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Abstract

A single-step chemical-kinetic mechanism is developed that provides good
predictions of laminar burning velocities and auto-ignition times. Reason-
ably accurate adiabatic flame temperatures and (consequently) total amounts
of heat release are first obtained through asymptotic expansions of equi-
librium expressions for the production of H, O, and OH radicals from the
stable products, HoO along with Hy and O,. By ignoring the inner flame
structure, this yields minimal computational stiffness for a wide range of
equivalence ratios and pressures. In the single-step rate expression, a passive
scalar carrying the radical pool is then introduced that enables reasonable
laminar flame structures and burning velocities to be calculated. An ad-
ditional passive scalar measuring pre-heat-release radical build-up serves to
track auto-ignition properly as well, thereby providing reasonable predictions
for time-dependent as well as steady-state conditions. The results from this
computationally convenient formulation are useful for describing a number

of combustion processes, including counter-flow flames.
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Novelty and significance statement

Hydrogen combustion plays a key role in the carbon-free energy transi-
tion. The CPU cost/accuracy balance between detailed and reduced chemistries
makes it hard to get the full approval of the CFD community. This balance
is more likely in single-step mechanisms due to errors in flame temperature
predictions and narrow application conditions. In this study, we apply the
novel formalism of varying stoichiometric coefficients to construct a single-
step mechanism that accurately reproduces adiabatic temperatures. A global
reaction rate constructed from the flame chain-branching analysis and the
flammability limits is proposed. Furthermore, an optional passive scalar
coupling is presented to extend the capabilities of the present mechanism to
autoignition predictions. This work provides an efficient and accurate alter-
native scheme for CFD hydrogen combustion applications, valid for a wide

range of conditions.
CRediT authorship contribution statement
A. Millan-Merino: Conceptualization, Methodology, Software, Writ-
ing. P. Boivin: Formal analysis, Writing.
Introduction

Accurate and robust reduced chemistry descriptions are fundamental for
numerical simulations of complex reactive flow configurations. For hydrogen,

reduction may seem futile as the number of chemical species present in the



detailed descriptions (8 reactive -+ inert species) is relatively small and easily
manageable by numerical solvers.

Yet, a large number of reduced chemistry mechanisms for hydrogen chem-
istry have been proposed in the past [1-7]. Peters et al. proposed a 2-step
reduced mechanism [1]| assuming each intermediary species but H-atom to be
in quasi-steady-state approximation. The 2-step mechanism yields reason-
able accuracy for flame propagation velocities. Boivin et al. [6, 7| proposed
a 3-step mechanism retaining in addition HO5, HyO5 or a hybrid species ac-
counting for both, to extend the mechanism’s application to diffusion flames
and autoignition.

Yet, these 2-3 steps reduced descriptions have not gained the full approval
of the CFD community, which often prefers the use of skeletal descriptions
upon which the reduced mechanisms are built. For instance, the 12-step
skeletal description of Boivin [6] has gained far more popularity for complex
numerical simulations [8, 9], than its 3-step reduced counterpart.

For the community to adopt reduced chemistry — if need be — the com-
promise CPU cost/accuracy has to be positive, a hard bargain when only a
few species are available to be neglected (contrary to hydrocarbons detailed
chemistry, which sometimes includes hundreds of chemical species).

Another interesting way of reducing the CPU cost associated with the
chemistry integration is to reduce its stiffness. This is hard to achieve with
2-3 reduced descriptions: the descriptions still involve an intermediate species
(typically H or OH) associated with short time scales in the flame and yielding
the stiffness.

An obvious way to alleviate this stiffness is removing altogether interme-



diate species and their associated maximum in the flame structure. Many ap-
proaches appear in the literature to construct a 1-step mechanism: extending
the quasi-steady-state approximations to H-radical [10-12], fitting the Arrhe-
nius parameters of a global reaction rate [13-16], or relying on tabulated Ar-
rhenius coefficients [17, 18|. However, it is known that 1-step Hy descriptions,
typically involving the global hydrogen oxidation step 2 Hy + Oy —— 2H50
yield awful adiabatic temperature descriptions, discarding them for most
practical applications. This error is related to the H/O/OH species being
in significant quantities in the burnt gases via dissociation reactions: their
positive formation enthalpies significantly decrease the final temperature and
must be taken into account to predict the heat release.

