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Abstract. Freely propagating and counterflow laminar premixed steady hydrogen/air
and methane/air flames are investigated numerically using complex chemistry and de-
tailed transport models. All the transport coefficients in the mixture, including thermal
diffusion coefficients, are evaluated using cost-effective, accurate algorithms derived re-
cently by the authors from the kinetic theory of gases. Our numerical results provide a
quantitative assessment of the impact of thermal diffusion on planar flame speed as a
function of equivalence ratio and on extinction limits of counterflow flames as a func-
tion of either strain rate or equivalence ratio. In some cases, such as rich hydrogen /air
flames, the effect of thermal diffusion is actually opposite to the one expected from
a qualitative viewpoint or obtained with empirical models. In addition, we observe

relevant effects of thermal diffusion on extinction of methane/air counterflow flames.
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1 INTRODUCTION

Freely propagating and counterflow laminar premixed flames are on the natural route
to recent theories of multidimensional turbulent flames, predictions of chemically con-
trolled extinction limits and further understanding of pollutant formation in combustion

applications. As a result, extensive interest has been devoted over the last decade to
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both experimental and computational models of such flames. Ideally, numerical mod-
els would combine complex chemical kinetics with detailed multicomponent transport
models in order to predict accurately flame structure, planar flame speed and flame ex-
tinction in function of various operating parameters. However, while detailed chemical
reaction mechanisms for both hydrogen/air and methane/air flames are now routinely
used in numerical models, much less attention has been paid to the accuracy of the

model for multicomponent transport.

One of the most challenging multicomponent transport phenomena is thermal dif-
fusion because evaluating the corresponding kinetic theory expressions is a formidable
computational task. Thermal diffusion is a cross-transport phenomenon which gives
rise to the Soret and Dufour effects, the former corresponding to an additional term
in the species diffusion velocities proportional to the temperature gradient and the lat-
ter to an additional term in the heat flux vector. From a qualitative viewpoint, it is
well-known that the Soret effect tends to drive light molecules towards hot regions and
heavy molecules towards cold regions of the flow. It is thus expected to be particu-
larly important in the presence of strong temperature gradients such as those found in

chemically reacting flows.

The impact of multicomponent transport on one-dimensional flames has been stud-
ied first in the pioneering work of Dixon-Lewis (1968). In particular, for hydrogen/air
flames, it was observed that the molar diffusion flux and the thermal diffusion flux
for hydrogen and nitrogen could be of the same order of magnitude. Greenberg (1980)
made the same observation in the study of one-dimensional hydrogen/air flames using a
single step chemistry model and phenomenological expressions for the thermal diffusion
coefficients. Later, Warnatz (1982) found that the laminar flame speed of hydrogen/air
flames was slightly lower when thermal diffusion was taken into account. This result
was obtained for both lean and rich flames, but thermal diffusion was modeled using
semi-empirical expressions and only for the diffusion flux of atomic and molecular hy-
drogen. We shall see that for rich flames this result is at variance with the present
results where kinetic theory expressions are used for the thermal diffusion coefficients
of all the chemical species. Kinetic theory expressions for thermal diffusion coefficients
have been considered by Heimerl and Coffee (1982), but the authors only studied a
few flames for which detailed multicomponent transport algorithms did not appear to
be critical. We shall see that such conclusion is again at variance with the one of the
present work. Recent studies sheding new light upon the importance of the Soret effect
include the theoretical analysis of the structure of a wrinkled premixed flame (Garcia-

Ybarra et al., 1984), and numerical models of hydrogen jet diffusion flames (Hancock et
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al., 1996), laminar methane flames (Popp and Baum, 1997), chemical vapor deposition
reactors (Ern et al., 1996) and hydrogen/air and methane/air bunsen flames (Ern and
Giovangigli, 1998).

An important step toward detailed modeling of multicomponent transport has
been achieved recently. Indeed, in the framework of the theory derived by the authors
(1994, 1995, 1996a, 1996b), it is possible to evaluate at a moderate computational cost
all the transport coefficients in gas mixtures using rigourous accurate expressions. As an
application of this theory, the present work focuses on freely propagating and counter-
flow premixed hydrogen/air and methane/air flames. Its contributions are three-fold.
First, it provides for the first time a thorough and quantitative assessment of the role
played by multicomponent transport in such flames. In addition, our numerical results
show that in some cases, such as rich hydrogen/air flames, the effect of thermal diffu-
sion is actually opposite to the one expected from a qualitative viewpoint or obtained
with empirical models. Finally, we observe relevant effects of thermal diffusion on the
extinction of methane/air counterflow flames.

