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We present an asymptotic study of triple-flames in a strained mixing layer under a
reversible reaction, which extends analytical descriptions of these flames beyond the
common framework of a single irreversible Arrhenius reaction and constitutes a first
step towards accounting for real chemistry effects. The study is carried out in the two-
dimensional counterflow configuration and adopts a constant-density assumption along
with a generalization of the near-equidiffusional flame (NEF) approximation to the
case of a reversible reaction. This generalization involves a convenient and physically
motivated distinguished limit comprising a specific scaling of the difference in the acti-
vation energies of the forward and backward reactions and of the degree of reversibility.
The resulting model yields an extensive set of results for weakly strained triple-flames
characterizing the combined influence of the stoichiometry and reversibility of the re-
action, the strain rate, and the Lewis numbers of the reactants. The findings include
the determination of the local burning speed, temperature and Markstein length along
the flame-front, the shape, leading edge and curvature of the latter, and the propagation
speed of the triple-flame. In particular, it is found that the Markstein length is affected
by the reversibility parameter and the local coordinate along the flame-front whenever
the Lewis numbers of the fuel and oxidizer are unequal and is independent of them
otherwise; in all cases, however, its value at the leading-edge, which features in the
formula derived for the propagation speed, is found to be unaffected by the reversibil-
ity. Several features of triple-flames specifically associated with the reversibility of the
reaction are described analytically, including the decrease in the propagation speed and
flame-front curvature and the increased shift of the location of the leading edge away
from the stoichiometric surface with increased reversibility. Some of these features have
no counterparts in the irreversible case. For example, whereas the maximum temperature
of the triple-flame front occurs at the stoichiometric location in the irreversible case,
irrespective of the location of the leading edge, it is typically found to be sandwiched
between these two locations in the reversible case.

Keywords: Triple-flames; asymptotics; reversible reaction; complex chemistry; par-
tially premixed flames

1. Introduction

The importance of triple-flames is now well established in applications involving combus-
tion phenomena such as flame spread over solid or liquid fuel surfaces, flame propagation in
mixing layers, ignition and extinction of diffusion flames and flame stabilization in flowing
reactive gases. Since early studies on these structures by Phillips [1], Ohki and Tsuge [2] and
Dold and collaborators [3,4], several realistic aspects of the problem have been investigated.
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The investigated aspects include the effect of gas-expansion [5], preferential-diffusion [6,7],
unequal temperatures of the fresh reactants [7], the effect of heat-loss [8—11], the stability of
these flames [12—14] and others [15, 16]; see the review paper [12] and references therein.

A significant aspect of triple-flame propagation which does not appear to have been
investigated in the literature, however, at least as far as analytical studies are concerned,
is the sensitivity of triple-flames to chemistry models which go beyond the simplest stan-
dard model based on a single irreversible Arrhenius reaction. Although a few numerical
investigations have incorporated more realistic and complex chemistry such as in refer-
ences [17-22], analytical studies of triple-flames corresponding to these more complex
models are not available. The aim of this paper is to provide a first step towards accounting
analytically for real chemistry effects on triple-flames. To this end, we shall examine the
case of a reversible chemical reaction which has been addressed numerically in a recent
publication [22]. In this publication, we announced that a related analytical study is to
follow, and this is the subject of the present paper.

To motivate our study, we note that the reversibility of the chemical reactions is an
important realistic aspect of combustion phenomena, since, for both elementary and global
reactions, the reversibility is the rule rather than the exception. Accounting for this aspect is
particularly significant for the burning of high caloric fuels, such as hydrogen with oxygen,
where the neglect of the dissociation of the products typically leads to unrealistically
large values of the flame temperature [23, p. 25]. The importance of reversibility has
been well recognized both in unpremixed combustion, leading to the broadening of the
reaction zone of the diffusion flames among other effects [24-27], as well as in premixed
combustion [28-31]. The present study will extend such investigations on the effect of
reversibility to the context of partially-premixed combustion epitomized by triple-flames.
To incorporate this effect in the simplest way, we shall consider the case of a single reversible
reaction, whose forward and backward rates follow an Arrhenius law.

The paper is structured as follows. We begin by formulating the problem in the context
of a thermo-diffusive approximation and reversible reaction, and extract a model in the
limit of large activation energy of the forward reaction complete with jump conditions
valid at the flame-front of the triple-flame. The precise distinguished limit, including a
generalization of the so-called near-equidiffusional flame (NEF) approximation [32, p. 33]
and an appropriate scaling of the additional parameters introduced by the reversible nature
of the reaction, will be described. The resulting model will then be solved analytically for
weak values of the strain rate. The findings will then be presented and discussed in order
to clarify the combined influence of the stoichiometry and reversibility of the chemical
reaction, the strain rate and the Lewis numbers of the reactants on various characteristics
of triple-flame, notably its propagation speed.

2. Formulation

The study is carried out in the two-dimensional counterflow configuration, shown in
Figure 1, representing an upper stream carrying the oxidizer impinging against a lower
stream carrying the fuel. The flow components in the X, Y and Z directions are given by
vx =0, vy = —aY and vz = aZ, respectively, where a is the strain rate of the flow. In
this configuration, we shall address, within the thermo-diffusive approximation of constant
density and constant transport properties, the steady propagation of triple-flames in the
mixing layer along the X -axis; the propagation speed U of the triple-flame is positive if the
front is moving along the negative X-direction.
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Figure 1. Schematic illustration of a triple-flame in a counterflow configuration.