The present study offers an intermediate option, building upon a recent
1-step reduced description for (arbitrary) hydrocarbon combustion [19]. A
single-step mechanism for Hy, combustion is proposed, effectively diminishing
the system stiffness (each species being now monotonous from fresh to burnt
states), whilst keeping H/O/OH species to predict very accurately adiabatic
temperatures.

The paper is organized as follows. Section 1 presents a new analyti-
cal prediction of the thermo-chemical equilibrium from any possible initial
state. Knowledge of this equilibrium everywhere allows to introduce a 1-step
chemistry with varying stoichiometric parameters designed to reach exactly
the local thermo-chemical equilibrium. The rate of the production is then
analytically derived in Section 2, and the mechanism is validated for lami-
nar flame propagation velocities. Section 3 presents and validates a simple

way to accurately reproduce autoignition - in addition to premixed flames -



without altering the flame propagation results or the description’s stiffness.
Finally, the mechanism is tested for counterflow diffusion flames in Sec. 4

and conclusions are drawn in Sec. 5.

1. Asymptotic analysis of the equilibrium

This contribution pertains to an ideal-gas mixture of hydrogen and oxygen

0

e

with diluents. The initial number of moles of the i*” species is defined as n

For example for hydrogen-air mixtures, n%z = ¢, the equivalence ratio, if

179

557+ Lhe simplest equilibrium approximation consists

0 _ 1 0 _
no, = 3, and ny, =

of assuming total oxidation,
1 &1
Hy + § 02 — HQO, (1)

where &, the molar advancement of reaction (1), is a helpful normalized
measure of the extent to which the reaction has proceeded to produce the
product. Its value, zero when there is no product, is less than the maximum

value £" given by
¢ = min (¢, 1), (2)
the limit (2) accounting for the influence of excess oxygen in the mixture if

the equivalence ratio is less than unity, with fuel in the mixture otherwise,

and
0
B 1 ny,

¢ (3)

corresponds to the associated equivalence ratio. In this case, the equilibrium

— 5.0
27102

composition is fully characterized by n; = n?+&"v; ;, and the molar advance-

ment is limited by the deficient reactant. The equilibrium temperature and



pressure can be computed from classical thermodynamic assumptions (e.g.

constant pressure and enthalpy or constant volume and internal energy).

1.1. Leading-order prediction

The assumption of complete combustion to HyO provides a good approx-
imation at normal atmospheric initial conditions when the concentration of
one of the reactants is much higher than that of the other, but when the
concentrations of both reactants are comparable it overpredicts the extent of
reactant consumption greatly, and unreasonably high equilibrium tempera-
tures are obtained. To correct that error, thermodynamic equilibrium needs
to be considered, with atom conservation employed to relate the species con-
centrations to the equivalence ratio. When the chemistry is described by the

global reaction (1), the equilibrium condition may be expressed as

o +& [2NO— &
Kl_ ¢_£1 1_51 ) (4)

2 _
K, = exp (gH2 + g(;%/T gHSO) VP (5)

is the equilibrium constant for reaction (1), g; being the molar Gibbs function

where

of the i*" species and R the ideal gas constant, and the equilibrium temper-

ature and pressure are T and P, respectively. Here N* = S 9 denotes
the initial total number of moles.

