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Linear Stability of the Reacting Mixing Layer

D. S. Shin* and J. H. Ferzigert
Stanford University, Stanford, California 94305

The linear instability of reacting mixing layers is analyzed with special emphasis on the effects of the heat
release and variable transport properties. Both analytic profiles and laminar solutions of the boundary-layer
equations are used as base flows. The growth rates of the instabilities are sensitive to the laminar profiles,
differing by more than a factor of 2 according to which profile is used. Thus, it is important to base the analysis
on accurate laminar profiles. Accounting for variable transport properties also changes the mean profiles
considerably, and so including them in the computation of the laminar profiles is equally important. Chemical
reaction that occurs during the instability hardly affects its growth rate. At larger heat release, two modes that
are stronger in the outer part of the shear layer have the highest growth rates; they also have shorter wavelengths

than the center mode.

1. Introduction

REDICTION of the characteristics of chemically reacting

mixing layers is very important in a number of technol-
ogies. For increased mixing, we prefer to have turbulent flow,
which occurs only if the laminar flow is unstable. Therefore,
it is important to analyze the stability of reacting shear layers;
linear stability analysis is the most convenient tool for this
purpose.

The stability of nonreacting mixing layers has been exten-
sively investigated. In most of this work, analytic mean ve-
locity profiles (usually hyperbolic tangent or error functions)
were used. The validity of doing so needs investigation.

For incompressible parallel inviscid flow, Rayleigh! showed
that, if the velocity profile has an inflection point, the flow is
unstable. Lin? suggested that the inviscid mechanism domi-
nates at large Reynolds numbers with viscosity producing only
slight damping. Michalke® numerically integrated the Ray-
leigh stability equation with the hyperbolic-tangent velocity
profile for temporally as well as spatially growing disturbances
to incompressible flow; the spatial case results agreed well
with experiments.

The effects of the mean velocity profile were studied by
Monkewitz and Huerre,* who found that the amplification
rate found with the Blasius mixing layer velocity profile agreed
well with experimental results. Morkovin® suggested that only
stability analyses based on mean profiles derived from the
boundary-layer equations should be compared with experi-
mental results; this is consistent with Michaike’s proposition.

Koochesfahani and Frieler® investigated the linear spatial
stability of plane mixing layers with both uniform and non-
uniform density; they used analytical profiles. Kimura’ con-
structed a stability theory for axisymmetric parallel flows and
showed that the oscillation of laminar-jet flames can be ex-
plained by linear stability analysis. Trouve and Candel® did
linear stability analysis of the inlet jet in a ramjet dump com-
bustor using hyperbolic-tangent velocity and temperature pro-
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files. They found that the density variation has a significant
effect on the instability. Jackson and Grosch® studied the
effect of heat release on the spatial stability of a supersonic
reacting mixing layer using the hyperbolic-tangent velocity

. profile and the flame sheet approximation. Recently, Ma-

halingam et al.'® studied the effects of heat release on the
stability of coflowing, chemically reacting jets. They suggested
that the heat release due to chemical reaction stabilized the
flow.

For compressible flow, Groppengiesser'' used laminar so-
lutions of the compressible boundary-layer equations as the
base flow and found a second mode of instability at high Mach
number, which was subsequently rediscovered by Blumen et
al.'? Sandham and Reynolds'® solved the linearized inviscid
compressible stability equation and found maximum ampli-
fication at the frequency at which vortices are found in the
laboratory. They also found that three-dimensional effects are
important at high Mach number.

In this paper, we consider a low-speed, plane mixing layer
in which fuel and oxidizer are initially unmixed. Laminar
profiles obtained by solving the boundary-layer equations are
used as input to linear stability analysis. The effects of heat
release in both the laminar flow and the instability are studied
as are the effects of variable transport properties. Both tem-
porally and spatially developing layers are considered: the
former are easier to understand, and the latter are used for
comparison with experimental results.