The paper is organized as follows. In the next section we formulate the governing
equations for both freely propagating and counterflow steady laminar flames and briefly
discuss the mathematically appropriate boundary conditions. In Section 3 we shortly
review the theoretical background for multicomponent transport algorithms. In Section
4 we describe the solution method. In Sections 5 and 6 we present the numerical results

obtained for freely propagating and counterflow flames, respectively.

2 PROBLEM FORMULATION

In this section we present the conservation equations and boundary conditions for freely
propagating and counterflow laminar premixed steady flames. Considering first freely
propagating flames, our goal is to predict the species mass fractions and temperature
profiles as a function of the independent spatial coordinate normal to the flame front,
along with the mass flow rate which is an eigenvalue of the problem. Let x denote the
spatial coordinate, Y7, ...,Y,, the species mass fractions, T the temperature and m the

mass flow rate. The governing equations read

md,Y; = —d.(pY;U;) + m;w;, i €[1,n], (1)
mepd, T = — dpQ — ( Z PYiUiCpi)me— Z him;w;, (2)
i€[1,n] i1€[1,n]



completed with the ideal gas law o
pm
=77 (3)
Here, we have introduced the spatial derivative operator d,, the density p, the diffusion
velocity of the " species U;, the molecular weight of the i*" species m;, its molar
production rate w;, the specific heat capacity at constant pressure of the mixture cp,
the thermal heat flux @ given by @ = Q—Zie[l’n] h;pY;U; where @ is the heat flux, the
specific heat capacity at constant pressure of the i'" species c,;, its specific enthalpy h;,
the pressure p, the mean molecular weight of the mixture m, and the ideal gas constant
R. Since freely propagating flames are in the low Mach number regime, the pressure in
the ideal gas law can be taken as constant while the hydrodynamic pressure uncouples
from the governing equations (1)—(3) and can be recovered from their solution.
The species diffusion velocities and the thermal heat flux are given from the kinetic

theory of gases (Waldmann and Triibenbacher, 1962, Ferziger and Kaper, 1972) as

follows
Ui=— Y Dij(deX; + X;X;dalogT), i€ [1,n], (4)
J€[l,n]
Q= —\,T+p Z XixiUi, (5)
1€[1,n]

where D = (Dj;); je[1,n] is the diffusion matrix, X; the mole fraction of the ith species,
X = (Xi)ie[1,n) the thermal diffusion factors, and A the thermal conductivity. The
thermal diffusion factors satisfy X;X; = xi, where x = (Xi)icp1,n] are the classical
thermal diffusion ratios. The diffusion matrix, the thermal diffusion factors and the
thermal conductivity are the transport coefficients of the mixture. They depend on the
state of the mixture, i.e., on the temperature and the species mass fractions and are

evaluated as described in the next section.

The boundary conditions at the reactant stream, x = —oo, read
Y;(—OO) = Y;'uv S [1,71], (6)
T(—o0) =T", (7)

where Y, i € [1,n], and T" are the given species mass fractions and temperature of
the unburnt gases. On the other hand, the boundary conditions for the hot stream of

burnt bases at x = +oo read
d,T(+00) = 0. 9)
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We introduce an ignition temperature 7T; below which the chemical production rates
vanish. Several mathematical studies have shown that the boundary value problem
(1)—(9) is then well posed (Giovangigli, 1999). The ignition temperature is used to
reformulate the problem over the interval [0, +00). Upon integrating the conservation
equations (1) and (2) over (—o0,0), we derive the following boundary conditions at
z=0

T(0)—T; =0, (10)
p(0)Y(0)U3(0) + m(Y;(0) = ¥;") =0, i€ [1,n], (11)
Q) +m Y V*(hi(0) = hy}) =0, (12)

1€[1,n]

where we have used the notation h;(0) = h; (7(0)) and similar notation for the other
thermodynamic and transport quantities depending on the state of the mixture at
x = 0. Using the definition of the thermal heat flux (5), the latter boundary condition

reads

—MN0)d,T(0) +p Y Xi(0)X:(0)U;(0) +m Y ¥ (hs(0) — hl') = 0. (13)

1€[1,n] 1€[1,n]