Equation (4) is a third-order polynomial with either three real roots or
one plus a complex-conjugate pair. Restricting the solution for &; to the one

that produces positive values of mole numbers for all the species, & takes



the value
1 a+ (7 +=2) cos (4)
51 = 3(K2—1) min 7
- a’-p 0+2m
! a+<’y+T) cos (H27)
where the following definitions have been introduced for convenience:
a= (20 + 1)K7 + 2nf,o — 2N°

B = [(¢* +20)KE + (4N — nip,0)n,0] (K7 — 1)

(
N g+\/§‘, TR
’Y:

\ a? —f, it <0

(
) atan2(0, 3 + V), if U >0
=

KatanQ(\/—\I/, 5), if v <0

V=—+(8-0)
JzagKf+3a2Kf+3a1K12+ao

with the coefficients a,; defined as:
(

a5 =—2(¢—1)°

ay = (66— 3) + 60
+ 1o 1o (66 +3) + (100 + 4) + 4]
— 2N°[(26 + 30§, + 1) + (6 — 1))

a1 =nf,o [n%20(6n%20 + 104 + 5) + 6¢(¢ + 2)]
— 2N |9(4nlh,0 + 36 + 6) + 3nh,0(1 — nf0)|
+ 8 (N (26 + 3nl, + 1) + 9¢?

a = —2(n,o + 2N

\
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based on the initial species concentration. This solution recovers the complete-

combustion limit when one reactant is dominant (nf, > ng, or nf, < nf ).

1.2. Influences of radical equilibrium

While the preceding results provide reasonable estimates of the adiabatic
flame temperature and associated concentrations for flames in mixtures ini-
tially at normal atmospheric conditions, in practical applications fresh gases
are usually compressed before their injection in the combustion chamber.
The resulting conditions of pressure and temperature yield additional species
in the product-gas composition. For hydrogen-air mixtures, the additional
species that have to be considered to evaluate the correct burnt-gas temper-
ature are OH, H, and O. These species can be included by considering the

following dissociation/recombination reactions:

1
H,0 5H2 +OH (14)
1
S SN (15)
1
502 0. (16)

Equations (14)-(16) are listed in the order of their contribution to the
burnt-gas temperature. At moderate temperatures equations (15) & (16)
have a negligible effect on the adiabatic flame temperature, but their con-
tribution increases as the initial condition becomes hotter. Radical product
concentrations can be estimated by considering equilibrium conditions for
these three dissociation reactions. In general, when these equations are cou-
pled with (4) the resulting system of equations needs to be solved numerically.

However, to a large extent, the major-species concentrations are unaffected



by the dissociation reactions. With the assumption that those concentrations
are unchanged, the equilibrium conditions for the dissociation equations pro-
vide an explicit solution for the molar advancement (bounded by zero and

unity) of each additional species, namely

NO &
& = Ks(ny,o +&1) T&Q — o (17)
€3=K3\/(¢—51) <NO—%) —ny (18)
6=V &) &) -, (19)

Including the products HO5 and HyO5 has very minor effects on equilibrium
temperatures under all conditions. Figure 1 compares predictions for initial
conditions of 300 K and 1 atm (top) and of isentropic compression from that
normal condition to 100 atm (bottom).

As described for hydrocarbon combustion in [19], the equilibrium tem-
perature is needed to compute equilibrium constants, e.g. eq. (5). In the
present work, a procedure is proposed to achieve converge to the burnt-gas
temperature efficiently: An initial estimate of T is selected considering com-
plete combustion eqn. (2), then a simple Newton-Rahpson method is used
to converge on the equilibrium temperature and concentrations, with the Ja-
cobian matrix evaluated numerically. This procedure was found to require
no more than 4 iterations (in the worst-case scenario) to converge within a

relative tolerance lower than 0.1%.
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Figure 1: Equilibrium temperature

and molar fractions for Hs-air mixtures as functions

of the equivalence ratio at 1 and 100 bar (from top to bottom). Solid curves: equilibrium,

from Cantera. Dotted curves: complete depletion of reactants. Dashed curves: only the

main reaction solution &; (6). Dash-dot curves: the main reaction along with recombina-

tion reactions. (17)-(19).
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2. Kinetic mechanism and laminar burning velocities

A global one-step mechanism may be written as
viiHa + 502 = vy, oHaO + v OH + v H + 1,0 (20)

where the stoichiometric coefficient of the global equation (20) for the i

species is defined as
v; =2 Z %Vk,i; (21)

where the molar advancement of the elementary reaction k' is computed
from the local equilibrium predictions as described in section 1 from local
pressure and enthalpy estimates. This selection ensures that a correct burnt-
gas temperature will be achieved, independent of the reaction rate imposed,
w, which then plays a role only in determining kinetic properties of interest,
such as the laminar flame propagation velocity, V7.

