Conical-shaped travelling fronts applied to the mathematical analysis of the shape of premixed Bunsen flames

F. Hamel

CNRS-Université Paris VI, Laboratoire d’Analyse Numérique

4 place Jussieu, 75252 Paris Cedex 05, France and R. Monneau

Ecole Nationale des Ponts et Chaussées, CERMICS, 6-8 avenue B. Pascal

Cité Descartes, Champs-sur-Marne, 77455 Marne-La-Vallée Cedex 2, France

1 Introduction

This paper is devoted to some existence results and qualitative properties of solutions to some semilinear elliptic equations in the whole space IR^N with asymptotic conical conditions at infinity. This work aims at analyzing the conical shape of premixed Bunsen flames.

Bunsen flames can be divided into two parts : a diffusion flame and a premixed flame inside the diffusion flame (see Figure 1 and the classical models of Buckmaster, Ludford [24], [25], Joulin [48], Lewis, Von Elbe [53], Liñan [56], Sivashinsky [63], [64], Williams [68]). Here we have chosen to deal with premixed flames, which are themselves divided into two zones : a fresh mixture (fuel and oxidant) and, above, a hot zone made of burnt gases. For the sake of simplicity, we assume that a simple global chemical reaction fuel + oxidant → products takes place in the mixture.

The level sets of the temperature have a conical shape with a curved tip and, far from its axis of symmetry, the flame is almost planar. Let us assume that the flame is stabilized and stationary in an upward flow with a uniform speed c. This uniformity assumption is reasonable at least far from the burner rim. In the classical framework of the thermodiffusive model [11], [24], [57], with unit Lewis number, the adimensionalized temperature field u(x, y), which can be assumed to be defined in the whole space IR^N = {z = (x, y) ∈ IR^{N−1} × IR} because of the invariance of the shape of the flame with respect to the size of the Bunsen burner, satisfies the following reaction-diffusion equation : Δu − c ∂u ∂y + f(u) = 0, 0 ≤ u ≤ 1 in IR^N . (1.1)

Figure 1: Bunsen flames, premixed flame

Some asymptotic conditions of the conical type have to be imposed at infinity. One can for instance require that ∀k ∈ C(−e_N , α), u(λk) −→_{λ→+∞} 0 ∀k ∈ C(e_N , π − α), u(λk) −→_{λ→+∞} 1 (1.2)

where α ∈ (0, π) is the angle of the flame, e_N = (0, · · · , 0, 1) is the upward unit vector and, for any vector e and any angle φ ∈ (0, π), C(e, φ) denotes the open half-cone directed by e : C(e, φ) = {k ∈ IR^N , k · e > ‖k‖ ‖e‖ cos φ}. Note that the solutions u(x, y) of (1.1) can also be viewed as travelling fronts of the type v(t, x, y) = u(x, y + ct) moving downwards with speed c in a quiescent medium and solving the parabolic reaction-diffusion equation ∂_tv = Δv + f(v).

In practice, the speed c of the flow at the exit of the Bunsen burner is given and it determines the angle α of the flame. We here choose to solve the reverse problem, namely we assume that the angle α is given and the speed c is an unknown of the problem. We shall see later that these two formulations are actually equivalent.

The nonlinear reaction term f(u) is of the “ignition temperature” type :

∃θ ∈ (0, 1) such that f ≡ 0 on [0, θ] ∪ {1}, f > 0 on (θ, 1) and f^′(1) < 0. (1.3)

Furthermore, f is assumed to be Lipschitz-continuous on [0, 1] and it is extended by 0 outside the interval [0, 1]. Such a profile can be derived from the Arrhenius kinetics and the law of mass action (including the fact that the Lewis number is equal to 1).

Before stating the mathematical results obtained for this problem (1.1-1.2), let us briefly recall some known results for travelling fronts. The first papers devoted to this question of travelling fronts were concerned with the one-dimensional case, for the equation

u^{′′} − cu^′ + f(u) = 0, u(−∞) = 0, u(+∞) = 1. (1.4)

Under the above assumptions on f, there exists a unique solution (c_0, u_0) of (1.4), the function u_0 being increasing and unique up to translation, and the speed c_0 being positive [4], [10], [49] (other types of nonlinearities f have been dealt with in [4], [32], [33], [51], [70]). These results can be obtained by a shooting method or a study in the phase plane. The above existence, uniqueness and monotonicity results have been generalized by Berestycki, Larrouturou, Lions [12] and Berestycki, Nirenberg [15] in the multidimensional case of a straight infinite cylinder Σ = ω × IR = {z = (x, y), x ∈ ω, y ∈ IR}, for equations of the type Δu − (c + β(x))∂_yu + f(u) = 0 in Σ = ω × IR ∂_ν u = 0 on ∂Σ u(·, −∞) = 0, u(·, +∞) = 1, (1.5)

where β is a given continuous function defined on the bounded and smooth section ω of the cylinder, and ∂_ν u denotes the partial derivative of u with respect to the outward unit normal ν on ∂Σ. Under the above conditions, there exists a unique solution (c, u) of (1.5), the function u = u(x, y) being increasing in y and unique up to translation in y. Variational formulas for the unique speed exist in both the one-dimensional case [40] and in the multidimensional case [41], [46].

Whereas the above problems (1.4) and (1.5) are now well understood, the questions of the existence and the qualitative properties of the solutions (c, u) of equation (1.1) with the conical conditions of the type (1.2), or with similar conical conditions detailed in the next sections, have so far remained open. Note that, although the underlying flow is here uniform unlike in (1.5), the solutions are nevertheless non-planar, because of the conical conditions (1.2) at infinity. One of our goals is to understand the influence of the conical conditions at infinity on the propagation phenomena in uniform media. We also want to establish the relationship between the speed c of the outgoing flow and the angle α of the flame. In this perspective, the results stated below are the first rigorous analysis of the conical shape of premixed Bunsen flames. Let us also mention that similar existence results of conical-shaped travelling fronts, as well as fronts with more general shapes, have recently been obtained in [45] for another nonlinearity f of the Fisher-KPP type [33], [51].