Two important points are worth mentionning. First we note that the boundary condi-
tion (10) removes the translational invariance of the problem. In addition, the bound-
ary conditions (10)—(12) yield the necessary and sufficient conditions for a solution on
[0,4+00) to be extendable to a solution of the original problem on (—oo,+00). This
is at variance with artificial boundary conditions imposing the temperature at an ad-
ditional point z > 0 and which have no physical justification. Finally, we reduce the
computational domain to [0, L] by replacing the boundary conditions (8)—(9) for the
hot stream by

d,Y;(L) =0, ie[ln] (14)

d,T(L) = 0. (15)

The second type of flames considered in this paper consists of doubly premixed
steady laminar flames obtained in two counterflowing symmetric jets, as illustrated in
Figure 1. Our model for counterflow symmetric flames assumes a laminar, low Mach
number, stagnation point flow. It is well-known that the system of two-dimensional,

governing equations expressing conservation of species mass, momentum and energy
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admits a similarity solution which is the solution of a one-dimensional boundary value
problem. The derivation of these equations is detailed by Giovangigli (1988). In par-
ticular, using the compatibility condition at the unburnt stream, the scaled pressure
gradient in the momentum equation can be evaluated in terms of the density of the
unburnt stream p".

Let x denote the independent axial coordinate normal to the symmetry plane, y the
transverse coordinate, and (u,v) the velocity components in the normal and transverse
directions, respectively. We introduce the mass flow rate in the x direction given by
@ = pu and the nondimensional transverse velocity v = v/(ay) where « denotes the

strain rate imposed on the flame by the flow. The governing equations then read
pat + d,u = 0,
Udyt + a(pt® — p*) — dy(nd,0) = 0,
ud,Y; + d(pY;U;) — myw; = 0, i €[1,n],

cyd, T + dQ + ( Z PYz'Uisz)de-l- Z himiw; = 0,

i€[1,n] i€[1,n]
completed by the ideal gas law (3). The shear viscosity 7 depends on the temperature
and the species mass fractions and is evaluated as described in the next section. On

the other hand, the species diffusion velocities and the thermal heat flux are still given

by (4)(5).
The boundary conditions at the symmetry plane x = 0 read
u(0) =0, d,v(0) =0, (20)
d,Y;(0) =0, i € [1,n], d,T(0) =0, (21)
and at the unburnt stream xz = 400, we have
0(400) =1, (22)
Yi(+o00) =Y", i € [1,n], T(+00) =T", (23)

where Y, i € [1,n], and T" are the specified species mass fractions and temperature at
the unburnt stream. Finally, we reduce the computational domain to [0, L] by replacing
(22)—(23) with

5(L) =1, (24)

Yi(L)=Y" ie[l,n], T(L)=T" (25)



3 DETAILED MULTICOMPONENT TRANSPORT

The transport coefficients arising in the governing equations of freely propagating and
counterflow flames are the diffusion matrix D = (D;;); je[1,), the thermal diffusion
factors X = (Xi)ie[1,n], the thermal conductivity A, and the shear viscosity 1. The
diffusion matrix D is symmetric and positive definite on the hyperplane of zero sum
gradients, the thermal diffusion factors satisfy > ie[1,n] X;Xx; = 0, and we have the mass
conservation relations Eie[l’n] Y;D;; = 0 for j € [1,n]. All the transport algorithms
considered in this work in order to evaluate D and X automatically satisfy the above
physical constraints.

The transport coefficients depend on the state of the mixture, i.e., the temperature
and the species mass fractions. However, the kinetic theory does not provide explicit
expressions for the transport coefficients but instead linear systems which must be
solved first. The transport linear systems (TLS in short) stem from an approximate
solution of the linearized Boltzmann equations using a Galerkin approach based on

polynomial expansions (Waldmann and Triibenbacher, 1962). The TLS read

Ga =3,
o (26)
o€ ,

where G is a matrix and where «, (3, and G are vectors. The dimension v of the
linear system is equal to the dimension of the functional space used for the polynomial
expansions. The transport coefficient p associated with (26) is typically given by the

scalar product
=, B, (27)

where 3’ is a given vector. The matrix G' and the vectors 3, G, and 3’ are functions of
the state of the mixture and may be expressed in terms of molecular parameters. All
the TLS considered in this work are detailed by Ern and Giovangigli (1994, 1998).
The mathematical structure of the TLS (26) has been obtained under very gen-
eral assumptions (Ern and Giovangigli, 1994, 1996a). An important point is that we
consider the TLS in their naturally constrained, singular and symmetric form. This is
at variance with the approach of Monchick, Yun and Mason (1963) and Hirschfelder,
Curtiss, and Bird (1954) which have artificially destroyed this symmetry. However,
the symmetric formulation is important from a mathematical, physical, and numeri-
cal viewpoint. In particular, regarding the numerical advantages, we point out that