To account for the reversibility of the chemistry in the simplest way, we consider a
single reversible reaction of the form

F+sOxS (14s5s)P+g

where F denotes the fuel, Ox the oxidizer and P the product. The quantities s and g represent
the mass of oxidizer consumed and the heat released per unit mass of fuel. The reaction
rate, @, is assumed to follow an Arrhenius law in the forward and backward directions of
the form

» = Bp*YrYy ex E B'pYp ex E
w = —-— ) - -——.
P YF Yo €Xp RT pPYpeXp RT

Here B and E represent the pre-exponential factor and activation energy of the forward
reaction, B’ and E’ the pre-exponential factor and activation energy of the backward
reaction, and p, Y, Yo and Yp are the density and the mass fractions of the fuel, oxidizer,
and product, respectively.

In a frame attached to the flame, the governing equations are
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Here, D7 is the thermal diffusion coefficient and D, Do and Dp are diffusion coefficients
of the fuel, oxidizer and product, respectively.

The conditions at X = —oo correspond to a practically frozen mixture where the profiles
depend only on Y, namely,

f(— )] vo= Y20 1 4 (e
er (J—zDF/a)] 0= [ e (\/—wom)]’
Yp =0. (5)

Y
T =T, Yr = ‘;’F[l_

Here, Yr f is the fuel mass fraction in the fuel stream, and Yy ¢ is oxidizer mass fraction
in the oxidizer stream, and these were used in the boundary conditions, at |Y| — oo
and X — —oo to obtain (5), and must be used at |Y| — oo for all X. Downstream, for
X — 00, the solution are again independent of X, corresponding to the one-dimensional
strong burning solution of the strained diffusion flame.

The non-dimensional formulation of the problem largely follows [7], with the scaled
dependent variables being defined by

Yr Yo Yp dgo T=D
YF = ’ Yo = ) yYp = an = .
Yr s Yo s (1 +5)Yrs Tog — To
Here the subscript st refers to values at (X = —o0, Y = Y;,) where Y, is the location of

the upstream stoichiometric surface defined by Yo = sYp, so that, on using (5), we have

Yy Y
Setf | — ) terf| — | =S5—-1, 6
(VZDF/G> <v200/¢1> ©
Yrr SY0,0
Yy = —2 d Yo, =229 7
Fot =g ¢ towr =77 )

where S = 5 Yr r/Y0.0 is the normalized stoichiometric coefficient. The quantity 7, is
defined by 7,g = Ty + qYr s /cp, and corresponds to the adiabatic flame temperature under
stoichiometric conditions and irreversible reaction.

As unit length, we select L/B, where L = {2D7/a}'/? is the (thermal) mixing layer
thickness and B = E(T,q — Ty)/RT?, is the Zeldovich number based on the activation
of the forward reaction. As unit speed, we adopt the laminar speed of the stoichiometric
equidiffusional planar flame based on the irreversible forward reaction in the limit of large
B, namely S} = {4873Yo 0 D1 B exp(—E/RTa)}' /.

In terms of the coordinates y = 8(Y — Y,,)/L and x = 8X/L, Equations (1)—(3) take
the non-dimensional form

p0 2 ()8 AN ®
——— s+ ==l —=+— € w
ox B g B) dy ax2  9y?
d 2 d 02 92
U YF L€ m-i—z YE _ € YF T YF P )
ox B B) 0y Lep \ 0x2 9y?

dyo  2e Y\ o € (3yo  yo .
U2 (g +2) 2 = + - 10
X (77. dy Lep \ 0x? dy? € (19)
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0 2¢ 0 € 32 92
Uﬁ—— m.}.X e _ € y2P—|— y2P +elw. (11)
0x B B/ 9y Lep \ 0x ay

Here, U = U / 52 is the scaled propagation speed, and

_ llov/ _ p (DT>1/2 1/2
e=——==\|-5 a’”,
L/g S\ 2

represents a non-dimensional measure of the strain rate (and the typical thickness of the
flame relative to its radius of curvature, of order L/B). Ler = Dy /Dp, Lep = D7/Do
and Lep = D7 /Dp are the Lewis numbers of the fuel, oxidizer and product respectively,
and 1, = Yy, /{2Dy/a}'/? is the non-dimensional location of the upstream stoichiometric
surface. On account of (5), the latter is given by

Serf (n\/ﬂ) terf (n\/ﬂ) —S5—1. (12)

In terms of the new variables, the boundary conditions imply that

0=0,
S+1
(]
S+1
Yo =55 [1 ”rf((’“ * %)L/ﬂ ’ (1
yvp =0 as x —> —o0 or y— £00

and

0 _ v _dvo _ v

- — - = =0 . 14
0x 0x 0x 0x as X 40 (14)

The non-dimensional reaction rate w is given by

} —ay B —1) (15)
w = — —r €X] €X 5
4 |7 TP T e — )| P T e - 1)
where a = (T,y — To)/ T,aq, and where
B’ (Y SY, S+1 E' — E
r= Brr+8Y00)S Yy _EZF (16)
B pYrrYo0,08 R(Tya — To)

are two additional parameters introduced by the reversibility of the reaction; r is proportional
to the ratio of the pre-exponential factors of the backward and forward reactions, and ¥ is
the scaled difference of their activation energies. Naturally, , which is a main parameter in
this study, is zero for an irreversible reaction.