The mathematical difficulties follow on the one hand from the fact that the problem is set in the whole space IR^N and on the other hand from the non-standard conical asymptotic conditions (1.2) at infinity. These conditions are rather weak and do not impose anything as far as the behavior of the function u in the directions making an angle α with respect to the unit vector −e_N = (0, · · · , 0, −1) is concerned. Note that these conditions are very different from the uniform conditions u(z) → 0 as |z| → ∞ which have often been considered for such nonlinear elliptic equations (see especially [28], [36], [37], [54], [55]).

Section 2 states an existence result of solutions in dimension N = 2, as well as the uniqueness of the speed c for any angle α ≤ π/2. Section 3 gives a non-existence result for any angle α > π/2 as well as several qualitative properties of the solutions u in any dimension N with other conical conditions at infinity, slightly stronger than (1.2). Lastly, section 4 is devoted to the study of a related free boundary problem which is obtained in the classical limit of high activation energies. One also gives a complete classification of the solutions of a related overdetermined Serrin type problem. The results stated below are detailed and proved in several papers by Bonnet and Hamel [16], and Hamel and Monneau [42], [43], [44].

2 Existence result in dimension N = 2

This section is concerned with an existence result in dimension N = 2. In practice, this case corresponds to Bunsen burners with elongated rectangular outlet [68].

Remember that (c_0, u_0) denotes the unique solution of (1.4), the function u_0 = u_0(s) being increasing and unique up to tranlation in s, and the speed c_0 being positive. We have obtained the existence of solutions of (1.1-1.2) for each given angle α ≤ π/2, as well as a characterization of the speed c :

Theorem 2.1 (Existence result in dimension N = 2; A. Bonnet, F. Hamel [16]) a) In dimension N = 2, for each function f satisfying (1.3) and for each angle α ∈ (0, π/2], there exists a solution (c, u) of (1.1-1.2) such that c = c_0 sin α

. (2.1)

Moreover, 0 < u(x, y) < 1 for all (x, y) ∈ IR^2, u is symmetric with respect to the variable x and it is decreasing with respect to any direction of the open cone C(−e_N , α) = C(−e_2, α). The function u actually satisfies the following conical conditions, stronger than (1.2) :

∀ δ ∈ [0, α), lim sup |(x,y)|→∞, (x,y)∈C(−e_N ,δ) u(x, y) = 0 ∀ δ ∈ [0, π − α), lim inf |(x,y)|→∞, (x,y)∈C(e_N ,δ) u(x, y) = 1. (2.2)

Lastly, for each λ ∈ (0, 1), the level set {u(x, y) = λ} is a curve {y = ϕ_λ(x), x ∈ IR}, which has two asymptotic directions making an angle α with respect to −e_2. For any sequence x_n → ±∞, the functions u_n(x, y) = u(x + x_n, y + ϕ_λ(x_n)) locally converge to a translation of the planar front u_0(y sin α ± x cos α) as x_n → ±∞.

If α = π/2, the above solution u is the same as the planar front u_0(y) up to translation. b) Under the same assumptions as in a), if α ∈ (0, π/2] and (c, u) is a solution of (1.1), (2.2), then c is given by the formula (2.1).

It follows from this theorem that the so-built functions u are asymptotically planar along their level sets far away from the axis of symmetry {x = 0}. Furthermore, one can see from formula (2.1) that the speed c is always greater than or equal to the planar speed c_0 and that the bigger the speed c is, the smaller the angle α is and the sharper the flame is. This formula is pertinent since it can be observed in practice that an increase of the outgoing flow c makes the curvature of the flame tip increase. From this formula (2.1), it also follows that finding α when c is given is equivalent to finding c when α is given. Lastly, let us mention that this formula (2.1) is well-known [24], [53], [64] and not surprising since far away from the axis of symmetry, the flame is almost planar and, if the medium were quiescent, it would move with the speed c downwards and with the speed c_0 in the directions which are asymptotically orthogonal to the level sets of the temperature (see Figure 1). The speed c_0 is nothing else than the projection of the speed c on the directions (± cos α, − sin α). Lastly, this formula (2.1) can be used to find the planar speed c_0, from the knowledge of the speed c and from a measurement of the angle α [68]. However, as far as we know, Theorem 2.1 has been the first rigorous derivation of this formula and the first rigorous analysis of the conical shape of premixed Bunsen flames.

The existence result in part a) of Theorem 2.1 can be proved by solving equivalent problems in bounded rectangles Σ_a such that the ratios between the x-length and the ylength approaches tan α as the size of the rectangles goes to infinity (see Figure 2). One

Figure 2: The rectangle Σ_a

imposes Dirichlet conditions 0 and 1 respectively on the lower and upper sides, and oblique Neumann boundary conditions (∂_τ u = 0 and ∂_{τ̃} u = 0, see Figure 2) on the lateral sides. By imposing a normalization condition and comparing the solutions of these equivalent problems set in these rectangles Σ_a with suitable planar sub- and super-solutions, one can prove that the speeds c_a of these approximated problems are bounded independently of a. Furthermore, by using a sliding method similar to the one developped by Berestycki and Nirenberg [14], one can prove that the functions u_a are decreasing in the directions of the cone C(−e_2, α). In order to do that, one establishes the precise asymptotic behavior of the solutions near the four corners C_1, · · · , C_4 of the rectangles Σ_a, thanks to a blow-up method (see [29], [39], [52], [58] for similar asymptotic results). Then, one passes to the limit in the whole plane IR^2. The difficulty is to prove the asymptotic conditions at infinity of the type

(1.2) or (2.2), and to show that the level sets of the limit function u are asymptotically planar far away from the axis of symmetry {x = 0}. One especially makes several uses of the sliding method in both the directions making an angle α with respect to −e_2 and the orthogonal directions.

As far as part b) of Theorem 2.1 is concerned, the uniqueness of the speed can also be obtained by a sliding method and by comparing any solution with the solutions built in part a).

3 A non-existence result and qualitative properties in any dimension under various conical asymptotic conditions

This section is devoted to a non-existence result for any angle α > π/2 as well as with several monotonicity and uniqueness results under various conical asymptotic conditions at infinity, slightly stronger than (1.2).

