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Heat release effects on laminar flame propagation in partially premixed flows are studied. Data for 
analysis are obtained from direct numerical simulations of a laminar mixing layer with a uniformly 
approaching velocity field. The structure that evolves under such conditions is a triple flame, which 
consists of two premixed wings and a trailing diffusion flame. Heat release increases the flame speed 
over that of the corresponding planar premixed flame. In agreement with previous analytical work, 
reductions in the mixture fraction gradient also increase the flame speed. The effects of heat release 
and mixture fraction gradients on flame speed are not independent, however; heat release modifies 
the effective mixture fraction gradient in front of the flame. For very small mixture fraction 
gradients, scaling laws that determine the flame speed in terms of the density change are 
presented. 0 1995 American Institute of Physics. 

I. INTRODUCTION 

Diffusion flames, which exist in reacting flows when fuel 
and oxidizer are initially separated, play an important role in 
many engineering flows. In such flows, a significant question 
concerns how diffusion flames are stabilized. Premixed 
flames propagate into unburned regions through the diffusion 
of heat into the premixed reactants, whereas diffusion flames 
have no such propagation mechanism. It is therefore neces- 
sary that diffusion flames be stabilized in partially premixed 
conditions. Liiiinl shows that there are two possibilities for 
stabilization of diffusion flames in laminar mixing layers: the 
flame can either be stabilized near the splitter plate, or it can 
be stabilized farther downstream as a lifted flame. In the 
former case the flame is anchored in the wake of the splitter 
plate, where the velocity deficit of the wake and heat con- 
duction to the plate play important roles in stabilization. In 
the lifted flame these mechanisms are absent, and laminar 
flame stabilization is achieved through “triple flames;” i.e., a 
flame that is composed of two premixed flames, one fuel rich 
and the other lean, and a trailing diffusion flame (see Fig. 1). 
The two premixed wings provide the ability to propagate, 
and the diffusion wing provides an anchor for the trailing 
diffusion flame. 

In addition to diffusion flame stabilization, triple flames 
can also play an important role in the ignition process of 
nonpremixed systems. Numerical simulations of ignition by 
Rdveillon et al.” show that triple flame propagate along lines 
of stoichiometric mixture fraction in a weakly stirred mixture 
of fuel and oxidizer. In addition, Peters3 notes that NO, emis- 
sions are likely to be large in such transient cases, and there- 
fore an understanding of triple flames can provide beneficial 
information concerning pollutant formation. 

One of the first observations of triple flames was made 
by Phillips,4 who investigated triple flame propagation in a 
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methane mixing layer. More recently, Kioni et aL5 have ana- 
lyzed triple flames, both experimentally and numerically. In 
their numerical approach, they first developed a model for a 
triple Aame in a counterflow geometry under the assumption 
of zero heat release, and then solved these equations numeri- 
cally to obtain the flame structure and speed. There have also 
been numerous analytical studies of triple flames under vari- 
ous assumptions by Dold,6 Dold et al.,7 and Hartley and 
Dold.8 

In this paper we relax the assumption of zero heat re- 
lease that has been used in many of the previously mentioned 
analytical studies. McMurtry et al.’ studied reacting mixing 
layers, where the influence of heat release on large-scale 
structures, entrainment, and other properties was analyzed. 
However, these simulations were temporal and did not ad- 
dress the issues of stabilization and flame propagation. In 
order to investigate the role heat release plays in flame 
propagation under partially premixed conditions, we return 
to examining the behavior of flames in a laminar flow. We 
begin by discussing the governing equations used for vari- 
able density flows. We then describe the numerical method 
used for solving this set of equations along with the flow 
configuration, and follow this by a discussion of the results. 