The formulation of the problem is now complete, and is given by Equations
(refeq8dtemp)—(15). This eigen-boundary value problem allows, in principle, the deter-
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mination of the (scaled) propagation speed U (an eigenvalue) in terms of the parameters €,
r,S, ¥, Leg, Lep, Lep, B and . Although this is a rather complicated problem, involving
four PDEs, an eigenvalue, and nine parameters, it can be greatly simplified in many circum-
stances. For example, the common equidiffusional assumption, Ley = Leg = Lep = 1,
implies that yr and yo can be expressed in terms of 6, namely by the right-hand-sides
of (13.b) and (13.c) from which 6 is subtracted, and that yp = 6. It follows that a single
equation involving 6 is needed which, for S = 1 (and thus 5, = 0), takes the form

00 2¢ 06 20 0\
———=y—=€|—+ — € w
ax B2 0y ax2 ' 3y?

with the requirement that

20
=0 as x—> —ocoory— o0, a—:O as x — 400,
X
and where
3 — 6—1
a):'B— (1—9)2—erf2X—r9exp @y exp A( ) .
4 B l4+a@—1) l4+a@—1)

The equidiffusional problem aforementioned has in fact been tackled numerically in
a recent publication [22] for a range of values of €, r and S, and fixed values of the
other parameters (namely, ¥ = 1, 8 = 8, and o = 0.85). We announced in [22] that an
asymptotic treatment of the problem is to appear in a coming paper. The present paper
provides this treatment, carried out in a suitably specified distinguished limit, which will
be developed in the next section.

3. Asymptotic analysis
3.1. Distinguished limit

In this section, generalizing to the case of a reversible reaction the analysis of triple-flames
carried out in [7] for an irreversible reaction, we begin by reformulating the problem in
the asymptotic limit 8 — oo and € ~ 1, where B is the Zeldovich number based on the
activation energy E of the forward reaction. In this limit we also assume that the parameter
¥, the scaled difference of the activation energies E’ and E defined in (16), is of O(1).
The latter assumption is motivated by a well known relation between the difference in the
activation energies and the enthalpy of the reaction, namely that this difference is equal to
the enthalpy, in the case of an elementary reaction [23, p. 20], i.e. ¥/ = 1 in our notation;
since the analysis is not restricted to elementary reactions, we are simply assuming that v
is a constant which is independent of the activation energies, since this assumption is more
general but consistent with {» = 1 which should hold for elementary reactions.
Furthermore, we adopt as in [7] the near-equidiffusional approximation for which
lp = B(Ler —1)and lgp = B(Lep — 1) are of order unity; for simplicity we also assume
that Lep = 1 which implies that yp = 6 and thus only the three dependent variables yp,
Yo, and 6 need be considered henceforth. Finally, we scale the reversibility parameter so
as to insure that the deviation of temperature in the burnt gas from unity remains of order
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B~! for y ~ 1. This is achieved if

R =rpexp(—ayy) ~ 1, (17)

meaning that weakly reversible reactions, for which » = O(B72), are considered.! Although
other scaling for r are possible, the present one is sufficient to capture reversibility effects
in the simplest way, since, as we shall see, it leads to significant O(1) variations in the
propagation speed for its irreversible value.

In summary, we shall consider the distinguished limit

B—oo with € ¥, Ir, lpand R ~ 1. (18)

This limit is used in the next section to obtain a S-free reformulated problem. In the
reformulated problem, we subsequently consider the limit € — 0. The results to be derived
are thus expected to be valid provided the activation energy is large and the strain rate is
small, more precisely for 7' « € « 1.

3.2. A B-free reformulated problem

For B — o0, the reaction zone is confined to an infinitely thin region or flame surface given
by F(x,y) =x — f(y) =0, say. In a coordinate system (&, y) attached to the flame with
& = x — f(y), the Laplacian is given by

2 2
0 +a——f” Py (19)

— 2
=+ ot ' seay

The upstream boundary conditions (13) can be linearized in the limit considered as

VF Yo
9:0’}7 :1__)7, yO:1+_y9 (20)
' B B
in the flame-front region y ~ 1. Here yr, yo are given by
Ly 2ewCm) o 2ew() o
V(1 —erf(n,))’ V(1 +erf(n,))

and can be readily expressed in terms of S since within the near-equidiffusional approxi-
mation adopted Equation (12) implies that

S—1
s=erf ' [—— ), 22
1Ny =er (S+1> (22)

!'The consistency of this scaling will become clear after the reaction-zone analysis in Section 3.3 and
the results to be derived thereafter. A quick remark here is that this scaling insures that both terms in
the square bracket in (15) are O(872) in the reaction zone with yr, yo, & — 1 being O(B™") there.
Thus, with this scaling of r, w remains O(f) in the reaction zone, as in the irreversible case.
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to leading order, and hence

E s—1\)*
yr=Syo =(S+ l)ﬁ where FE = exp |:— {erfl (S_—i-l>} :| . (23)
We shall use expansions in terms of 8~! of the form
ye=yr+B yp+ -, yo=yo+B o+, 0=0"+5710" +-.