Many previously cited studies [20] have shown that classical Arrhenius
expressions

w = Cy,Co,Be™ /T

are not suitable for describing Hs-air mixtures, in contrast to hydrocarbon
combustion [19, 21, 22|. The values of B and T, fitted to match V} com-
putations can apply only over a narrow range of initial conditions, and they
need to be recomputed for different scenarios. Alternative formulations that
are based on quasi-steady-state assumptions (QSSa) need, as a minimum, a
2-step mechanism for a generally valid global description, although a 1-step
description may apply when the application is limited to being close to the

flammability limits [11, 20].
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It is helpful to base the discussion on the multipurpose 12-step skeletal
mechanism of P. Boivin et al. [6]; see table 1, where the steps needed for
various purposes are identified in the columns at the right. Reduced mech-
anisms for V7, (1-step and 2-step) agree on the elementary reactions, do not
involve HO, and H>O», and differ only in the QSSa applied to the intermedi-
ate species. In contrast, mechanisms developed for ignition delay times (7;,)
[23] must include low-temperature chemistry that involves HOy and HyOa,
which have a negligible effect on V. Additionally, in the 7;, mechanisms
a correct prediction of the burnt-gas temperature is not needed, leading to
shorter mechanisms consisting of irreversible reactions, while the irreversible
reactions 1-6 correspond to the minimum set of reactions required for the
flame-propagation velocity (the A™ column), but 8 and 9 are necessary to
achieve correct burnt-gas temperatures and compositions.

Tab. 1 also introduces the definitions of reaction forward/backward in-
verse characteristic times (I;f,l;), used throughout the reduced mechanism

derivation.

2.1. One-step QSSA chemistry

In the lean and rich limits, it was shown that a single step chemistry
2Hy + Oy —— 2H50 using the first 9 reactions of Tab. 1 was sufficient
to accurately recover flame velocities [11]. Assuming H, O and OH steady

states, the reaction rate reads
W = Wy + Wwgr +wWyr = k4fCM4COQC’H + kaCMgooHCH + k‘ng'MQCIz{, (22)

with steady-state expressions required for H and OH being fully explicit [11].

12



Reaction %5 Tiz liy L
1 H+0;,=0OH+O0O b f Coykiy —
2 Hy+O==OH-+H b f Chr, Koy —
3 Hy,+OH=— H,0+H £b £ Cwmksy  Crsoks
4 H1O,tM—5HO, tM [ CoCaksy — —
5 HOy+H—20H f - Cro, ks ¢ —
6 HO;+H==Hy+ 0O, f b Cho,kef —
7 HOy+OH —H,O+0, f - Cro,krs -
8 H+OH+M=—H,O+M b - — —
9 2H+M=—H,+M b - — —
10 2HOy — Hy045 + Og - f — —
11 HO; +Hy; — H,O, +H - f — —
12 HyO+M — 20H +M - f — —

Table 1: The 12-step skeletal mechanism of P Boivin et al. [6] for hydrogen combustion.

Columns V7, and 7y, represent elementary reactions involved in laminar-flame propagation

velocities [11] and ignition delay times [23]. Columns (/;¢, ;) include definitions for inverse

characteristic time of the i*" forward /backward reaction. Note that the forward /backward

subscript f/b may be omitted when either reaction is neglected in Tab. 1.

For the sake of the discussion, let us only consider here the lean /rich limit

formulas for w, also provided in [11].

14133 /14

R (l_l — 1) Lalss/ki 4 the lean limit

w =
o I ksy lZ . . ..
w, =%+ —5 1) —=2— 1in the rich limit
' (l“ ksytkes ks gy Ty kssthos

(23)

As expected, the lean formula depends on the Hy concentration (lalsp ~ 12{2)

13



— the limiting reactant — while the rich limit depends on the O5 concentration
(2 ~ C3,).