II. Laminar Flow Profiles

To generate mean profiles, we solved the (parabolic) two-
dimensional boundary-layer equations in the low Mach num-
ber approximation.'*!* The effects of density variation, which
can be quite large if the heating caused by chemical reaction
is large, must be retained. The governing equations are given
in the Appendix. All dependent variables are nondimension-
alized using the values on the high-speed side. Uniform pres-
sure through the shear layer and unity Lewis and Prandtl
numbers are assumed for simplicity. We found that a Prandtl
number of 0.7 does not produce large quantitative differences.
Both freestreams are at the same temperature. The inlet pro-
files are taken from self-similar solutions of the equations for
the time developing flow at low heat release but the temper-
ature is arbitrarily increased so that reaction will proceed.
Chemistry is represented by a single step irreversible scheme,
involving fuel F and oxydizer O, reacting to yield a product

viF + v,0— v,.P (N
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! Fig. 2 Effect of heat release to the growth of the velocity thickness
of spatially developing layer.
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¥ solved simultaneously. As the boundary-layer equations are
LEGEND parabolic, an implicit method (Crank-Nicolson) is used. In
3 ;.::!9 constant property) the spatial layer, the correct boundary condition for the nor-
! 1:4;'9' variable property) mal velocity V as y — o is difficult to determine. We used
o the integral relation derived from the y-momentum equation:
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¥ where p is the density and U the streamwise velocity. Tzuoo
et al.® used this boundary condition for the incompressible
° case.
] The magnitude of the normal velocity is <1% of the stream-
wise velocity in all computed profiles; this validates the use
® of the boundary-layer approximation.
o] Figures 1 compare the streamwise velocity and temperature
N profiles of the spatial layer for the same inlet profile and shows
° N~ the effects of heat release and variable properties on the lam-
-7 \\ inar flow. These profiles are compared at the same nondi-
.......... \\\ mensional streamwise distance x for downstream from the
~~~~~~~~ T ignition point. The nondimensional adiabatic flame temper-
> e e ature T,y is 9 for the reacting cases and the corresponding
ST maximum temperatures are 4.55 for constant properties and
° e o 4.57 for variable properties, respectively. Figure 2 shows that
+ Pt the vorticity thickness 3,, with variable properties grows more
v , rapidly as the adiabatic flame temperature increases. The sig-
° 74 nificant difference between the constant and variable property
Ch solutions indicates that property variations need to be in-
LEGEND cluded whenever there are la}rge temperature variations. .
° Tag=1 Figure 3 compares the laminar solution with a hyperbolic-
o] " T4=0 (constant property) tangent profile of the same vorticity thickness. The profile
—Taq=0 (variable property obtained from the simulation is fuller than the hyperbolic-
o tangent profile and, as we shall see, has very different stability
A T T T T T T properties.
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Fig. 1 Effect of heat release and variable transpert properties of the
spatially developing layer for 7,, = 9: a) velocity; b) temperature.

where v, vy, and v, are the stoichiometric coefficients for
fuel, oxidizer, and product, respectively. Both constant and
variable property cases are simulated. For the variable prop-
erties, power laws in temperature and pressure are assumed:

o< PO707, K o POT07, D« pP'T"7 2)
where p is the viscosity, k the thermal diffusivity, and D the
mass diffusivity. To satisfy the boundary-layer approximation,
we used an initial Reynolds number of 1 x 10° based on the
vorticity thickness and the cold viscosity. To include coupling
between chemical reaction, heat release, and the velocity field,
the continuity, momentum, energy, and specie$ equations are

III. Linear Stability Analysis

A. Inviscid Linear Stability Equation

In linear inviscid stability analysis, all flow variables are
assumed to be the sum of the mean and small wave-like fluc-
tuations. The parallel flow assumption is made for the mean
flow, which means that the predominant variation of the mean
flow properties vary in the direction normal to the flow. All
flow variables can be represented in the form:

fay.z0) = fO) + f'@xy.z.0 “

The disturbances represented by the primed variables are
assumed to have the form of traveling waves:

frley.z.0 = f) explilax + Bz — wi)] ©)
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Fig. 3 Comparison of the hyperbolic-tangent and laminar solution
velocity profiles for the spatially developing layer at T,, = 9.

where f is an eigenfunction assumed to be a function of y
only, « and B are wave numbers in the streamwise and span-