Then, given that the gradients in the upstream boundary conditions (20) are of order
B!, and that r is taken to be O(B~2), we have #° + yg =1,0"+ yoo = 1, identically, and

0% =1, yOF =0, y?) =0 in the burnt gas & > 0. (24)

In terms of 6° and the excess enthalpy h = 6! + y}. and k = 6" + yJ,, the governing
equations yield

36"
Ug = eAg’ (25)

ah
Ug =eAh+elpAG° (26)

ok
Ug = eAk +elpAG° (27)

where Equations (26) and (27) are valid across the reaction sheet and (25) is only valid
for & # 0. These equations are to be solved on both sides of the reaction sheet, £ < 0 and
& > 0, with the jump conditions

(0] = (0] = (28a)
o]
3]--4[]

W[Zﬁf _ _(1 N @)lﬂexp (” Tk /(’;"‘)—”“’%z)m)

at £ = 0; see the next section for a brief justification of these jump conditions. Here and
below [o] = 0(§ = 0%, y) — 0(§ = 07, y) indicates the jump of any quantity o.
In addition, the upstream boundary conditions, which follow from (20), are

0°=0, h=—ypy, k=yoy as &— —o0. (29)
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These can also be used for finite £ and |y| — oo since they are exact solutions of (25)—(27).
As condition in the burnt gas, we shall simply require that 6° = 1 and that the solutions are
free from exponentially growing terms as £ — oo.

3.3. Justification of the jump conditions

This section is dedicated to a brief derivation of the jump conditions (28), in which only
the last condition is seen to depend on the reversibility parameter. The other conditions are
identical to those of the irreversible case [7], and their derivation follows exactly the same
methodology commonly used in the irreversible case (see e.g. [32, p. 39] and [33, p. 527]).
Thus we focus our effort on the derivation of Equation (28d) which deserves more attention.
To this end, we introduce a stretched variable £ and inner expansions in the reaction zone
given by

§ O'E,y) F'¢.y) 0'(,y)
E==, =14 —"24 ., yp=—2 4, yo=—TT2 4.
B p B
(30)
The reaction term in (15) and the Laplacian in (19) then take the form
B 92

Pt 1 o 2 2, 9
1) 4[FO Rlexp ® and A~B(1+f )aéz

provided R = rB? exp (—ayr) is O(1) as anticipated. To leading order, the governing equa-
tions (8)—(11) thus imply that

€2(1 +f’2)82®1 + 1[F101 Rlexp®' =0
- — — X =
082 ' 4 P
€X(1 Jrf’z)azF1 — l[Flol — Rlexp®' =0
082 4 pe=
(1 +f’2)8201 1[F101 Rlexp®' =0
082 4 pe=0

within the distinguished limit (18). These equations can be reduced to a single one, since
F'and O' can be expressed in terms of ®' by F! = h* — ®! and O! = k™ — ©', where
ht ="'+ y}p)|gzo+ andkt = (8! + y10)|5=0+. These expressions follow from the fact that
2@ + F1)/38% = 3*(®! + 0')/dE? = 0 (obtained by combining the equations above
so as to eliminate the source terms) and the matching requirement with the outer solution
which implies that ©! = 0'|c_o;, F! = y}|s—o+ and O' = y}|so4 as § — oo.

Finally, the inner problem reduces to

CRCL
€2

1
e+ %) + Lot~ @) kT —®")— Rlexp®' =0, (31)
subject to the matching conditions

O'=c+E— as & —> —o0 and O'=0c as &— o0, (32)
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where 0 = 0'|c—y is the perturbation in the flame temperature. Now, on multiplying
Equation (31) by 8®!/3& and integrating with respect to £ from £ = —oo to +oo taking
into account (32), we obtain

2 ! 890 2 7 1 1 1 1
2e (14 f )(@) le=0- =/ [(h" — ©)(k" —©') — Rlexp©®'d® (33)

=@ =" +k"+2)0 +hT+k"+htkt —R+2)expo,
where the last expression is obtained on evaluating the integral.
The final step is to invoke chemical equilibrium behind the flame-front at £ = 0+, which

corresponds to setting the square bracket in the expression for w given in (15) to zero. This
implies that y}pylo —R=0,1ie.

o=t +kNYo +hTkT—R=0 (34)

interms of 0 = 0'[s—o1, hT = (0" + y})|s—os and k* = (O + y.)lz=0+-
Equation (34) can be solved for o to yield two real roots, the smaller of which, given by

ht +kt — /(ht —kt)2 +4R
o= ,

2

(35)

is physically acceptable; the larger root is rejected since it leads to negative mass fractions
as it implies that A+ + k+ — 20 < 0,1.e. (v} + yH)le=o+ < 0.
The jump condition (28d) can now be easily obtained, after using (34) and (35) to sim-

. . . . . . 890
plify the r.h.s of (33), performing a few simple manipulations, and noting that B [pmgy =

on account of §° =1 for& > Oand y ~ 1.

3.4. Small strain limit e K 1

In the B-free reformulated problem of Section 3.2, we now examine the small strain limit
€ — 0. In this limit, the flame, including its preheat zone, can be viewed as an infinitely
thin layer located at £ = 0, since its thickness is O(¢). Outside this layer, diffusion and heat
conduction can be neglected in a first approximation.