symmetric systems can be inverted at lower computational costs, they are preferable
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for iterative techniques and they lead to simpler analytic expressions. As a result, a
new derivation of the TLS in symmetric form was performed by Ern and Giovangigli
(1994), revealing two misprints in the paper of Monchick, Yun, and Mason.

As a consequence of the mathematical structure of the TLS, it is rigorously shown
that all the transport coefficients can be expanded as convergent series. Two types
of iterative methods can be considered: relaxation methods or preconditioned conju-
gate gradient methods. Accurate and cost-effective approximate expressions for the
transport coefficients are then obtained by truncation. Numerical experiments on var-
ious flame applications have shown that one to three iterations are in general sufficient
to produce approximations for the transport coefficients within less than a percent
accuracy. The present multicomponent transport algorithms are implemented in a
general-purpose library optimized for scalar and vector computer architectures. On
scalar machines, speedups in CPU time for evaluating thermal diffusion coefficients
with respect to existing software (Kee et al., 1986) are as high as an order of magni-
tude and almost reach two orders of magnitude when vector optimization is used. For
more details, we refer to Ern and Giovangigli (1996b, 1996¢).

For evaluating the diffusion matrix, the most practical TLS is of size v = n and

involves the system matrix A given by

XiX; )
Ay = Z D, € [1,n], (28)
J€E[l,n]
JFi
XX o o
A’Lj: _—]7 27]6[1771]7 27&]7 (29)

where D;; is the binary diffusion coefficients of species pair {7, j}. Following the ideas
of Giovangigli (1991) and Ern and Giovangigli (1994, 1995), we obtain approximate
expressions for the diffusion matrix in the form

k
DM =3 "(PT)'PM P, (30)
=0
where P is the projector given by P;; = 0;; — Y, for i, j € [1,n], M the diagonal matrix
M = diag(X,/D5, ..., X, /D) with

1-Y; .
Di=——Y e, (31)
) X;/D;;
i

and T'= I — M~'A. Note that the spectral radius of T is unity whereas the spectral

radius of the projected matrix PT is strictly lower than unity. We also point out that
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all the approximate diffusion matrices D!¥! satisfy the important physical properties of
symmetry, positive definiteness on the physical hyperplane of zero sum gradients, and
mass conservation.

The first term in the series expansion, namely DI®) = PM~1P! corresponds to
the Hirschfelder-Curtiss approximation (1949) with a mass correction diffusion velocity
(Jones and Boris, 1981, Oran and Boris, 1981). The second term in the series expansion,
namely D[ provides a new approximate expression for the diffusion matrix. It was
first introduced by Giovangigli (1991) and given explicitly by Ern et al. (1996) when
modelling chemical vapor deposition reactors. It may be written in the form DM =
PT P! with the matrix 7 given by

D*
D;D; -
Zj — TJ7 (ZWS [17n]7 27&] (33)

ij

We also point out that it is interesting from a numerical viewpoint to consider the
modified diffusion matrix D*) + aU®U where a is an arbitrary positive quantity and
U the vector U = (1,...,1). The additional term removes artificial singularities in the
discretized conservation equations (Giovangigli, 1990).

For evaluating the thermal conductivity and the thermal diffusion factors, we con-
sider a TLS of size v = n. This system has been introduced by Ern and Giovangigli
(1994) and results from polynomial expansions in the total energy of the molecules.
It yields accurate expressions for the associated transport coefficients and is also of
smaller size than the standard TLS of size v = 2n, thus reducing the computational
costs. Accurate and cost-effective approximations for the thermal conductivity and the
thermal diffusion factors are obtained after three conjugate gradient iterations.

For evaluating the shear viscosity, we consider the TLS of size v = n. An accurate
and cost-effective approximation for the shear viscosity is obtained after one conjugate
gradient iteration. It is worthwhile to notice that this approximation is already an order
of magnitude more accurate than the Wilke approximation, but requires less CPU time
to be evaluated.