wise directions, respectively, and o is the frequency. The
relation between the wave numbers and the angle of disturb-
ance is

tand = B/a (6)

For the temporal stability analysis, a is real and o is complex,
whereas for the spatial analysis, w is real and a is complex.
The amplification rates for the two cases are o, and —a,
respectively.

The perturbation equations are derived by linearizing the
low Mach number equations without using the boundary-layer
approximations. Substituting Eq. (4) into these equations and
neglecting the products of disturbances yields the equations
for the perturbations. From the continuity and momentum
equations, a disturbance equation for the pressure is obtained:

2ol

an ((X_U_::)f), + el -0 —(@+B)p =0 (7)
where U is the mean velocity and a prime denotes differen-
tiation with respect to y. This is the three-dimensional equa-
tion; for B = 0, it reduces to the two-dimensional one. Equa-
tion (7) reduces to the incompressible Rayleigh equation'® if
density is constant, i.e., p = 0. Finally, p can be eliminated
in favor of the mean pressure p using the state, energy, and
species equations. Equation (7) then becomes

pr {m—lzj"‘_u—w) + g(aU - w)Z[RXN]} P’

~ (@ +p)p =0 ®)

where R and T are the mean density and temperature, re-
spectively. [RXN] is a term that represents the effect of den-
sity variation due to chemical reaction and associated heat
release; it is given in the Appendix. The boundary conditions
are obtained by considering the asymptotic form of the so-
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Fig. 4 Temporal growth rate in the incompressible case.
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Fig. 5 Spatial growth rate of the mixing layer with mean profiles
U@y) = 1 + tanh(y/2) and T(y) = 1 + A, tanh(y/2) (lines: Shin and
Ferziger, current study; symbols: Trouve and Candel®)

lutions of Eq. (8). As y — +«, U’ and [RXN] become neg-
ligible and the bounded solutions behave like

py— ~o) = Crexp(Va® + B) (%2)
by = @) = Cexp(=Veo’ + BY) (9b)

where C, and C, are arbitrary constants. A combination of
the shooting and Newton-Raphson methods are used to solve
Eq. (8). This method is applicable to both the temporal and
spatial problems. Any velocity and temperature profiles can
be specified as input to the stability calculation; in particular,
either analytic functions or the computed laminar profiles can
be used.

To confirm the validity of our equations and numerical
methods, the incompressible case without chemical reaction
(the Rayleigh problem) and the reacting flow with a hyper-
bolic tangent as its mean profile are examined. The results
for the nonreacting case are compared with Michalke’s® results
in Fig. 4; the agreement is excellent. For the reacting flow,
we compared our calculation with those of Trouve and Can-
del.® They used hyperbolic-tangent mean velocity and tem-
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perature profiles,

U(y) = 1 + tanh (y/2)
T(y) = 1 + A, tanh (y/2)

where X, is the parameter for temperature ratio of two free-
streams. Figure 5 shows the comparison between our calcu-
lation and Trouve and Candel’s. Here, T, and T, are upper
and lower freestream temperatures, respectively. Again, ex-
cellent agreement is obtained.

B. Inflection Points

According to Rayleigh’s inflection-point theorem,'¢ a nec-
essary condition for instability is that the laminar velocity
profile has an inflection point. For incompressible flow, this
condition requires U” to change sign at least once in the flow
domain. A stronger form of this condition was obtained by
Fjgrtoft,'® who proved that a necessary condition for insta-
bility is that U"(U — U,) < 0 somewhere in the field, where
¥, is a point at which U” = 0 and U, = U(y,). In this section,
we generalize these theorems to flows that have density var-
iation.

If we write the disturbance equation in terms of the normal
fluctuating velocity 7, then, in temporal flow, the disturbance
equation becomes

\ RUY) el ‘
) -FeZg -0

where C is the complex wave velocity. Multiplying this equa-
tion by ¥*, integrating from — oo to , and integrating the first
term by parts, we obtain

f" {lDﬁl2 A C,)(RU')Iﬁlz}
- R

RIU — Cp
(RUI I
* C[ RIU = CP c|2

dy = 0 (11)

where D is the differential operator d/dy, and C, and C, are
the real and imaginary parts of the wave velocity, respectively.
The imaginary part of Eq. (10) is

(RU) P
cf RU Y 0 (12)

which can be satisfied only if (RU")’ changes sign at least once
in the open domain (—,%); this is a necessary condition for
instability. A stronger form of this condition can be obtained
by considering the real part of Eq. (11):

" (U= C)RUY P
- RU-CF

f” |DY)? + o3p)?

dy = —
o4 . R

dy (13)

Supposing that C; > 0, multiplying Eq. (12) by (C, — U,)/C;
and adding it to Eq. (13), we have

- o2 + al>
dy: _Jl |_D‘)R—ofvidy (14)

- RJU - CF

Thus, a necessary condition for instability is (RU")'(U — U,)
< 0 somewhere on the domain —% < y < %. The mean