The question of the non-existence of solutions (c, u) as soon as the angle α of the flame is bigger than π/2 is physically meaningful : there cannot be any flame whose tip points downwards if the flow is going upwards. The following result agrees with this observation :

Theorem 3.1 (Non-existence result for α > π/2; F. Hamel, R. Monneau [42], [43]) In any dimension N ≥ 2, there is no solution (c, u) of (1.1), (2.2) as soon as α > π/2.

Thus, despite its simplicity, the mathematical model which is used here to describe premixed Bunsen flames is robust enough to capture the above observation.

Whereas the determination of the speed c has been solved, at least in dimension N = 2 in Theorem 2.1, the question of the uniqueness of the possible solutions u of (1.1) with conical asymptotic conditions (1.2) or (2.2) is much more intricate, especially because of the above rather weak conditions that are imposed at infinity. That is why we shall now introduce slightly stronger conical conditions.

Before defining this new class of stronger conical conditions, let us first observe that it follows from Theorem 2.1 that in dimension N = 2 and for any angle α ∈ (0, π/2], the so-built solutions u are such that, for every λ ∈ (0, 1), the level set {u = λ} = {y = ϕ_λ(x)} satisfies ϕ^′_λ(x) → ∓ cot α as x → ±∞ and lim y_0→−∞ sup

Ω^−_λ (y_0)

u = 0 lim y_0→+∞ infΩ^+_λ (y_0) u = 1

(3.1)

where Ω^−_λ (y_0) = {y < y_0 + ϕ_λ(x)} and Ω^+_λ (y_0) = {y > y_0 + ϕ_λ(x)}.

More generally speaking, in any dimension N, we can now consider the following problem with unknowns (c, u) : Δu − c∂_yu + f(u) = 0, 0 ≤ u ≤ 1 in IR^N lim y_0→−∞ sup

Ω^−(y_0)

u = 0 lim y_0→+∞ infΩ^+(y_0) u = 1

(3.2)

where, for any y_0 ∈ IR, Ω^+(y_0) = {y > y_0 + ϕ(x)}, Ω^−(y_0) = {y < y_0 + ϕ(x)} and ϕ(x) is a non-specified, globally Lipschitz function, of class C^1 for large |x|, and such that lim |x|→+∞ ( ∇ϕ(x) + cot α x |x| ) = 0. (3.3)

Because of the uniformity of the limits far above or below the graph of ϕ, the problem (3.2-3.3) is clearly stronger than equation (1.1) with either conditions (1.2) or (2.2). Thus, this problem has no solution (c, u) as soon as α > π/2 in any dimension N ≥ 2. On the other hand, as already mentioned, it easily follows from Theorem 2.1 that in dimension N = 2 and for any α ∈ (0, π/2], the solution (c, u) of Theorem 2.1 solves (3.2-3.3) where ϕ can be any level curve ϕ_λ of u.

The qualitative properties of the solutions (c, u) of (3.2-3.3) are stated in the following theorem :

Theorem 3.2 (Uniqueness of the speed c and monotonicity of u for problem (3.2-3.3); F. Hamel, R. Monneau [42], [43]) In any dimension N ≥ 2, if (c, u) solves (3.2-3.3) for a function ϕ satisfying (3.3), then α ≤ π/2, c = c_0/ sin α and u is decreasing with respect to any direction of the open cone C(−e_N , α). As a consequence, if α = π/2, then u is planar, it only depends on the variable y and it is unique up to translation.

Compared to problem (1.1), (2.2), the conical conditions in (3.2-3.3) then enable us to get the uniqueness of the speed in any dimension as well as the monotonicity of u in the lower cone of angle α. Nevertheless, the question of the uniqueness of u in this framework remains open.

In the problem (3.2-3.3), the graph of the non-specified Lipschitz function ϕ has asymptotic directions with angle α with respect to −e_N . It is then natural to consider the stronger case where ϕ satisfies sup_{x∈IR}N−1 |ϕ(x) + |x| cot α| < +∞, which is the same as looking for the solutions (c, u) of Δu − c∂_yu + f(u) = 0, 0 ≤ u ≤ 1 in IR^N lim y_0→−∞ sup y<y_0−|x| cot α u = 0 lim y_0→+∞ inf y>y_0−|x| cot α u = 1. (3.4)

Since this problem is stronger than the previous ones, Theorems 3.1 and 3.2 still hold. Furthermore, one has the following additional results, which clearly show a difference between the dimension N = 2 and the higher dimensions :

Theorem 3.3 (Uniqueness of the solutions of (3.4); F. Hamel, R. Monneau [42], [43]) a) If N ≥ 3 and α ≠ π/2, or if N = 2 and α > π/2, then problem (3.4) has no solution (c, u). b) In dimension N = 2, for any angle α ≤ π/2, if (c, u) solves (3.4), then c = c_0/ sin α and the function u is unique up to translation and it is equal, up to translation, to the solution given in Theorem 2.1. Furthermore, the level sets of u are asymptotic at infinity to some translations of the two half-lines making an angle α with respect to −e_2 : for every λ ∈ (0, 1), under the notation of Theorem 2.1, there exist a^±_λ ∈ IR such that ϕ_λ(x) + |x| cot α → a^±_λ as x → ±∞. Remark 3.4 In the case α = π/2, problem (3.4) is similar to a version of a conjecture of De Giorgi. This strong version says that any solution u of Δu + f(u) = 0 such that u(x, y) → ±1 as y → ±∞ uniformly in x ∈ IR^{N−1}, where the nonlinearity f is of the bistable type, is actually planar. The latter has been proved in any dimension N [5], [9], [31]. On the other hand, the original conjecture of De Giorgi [30] requires that the function u be increasing in y but that it not necessarily satisfy the uniform limits u(x, y) → ±1 as y → ±∞ uniformly in x, or at least that it satisfy these limits for each x. The De Giorgi conjecture says that u is planar. This conjecture has been proved in dimension N = 2 [8], [35] and in dimension N = 3 [2].