II. GOVERNING EQUATIONS 

There are several approaches to investigating variable 
density flows, and in this section we discuss the equations 
used in our numerical simulations, along with the assump- 
tions and models used in their derivation. Because we are 
interested in heat release effects, we need to allow for den- 
sity changes in the flow; for this reason, the fully compress- 
ible Navier-Stokes equations are used. If p is the total fluid 
density, ui is the velocity component in the ith direction, and 
P is the static pressure, these equations can be written as 
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FIG. 1. Computational domain used in the simulations. 
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The deviatoric stress tensor 7ij is given by 

i 

dUi dUj 2 dUk 
rij’p dXj dXi 3 dXJf 

-+----aij ) 
1 

where p is the molecular viscosity, which has a temperature 
dependence given by 

with a =0.76. The reference state, denoted by the subscript 0, 
is taken in the ambient flow. 

The energy equation in terms of the total energy density, 

- 1 P 
pe=~puT+y--l, 

is given by 

~+&[(pe+P)Uj]=~ (Ui7ij)-~+nFWF. 
I J 1 

Here X is the thermal conductivity, QF is the heat of reaction 
per unit mass of fuel, ti, is the density-based rate of fuel 
production due to the chemical reaction, qi is the heat flux, 

qi=-X ~, 
1 

and y is the ratio of specific heats assumed constant at a 
value of 1.4. 

In addition to the overall density, we also solve equa- 
tions for the fuel and oxidizer mass fractions, YF and Yo, 
defined by 

Yk=F, 

where pk is the partial density of species k. In terms of the 
mass fractions, the conservation equation for individual spe- 
cies becomes 

apyk d d 

--+z((Pykujj=z 
dt I I 

with Sk and tik representing the mass diffusivity and the 
source term of species k due to the chemical reaction, respec- 
tively. The thermal conductivity and the mass diffusivities 
are temperature dependent in such a way as to maintain con- 
stant Lewis and Prandtl numbers, 

throughout the flow at all times. In order to close this system 
of equations an equation of state is required: the perfect gas 
law, 

P=pRT, 

will be- used. 
The chemical scheme is represented by a one-step global 

reaction between fuel and oxidizer: 

FfO-+P, 

where we have assumed unity stoichiometric coefficients for 
simplicity. The reaction rate has the Arrhenius form: 

tL=KpY,pYo exp 

where T,, is the activation temperature and K is the pre- 
exponential factor. Following Williams,r” we can write this 
reaction rate in terms of the reduced pre-exponential factor, 
heat release parameter, Zel’dovich number, and reduced tem- 
perature: 

Tf - To Ly= -. 
Tf ’ 

p23; B’Tz&, 
T f f 0 

with Tf being the adiabatic flame temperature, resulting in 
the following expression for the reaction rate: 

~=APYFPYo exp i 
PC1 - 0) 

i 
- l-cu~l-O~ . 

For our particular chemical scheme, we assume equal mo- 
lecular weights of fuel and oxidizer, so that the consumption 
of both fuel and oxidizer is given by the reaction rate, such 
that GF=tiO= -ti. 

A. Numerical simulation and flow configuration 

The above set of equations are solved in the two- 
dimensional domain depicted in Fig. 1. Spatial derivatives 
are approximated by the sixth-order compact difference al- 
gorithm of Lele,” and the equations are integrated in time 
with a third-order Runge-Kutta scheme. Boundary condi- 
tions are specified using the NavierStokes characteristic 
boundary condition method of Poinsot and Lele,12 where an 
inflow boundary condition is used on the left, and near- 
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perfect reflective boundary conditions, required to avoid 
pressure drift, are used at the outflow and sides. Although the 
inflow conditions are prescribed,. their values can be changed 
during the simulation. Within this domain we initialize the 
flow with a planar premixed flame, where the mixture frac- 
tion, defined as 

Z= 
1-l-YF-Yo 

2 ’ 

is everywhere equal to its stoichiometric value, Z,=OS. The 
incoming flow is uniform and set equal to the premixed lami- 
nar flame speed, S:. Also associated with the flame is the 
premixed flame thickness, 4. In this study we hold the 
Zel’dovich number constant at ,B=S and use heat release 
parameters of cr=O.5, 5, 0.75, and 0.8. 