profiles were searched for points that satisfy this condition.
Figure 6a shows that the cold flow has just one inflection
point, whereas the reacting flow has three. Figure 6b shows
a test of the strong necessary condition for instability. All
three inflection points satisfy the necessary condition. The
reacting mixing layer should, therefore, be unstable to three
distinct modes.
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Fig. 6 Function appearing in the necessary condition for temporal
instability: a) (RU’)’; b) (RU")'(U — U)).
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C. Multiple Modes of Instability

In the last section, we showed that the mean profiles for
reacting flow have three inflection points and should have
three independent modes of instability. In the temporal sta-
bility case, symmetry dictates that two of these be reflections
of each other. Figures 7 show the amplification rate and phase
velocity as a function of the wave number for a variable prop-
erty flow with T,, = 9. For the amplification rate, only two
modes are shown. The first is the center mode that arises from
the central inflection point; its phase velocity is the mean
velocity at the central inflection point. The second represents
both of the modes due to the outer inflection points. The
phase velocities of the two outer modes are different, as shown
in Fig. 7b, and they approach the mean velocities at the outer
inflection points as the wave number increases.

The center mode travels at the same phase velocity as in
the cold flow, the average of the two freestream velocities.
One of the outer modes travels at lower speed than the center
mode, whereas the other travels at higher speed. Similar re-
sults were found in compressible flow by Sandham."’

We shall show in the next section that, for large heat re-
lease, the outer modes are more amplified and should dom-
inate. These modes are also very sensitive to the variation of
the properties, and so the latter is very important in this flow.

D. Effect of Heat Release, Variable Properties, and Reaction

Figure 8 shows the effect of heat release on the maximum
growth rate for the spatially developing layer; computed lam-
inar profiles were used in these calculations. As the heat
release increases, the maximum amplification rate of the cen-
ter mode decreases. The maximum amplification rate in the
cold flow is 0.128, but for the variable property case with T,
= 10, it is 0.01, or only 8% that of the cold flow. On the
other hand, the amplification rate of the outer mode changes
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9 (temporal instability).

§
s

0.06
i

1

0.05

0.04
1

Wi
0.03

0.02

0.00 0.01

05 L0 1§ 20 25 30 35 40 45 50 65 80
Qy

g

Fig. 11 Effect of reaction during instability on the growth rate at T,
= 9 (temporal instability).

very little as the heat release increases. Consequently, at high
heat release, the outer mode is more amplified than the center
mode. When T, is 10, the outer mode has almost three times
the amplification rate of the center mode. Thus, reacting flows
with high heat release should be unstable to the short wave-
length outer modes.

The absolute and convective instability of the spatially de-
veloping layer are distinguished by the temporal growth rate,
which is positive in the absolute and negative in the convective
case, of the mode that dominates the response at the source
location. In physical terms, in absolute instability, a locally
generated small amplitude transient grows exponentially in
time, whereas in convective instability, transient is convected
away and leaves the mean flow ultimately undisturbed. Huerre
and Monkewitz!® showed that a flow is convectively unstable
if the modes that have zero group velocity are temporally
damped, i.e., the imaginary parts of the complex frequencies
are negative and absolutely unstable if all are positive. We
used this criterion to determine the nature of the instability
of the reacting mixing layer. First, we found the complex
frequency w,, which makes the group velocity dw/da zero.
The imaginary part of this frequency w,, is the absolute growth
rate that determines the nature of the instability. Figure 9
shows the imaginary part of w, as a function of the adiabatic
flame temperature T,,. All w,; are negative, and, therefore,
the reacting mixing layers considered here are convectively
unstable.

In Sec. II, we showed that the variation of the properties
through the reacting shear layer influences the mean flow
profiles significantly. Figure 10 shows that that effect results
in the difference in stability characteristics when 7,, = 9. The
constant property case has twice the growth rate of the center
mode of the variable property case; however, the latter has
the growth rates of the outer modes, which are almost 25%
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higher. The constant property profile has the center and outer
modes with comparable amplification rates, but for the var-