In order to investigate the impact of thermal diffusion and multicomponent mass
diffusion on flame structure, we consider three different models for the species diffusion
velocities. Model I is the most accurate, while model III is the least accurate and also
the most frequently used in previous work. Model II is an hybrid model introduced for

comparison purposes. Specifically, we consider
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Model I:  “Multicomponent mass and thermal diffusion”

U=— Y DiMdoX;+X;X;dslogT),  i€[l,n]. (34)
jE(l,n]
Model II: ~ “Multicomponent mass and no thermal diffusion”
1 .
U, = — Z Dz[j]dejv i€ [l,n]. (35)
jell,n]
Model IIT:  “Diagonal mass and no thermal diffusion”
0 .
v=- ¥ DYLX,  iclial &
jEll,n]

Note that it is also possible to consider a “diagonal mass and thermal diffusion”
model for the species diffusion velocities upon writing U; = — ) jelin] Dgg](dij +
X;XjdglogT), for i € [1,n]. This model is not further considered here since the
computational overhead for evaluating D! instead of D! is marginal if the thermal
diffusion factors are also evaluated. In addition, this model may lead to numerical

instabilities for two-dimensional bunsen flames (Ern and Giovangigli, 1998).

4 METHOD OF SOLUTION

The solution method combines a pseudo-arclength continuation procedure, Newton
iterations and global adaptive gridding, as detailed by Giovangigli and Smooke (1987,
1989, 1992). For both freely propagating and counterflow flames, the set of governing

equations and boundary conditions reduces after discretization to a system of the form
F(Z,v) =0, (37)

where Z is the discrete solution vector and + any physical parameter of the system,
e.g., the equivalence ratio ¢ or the strain rate a. For freely propagating flames, we
introduce the additional dummy equation d,m = 0 in order to simplify the struc-
ture of the Jacobian matrix. The solution vector has then components given by
(Y1,...,Y,, T,m). On the other hand, for counterflow flames, the solution vector has
components (@, v, Y1,..., Yy, T).

Because of the presence of turning points, the one-dimensional manifold (Z,~)

cannot be parametrized as (Z(7),7). The solutions (Z,) are then obtained using a
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pseudo-arclength continuation method. A new parameter s is introduced in order to
reparametrize the manifold into (Z(s),7(s)) in such a way that s approximates the
arclength of the solution branch in a given phase space. Note that this reparametriza-
tion suppresses the singularities due to simple turning points and also yields better
conditioned Jacobian matrices. The new system of discrete governing equations now

reads
H(Z,v,s) =0. (38)

Starting from a previously obtained solution (Z(sg),¥(s0)), the solution branch is ex-
tended using a first-order Euler predictor followed by an implicit correction step involv-
ing Newton iterations. Thanks to the structure of the Jacobian matrix, an optimized
block-tridiagonal solver can be used to solve the associated linear systems. In addition,
for the sake of computational efficiency, the Jacobian matrix is evaluated numerically
using vector function evaluations and highly optimized libraries for thermochemistry
(Giovangigli and Darabiha, 1988) and multicomponent transport (Ern and Giovangigli,
1996¢).

Finally, in order to resolve the high activity regions in the flame and to optimize
the number of grid points along the solution branch, a new adaptive mesh is generated
after each continuation step by equidistributing a weight function involving the gradient
and curvature of all the components of the numerical solution. For more details, we

refer to Giovangigli and Smooke (1989).

5 FREELY PROPAGATING FLAMES

In this section we apply the physical model and the numerical method discussed in
the previous sections in order to obtain the flame peak temperature and the flame
speed versus equivalence ratio for freely propagating hydrogen/air and methane/air
flames. For hydrogen/air flames, we consider a finite rate, chemical reaction mechanism
involving the n = 9 species Hy, Oo, No, H5O, H, O, OH, HO5, and HyO participating
in 19 elementary reactions (Giovangigli and Smooke, 1992). For methane/air flames,
we consider a finite rate, chemical reaction mechanism including propane chemistry
and involving n = 33 species participating in 126 elementary reactions (Darabiha et
al., 1988). The length of the computational domain is set to L = 30 cm. We consider
atmospheric flames with unburnt gases at temperature 7" = 300 K and an ignition
temperature of T; = 301 K.
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Plane premixed laminar flames have been investigated using continuation methods
by Giovangigli and Smooke (1992). Extinction of such flames can be obtained experi-
mentally by adjusting the reactant concentrations in the unburnt stream. By varying
the equivalence ratio, it is possible to decrease the heat released by chemical reactions
to a level where external heat losses become predominant and the flame extinguishes.
Although heat losses are important theoretically, the actual value of the heat loss rate
has a minor impact on the equivalence ratio at extinction over practically interesting
operating conditions (Williams, 1985). Since no heat losses are considered here, no
physically relevant turning points in the equivalence ratio are obtained numerically. As
the equivalence ratio approaches the rich flammability limit, the flame speed is reduced
considerably and the flame thickness becomes larger. The flame eventually occupies
all the computational domain and a turning point in ¢ is passed. The continuation
procedure then generates a branch of unstable flames pressed against the boundary
x = L. Once the lean flammability limit is passed, the flame thickness decreases and
a classical flame structure is again recovered. For more details, we refer to Giovangigli
and Smooke (1992). Since only model III for the species diffusion velocities was con-