The price to pay for the uniqueness result in Theorem 3.3 is that, unlike problems (1.1-1.2) or (3.2-3.3), one does not know in full generality if problem (3.4) has a solution, even in dimension N = 2 and for an angle α < π/2.

However, one can give two sufficient conditions for problem (3.4) to have a solution, in dimension N = 2 and for α ≤ π/2. Namely, one has two sufficient conditions for the solution of (1.1-1.2) given in Theorem 2.1 to be a solution of (3.4) :

Theorem 3.5 (Sufficient conditions for the existence of a solution of (3.4) in dimension N = 2; F. Hamel, R. Monneau [42], [43]) Assume N = 2 and let f be a function satisfying (1.3).

a) If the function f is C^1 and is such that c^2_0 > (4/9) sup_{[0,1]} f^′, where c_0 = c_0(f) is the unique planar speed solving (1.4), then there exists α_0 ∈ (0, π/2) such that problem (3.4) has a solution for any angle α ∈ (0, α_0). Furthermore, for any ε > 0, there exist some functions f such that α_0 ≥ π/2 − ε.

b) If the solution (c, u) = (c_0/ sin α, u) of (1.1), (2.2) given in Theorem 2.1 satisfies ∃y ∈ IR, ∃ξ ∈ (0, 1) such that u(x, −|x| cot α + y) ≥ ξ for all x ∈ IR, then (c, u) is a solution of (3.4) as well.

The result a) on the existence of solutions of (3.4) for some functions f in dimension N = 2 contrasts widely with the non-existence result in dimension N ≥ 3 for α ≠ π/2. This existence result is based on the explicit construction of a solution from a sub-solution and integral estimates. Part b) can be proved thanks to the construction of suitable suband super-solutions defined in domains rotating around a fixed point.

The proofs of Theorems 3.1, 3.2 and 3.3 make an intensive use of sliding methods in various directions, as well as a version of the maximum principle in IR^N with conical conditions at infinity. We state this principle as a comparison principle between sub- and super-solutions of problems of the type (3.2-3.3) :

Theorem 3.6 (Comparison principle in IR^N ; F. Hamel, R. Monneau, [42], [43]) Let ϕ : IR^{N−1} → IR be a uniformly continuous function and, for any y_0 ∈ IR, let

Ω^+(y_0) = {y > y_0 + ϕ(x)} Ω^−(y_0) = {y < y_0 + ϕ(x)} Γ(y_0) = {y = y_0 + ϕ(x)}.

Let a < b be two real numbers and let us consider the semilinear elliptic equation, set in IR^N = {(x, y) ∈ IR^{N−1} × IR} : I(u) := Σ_{1≤i,j≤N} a_{ij} (x)∂_{ij} u + Σ_{1≤i≤N} b_i(x)∂_iu + f(x, u) = 0 in IR^N (3.5)

where the functions u are such that a ≤ u ≤ b and lim y_0→−∞ sup

Ω^−(y_0) u = a lim y_0→+∞ infΩ^+(y_0) u = b

(3.6)

Suppose there exist 0 < γ ≤ ν such that γ|ξ|^2 ≤ Σ_{1≤i,j≤N} a_{ij}(x)ξ_iξ_j ≤ ν|ξ|^2 for all ξ ∈ IR^N

and x ∈ IR^{N−1}. Assume moreover that a_{ij} ∈ C^{2,δ}, b_i ∈ C^{1,δ} with δ > 0, that f is continuous and bounded in IR^{N−1} ×[a, b] and satisfies |f(x̃^′, ũ)−f(x, u)| ≤ C(|x̃^′ −x|^δ +|ũ−u|) for some positive constant C > 0. Suppose there exist a < a^′ < b^′ < b such that f is nonincreasing with respect to u for all u in [a, a^′] or [b^′, b] and for all x ∈ IR^{N−1}. For all x ∈ IR^{N−1}, the function f(x, ·) is extended in IR by f(x, u) = f(x, a) for u < a and f(x, u) = f(x, b) for u > b. Let u and u be two globally Lipschitz-continuous super- and sub-solutions of (3.5-3.6) in the sense that

I(u) ≤ 0 in D^′(IR^N ), a ≤ u ≤ b in IR^N and lim_{y0→+∞} inf_{Ω+(y0)} u = b

I(u) ≥ 0 in D^′(IR^N ), a ≤ u ≤ b in IR^N and lim_{y0→−∞} sup_{Ω−(y0)} u = a. (3.7)

For all t ∈ IR, call u^t(x, y) = u(x, y + t) and u^{−∞}(x) = lim inf_{t→−∞} u(x, t).

Then the set I = {t ∈ IR, ∀s ≥ t, u^s ≥ u in IR^N } is not empty. Let t^∗ = inf I. One has u^{t∗} ≥ u in IR^N and, if t^∗ > −∞, then either u^{t∗} ≡ u in IR^N , or u^{t∗} > u in IR^N and inf_{Γ(y0)} (u^{t∗} − u) = 0 for every y_0 ∈ IR.

In other words, two sub- and super-solutions of (3.7) can be compared up to translation in the variable y, until a critical shift where they are either identically equal or asymptotically equal along the graphs of ϕ.

Note that this comparison principle does not work anymore if a = −∞ or b = +∞ : for instance, the functions y and 2y solve u^{′′} = 0 in IR but cannot be compared up to translation.

Theorem 3.6 can be proved by applying the maximum principle for the functions u^t + ε and u in the domains Ω^+(y_0) and Ω^−(y_0) (see also [54], [67]). One concludes by passing to the limit ε → 0 and by sliding u in the direction y.

A consequence of Theorem 3.6 is the following monotonicity result for the solutions of (3.5-3.6) :

Corollary 3.7 ([42], [43]) Under the assumptions of Theorem 3.6, if a function u solves (3.5-3.6), then u is increasing with respect to the variable y.

The monotonicity result stated in Theorem 3.2 then follows immediately from Corollary 3.7 even if it means rotating the frame.

Remark 3.8 Some results similar to Theorems 3.6 and 3.7 work in straight infinite cylinders Σ = ω × IR where ω is a connected smooth open subset of IR^{N−1} - which may be unbounded - with Dirichlet or Neumann type boundary conditions on ∂Σ.