After the flow and flame are initialized, the mixture frac- 
tion is varied at the inlet from its uniform stoichiometric 
value to a tanh profile varying from zero to unity. We char- 
acterize the thickness of this mixing layer by the slope of the 
profile at stoichiometric conditions and the overall change in 
mixture fraction, which gives 

w)=az( $ly=,j -‘=( :iy=,) -I7 
where the last equality is obtained since the overall change in 
the mixture fraction is unity. It is important to realize that 
this measure does not remain constant along the stoichio- 
metric line and is a function of X. We can form a Damkohler 
number, which is a ratio of the physical to chemical time 
scales, using the mixing thickness and the planar flame thick- 
ness. Since the characteristic velocity for both chemical and 
physical processes is the same, the Damkiihler number is 
defined as 

o(x)=~= y., 

which can be thought of as a dimensionless mixing thick- 
ness. We are concerned with values of the dimensionless 
mixing thickness at two locations in the flow. The value at 
the inlet is designated by Da and is a parameter of the simu- 
lation, and the value at the location of the maximum reaction 
rate is designated by D, and is more physically relevant to 
the flame’s behavior. 

with the Hamilton-Jacobi equation for the scalar field (Ker- 
stein et uZ.'~): 

DY 
P ~=PvlvYl. 

An example of a flame’s response to a variable mixture 
fraction is shown in Fig. 2, with the uniform flow approach- 
ing from the left. After the mixture fraction gradient reaches 
the flame surface, only the centerline is exposed to the sto- 
ichiometric mixture fraction; the mixture is fuel rich above 
and fuel lean below the centerline. These regions of nonunity 
equivalence ratio burn less fuel, resulting in reduced reaction 
rates and local flame speeds. Thus, the planar flame speed 
and reaction rate are maintained only at the centerline. The 
excess fuel and oxidizer on either side of the centerline then 
combine along the stoichiometric surface behind the pre- 
mixed flame and burn in a trailing diffusion flame. Thus, the 
“triple” flame refers to the. fuel-rich premixed flame, the 
fuel-lean premixed flame, and the trailing diffusion flame. 

Solving for the relative progression velocity of the isoscalar 
surface, V, we obtain: 

1 d - JY 
( 1 

1 V=-- 
PIW % 

PSK +ppyl WY* 

This relation is evaluated on the centerline in the preheat 
zone and subtracted from the local fluid velocity, giving the 
correction to be applied at the inlet. If one were to apply this 
correction at the inlet alone, then changes to the flame would 
only occur after the convective time required to reach the 
flame, which is both time consuming and can also introduce 
stability problems. A more efficient method is to apply the 
correction to ail points in the flow, as a Galilean transforma- 
tion, such that the steady-state situation is quickly reached. 
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FIG. 2. Response of a planar premixed flame to a mixture fraction gradient. 
The first row in the time sequence shows the premixed flame in a steady- 
state situation. As the mixture fraction gradient reaches the flame, the struc- 
ture and velocity of the flame change. The rows correspond to times of 
r$/$=O, 11.6, 16.3, and 24.7. The plot size is 18.76 t on each side. 
Parameters for this data are cr=O.75, S:&v=5.4, and A$ilp,,/S~=6609. 
Fifteen contour levels are drawn at equal intervals covering each variable’s 
range. 

In addition to the change in structure that occurs when 
the planar premixed flame is subjected to a mixture fraction 
gradient, the propagation velocity of the flame increases, as 
observed in Fig. 2. In order to study the triple flame in fur- 
ther detail, a method of stabilizing the flame in the compu- 
tational domain is needed. The method of flame stabilization 
used in this study requires the evaluation of the relative pro- 
gression velocity of isoscalar surfaces. This quantity is deter- 
mined by equating the transport equation for a scalar variable 
Y: 
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TABLE I. Simulation parameters and results for stabilized triple flames. The 
scaled mixing thicknesses D, and D, refer to centerline values at the inlet 
and Iocation of maximum reaction rate, respectively. In addition to these 
parameters, all simulations have /3=&O, Le=l, and Pr=0.75. 

Simulation LY Re=SE@lv, R@P,@ 41 D, &@y. 