sidered by these authors, our goal is now to evaluate the impact of the more accurate
models I and II.

Considering first hydrogen/air flames, the left part of Figure 2 presents the laminar
flame speed as a function of the equivalence ratio obtained using models I, II, and III.
Comparing first models II and III, we can see that using the more accurate diffusion
matrix DI instead of DI results in predicting slightly lower flame speeds for all
the equivalence ratios. The differences in computed flame speeds are, however, not
very important. A comparison of models I and II shows on the other hand the more
important role played by thermal diffusion. Indeed, for lean flames, the flame velocity is
significantly lower when thermal diffusion is included in the model. For such flames, the
thermal diffusion factor of most radicals is negative throughout the flame. As a result,
when thermal diffusion is included, active radicals are less prone to diffuse into the cold
region and flame propagation is, therefore, slower. However, for rich flames, the zoom
shown in the right part of Figure 2 reveals that the flame speed is slightly higher when
thermal diffusion is included in the model. This result differs from the one reported
by Warnatz (1982) where thermal diffusion was included only for the light species, i.e.,
atomic and molecular hydrogen. The increase in flame speed can only be obtained with
a detailed transport model. Indeed, as discussed below through a detailed analysis of
a rich flame structure, the thermal diffusion factor of O and OH changes sign abruptly

inside the flame front. We also point out that although the increase in flame speed is
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not very significant since the relative changes are of the order of a few percent, it has
some impact on the structure of multidimensional rich hydrogen/air bunsen flames, as
discussed by Ern and Giovangigli (1998). Finally, it is worthwhile to point out that
while the flame speed is sensitive to the accuracy of the multicomponent transport
model, this is not the case for the peak temperature which was found to be practically

the same, independently of models I-11I.

We now discuss into more detail two flame structures. We consider a lean flame
with 20% hydrogen in mole fraction in the unburnt gases and a rich flame with 70%
hydrogen in mole fraction. These flames correspond to equivalence ratios of ¢ = 0.59
and ¢ = 5.55, respectively. Turning our attention to the lean flame first, we present in
Figure 3 the thermal diffusion factor of species Hy, H, O, OH, and H50O, throughout
the flame. For completeness, the figure also contains a scaled temperature profile, the
actual temperature varying between 300 and 1820 K. It is seen that except for the heavy
species HoOs4, all the thermal diffusion factors are negative and thus the flame speed
should be indeed smaller when thermal diffusion is included in the model. The impact
of thermal diffusion on the species and temperature profiles is illustrated in Figure 4.
Important changes can be observed. For instance, at x = 0.4 mm, the temperature is
1040 K with model I and 100 K higher with model II. The major species profiles also
exhibit important variations. The Os and Ny profiles show that these heavy species
indeed diffuse into the cold zone when thermal diffusion is included, while Hy diffuses
into the hot zone. Significant variations between models I and IT are also observed in all
the radicals profiles. Focusing next on the rich flame, we present in Figure 5 the thermal
diffusion factor of species Hy, H, O, OH, and HyO5 throughout the flame along with
a scaled temperature profile, the actual temperature varying between 300 and 1340 K.
It is seen that the thermal diffusion factor for radicals O and OH is negative in the
hot zone, positive in the cold zone, and, therefore, does not promote diffusion into the
cold zone. As a result, the flame propagation velocity is actually slightly higher when
thermal diffusion is included in the model. Finally, in Figure 6, we compare the species
and temperature profiles obtained with models I and II. Changes in the temperature
are much less important than those observed for the lean flame. On the other hand,
thermal diffusion yields higher concentrations of Os and N5 close to the cold zone,
as to be expected. The Hy profile exhibits a very interesting phenomenon. Indeed,
although thermal diffusion as a single effect tends to drive Hs towards the hot flame
region, the nonlinear coupling between transport and chemistry results in the opposite
effect, i.e., the Hy concentration is actually lower in the hot flame region when thermal

diffusion is included in the model. Finally, significant variations in the radicals profiles
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are observed from Figure 6 when model I is used instead of model II.