Open questions. The main open problem is the question of the existence of solutions, for the angles α < π/2, to the problem (3.2-3.3). Even the existence of axisymmetric solutions of the type u(|x|, y) is not known. Note that other shapes, polyhedral for instance, have been obtained for other asymptotic models [23].

The question of the uniqueness of the functions u for problem (3.4) has been solved but this framework is too strong for solutions to exist in dimension N ≥ 3 as soon as α ≠ π/2. An interesting open question is that of the uniqueness (up to translation) of the functions u for problem (3.2-3.3). Provided the existence of such solutions can be proved, that would mean that this problem (3.2-3.3) is well-posed in any dimension N ≥ 2 and for any angle α ≤ π/2. Another open question consists in wondering if the so-built solutions are stable for the associated evolution equations, which seems reasonable at least for compactly supported perturbations. It would be interesting to define a general class of perturbations for which the solutions would be stable up to translation.

Other open problems concern the models of premixed Bunsen flames with non unit Lewis numbers (see [63], [64]), with heat losses or with nonconstant density.

4 A free boundary problem and a Serrin type problem arising in the limit of high activation energies

This section is devoted to the analysis of the model described in the introduction for the dimension N = 2, in the limit of high activation energies. In this limit, the source term f(u) vanishes as soon as the temperature is below that of the brunt gases and the zone where the chemical reaction takes place becomes infinitely thin. Below this flame, the gases are fresh and the reaction cannot happen, and above the flame, the gases are burnt and the reaction does not happen either because at least one of the reactants has a zero concentration.

One is then led to the following model for the adimensionalized temperature u(z) = u(x, y) (this model will be rigorously derived in Theorem 4.1) :

Δu − c∂_yu = 0 in Ω = {0 < u < 1} ⊂ IR^2

u = 1 in IR^2\Ω ∂_ν u = c_0 on Γ := ∂Ω lim sup d(z,Γ)→+∞, z∈Ω u(z) = 0

u is continuous across Γ

(4.1)

where the curve Γ represents the flame front, d(z, Γ) denotes the distance of a point z ∈ IR^2 to Γ, and ∂_ν u denotes the normal derivative on Γ of the restriction of the function u to Ω. The continuity of u across Γ means that there is no jump of temperature across the flame. In the above equations (4.1), the reaction term f(u) has disappeared. Nevertheless, the chemical reaction takes place on the flame Γ. The condition ∂_ν u = c_0 on Γ is a memory of this reaction term and simply means that the normal burning velocity is constant along the flame front and equal to some planar speed c_0 (see [18], [19], [20], [21], [22], [24], [25], [27] for other occurences of this type of jump condition in related problems). Note that this condition will also be obtained ex nihilo from a passage to the limit of smooth solutions of some reaction-diffusion equations with particular reaction terms (see Theorem 4.1 below).

Furthermore, the “fresh” zone (where the temperature is below that of the burnt gases) is located below the flame and the latter has a conical shape. Assuming this flame front can be written as a graph Γ = {y = ϕ(x), x ∈ IR} and the “fresh” zone is the set Ω = {y < ϕ(x)}, it is then natural to impose the following asymptotic condition

ϕ^′(x) ± cot α → 0 as x → ±∞, (4.2)

where α ∈ (0, π) is a given angle (as in the previous two sections). Note that the function ϕ is itself unknown and Γ can be viewed as a free boundary for problem (4.1).

Problem (4.1) had been studied in various asymptotic formal limits : the case of very sharp flames α → 0^+ with Lewis number close to 1 has been considered by Buckmaster and Ludford (this limit is reduced to a parabolic free boundary problem after a blow-down in the direction y [22], [24], [25]). Multiscale asymptotic expansions have been carried out by Sivashinsky, leading to different shapes of the flame fronts according to the position of the Lewis number with respect to 1 [64] (see also [53], [63] for the three-dimensional case). Another approach has been used by Michelson [59], in the case of a unit Lewis number; namely, Michelson has used the fourth-order Kuramoto-Sivashinsky equation ([17], [34], [65], [66]) for the description of the graph of the flame front and he has obtained the existence and the uniqueness of such graphs for angles α close to 0 (see also [60] for threedimensional results).

However, the study of the solutions (c, u, Ω) of (4.1) satisfying the conical condition (4.2) at infinity, where c_0 and α are given, has so far remained open. We here state the existence of solutions, as well as their uniqueness. The uniqueness is even obtained under very general assumptions and gives a complete classification of the solutions of a class of more general overdetermined Serrin type problems.

The existence result can be stated as follows :

Theorem 4.1 (Existence of a solution of the free boundary problem (4.1); F. Hamel, R. Monneau [44]) Let α ∈ (0, π/2]. There exists a solution (c^α, u^α, Ω^α) of (4.1-4.2). The function u^α is obtained as the limit (locally uniform in IR^2) of the sequence of functions u_ε solving (1.1), (2.2) (see Theorem 2.1) for nonlinearities f_ε of the type f_ε =^1_ε f(1 −^{1−s}_ε ) where f is a given function satisfying (1.3) with some ignition temperature θ ∈ (0, 1). The unique speed c^α_ε solving (1.1), (2.2) for the nonlinearity f_ε approaches c^α = c_0/ sin α as ε → 0^+, where c_0 = √ 2 ∫_1

0 f > 0.

The function u^α is globally Lipschitz-continuous in IR^2, symmetric with respect to the variable x, and it is nonincreasing in the directions of the lower cone C(−e_2, α). The free boundary Γ^α = ∂Ω^α is analytic, it has a bounded curvature, and the restriction of u^α to Ω^α is analytic.

Lastly, the set Ω^α is a sub-graph Ω^α = {y < ϕ^α(x)}. The (even) function ϕ^α satisfies (ϕ^α)^′ ≥ 0 in IR_− and it has two asymptots in both directions making an angle α with respect to −e_2, namely : ∃L ∈ IR, ϕ^α(x) + |x| cot α → L as x → ±∞. Remark 4.2 This result especially enables us to solve the flame tip problem, which has been set by Buckmaster and Ludford [25] (the original problem in [25] has been set in a half-plane, say {x ≥ 0}, with Neumann boundary conditions on {x = 0}).