I 0.75 5.4 6880 0.9 8.3 1.23 
11 0.75 5.4 6880 1.8 8.9 1.26 
III 0.75 5.4 6880 3.7 11.1 1.33 
Iv 0.75 5.4 6880 5.5 13.7 1.39 
V 0.75 5.4 6880 9.2 19.7 1.46 
VI 0.75 5.4 6880 18.3 34.0 1.51 
vu 0.5 3.9 1590 25.7 35.8 1.17 
VIII 0.66 4.7 3850 21.3 35.0 1.36 
IX 0.8 6.1 10 670 16.4 33.4 1.61 

Some care must be taken in choosing the size of the 
computational domain. Since the triple flame redirects the 
flow laterally, the top and bottom boundaries must be moved 
far enough away from the flame so that the viscous boundary 
conditions do not affect the flame speed. To avoid this prob- 
lem, an unevenly spaced grid is used in the lateral direction 
with points clustered about the stoichiometric line, so that 
the lateral boundaries can be moved far away from the flame. 
In addition, all results presented here were run on different 
grids to check that the size of the computational domain does 
not affect the flame speed. Parameters and primary results for 
the stabilized triple Aames are shown in Table I. 

111. RESULTS 

To begin the investigation of heat release effects on 
triple flames, we first describe some general characteristics 
of triple flames. The structure of triple flames was briefly 
described in the time sequence of Fig. 2, where the flame 
propagates relative to the inflow. Figure 3 shows similar con- 
tours, in addition to the temperature and density fields, for a 
triple flame stabilized in the computational domain. The ef- 

yr RR 

FIG. 3. Contours of mass fraction, reaction rate, temperature, and density 
for a stabilized triple flame. Results shown are from simulation II in Table I. 
The domain in the horizontal and vertical directions is 14.78 and 17.76. 
Ten contours are shown with equal increments spanning the entire range of 
each variable. 
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FIG. 4. Profiles of various quantities in a one-dimensional flame (..e) and 
along the centerline of the triple flame (-). Lateral heat conduction reduces 
the temperature of the triple flame, and diffusion of fuel and oxidizer in- 
crease the reaction rate behind the premixed flame. The triple flame data are 
from simulation II. The horizontal axis is of length 14.76. 

fects of heat release are clearly seen in the temperature and 
density plots: the temperature rises and density decreases be- 
hind the premixed wings of the flame, with the lateral varia- 
tions due to the nonuniform mixture fraction. 

Lateral diffusion of temperature and species plays an 
important role in triple flames. Behind the premixed wings of 
the flame, heat is conducted away from the stoichiometric 
line. This conduction is important because. unlike one- 
dimensional flames with an infinite heat reservoir in the 
burned regions, triple flames are more likely to be quenched 
if enough heat is conducted away from the premixed games. 
J,ateral diffusion of the species is also important, and is re- 
sponsible for the diffusion wing of the flame. 

Another way to determine the role of lateral diffusion is 
to compare one-dimensional profiles of different quantities 
along the stoichiometric line of the triple flame with those of 
the one-dimensional flame used to initialize the simulations. 
These plots are presented in Fig. 4, where the quantities are 
scaled by their minimum and maximum values of the one- 
dimensional flame. These quantities coincide up to, and 
somewhat behind, the maximum reaction rate. Behind the 
premixed reaction zone we observe differences between the 
one-dimensional and triple-flame cases, although the density 
profiles remain equal. A small drop in temperature and an 
increase in fuel (and also oxidizer) mass fraction occur in the 
triple flame. The change in reaction rate is dominated by the 
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FIG. 5. Contour lines of the reaction rate along with the horizontal velocity 
component at the stoichiometric or symmetry line for a stabilized triple 
flame (--) and planar premixed flame P..). For the triple flame the velocity 
reaches a minimum just in front of the flame, which is close the the pre- 
mixed planar flame velocity. Upstream of the flame, however, the velocity is 
larger. The data in this figure are from simulation III, and 30 equally spaced 
contours are shown in the upper figure. 

increased mass fractions of the reactants, and consequently 
an increase in the reaction rate is observed behind the flame. 
This reaction rate corresponds to the burning in the trailing 
diffusion flame, and is a sizable percentage of the maximum 
reaction rate. These differences between the one-dimensional 
profiles and profiles through the ,stoichiometric line in the 
triple flame become larger as we increase the mixture frac- 
tion gradient. 