In [11] it was shown that the above mechanism yields excellent agreement
for all pressure, in both lean and rich limits. This will serve as the basis for
the next Section.

Note that a continuous formula valid from lean to rich mixtures was also
derived [11], but the resulting flame velocities are not satisfactory at low
pressures, as shown later (but they yield good predictions at high pressure).

In the lean limit, it is clear that the reaction term w; vanishes when
wlf = w4f7 (24>

corresponding the lean crossover condition for premixed hydrogen-air flames

[11, 24|. In the rich limit, the crossover condition is modified as

ks ¢
W = W 1— . 25
Y Y ( k5f—i—k6f—|—k7f—ll:;> (25)

The following subsection attempts to better approximate the reaction rate

without assuming H/O/OH steady states in approximating the H to OH and
H to O ratios in the radical pool.

2.2. A study of the chain-branching in flames

Let us delve deeper into the chain-branching region of the flame, close to
the crossover temperature, to better approximate the H to OH ratio in the
radical pool. Out of the 9 steps identified for flames, the reverse of steps 1,
2 and 3 may be neglected since they each involve two minor (intermediate

or product species). For the same reason, recombination steps 8 and 9 are

14



negligible. There is no need to discard steps 5, 6, and 7, which will simplify

through HO, steady state approximation:
War = Wsy + We f + Wwrf,
yielding

1,Cn
k5f + kﬁf)CH + k7fCOH’

CVHOQ = (

(26)

(27)

In the above expression, Cog may be replaced by its expression arising from

H and OH steady states expressions from [11]

ly
/{5f + kﬁf -+ k7f"}/3%7

CYHOQ =

with 3 = l%’ and

l l 2 !
Go1+b L (1+—4+i) ALY
lap V3 l3p 73 s l3p

_ k5f -+ kﬁf

f==h

(28)

Note that only here, in estimating HOy steady-state concentration, will H

and OH steady-state approximations be used. Reinjecting now the HO,

steady-state expression into the H, O and OH production rates yields

)
Cn = —wiy + way + wsp — Way — Wsp — Wey

CO = Wiy — Wy

\COH = Wiy +w2f +W3f + 2w5f — Wwrf

(29)

The joint evolution for H, O and OH radicals may therefore be described as

(30)



where C' = [Cy, Co, Conl' is the vector of radical concentrations, and A the

associated Jacobian (inverse time units)
L —2-Lr) 1o gy
A= L —ly, 0 |. (31)
L+10(2Ls—L7) 1o —l3f
with

Vakr &
k‘5f + k‘@f + ’73]{37]0%

ksy + key + vskrr§

, and L;= (32)

Ls

By summing the first line, second line twice and third line, it is clear
that the crossover temperature, T, (for which the matrix becomes singular)
satisfies @ = 1 with

Oé:ll/l4—|—£5, (33)

in accordance with both limiting Eqs. (24, 25), and with previous studies [11].
As in [23] a simple expression for the quickly dominant largest eigenvalue can
be derived by neglecting the third-order term of the characteristic polynomial

2b
A= 0 (34)

/0% + 4bgby + by

where

bo = 2[2[3[4(0[ — 1)

b =l + (2 — £7)] + 2030L(1 — £5) (35)

bg :l1+l2+l3+l4(2—£7)

\

The eigenvalue A in the lean and rich limits can be derived as

A= (a— 1)—521?7113 in the lean limit,

A= o (36)
Ar = (a—1)2ly in the rich limit.

16



It can be observed that these two limits appear in the reaction rates of Eq.
(23), which were found in [11] assuming H/O/OH steady states. Let us now

rewrite the global reaction rate as
w = A(, (37)

with A\ being an inverse characteristic time, representative of the joint H/O/OH
chain-branched explosion, and { a concentration accounting for the interme-
diate species growth.