iable property profile, the outer modes are dominant over the
center mode. Again, the importance of the variable properties
is emphasized.

The density variation in the laminar flow is much more
important than chemical reaction that occurs during the in-
stability. Figure 11 shows that including the chemical reaction
terms in the instability calculation hardly changes the ampli-
fication rate, a result in agreement with one of Mahalingam
et al.’® These results suggest that, in the linear stability anal-
ysis, chemical reaction can be ignored.

Squire’s transformation'® allows the three-dimensional
Rayleigh problem to be reduced to the two-dimensional prob-
lem. One can then show that two-dimensional modes domi-
nate in incompressible flow. In compressible flow, the re-
duction to a two-dimensional problem is no longer possible
and the obliquity of the most amplified wave increases with
Mach number.’® We want to determine whether Squire’s
transformation can be applied to the reduction of the problem
with heat release. If we discard the chemical reaction during
the instability, use Eq. (6), and let

a = (a2 + )2 pla = pla, o/ad = w/a  (15)
then Eq. (8) becomes
2aU’ T
s + — 5! _— 2P —

Equation (16) is exactly the two-dimensional version of Eq.
(8) if the chemical reaction is neglected in the stability anal-
ysis. Thus, provided the chemical reaction is neglected, Squire’s
transformation does reduce the three-dimensional problem to
an equivalent two-dimensional problem. Two-dimensional
modes are more amplified than three-dimensional ones. Three
dimensionality is not important even though there is density
variation due to heat release. '

E. Mean Flow

In this section, the validity of using analytical flow profiles
such as hyperbolic-tangent and error functions is investigated.
To accomplish this goal, we compare results obtained from
these profiles with ones based on the boundary-layer solu-
tions.

The analytical profiles also have three different modes.
Figures 12 show the amplification rates vs wave number. In
Fig. 12a, results for temporal layers are given. For the center
mode, the differences are small, but for the outer mode, the
growth rate obtained from the laminar solution is about twice
that obtained with the error function. This is not surprising
since the principal differences in the profiles are found in the
outer parts of the layers. In Fig. 12b, the hyperbolic-tangent
function results are compared with the laminar solution for
the spatial layer. Again, there is little difference for the center
mode, but for the outer mode, the hyperbolic-tangent func-
tion has a lower growth rate than the laminar solution. From
these results, we find that the use of accurate laminar profiles
is essential. This is consistent with the report by Monkewitz
and Huerre.* :

F. Linear Eigenfunctions and Vorticity Distribution

The eigenfunctions of the linear stability problem provide
information about the large-scale motions that result from the
linear instability. From these eigenfunctions and the mean
flow, a qualitative approximation to a typical flow variable f
can be calculated for one wavelength in the x direction:

f=F+ aRlfe] (17)

where # denotes the real part of the fluctuating part of a flow
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Fig. 12 Effect of velocity profiles on linear growth rate at T,, = 9:
a) temporal instability; b) spatial instability.

variable. The amplitude of the disturbance a was chosen as
0.4 to emphasize the structure. From the eigenfunctions and
the mean flow, disturbance vorticity and total vorticity dis-
tributions can be obtained.

In Figs. 13a—e, the total vorticity contours are plotted for
the cold flow and the reacting flow for 7,,, = 9. The vorticity
structure for the cold flow (Fig. 13a) is identical to Mich-
alke’s.? The vorticity structure of the center mode for the
reacting flow is quite different from the cold flow structure.
There are four vorticity maxima in the heated flow, but only
two in the cold flow; its wavelength is five times longer than
the cold flow. The two outer modes have the same growth
rates but different phase velocities. The low-speed mode has
a vortex core below the center of the layer. The other mode
is obtained by reflection. The wavelengths of these modes are
half of the cold flow wavelength. In each case, the vorticity
maxima are expected to roll up into large structures similar
to the ones found in the cold flow.

Large spanwise vortices were identified by Winant and
Browand?’ and Brown and Roshko?! as the principal features
of two-dimensional mixing layers in the region following the
linear domain, but preceding the establishment of fully tur-
bulent flow conditions. The initial vortex spacings are related
to the initial wavelength of the instability. Hermanson and
Dimotakis®? reported that the vortex spacing in a reacting
shear layer decreased as much as 25% relative to the cold
flow for a mean density reduction of 40%. According to our