Up to this point we have not included the velocity in our 
analysis. We have postponed this until the next section, since 
the velocity field of the triple, flame is quite different from 
that of the planar flame, and requires a detailed investigation. 

A. Effects of heat release on flame propagation B. Effect of mixture fraction gradients 

We now turn our attention to studying the effect of heat 
release on the triple flame, and, in particular, how this affects 
the propagation velocity. The analytical work of Dold’ and 
Hartley and Dold’ provide estimates of the triple-flame speed 
for weak (p &Zl~y-+O) and moderate [/? JZlJy-O(l)] 
values of the mixture fraction gradient under the assumption 
of zero heat release. They find that the flame speed is greatest 
for zero mixture fraction gradient, corresponding to a planar 
flame, and then decreases as the mixture fraction gradient 
increases. This is in contrast to the change in flame speed we 
observe from the time sequence in Fig. 2. The discrepancy 
lies in the assumptions concerning heat release. To investi- 
gate this further, we examine the velocity field along the 
centerline of the triple flame in Fig. 5. In addition to the rise 
in velocity through the flame, the horizontal velocity compo- 
nent reaches a minimum before the flame. The velocity at 
this minimum is close to the planar laminar flame speed, and 
far upstream the velocity is larger. Therefore it is necessary 
to distinguish these two velocities. The local flame speed 
determines the rate of chemical reaction, whereas the up- 
stream or far-field flame speed is identified with the propa- 
gation of the entire structure, U, . 

In their analyses, Dold6 and Hartley and Dold’ observed 
a large effect of the mixture fraction gradient on the triple- 
flame propagation. They observed a decrease in the flame 
speed as the mixture fraction gradient increases, or, equiva- 
lently, the mixing thickness decreases, due to the effects of 
flame curvature. Thus, for zero heat release the planar pre- 
mixed flame is an upper limit for the flame speed. 

For cases with heat release, locally these same argu- 
ments still apply, however, the far-field flame speed is much 
more affected by heat release than by flame curvature. This is 
depicted in Fig. 7, where the far-field flame speed, U,J$, 
and the local flame speeds are plotted versus the nondimen- 
sional mixing thickness, or Damkohler number. Here we see 
that, in agreement with the zero heat release analysis, the 
local flame speeds remain on the order of SE, decreasing 
slightly below this value for small values of the mixing 
thickness. Also plotted in this figure is the difference be- 
tween the local and far-field velocities. This difference elimi- 
nates the change in local conditions, and is therefore a true 
measure of the effect of heat release. As one can see from 
Fig. 7, this difference increases as the mixing thickness be- 
comes larger. 

Line of spntetry 

FIG. 6. The mechanism responsible for increased flame speeds. Due to heat 
release the normal velocity across the flame is increased, whereas the tan- 
gential component remains unchanged. This redirection of flow toward the 
centerline causes the streamlines to diverge in front of the flame, resulting in 
a decrease in the flow velocity in front of the flame. 

The mechanism responsible for this velocity difference 
can be seen in the sketch of Fig. 6, which illustrates the 
velocity vectors before and after they pass through the flame 
surface. In cases where there is heat release, the component 
of the velocity perpendicular to the flame increases across 
the surface, whereas the tangential component remains un- 
changed. The jump in the perpendicular velocity component 
bends the velocity vector toward the centerline. This redirec- 
tion of the flow is accommodated by the divergence of the 
streamlines ahead of the flame, resulting in the decrease of 
the velocity observed in Fig. 5. Since the local flame speed 
along the stoichiometric line is approximately Sz, the flame 
can be stabilized only if the f-low speed at this point remains 
at this value, which requires an increase in the upstream 
velocity. Note that in the absence of heat release, there is no 
flow redirection across the flame, and therefore the far-field 
and local flame speeds are equal. 
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FIG. 7. Fartield flame speed (+j, local flame speed (0), and their differ- 
ences (a) as a function of the local mixing thickness. All flame speeds are 
normalized by St, and data are from simulations I-VI. 

