Fig. 4a for Re = 500 and φ = 0.4.

Filename: Re=250_Phi=0.4_supercritical_mode_2_Fig_4b.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in the successful initia-

tion event (mode 2) shown in Fig. 4b for Re = 250 and φ = 0.4.

Filename: Re=100_Phi=0.7_supercritical_mode_3_Fig_4c.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in the successful initia-

tion event (mode 3) shown in Fig. 4c for Re = 100 and φ = 0.7.

Filename: Re=100_Phi=1.1_supercritical_mode_2.mp4

Caption: Time evolution of the temperature and H-atom mass fraction in a successful initiation

event (mode 2) for Re = 100 and φ = 1.1.
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