calculations with the same mean density reduction, the initial
wavelength of the outer mode decreases by about 40%, whereas
the center mode wavelength increases 400%. Thus, there is
just a small quantitative difference between our predictions
and their experiments. This might be due to different Rey-
nolds numbers and/or initial profiles. We take this as evidence
that the outer mode is dominant in their flow and that the
agreement is reasonable.
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The linear eigenfunctions can also provide initial conditions
for direct numerical simulations. We expect to do two-di-
mensional direct numerical simulations to confirm the results
of the linear stability study and to see the effects of the heat
release to the later development of the plane mixing layer.

IV. Conclusions

We have shown that stability of reacting flows can be stud-
ied by linear stability analysis. The growth rates are very
sensitive to the mean profiles. Boundary-layer equation so-
lutions obtained with variable transport properties are more
realistic representations of an actual flow than analytically
prescribed functions and thus provide a better basis for sta-
bility analysis.

For the reacting plane mixing layer with variable density,
a necessary condition for instability has been derived. New
inflectional modes of instability are found to exist in the outer
part of the mixing layer. Heat release stabilizes the flow and,
in particular, greatly reduces the growth rate of the center
mode. The outer modes, which do not exist for T,, < 3, have
growth rates that are relatively insensitive to heat release for
T.; > 5. For the large heat releases typical of combusting
flows, the outer mode is more amplified than the center mode;
its wavelength is about one-tenth that of the center mode.
The density variation caused by chemical reaction in the lam-
inar flow has a much larger effect on the growth rate of the
instability than chemical reaction during the instability. Un-
like the compressible plane mixing layer, even at high heat
release, two-dimensional waves are more amplified than three-
dimensional ones.

From the eigensolutions of the linear theory, information
about the vortex structure of the flow that develops from the
instability can be obtained. Both the outer and the center
modes have four large vorticity concentrations per wave-
length; these are expected to develop into large-scale struc-
tures.

Appendix
Two-Dimensional Boundary-Layer Equations for Mean Flow
Continuity equation:
d dpu apv
dp , dpu | dpv
ot dax ay

=0

Momentum equation:

dpu  dpu*  dpvu 1 9 du
— t ot = =5 lu
at ax ay Re ay \" dy

Energy equation:

6 opuT  apvT 1 9 oT
bl dpul Gl _ k=] + Daw,
at ax dy PrRe ay \' oy

Species equation:

oy, oy,

Loy 1 a( ay,
ot ox

= —\pD=] + D

dy PrPe dy r’)v‘,) @ Wi
State equation:

P = pT

The dependent variables are in nondimensional form. The
symbols p, u, v, T, and P represent the density, velocities in
x, y direction, temperature, and pressure, respectively. The
Vi, Yo, and y, represent the mass fractions of fuel, oxidizer,
and product species, respectively. Henceforth, the subscript
i stands for any of the species. W,, v, and V| represent,
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respectively, the molecular weight and the stoichiometric
coefficient of species when appearing as a reactant and or a
product. [Thus, v, is v,, whereas v,, is zero for the scheme
in Eq. (1).] The w; and o, are the rate of heat release and
the reaction rate of species i, respectively, and they are de-
fined as follows:

o wa (eyr)(pyo) exp[—B'G - 1)]
= K/I(_VV%F;TV:_) (Pye)(pYo) exp[‘ﬂ(% - 1)]

The nondimensional heat of reaction Q expressed in terms of
dimensional variables is

I

g
|

[MWeve + WOWov,
CPTref

— hgWevp]

Q=

where h? represents the enthalpy” of formation of species i,
Cp is the specific heat at constant pressure, and T, is the
reference temperature. Re, Pr, Pe, and Da are Reynolds num-
ber, Prandtl number, Peclet number, and Damkd&hler num-
ber, respectively. B’ is a nondimensional activation energy
parameter.

Representation of [RXN]

The term [RXN] of Eq. (8) may be written as a ratio of
determinants:

QU
I w
~ 0

[RXN] =
ABJ
DEK

GHL

The elements of these determinants are

A = iR(aU ~ B) + DaR*Y, exp[—B’(% - 1>i|

B = DaR*Y, exp[—B’(—;: - 1):'

D = Da%VV%RZY,, exp[—B’(lT — 1)]
E = iR(aU - B) + Da%vv(;—::leY“ explZ—B’(,-lr - 1)}
F= (al;if;)s)

G = Dua

<=
|

Nl

| —

Q _Y — ’
Woor RYY, exv[ B <

Q_ g _er(d
W,on RY,. exp[ B <'1‘ l)}

—iT'
] = —
(el ~ B)

H = Da
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2 R? ' 1
J= —Da[zﬁT-YFYO - FYFYOB,] exp[—-B'(—f - 1)]

Wove R?
= —Da—-22|2=Y,Y
K DaWFVF[ T ©°

2

R 1
- YFYoB'] exp[—B' 77 1)]
L = iR(aU — B) + Da Qv [252 Y:Y,

LS : (L _
vnaof o)

where the quantities Y,Y, represent the mean fuel and ox-
idizer species profiles, respectively.
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