The reason for the increased effect of heat release as the 
mixing thickness becomes larger can be explained by Fig. 8. 
In Fig. 8 we plot the streamfunction through two flames with 
different mixing thicknesses. Since the maximum reaction 
rate is at the same streamwise location, we can superpose the 
two streamline patterns to determine how the flow redireo 
tion differs in these two cases. At streamwise locations near 
the maximum reaction rate and close to the stoichiometric 
line the two cases are similar. As we progress farther down- 
stream,‘the case with the smaller mixing thickness spreads 
more laterally due to the greater burning in the diffusion 
flame. As we move laterally to regions farther from stoichio- 
metric conditions, the deflections of the streamlines away 
from the stoichiometric line become greater for the larger 
mixing thickness case. Recall that the mechanism for in- 
creased far-field flame speed relies on the acceleration of the 
normal velocity component through the flame. The local ve- 
locity jump across the flame is strongly related to the local 
reaction rate, which is, in turn, affected by the local mixture 
fraction. Thus, the distribution of the reaction rate along the 
premixed wings becomes an important characteristic, and is 
the reason for the different streamline pattern farther from 
stoichiometric conditions. For small mixing thicknesses; the 
reaction rate drops off quickly as one moves away from 

FIG. 8. Streamlines for flames with small (left, ... , simulation II) and Iarge 
(right, -, simulation V) mixing thicknesses. The streamlines are superposed 
beneath. 
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FIG. 9. The vertical mixture fraction gradient profile at the inlet (es*) and on 
the vertical line passing through the maximum reaction rate (-). Data are’ 
from simulation V. At y/g =D we recover l/+ from Table I. 

stoichiometric conditions. For larger mixing thicknesses the 
reaction rate remains stronger as one moves along the pre- 
mixed wings, and thus the redirection in the flow is more 
pronounced. 

1. Small mixing thicknesses and resistance to 
quenching 

For small values of the mixing thickness one might ex- 
pect quenching to occur. Quenching would result from the 
lateral conduction of heat away from the flame, which is 
intensified as the mixing thickness decreases. In previous 
analytical work,6*8 however, quenching was not observed. 
Under the assumption of zero heat release, quenching was 
present only when the flame was subjected to an external 
strain field (Dold et aL7). Kioni et aL5 have simulated triple 
flames under external strain and have found negative propa- 
gation velocities, or an extinctioq3front, to occur when the 
mixing thickness becomes small enough, once again under 
the assumption of zero heat release. In our present study, 
therefore, we do not expect quepching to occur since no 
external strain is present. Furthermore, in cases with heat 
release the resistance to quenching is enhanced. This added 
resistance to quenching occurs because the flame-generated 
strain field that reduces the horizontal velocity also reduces 
the effective mixture fraction gradient in front of the .Rame. 
Therefore, heat release limits how small the effective 
Damkijhler number can become. This reduction in the local 
mixture fraction gradient is observed in Fig. 9. Here the mix- 
ture fraction gradient along vertical slices is shown at the 
inlet and on a slice through the maximum reaction rate. The 
mixture fraction gradient is reduced by diffusion, but’ near 
stoichiometric conditions the effect of the heat release- 
induced strain on the mixture fraction gradient is dominant. 

2. Large mixing thicknesses and scaling laws 
We have seen that for the range of mixing thicknesses 

considered in this study, as the mixing thickness is increased 
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Stofchkvtetric line 

FIG. 10. Triple flame for large mixing thicknesses. Propagation speed can 
be determined using conservation relations along the stoichiometric 
[dashed:) line at stations 1-4, and also in the stream tube traced by the thin 
solid lines. 

the propagation speed increases. We expect that for very 
large mixing thicknesses, where SM/ ~$5 1, the flame speed 
will reach some asymptotic value. 