Remark 4.3 Once again, the speed c^α is given by the natural formula c^α = c_0/ sin α as in sections 2 et 3.

The method to prove this result consists in working with regularizing approximations and passing to the limit. Namely, one considers the solutions (c^α_ε , u^α_ε ) of (1.1), (1.2) with the functions f_ε(s) =^1_ε f(1 −^{1−s}_ε ) as in Theorem 4.1 (note here that 1/ε is proportional to the activation energy in this model). This limiting procedure comes back to Zeldovich and Frank-Kamenetskii [70] and had already been used in dimension N = 1 for systems of two ordinary differential equations [13] (see also [38] for more general classes of functions f_ε, [6] for similar problems in infinite cylinders with heterogeneous velocity fields, and [27] for parabolic related problems). The above functions f are chosen so that the condition ∂_ν u = c_0 on ∂Ω holds at the limit ε → 0^+. As far as the regularity of Γ and u is concerned, one uses some general results in [26] and [50]. The main difficulty here is to get the limiting conical conditions (4.2) after the passage to the limit. That is done thanks to some uniform exponential upper bounds of the functions u^α_ε in the lower cone C(−e_2, α).

Let us now investigate the question of the uniqueness of the solutions (c, u, Ω) of (4.1- 4.2). We here state a uniqueness result, in a framework actually more general than (4.1-4.2).

Namely, we deal with the classification of all the solutions of an overdetermined Serrin type problem. Actually, even without assuming that the conical condition (4.2) holds or that the domain Ω is a sub-graph, problem (4.1) can be viewed as an overdetermined Serrin type problem, for which the unknown function u satisfies an elliptic equation Δu − c∂_yu = 0 in an unknown domain Ω = {u < 1} with two boundary conditions u = 1 and ∂_ν u = c_0 on ∂Ω. Problems of that type have first been considered by Serrin [62] in bounded domains for equations of the type Δu + f(u) = 0, which are invariant by rotation. For such problems it has been proved that, under some conditions on f and u, the domain Ω is necessarily a ball (see also [1], [7], [47], [61] for similar problems in other types of geometries).

For problem (4.1), one cannot expect any radial symmetry because of the first-order term c∂_yu. However, under some smoothness assumptions for Γ and without assuming (4.2), we have proved that, besides some trivial planar solutions, the solutions given in Theorem 4.1 are the only solutions of (4.1) :

Theorem 4.4 (Classification of the solutions of (4.1); F. Hamel, R. Monneau, [44]) Let (c, u, Ω) be a solution of the free boundary problem (4.1), where Ω is an open set such that both Ω and IR^2\Ω are not empty, and the restriction of u to Ω is C^1 in Ω. Assume that the free boundary Γ = ∂Ω is globally C^{1,1} with bounded curvature. Assume moreover that IR^2\Ω has no bounded connected components.

Then, even if it means changing (c, u, Ω) into (−c, u(−x, −y), −Ω), one has c ≥ c_0 and, if α ∈ (0, π/2] denotes the only solution of c = c_0/ sin α, the following three and only three cases (up to translation) may occur:

− either Ω is the half-space {y < x cot α} and u(x, y) = U_0(y sin α − x cos α), where U_0 is equal to : U_0(s) = e^{c0s} for s ≤ 0 and U_0(s) = 1 for s ≥ 0.

− or the same conclusion holds up to symmetry in x: Ω = {y < −x cot α} and u(x, y) = U_0(y sin α + x cos α),

− or Ω = Ω^α and u = u^α where (u^α, Ω^α) is the solution of (4.1)-(4.2) given in Theorem 4.1.

Remark 4.5 In the particular case c = c_0, then, under the above regularity and connexity assumptions on Ω, any solution (u, Ω) of (4.1) is planar : Ω is a half-space of the type Ω = {±(y − h) < 0} for some h ∈ IR and u only depends on the variable y, namely, u(x, y) = e^{±c0(y−h)} in Ω. Remark 4.6 The method we use to prove this theorem allows us for additional a priori estimates in IR^N = {(x, y), x ∈ IR^{N−1}, y ∈ IR} for dimensions N ≥ 3. Nevertheless, the question of the existence of solutions for the angles α < π/2 is still open in dimensions 3 or higher.

It follows from Theorems 4.1 and 4.4 that the free boundary problem (4.1)-(4.2) is wellposed, in dimension N = 2, for any angle α ∈ (0, π/2] whereas no solution exists whenever α is larger than π/2 or whenever c is smaller than c_0, as for the case with a source term f(u) in Theorem 3.1. Note that despite its simplicity the model we have used is robust enough to capture that the tip of the flame cannot point downwards.

Theorem 4.4 is proved in several steps. The first step consists in proving that, up to a change of (c, u, Ω) into (−c, u(−x, −y), −Ω), the domain Ω is a Lipschitz sub-graph. The second step is based on a method of rotation of the domain up to a critical angle, for which the function in the rotated frame is asymptotically planar in a vertical direction. One also uses various versions of the sliding method as well as comparison principles and monotonicity results similar to Theorem 3.6 and Corollary 3.7.

Acknowledgements. The authors are grateful to Paul Clavin, who suggested this work during a meeting together with A. Bonnet and F. Hamel.

References

[1] A. Aftalion, J. Busca, Radial symmetry of overdetermined problems in exterior domains, Arch. Rat.

Mech. Anal. 143 (1998), pp 195-206.

[2] L. Ambrosio, X. Cabré, Entire solutions of semilinear elliptic equations in IR^3 and a conjecture of De Giorgi, J. Amer. Math. Soc. 13 (2000), pp 725-739.

[3] D.G. Aronson, H.F. Weinberger, Nonlinear diffusion in population genetics, combustion and nerve propagation, In: Part. Diff. Eq. and related topics, Lectures Notes in Math. 446, Springer, New York, 1975, pp 5-49.

[4] D.G. Aronson, H.F. Weinberger, Multidimensional nonlinear diffusions arising in population genetics, Adv. Math. 30 (1978), pp 33-76.