By combining (23), (36) and (37), it becomes clear that the appropriate
limits of ¢ should be

G =X 513/2% in the lean limit
¢ = 1w lzptla (38)

_ l l4 . . . .
G =3 TR D the rich limit

in order to recover (23) in both lean and rich limits.

As for autoignition [6, 23, 24|, assuming O/OH steady states in assess-
ing the chain-branching characteristic time is a poor approximation, and
using the continuous A formulation yields a much better representation of
the H/O/OH relative growth pathways with respect to the equivalence ratio.

Finally, we propose to unify the two limiting formulas for ( as a geometric

average
1 1
CIQ Crz
and use w = A( as global reaction rate for the global reaction (20). Note
that the choice of geometric average is empirical, being the one yielding the

best results through a series of tests.

17



2.3. Validations for premized flames

Figure 2 compares burning-velocity results obtained with the present 1-
step mechanism with those obtained from the detailed-chemistry description

[25] and from a prior 1-step mechanism [11] for two different pressures. Cor-
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Figure 2: Laminar flame propagation speed for Hso-air mixtures at initial temperature of

T° = 300K and pressure P = 1bar (top) and P = 10bar (bottom).

responding results for isentropic compression from 1 bar to Py = 20bar are
shown in Fig. 3, which provides better agreement with detailed chemistry

than the alternative found in the literature as the 3-step mechanism [6].
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of P = 20bar Ty = 706K, respectively.
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The non-monotonic pressure dependence of the burning rate has been
tested in Fig. 4 for different He and Ar dilutions. The agreement is seen
to be reasonable. Note however that available detailed mechanisms do not
behave equally for this pressure dependence [26]. Results may therefore be
improved by selecting rates from another mechanism, as the present model

explicitly depends on them.
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Figure 4: Pressure dependence of mass burning rates, pVy, for stoichiometric Hy /O /He
flames (top plot) and Hy/O5/Ar flames at equivalence ratio ¢ = 2.5 for various flame

temperatures 7. Markers represent experimental data from [26].
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3. Coupling with the ignition delay time

The present formulation has shown good accuracy in reproducing V7,
however, some practical situations need to fit more than one kinetic property
at the same time. Taking a look at turbulent lifted flames [27], correct
prediction flame structure requires that both, V; and 7,4, be satisfied by the
chemical scheme. Chemical characteristics time for autoignition phenomena
are very different from those of laminar flames and taking both properties
with a single-step mechanism is non-trivial. Although many alternatives
appear in the literature, e.g. switching between mechanisms based on the
tracked initial temperature or local temperature, in the present work we
will make use of the strategy developed in [19]. Ignition phenomena can
be represented by a set of chain-branching reactions that build up a radical
pool of precursors, 7. When 7 concentration is high enough it will trigger the
heat-release reactions. In this context, n will play the role of an efficiency

variable on the heat release reaction that will be modeled as

w = A min (E, 1) (40)

g
where [, settled to 4 in the present work, is a constant that represents a
threshold for the 7 concentration in w, related to the induction time definition
[27]. The ignition precursor has the advantage of being passive in the sense
that it does not enter into mass or energy balances but still needs to follow

a classical advection-diffusion-reaction equation as

opn  dpvay O )
Py S8 (D 77)—|—w77, (41)

ot 0%, 0%, "0z,
where the Lewis number can be case-dependent or based on the molecular

composition of the radical pool [28]|. The problem is closed with the proper
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model for w,. In the present work, the new model for hazardous ignition
proposed by M. le Boursicaud et al. [28] has been employed. The reaction

rate is modeled by an initiation-branching source term as
Wy = Ay + € (42)

where € is the initiation term and )\, is the dominant eigenvalue of the Jaco-
bian chain-branching chemistry. For simplicity and completeness, expressions
of A\, and € have been summarized in the Supplemental Material. Although
n does not play a role once a premixed flame is established, to avoid its
exponential growth up to infinity, n has been clipped to 2/5.