We shall write expansions in the form

f=f+efit -, U=Uy+eU+ ---

and similar expressions for 0, i and k written for the different regions. In particular, the
local burning velocity Si(y) defined by

U
S = —, 36
will have the expansion S; = S;o(y) + €Sp1(y) + - - - where
Us 1 fohi
Spo=———= and S, = — |:U1 - Uy 5| - 37)
J1+ 2 J1+ 17 T+
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Similarly, the temperature of the flame-front, 0, = 6(§ = 0%, y), will be expanded as

o =14+ 2 424 (38)
= — € — cee,
Fl ‘3 ‘3

where o is given by (35). Although expansion (38) will be determined explicitly later, we
note here that its first term, equal to one, is the flame temperature of the planar stoichio-
metric flame under an irreversible reaction, its second term describes the deviation of the
flame temperature from unity under infinitely weak strain (¢ = 0) and should account for
reversibility and the gradients of mass fractions far upstream given by (20), and its third
term should account for the coupling between flame curvature, differential diffusion and
reversibility.

3.4.1. OQuter solution
On both sides of the flame, & < 0 and & > 0, we seek outer expansions in the form
0" =0y +€O+ -+, h=Hy+eH + -+, k=Ko+eK+ -

which we substitute into Equations (25)—(27). For 6° we find, taking into account the
boundary conditions at § — =00, that

0for £ <0

1 for & >0, O =0;="---=0. (39)

9°=®0={

We then find Uyd Hy/9& = Uyd Ky/9& = 0, which, when used with the upstream boundary
conditions (29), implies that

| —=yryfor £ <0
Ho = {A(y) for £ > 0 (40)

and

| yvoy for £ <0
KO_{B(y) for £ >0, “1

where A and B are integration constants which may depend on y.

3.4.2.  Inner solution and results to leading order

Using the stretched variable ¢ = £/e, we now examine the inner region of thickness O(¢)
around £ = (0 where diffusive effects should be retained. We introduce inner expansions in
the form

0°=0p+€bi+---, h=ho+eh +--, k=ko+ek+---,

which when used in the jump conditions (3.2) yield, to leading order,

[60] = [ho] = [ko] =0 (42a)
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[9h ] a0
= —lp[ 0} (42b)
L 3¢ Gle
[0k ] 20
l=—lo |2 (420)
[ 3¢ ] ar
96 Sk 14r\"
1 2|9% | _ (4 0 — Ko
+ /o k3 ( + 2
ho + ko — +/(ho — ko)*> + 4R
xexp( 0+ ko \/(40 0)” + > (424)
In terms of ¢ the leading order equations in the inner region are
96o 19\ 02 976y
Up— = 43
dho 8ho 026
Up— = (1+ f§? ! 44
Oy (1+ f; )aé_z‘f‘F('f‘f)aé_Z (44)
ak 2ko 2\ %6
an—; = (1+ £ )—+10( + 1) 8§2°. (45)

These yield, when used together with the jump conditions (42a)—(42c) and matched with
the outer solutions (39)—(41), the leading order solutions

exp(A¢) for¢ <0

6y = (46)
1 forc >0
—yry — Mplexp(Ag) for¢ <0
hy = 47)
—YFy forg >0
voy — Mo¢ exp(Lg) for <0
ko = (48)
Yoy forg >0
where
U
=— (49)
L+ £y

We note that in determining ko and kq for ¢ > 0, we have used the fact that no expo-
nential growth as ¢ increases is allowed by matching; completing the matching allows the
determination of A and B in (40) and (41), namely A = —yry and B = ypy.
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Using the remaining jump condition (42d) we obtain

1/2
Ve + 0Py +4R (Yo = vr)y —v/(vr +v0)y? +4R
Spo=1{1+ exp
2 4
(50)
where S;o = Up/(1 + féz)l/ 2 introduced in (37) is the local burning velocity, to leading
order. The propagation speed U, and the location of the leading edge, y* say, can be
determined from (50) using the fact that f; = 0 and S, ,(y) = 0 at y = y*. We thus find

that

* Yo — VF

= — [VF +v0 +vV(vr —vo) + 4VF7/OR] (51)
2yryo(yr + vo)

and

Uo = Sro(y™). (52)

With Sy and y* being now known, the flame shape fy(y) can be determined by integration
using

520 )l/z
= ——— —1 dy. 53
=[G =) @ o

We note that relations (50)—(53) can be expressed in terms of the stoichiometric coeffi-
cient S using (23); in particular, we find that

, 15 VA =82 +4RS\ J7
Y _1+S<1+ 1+5 >2E G4
and
_(1+9) J(A =S +4RS : V(1 =5S? +4RS
Vo="041 (1+ 1+S >e"p[_ 200+ 9) } (55)

From its definition, S = s Yr /Y00, we have 0 < S < oo, with S =1 correspond-
ing to a stoichiometric supply of reactants. In illustrating the results, however, only the
range 0 < § <1 needs be considered; indeed (50)—(53) imply that a change of S to
S~! changes the leading edge y* to its negative and the graphs of fo(y) and Sio(y)
to their symmetric with respect to the y = 0 axis while keeping U, unchanged, i.e.
S— S =yt > —y*, fo(y) > fo(=y). Seo(y) = Spo(—y)and Uy — Uy. The last re-
mark is expected from the definition of S, since changing S to S~! is simply equivalent to
swopping the ‘labels’ of the reactants as ‘Fuel” and ‘Oxidizer’.