[5] M.T. Barlow, R. Bass, C. Gui, The Liouville property and a conjecture of De Giorgi, Comm. Pure Appl. Math. 53 (2000), pp 1007-1038.

[6] H. Berestycki, L. Caffarelli, L. Nirenberg, Uniform estimates for regularisation of free boundary problems, In: Anal. and Part. Diff. Eq., C. Sadosky & M. Decker eds, 1990, pp 567-617.

[7] H. Berestycki, L. Caffarelli, L. Nirenberg, Monotonicity for elliptic equations in unbounded Lipschitz domains, Comm. Pure Appl. Math. 50 (1997), pp 1089-1111.

[8] H. Berestycki, L. Caffarelli, L. Nirenberg, Further qualitative properties for elliptic equations in unbounded domains, Ann. Scuola Norm. Sup. Pisa Cl. Sci. (4) 25 (1997), pp 69-94.

[9] H. Berestycki, F. Hamel, R. Monneau, One-dimensional symmetry of bounded entire solutions of some elliptic equations, Duke Math. J. 103 (2000), pp 375-396.

[10] H. Berestycki, B. Larrouturou, Planar travelling front solutions of reaction-diffusion problems, preprint.

[11] H. Berestycki, B. Larrouturou, Quelques aspects mathématiques de la propagation des flammes prémélangées, In: Nonlinear p.d.e. and their applications, Collège de France seminar 10, Brézis and Lions eds, Pitman Longman, Harbow, UK, 1990.

[12] H. Berestycki, B. Larrouturou, P.L. Lions, Multidimensional traveling-wave solutions of a flame propagation model, Arch. Rat. Mech. Anal. 111 (1990), pp 33-49.

[13] H. Berestycki, B. Nicolaenko, B. Scheurer, Traveling waves solutions to combustion models and their singular limits, SIAM J. Math. Anal. 16 (1985), pp 1207-1242.

[14] H. Berestycki, L. Nirenberg, On the method of moving planes and the sliding method, Bol. da Soc.

Braseleira de Matematica 22 (1991), pp 1-37.

[15] H. Berestycki, L. Nirenberg, Travelling fronts in cylinders, Ann. Inst. H. Poincaré, Anal. Non Lin. 9 (1992), pp 497-572.

[16] A. Bonnet, F. Hamel, Existence of non-planar solutions of a simple model of premixed Bunsen flames, SIAM J. Math. Anal. 31 (1999), pp 80-118.

[17] C.-M. Brauner, A. Lunardi, Instability of a free boundary in a two-dimensional combustion model, C. R. Acad. Sci. Paris Sér. I Math. 330 (2000), pp 77-81.

[18] C.-M. Brauner, A. Lunardi, Cl. Schmidt-Lainé, Une nouvelle formulation de modèles de fronts en problèmes totalement non linéaires, C.R. Acad. Sci. Paris 311 I (1990), pp 597-602.

[19] C.-M. Brauner, A. Lunardi, Cl. Schmidt-Lainé, Stability of travelling waves with interface conditions, Nonlinear Analysis, Theo. Math. Appl. 19 (1992), pp 455-474.

[20] C.-M. Brauner, A. Lunardi, Cl. Schmidt-Lainé, Multidimensional stability analysis of planar travelling waves, Appl. Math. Letters 7 5 (1994), pp 1-4.

[21] C.-M. Brauner, S. Noor Ebad, Cl. Schmidt-Lainé, Nonlinear stability analysis of singular travelling waves in combustion: a one-phase problem, Nonlinear Analysis, Theo. Meth. Appl. 16 (1991), pp 881-892.

[22] J.D. Buckmaster, A mathematical description of open and closed flame tips, Comb. Sci. Tech. 20 (1979), pp 33-40.

[23] J.D. Buckmaster, Polyhedral flames, an exercise in bimodal bifurcation analysis, SIAM J. Appl.

Math. 44 (1982), pp 40-55.

[24] J.D. Buckmaster, G.S.S. Ludford, Lectures on Mathematical Combustion, In: CBMS-NSF Conf.

Series in Applied Math. 43, SIAM, 1983.

[25] J.D. Buckmaster, G.S.S. Ludford, The mathematics of combustion, Front. in Appl. Math. 2, SIAM, 1985.

[26] L.A. Caffarelli, A Harnack inequality approach to the regularity of free boundaries, Part I: Lipschitz free boundaries are C^{1,α}, Rev. Matem. Iberoamericana 3 (1987), pp 139-162.

[27] L.A. Caffarelli, J.L. Vazquez, A free-boundary problem for the heat equation arising in flame propagation, Trans. Am. Math. Soc. 347 (1995), pp 411-441.

[28] W. Chen, C. Li, Classification of solutions of some nonlinear elliptic equations, Duke Math. J. 63 (1991), pp 615-622.

[29] M. Dauge, Elliptic boundary value problems on corners domains, Lect. Notes in Math., 1988.

[30] E. De Giorgi, Convergence problems for functionals and operators, In: Proc. Int. Meeting on Recent Methods in Nonlinear Analysis, Rome, 1978, Pitagora, 1979, pp 131-188.

[31] A. Farina, Symmetry for solutions of semilinear elliptic equations in IR^n and related conjectures, Ric.

Matematica 48 (1999), pp 129-154.

[32] P.C. Fife, J.B. McLeod, The approach of solutions of non-linear diffusion equations to traveling front solutions, Arch. Rat. Mech. Anal. 65 (1977), pp 335-361.

[33] R.A. Fisher, The advance of advantageous genes, Ann. Eugenics 7 (1937), pp 335-369. [34] M.L. Frankel, G.I. Sivashinsky, On the equation of curved flame front, Physica D 30 (1988), pp 28-42. [35] N. Ghoussoub, C. Gui, On a conjecture of De Giorgi and some related problems, Math. Ann. 311 (1998), pp 481-491.

[36] B. Gidas, W.N. Ni, L. Nirenberg, Symmetry of positive solutions of nonlinear elliptic equations in IR^n, In: Math. Anal. Appl. Part A, Advances in Math. Suppl. Studies 7A, 1981, pp 369-402.