In figure 5 predictions of 7;, for the present formulation have been com-
pared with detailed chemistry computations. In the same figure, character-
istics results of 7,4, when 7 correction is not included, were also included. It
can be seen how the ignition model recovers autoignition times as well as
reference chemistry when the initial temperature is higher than the crossover
temperature, equation (33). However, as the global reaction rate (37) be-
comes 0 when T° < T, ignition delay times tend to infinity. In practice,
we expect most practical ignition events to occur above the flame crossover
T. as it is significantly smaller than the ignition crossover temperature [24].
Should it be required, a simple fix is nonetheless provided in the Supplemen-

tary Material.

4. Counterflow flames

Even though the present chemical scheme was developed for freely prop-

agating premixed combustion, in partially premixed combustors flames are
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Figure 5: Ignition delay times for stoichiometric Hs-air mixtures at pressures P =

(1,10,50) bar.

subject to strain and local diffusion flame may appear as a consequence of the
flow configuration. In that sense, following the steps done in [12], the mech-
anism will be tested in strained flame configurations. A one-dimensional
counterflow configuration was employed to investigate twin-premixed and
non-premixed flames at atmospheric (p = 1bar) and high-pressure conditions
(p = 25bar).

Figures 6 and 7 show the maximum flame temperature versus the strain
rate, defined in [29], for different pressures and fuel dilution ratios (Xp,).
In the figures, detailed chemistry computations were compared with results
obtained using the reduced 1-step mechanism [11] and the present scheme.

It can be shown that the present scheme produces a better agreement
with the reference mechanism for both, temperature and strain rate at the
extinction conditions. It can be appreciated that when strain tends to zero,
the proposed 1-step mechanism, produces excellent temperature predictions,

thanks to the asymptotic analysis of the equilibrium composition.  The
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Figure 6: Maximum flame temperature of a stoichiometric Ho-air twin premixed counter-

flow flame versus the strain rate at ambient temperature 7° = 300K.

error committed at extinction conditions is mainly related to the discrepan-
cies in the flame thickness predictions [12] (e.g. the value obtained by the
AFE1S mechanism is 3.3 times smaller than the reference mechanism for atmo-
spheric stoichiometric flames). This could be corrected by any classical flame
thickening factor as those employed in turbulent flames [30]. When it is ap-
plied, the relative discrepancies are reduced by a factor of 10 for atmospheric

premixed and diffusion flames.

5. Conclusions

A new single-step mechanism, built from an analytical description of the
thermochemical equilibrium, is proposed for Hy combustion. The mechanism
follows the same philosophical lines as our recent contribution on hydrocar-
bon combustion [19], with the notable difference of being fully analytical.
It can therefore be readily adapted to other detailed chemistry descriptions

by substituting the adequate elementary rates. The mechanism may also be
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Figure 7: Maximum flame temperature of a Ny-Hs /air counterflow diffusion flame versus
the strain rate at ambient temperature T° = 300K and pressure P = 1bar (top), P = 25bar
(bottom).
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used in conjunction with a separate detailed or reduced description for NOx
chemistry.

The mechanism was validated over a wide range of pressure, tempera-
ture, and equivalence ratios for adiabatic flame temperatures and laminar
premixed flame velocities. The 1-step formalism leads to trivial boundedness
and low stiffness integration at the expense of intermediate-radical peaks in
the flame structure.

Coupling with an ignition precursor formulation resulted in a global two-
step mechanism able to reproduce flame propagation and autoignition events.
The second step involves a passive scalar advection-diffusion-reaction equa-
tion that reproduces the chain-branched ignition process. This approach
results in excellent induction time estimations without compromising the V7,
predictions or the chemical integration stiffness.

Additionally, the mechanism was validated in strained premixed and dif-
fusion flame extinction over a wide range of pressure and equivalence ratios.
Later studies will validate the description’s accuracy for turbulent reactive

flows and deflagration-detonation transitions.
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6. Supplementary material

For the sake of simplicity and completeness, expressions of A, and ¢, from
M. le Boursicaud et al. [28] have been summarized in the Supplementary
Material. The sources for the present work are available as Supplementary

material and online at [31, 32|, in a Cantera-compatible format.
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