Figure 2 represents the local burning speed Sy ¢ plotted against y for selected values of R
and S. The top subfigure corresponds to the symmetric case of stoichiometric supply, S = 1,
for which the peak of Sy is located at y = 0; here an increase in the reversibility parameter
R is simply seen to decrease the burning speed and its peak, as expected. However, for § < 1
as in the middle and bottom subfigures, we also see a shift in the peak location towards



10: 06 22 Cctober 2009

[The University of Manchester] At:

Downl oaded By:

202 Joel Daou
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T2 L g
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Figure 2. Local burning speed Sy versus y for R = 0, 1, 5 and 10, and, from top to bottom, S = 1,
0.5 and 0.25.
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Figure 3. Leading edge location, y*, versus R, for selected values of S.

203

y = +o0 (the oxidizer side) as R is increased. These observations are further confirmed
in Figures 3 and 4, where the location of the peak y* and its amplitude Uy = S;o(y*) are
plotted versus R for selected values of S. The dependence of the flame shape x = fy(y)
on R and S is illustrated in Figure 5. We can again make the same remarks concerning the
shift of the leading edge towards the oxidizer side as R is increased for S < 1. In addition,

1.2

—_

Propagation speed, U,

04

o
o

o
o

Reversibility parameter, R

Figure 4. Leading order propagation speed, Uy, versus R, for selected values of S.
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Figure 5. Flame shape, x = fy(y), for R =0, 5 and 10, and, from top to bottom, S = 1, 0.5 and

0.25.
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we note that an increase in R results in an decrease in the curvature of the flame-front
which will naturally affect the burning speed in the next approximation addressed in the
following section. At the leading edge, a simple formula for the flame curvature f;'(y*) can

be derived, namely,
1ok SZO(y*)
= [— , 56
0=\ =525 (56)

which follows from (53) and the fact that f{j(y*) = 0 and S;,(y*) = 0; thus f;'(y*) can be
evaluated from (50) and (51) although the resulting expressions are quite complex except in
a few special cases including the stoichiometrically symmetric case S = 1, the irreversible
case R = 0, and the case R = 1. For these special values of the parameters, for which the
integrand of the square root in (54) and (55) is a complete square, simple expressions can
be obtained on using (50), (54) and (56), namely,

*=0 and f,(y") V2 for S=1 (57)
Y= an Y)=—"F7F7 or =1,
‘ Ja(l +VR):

1-8 11— 8\ V7 , 1+S E
* = 1 Y= and )=—"——_  for R=0,58
Y l+S(+1+S>2E and fo)=—gm s for %)

and
1-SJm , 1+S E

*— __°NT  and = ————— for R=1, 59

R T 9

where E is defined in (23). Such formulae, along with expression (55) for U, show the
precise way in which the increase in R decreases the flame curvature and its propagation
speed, to leading order.

The final point addressed in this section is the determination of the temperature 0y,
of the flame-front whose deviation from unity, to leading order, is determined by oy, in
accordance with (38). The latter is in fact twice the argument of the exponential in (50),
ie.,

_ _ 22 1 4R
R 700} Ve +vo)y* + , 60)
2
and is value a the leading edge, o say, is twice the argument of the exponential in (55),
ie.,

. JA—S2+4RS

Equation (60) implies that the maximum of oy and (hence of 6, to leading order) occurs
at a location y; which is related to the location of the leading edge y* by

. s 2/RS
1+S+/(1—-S2+4RS

(62)
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It follows that y; = 0 when R = 0, meaning that the maximum temperature of the triple-
flame front (to leading order) occurs at the stoichiometric location y = 0 in the irreversible
case, irrespective of the location of the leading edge. This is not the case when the reaction
is reversible however, since the maximum flame-front temperature is then sandwiched be-
tween the stoichiometric surface and the leading edge. Indeed, Equation (62) implies that
0<y;/y* < V'R/(1 + +/R), the upper bound which is clearly less than unity correspond-
ing to the stoichiometrically symmetric case S = 1.

3.4.3. Results in the next approximation

In the previous section, a leading order description of the flame-front has been given,
including the flame shape x = f(y), the local burning speed S;(y) and the propagation
speed U. To obtain a better description, we carry out the asymptotic analysis to the next
order in €.

If the operator L is defined by

r=opnl o gl gt (©3)
then the governing equations in the inner region are
391 2 3291 39()
Up— — (1 — =L(6) — U — 64
08; (+f0)8§2 (0) 18; (64)
ah oy 020 dho PRCE
Up— — (1 —— = L(ho+1rby) —U— +1r(1 —
08{ (+f0)8§2 (ho + Lr60) 18§+F(~|—fo o2
8k1 2 32k1 8k0 8291
U— — (1+ ;7)== = L(ko +1060) — Ui— +lo(1 + f)— .
08; (+f0)8§2 (ko + Lob) 13§+0(+f0)8§2
These are to be solved for ¢ # 0, subject to the jump conditions
(0] =[m]=T[k]=0
[9h ] 26,
— | ==l | =
L 9¢ 9
[9k; ] 00,
— | =—lo| — 65
Lo ] 0[8{] (©
(0] _ (o, (ho = ko)(hy — k1) _RA [%]
L 3¢ | 2 2hg—ko)* +8R+4/(ho — ko2 +4R 1+ f*) L3¢

at the reaction sheet located at ¢ = 0. Here o is the perturbation in the flame temperature
given by
_hit ki (ho — ko)(hy — k1)

of] ,
2 2/(ho — ko) + 4R

on account of (35). Downstream of the reaction sheet, it is found that 6; must be zero so as
to be bounded as ¢ — oo and to match with (39). We thus have from (64) after eliminating
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exponentially growing terms
60=0, h=h, k=k for >0, (66)

where /1, and k, are independent of ¢ and are as yet undetermined.
Solving for 6, in the unburnt gas, it is found that