[37] B. Gidas, J. Spruck, Global and local behaviour of positive solutions of nonlinear elliptic equations, Comm. Pure Appl. Math. 34 (1981), pp 525-598.

[38] L. Glangetas, Étude d’une limite singulière d’un modèle intervenant en combustion, Asym. Anal. 5 (1992), pp 317-342.

[39] P. Grisvard, Elliptic problems in nonsmooth domains, Pitman, 1985.

[40] K.P. Hadeler, F. Rothe, Travelling fronts in nonlinear diffusion equations, J. Math. Biology 2 (1975), pp 251-263.

[41] F. Hamel, Formules min-max pour les vitesses d’ondes progressives multidimensionnelles, Ann. Fac.

Sci. Toulouse 8 (1999), pp 259-280.

[42] F. Hamel, R. Monneau, Solutions d’équations elliptiques semilinéaires dans IR^N ayant des courbes de niveau de forme conique, C. R. Acad. Sci. Paris 327 I (1998), pp 645-650.

[43] F. Hamel, R. Monneau, Solutions of semilinear elliptic equations in IR^N with conical-shaped level sets, Comm. Part. Diff. Equations 25 (2000), pp 769-819.

[44] F. Hamel, R. Monneau, Existence and uniqueness of a free boundary arising in combustion theory, in preparation.

[45] F. Hamel, N. Nadirashvili, Travelling waves and entire solutions of the Fisher-KPP equation in IR^N , Arch. Ration. Mech. Anal., to appear.

[46] S. Heinze, G. Papanicolaou, A. Stevens, Variational principles for propagation speeds in inhomogeneous media, preprint.

[47] A. Henrot, G.A. Philippin, Some overdetermined boundary value problems with elliptical free boundaries, SIAM J. Math. Anal. 29 (1998), pp 309-320.

[48] G. Joulin, Dynamique des fronts de flammes, In: Modélisation de la combustion, Images des Mathématiques, CNRS, 1996.

[49] Ya.I. Kanel’, Certain problems of burning-theory equations, Sov. Math. Dokl. 2 (1961), pp 48-51. [50] D. Kinderlehrer, L. Nirenberg, J. Spruck, Regularity in elliptic free boundary problems, J. Anal.

Math. 34 (1978), pp 86-119.

[51] A.N. Kolmogorov, I.G. Petrovsky, N.S. Piskunov, Etude de l’équation de la diffusion avec croissance de la quantité de matière et son application à un problème biologique, Bulletin Université d’Etat à Moscou (Bjul. Moskowskogo Gos. Univ.), Série internationale A 1 (1937), pp 1-26.

[52] V.A. Kondrat’ev, Boundary problems for elliptic equations in domains with conical or angular points, Trans. Moscow Math. Soc. 16 (1967), pp 227-313.

[53] B. Lewis, G. Von Elbe, Combustion, flames and explosions of gases, Academic Press, New York, London, 1961.

[54] C. Li, Monotonicity and symmetry of solutions of fully nonlinear elliptic equations on unbounded domains, Comm. Part. Diff. Eq. 16 (1991), pp 585-615.

[55] Y. Li, W.-N. Ni, On the asymptotic behaviour and radial symmetry of positive solutions of semilinear equations in IR^n, I: asymptotic behaviour, II: radial symmetry, Arch. Rat. Mech. Anal. 118 (1992), pp 195-222, pp 223-243.

[56] A. Liñan, The structure of diffusion flames, In: Fluid dynamical aspects of combustion theory, Pitman Res. Notes Math. Ser. 223, Longman Sci. Tech., Harlow, 1991, pp 11-29.

[57] B.J. Matkowsky, G.I. Sivashinsky, An asymptotic derivation of two models in flame theory associated with the constant density approximation, SIAM J. Appl. Math 37 (1979) pp 686-699.

[58] V.G. Maz’ja, B.A. Plamenevskii, On the coefficients in the asymptotics of solutions of elliptic boundary-value problems near conical points, Soviet Math. Dokl. 15 (1974), pp 1574-1575.

[59] D. Michelson, Steady solutions of the Kuramoto-Sivashinsky equation, Phys. D. 19 (1986), pp 89-111. [60] D. Michelson, Bunsen flames as steady solutions of the Kuramoto-Sivashinsky equation, SIAM J.

Math. Anal. 23 (1991), pp 364-386.

[61] W. Reichel, Radial symmetry for elliptic boundary-value problems on exterior problems, Arch. Rat.

Mech. Anal. 137 (1997), pp 381-394.

[62] J. Serrin, A symmetry theorem in potential theory, Arch. Rat. Mech. Anal. 43 (1971), pp 304-318. [63] G.I. Sivashinsky, The diffusion stratification effect in Bunsen flames, J. Heat Transfer 11 (1974), pp 530-535.

[64] G.I. Sivashinsky, The structure of Bunsen flames, J. Chem. Phys. 62 (1975), pp 638-643. [65] G.I. Sivashinsky, Nonlinear analysis of hydrodynamics instability in laminar flames, I: Derivation of basic equations, Acta Astro. 4 (1977), pp 1177-1206.

[66] G.I. Sivashinsky, On flame propagation under conditions of stoichiometry, SIAM J. Appl. Math. 39 (1980), pp 67-82.

[67] J.M. Vega, On the uniqueness of multidimensional travelling fronts of some semilinear equations, J.

Math. Anal. Appl. 177 (1993), pp 481-490.

[68] F. Williams, Combustion Theory, Addison-Wesley, Reading MA, 1983.

[69] Y.B. Zeldovich, G.I. Barenblatt, V.B. Libovich, G.M. Mackviladze, The mathematical theory of combustion and explosions, Cons. Bureau, New York, 1985.

[70] J.B. Zeldovich, D.A. Frank-Kamenetskii, A theory of thermal propagation of flame, Acta physiochimica URSS 9 (1938), pp 341-350. English translation: In Dynamics of curved fronts, R. Pelcé ed., Perspectives in Physics Series, Academic Press, New York, 1988, pp 131-140.