Considering next methane/air flames, Figure 7 presents the computed flame speed
as a function of equivalence ratio for models I-III. We observe practically no variations
in flame speed between the results of models II and III. On the other hand, thermal
diffusion tends to lower slightly the flame propagation velocity, the impact being the
most important for stoichiometric and slightly rich flames. Indeed, the Soret effect
reduces the diffusion of chemical radicals in the active reaction zone thus acting against

flame propagation.

6 COUNTERFLOW FLAMES

In this section we discuss our numerical results for counterflow hydrogen/air and
methane/air flames. We use the same chemical mechanism as in the previous sec-
tion for hydrogen/air flames, whereas for methane/air flames we consider a Cl-chain
reaction mechansim involving n = 16 species participating in 46 elementary reactions
(Ern et al., 1995). We apply the pseudo-arclength continuation procedure discussed in
Section 4 in order to predict the peak temperature in the flames as a function of either
the strain rate or the equivalence ratio. In all the calculations, we consider atmospheric
flames with the length of the computational domain set to L = 3 cm and the tempera-
ture of the unburnt gases to 7" = 300 K. Extinction of strained premixed flames with
complex chemistry has been investigated numerically using continuation methods by
Giovangigli and Smooke (1987). Since these authors only used model III for the species
diffusion velocities, our goal is now to evaluate the impact of models I-III on the flame
temperature response curves to varying the strain rate or the equivalence ratio.

We consider first the results for hydrogen/air flames. In Figure 8 we present the
peak temperature as a function of strain rate for a lean flame with 20 percent hydrogen
in mole fraction. Starting at a value of o = 500 s~!, we first note an increase in
the peak temperature. This effect can be attributed to the diffusion of hydrogen (the
deficient reactant) from the unburnt mixture into the reaction zone, causing additional
heat release larger than the conductive heat losses. As the strain rate continues to
increase above 2000 s~!, the temperature starts to decrease and the flame is pressed
against the stagnation plane until incomplete combustion due to decreased residence
times eventually extinguishes the flame. We also point out that the peak temperature

of the freely propagating 20 percent hydrogen/air flame is about 1820 K. Hence, we
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observe in the present strained flames Lewis number effects between 20 and 80 K, in
qualitative agreement with the theory of Libby and Williams (1984).

Figure 8 also illustrates the impact of detailed multicomponent transport on model
predictions. A comparison of the numerical results obtained with models II and IIT first
shows that the use of the more accurate matrix D! has only a minor influence on the
peak temperature. Peak temperatures are globally lower when this matrix is considered.
A comparison of models I and II-III reveals, however, a more important role played
by thermal diffusion. Inclusion of thermal diffusion leads to higher peak temperatures.
For instance, at a strain rate of 2000 s~!, the peak temperature is 1870 K with model
IT and 1910 K with model I. In Figure 9 we next consider peak temperature versus
strain rate for a rich flame with 70 percent hydrogen in mole fraction. We observe
a strong impact of thermal diffusion on the extinction limit, which is predicted to be
a = 1691 s~ with Model I and o = 2309 s~! with Model II, thus 36% higher. It
is also interesting to notice that the effect of thermal diffusion is the opposite to the
one observed for lean flames. Indeed, the peak temperature is now lower when model
I is used. This phenomenon can be interpreted using the theoretical work of Libby
et al. (1983) and Libby and Williams (1984) on strained premixed laminar flames
with nonunity Lewis number. For lean hydrogen flames, thermal and mass diffusion of
hydrogen occurs in the same direction, towards the hot flame front. Thus, the inclusion
of thermal diffusion lowers the overall Lewis number for hydrogen and enhances the
effect of nonunity Lewis number: the flame temperature gets higher. For rich flames,
thermal and mass diffusion for oxygen act in the opposite direction and inclusion of
thermal diffusion enhances the overall Lewis number for oxygen: the flame temperature

is now lower.