A o , 2 en
01 =—|:U1—2)»f0f1+f0 _Zf()—o/z)\f}fexl) (28) for ¢ <0, (67)
Uy 1+ fy

where A has been defined in (49) and where use has been made of the matching requirement
0) — 0as ¢ — —oo and the continuity requirement 6; = 0 at ¢ = 0. We shall not need the
explicit solutions for &, and k; below. We now integrate Equations (64) from { = —oo to
¢ = 0~ to obtain

a0
(1+ 1) [8—;} =1y — U (68)
Uohy = Iy + ¢ 1y

Uoki = It + o1y,
after using (47)—(48), (65)—(66), and the matching condition that 6, h; and k; and their

derivatives with respect to ¢ must vanish as ¢ — —oo. In (68) we have introduced the
quantities

0 0 0
IQE/L(Q())d{, Ih:/L(ho)dg, and Ik:/L(ko)d§

which can be evaluated from (46)—(48) and (67), to yield

! £ 1 £
fofllz— VLI =—2pUp Jofi
1+ f; 1+ f

fofi
1+ f)°

I, =2U, I = —2loUp

2

When these expressions are used in (68), together with (47) and (65)—(67) we find

Uoill = _lFf()N
Uoky = —lo fy (69)
y._ Yhofi _ o Vo Uo(ho — ko)(hy — k1)
l—i—fo/z 0 2 2(hg — ko)> + 8R + 4 (ho—ko)2+4R'

The system of equations (69) allows the determination of perturbation to the local burning
velocity Sy 1(y) introduced in (37). We thus find

. lp+lo Ir—lo (Yo + vr)y fo
S=—(1+ ) n1/2°
4 4 24V o+ P +4R ] (14 1)
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so that a two-term expansion of Sy in terms of € is now available, namely
e~ So(y) (1 = Lk (y)) - (70)

Here Sy is determined by (50) and « and L are given by

"

__€ Jo 1
K= S At a
~ lr+lo Ir—1lo (Yo +vr)y
I(y) =1 . 72

=1+ 4 24 (yo +yrPy? +4R 72

We note that « and L appear as local non-dimesional flame-stretch and Markstein length,
respectively. It is interesting to note that the Markstein length is affected by the reversibility
parameter R and the local coordinate y whenever Iy # [p and is independent of them
otherwise.

For the perturbation in the propagation speed U; we find

Ui = =L G67) (73)

by applying Equations (69) at the leading edge y* and using f;(y*) = 0. In this expression,
the Markstein length at the leading edge is given by

~ Ir+lo Ir—1lo Yo —vrF
Ly =1
o9 * 4 * 4 Yr + Yo

on using (51) and (72). This can be expressed in terms of the stoichiometric coefficient S
as

Ilr+1o lr—1lp1-S

L™ =1 ,
O =1+— 4 1+5

on using (23). We note that the value of L at the leading edge y = y™* has turned out to be
independent of R, which is not true for other values of y.

At this stage, a two-term approximation U ~ U, + €U] is available from (52) and (73),
namely,

€ lr+lo Ilp—1lo 1—5) S1o(y*)
U~ Sio(y)|1— 1+ + Vo ’ 7
) |: Sro(y*) < 4 4 1+S Sro(y*) o

where use has been made of (56), and where y* and Uy = S;o(y™) are to be evaluated from
(54) and (55). This formula, which constitutes one of the main outcomes of the analysis,
describes the dependence of the propagation speed U on the stoichiometric coefficient S,
the reversibility parameter R and the reduced Lewis numbers /r and [,. In the particular
case § = 1, it takes the simpler form

UN(l—l—x/i)l/zexp<—\/Ti)|:1—<l+#> e@%}, (75)




10: 06 22 Cctober 2009

[The University of Manchester] At:

Downl oaded By:

Combustion Theory and Modelling 209

after using (55) and (57). Likewise, a simple two-term expansion for U can be readily
written down in the irreversible case R = 0, on using (55) and (58), which is more explicit
than, but agrees with, a corresponding formula derived by Daou and Lifian [7].2

Similarly, we note for completeness that the results also allow the determination of a
two-term expansion for the temperature of the flame-front 6, introduced in (38). It is found
that

00 o1 .
Opp =14+ —4+€—+--- with
B B

o0 = (vo — vr)y — V(vr +v0)?y? + 4R

and
2
o Ir+1lo Il —Io (vr +v0)y 0 ()
2 2 Jlyr+voy*+4R] U

where oy has been determined using (60). The term in the rhs of this formula involving
oy represents, as stated earlier, the deviation of the flame temperature from unity under
infinitely weak strain (¢ = 0) and the linear gradients of mass fractions far upstream given
by (20). This deviation is seen to be a linear function of y only if R = 0, and its non-linearity
when R # 0 presents another characteristic of triple-flames attributable to the reversibility
of the chemical reaction. The third term accounts for the coupling between flame curvature,
differential diffusion and reversibility, and typically involves both Lewis numbers at any
location y unless the reaction is irreversible; in the latter case only [y is involved in the
fuel-lean side y > 0 and /o in the oxygen-lean side y < 0. As a simple illustration in the
particular case S = 1, the formula can be applied to show that the flame temperature at the
leading edge, 05, say, is given by

VR _lr+lo \/Z exp(v'R/2) (76)
b

0t =1— — ,
Fl B 28 1++R

after using (57) and (61).

We close this section by a short discussion of the validity of the asymptotics, focusing
attention on the asymptotic formula (75) for the propagation speed U. Shown in Figure 6
is a plot of U versus € based on this formula, for selected values of R; for simplicity
we set [p = 1o = 0 although the results are equally valid if the factor 1+ (Ir +10)/4,
assumed positive, is absorbed into €. The curves are straight lines whose ordinate at € = 0,
Uy, is a decreasing function of R, and their slope, Uj, is an increasing function of R.
Any two such straight lines intersect thus each other, and the smallest value of € where a
straight line pertaining to R # 0 intersect other lines corresponds to the intersection point
with the line R = 0 of the irreversible case. The portion of the line beyond this smallest
value of € is to be discarded, since the asymptotic formula is definitely invalid there since
it predicts unexpected cases where the propagation speed increases with R for € fixed.
These unexpected cases may be explained by the fact that, for fixed €, an increase in R
promotes two effects which have opposing influences on U, namely a decrease in the flame-
front curvature f; (see (57) and a decrease in Uy (see (55). These cases are however to

2For comparison sake, we mention that the parameter I" in [7] is equal to S/(S + 1) and the parameter
Y should be set to zero.
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Figure 6. Propagation speed U versus € based on Equation (75), for selected values of R.

Propagation speed, U

€

Figure 7. Propagation speed U versus € computed numerically (dashed lines) and based on the
asymptotic formula (75) (solid lines), for selected values of R.
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be rejected after comparison with extensive numerical results. A sample of the numerical
results, obtained using the computational approach described in [7,22], is shown in Figure 7.
Depicted in this figure is the propagation speed U versus € computed numerically® (dashed
lines) and based on the asymptotic formula (75) (solid lines), for selected values of R. It is
seen that the numerical results are in good agreement with the asymptotic predictions, and
show that the latter have a rather wide range of validity.

4. Conclusion

An asymptotic study of triple-flames in a strained mixing layer has been carried out under
a reversible reaction. The investigation extends the analytical description of these flames
beyond the common framework of a single irreversible Arrhenius reaction. The study
identifies a suitable and physically motivated distinguished limit involving a specific scaling
of the difference in the activation energies of the forward and backward reactions and of the
degree of reversibility. Under this distinguished limit, which generalizes the classical near-
equidiffusional-flame (NEF) approximation [32] to the reversible case, an extensive set of
analytical results for weakly-strained triple-flames has been obtained. The results include
the determination of the local burning speed, temperature and Markstein length along the
flame-front, the shape, leading edge and curvature of the latter, and the propagation speed
of the triple-flame. The formulae derived concisely account for the combined effect of
several non-dimensional parameters characterizing the stoichiometry and reversibility of
the chemical reaction, the strain rate, and the Lewis numbers of the reactants. In particular,
it is found that the Markstein length is affected by the reversibility parameter and the local
coordinate along the flame-front whenever the Lewis numbers of the fuel and oxidizer are
unequal and is independent of them otherwise; in all cases however, it is value at the leading-
edge which features in the explicit formula derived for the propagation speed U is found to
be unaffected by the reversibility parameter. Several aspects specifically associated with the
reversibility of the reaction are identified and quantified analytically, including the decrease
in the propagation speed and flame-front curvature and the increased shift of the location
of the leading edge away from the stoichiometric surface with increased reversibility.
Some important features of triple-flames determined within a reversible reaction model are
found to have no counterparts in the irreversible case. For example, whereas the maximum
temperature of the triple-flame front occurs at the location of stoichiometric surface in the
irreversible case, irrespective of the location of the leading edge, it is typically found to be
sandwiched between these two locations in the reversible case, see (62).

Finally, we note that the findings and the methodology described can be seen as a
first step towards accounting analytically for real chemistry effects on triple-flames, and
towards modelling thin partially-premixed flames as propagating interfaces whose local
burning speed is affected by the local composition gradients via a suitably defined local
Markstein length.

3The numerical propagation speeds have been normalized (divided) by 0.75, which is the numerically
determined burning speed of the irreversible stoichiometric planar flame with § = 8. The main
reason for this normalization, which have been discussed and used in previous triple-flame studies,
e.g. [7,9,22], is the fact that an infinite value of 8 is assumed in the asymptotics, while the value
of B in the numerics is finite. This causes a common, rather trivial discrepancy between the laminar
planar flame speeds computed numerically and asymptotically, which is most simply resolved by the
normalization adopted, rather than by a computationally impractical increase in B to substantially
higher values of the order of 30 (to achieve an agreement close to 5%, for small €).
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