Figure 10 next shows the variation of the peak temperature as a function of equiv-
alence ratio for a fixed strain rate of o = 1500 s~!. While the differences obtained
with models IT and III are not very important, thermal diffusion has a stronger impact,
especially on the rich extinction limit. Indeed this limit is predicted to be 4.09 with
model I and 4.30 with model II. Some changes are also observed for the lean flames.
For instance, the lean extinction limit is found to be 0.22 with model I and 0.24 with
model II. For lean flames, peak temperatures at a given strain rate are higher when
thermal diffusion is included so that flames with thermal diffusion can support smaller

values of the equivalence ratio before extinction.

We now discuss our numerical results for methane/air flames. Figure 11 presents
the peak flame temperature as a function of the strain rate for a stoichiometric flame

obtained with models I-III. Since the Lewis number for methane is about unity, we
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anticipate a monotonic decrease in temperature as a function of the strain rate. As the
strain rate is further increased, the flame is pressed against the symmetry plane and
eventually extinguishes. The extinction limit is slightly higher when thermal diffusion
is included. For instance, the strain rate at extinction is a = 1921 s~! with Model I
and a = 1881 s~! with Model III. Finally, we consider in Figure 12 the variation of
the flame peak temperature as a function of equivalence ratio for a fixed strain rate of
a = 1000 s~'. It is seen that thermal diffusion has some impact on both the lean and
the rich extinction limits, the major differences being observed between model I and
I1. The rich extinction limit is ¢ = 1.17 with model I and ¢ = 1.21 with model II. On
the other hand, the lean extinction limit is ¢ = 0.70 with model I and ¢ = 0.72 with
model II.

7 CONCLUSIONS

In this paper we have derived a physical model with complex chemical kinetics and
detailed multicomponent transport and used adaptive continuation techniques in order
to investigate computationally freely propagating and counterflow premixed steady
flames. We have investigated quantitatively the importance of modeling the species
diffusion velocities accurately. For freely propagating lean hydrogen/air flames, the
flame speed is lower when thermal diffusion is included in the model. However, for
rich flames, flame propagation is slightly faster as a result of thermal diffusion factors
of some radicals changing sign at the flame front. For freely propagating methane/air
flames, thermal diffusion has no significant impact on flame speed and flame structure.
For counterflow flames, both methane and hydrogen, extinction limits in terms of either
strain rate or equivalence ratio are sensitive to multicomponent transport. The effects
are more pronounced for hydrogen flames, especially the rich flames, where neglecting

thermal diffusion can lead to overprediction of the strain rate at extinction by 36%.
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FIGURE CAPTIONS

Figure 1. Illustration of a symmetric counterflow flame.

Figure 2. Left: flame speed (cm/s) versus equivalence ratio for freely propagating
hydrogen/air flames; comparison of three models for the species diffusion velocities.

Right: zoom for rich flames.

Figure 3. Thermal diffusion factors of several chemical species and scaled temperature
profile for a lean freely propagating hydrogen/air flame with 20 percent Hy in mole

fraction.

Figure 4. Chemical species mole fraction and temperature profiles obtained with and
without thermal diffusion (for convenience, the Ny mole fraction is scaled by a factor

of 4); lean freely propagating hydrogen/air flame with 20 percent Hy in mole fraction.

Figure 5. Thermal diffusion factors of several chemical species and scaled temperature
profile for a rich freely propagating hydrogen/air flame with 70 percent Hs in mole

fraction.

Figure 6. Chemical species mole fraction and temperature profiles obtained with and
without thermal diffusion; rich freely propagating hydrogen/air flame with 70 percent

Hs in mole fraction.

Figure 7. Flame speed (cm/s) versus equivalence ratio for freely propagating premixed

methane/air flames; comparison of three models for the species diffusion velocities.

Figure 8. Flame temperature (K) versus strain rate (s~!) for lean counterflow hydro-

gen/air flames with 20 percent hydrogen in mole fraction.

Figure 9. Flame temperature (K) versus strain rate (s~1) for rich counterflow hydro-

gen/air flames with 70 percent hydrogen in mole fraction.

Figure 10. Flame temperature (K) versus equivalence ratio for counterflow hydro-

gen/air flames at a strain rate of 1500 s~1.

Figure 11. Flame temperature (K) versus strain rate (s~!) for stoichiometric coun-

terflow methane/air flames.

Figure 12. Flame temperature (K) versus equivalence ratio for counterflow premixed

methane/air flames at a strain rate of 1000 s~ 1.
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