An estimate of the flame speed can be derived by con- 
sidering conservation relations applied to several locations 
along the stoichiometric line, shown in Fig. 10. These loca- 
tions are (1) far upstream, (2j immediately preceding the 
flame, (3) immediately following the flame, and (4) far 
downstream. For large mixing thicknesses, the flow in the 
immediate vicinity of the flame is nearly one dimensional. 
Thus, between stations (2) and (3) we can apply the 
Rankine-Hugoniot relations: 

p2u2= P3U3 9 (1) 

(2) 

On either side of the flame, the density can be taken as con- 
stant, 

Pl’P2i p3=p4> 

so along the stoichiometric streamline, 

PI+ $pplU;=Py+ $p&, (3) 

P3 + $p3u;=P4 + $pp,u$ (4) 

The flow velocity along the stoichiometric surface in front of 
the triple flame is the planar premixed flame speed: 

We are interested in determining urluz. In addition to 
the above relations, the integral conservation laws are 
needed. We choose a control volume that connects the up- 
stream and downstream locations by streamlines that 
“touch” the edges of the premixed flames. If we denote the 
vertical distance between the streamlines at any location by 
S, then for mass conservation we have 

(5) 

where $ is the mass-based streamfunction: 

w w %= -pv; --$=pu. 

As a first approximation we have assumed uq is constant 
behind the flame far downstream. 

Combining these conservation relations and solving for 
UlIU2, we have 

(Pl lp4- 1) 

(P1-P4)I(~pP1U~)+1-~PllP4)(~1/~4)2’ 
(6) 

Equation (6) thus provides the propagation speed relative to 
the planar flame speed as a function of the density, pressures, 
and thicknesses at stations (1) and (4). However, we would 
like to have this expression in terms of the densities alone. 
Therefore, we need an integral form for momentum conser- 
vation over the control volume. If we denote the average 
pressure along the control volume streamlines as P,, then 
the global momentum relation is 

P1S,+p&T,+P,(@4-S~)=P4S4+p4U~S4. (7) 

For an unconfined fow we can make the assumption of 
PI = P4. The difficulty now is that we need to obtain P, , the 
pressure distribution along the streamline. In general, this 
pressure varies as one passes near the flame, however, as a 
first approximation we can take P, = P, . Using this assump- 
tion, Eq. (7) gives 

which, after using the overall mass conservation equation, 
Eq. (5) becomes 

81 P4 
Ul--u4; --- 

a4 Pl’ 

Substituting this into Eq. (6), along with the equal pressure 
assumption, gives 

(8) 

Numerically we cannot simulate flames with the length 
scale ratios required in the above formulation; however, we 
do observe the scaling behavior in Eq. (8) for our simulations 
with large mixing thicknesses, shown in Fig. 11. At this point 
we should comment on the errors incurred by using the con- 
stant pressure assumption along the streamlines defining our 
control volume. Along the centerline the pressure rises be- 
fore the flame, drops across the flame, and then rises behind 
the flame. This horizontal pressure variation becomes weaker 
at vertical locations away from the centerline. Recall that the 
control volume is bounded laterally by streamlines that are 
closer to the centerline in the unburned flow and farther away 
from the streamlines in burned flow. As a result, the error in 
the constant pressure assumption is more pronounced in 
front of the flame. A correction to this error would then ex- 
hibit a force directed against the propagation of the Rame, 
reducing the tlame speed. 

IV. DISCUSSION AND CONCLUSIONS 

In this study we have reported on the role heat release 
plays in the propagation of laminar triple flames. Simulations 
of triple flames have shown that the primary effect of heat 
release is to increase the flame speed due to the tlow redi- 
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FIG. 11. Flame speed ratio versus density ratio in the simulation. Data are 
from simulations VI-LX. 

rection that occurs in front of the flame. This redirection is a 
consequence of the acceleration of normal velocity across the 
premixed portions of the flame. Having established this as 
the basic mechanism for different propagation speeds rela- 
tive to the zero heat release case, we have also investigated 
how this mechanism is affected by physical parameters. 

The effect of the mixture fraction gradient, or alterna- 
tively the mixing thickness, on the flame speed was also 
investigated. Changing the mixing thickness modifies the 
amount of burning that occurs in the premixed and diffusion 
components of the triple flame. For larger mixing thickness, 
more burning takes place in the two premixed sections of the 
flame. Any burning in these sections adds to the flow redi- 
rection, and therefore the greatest increase in flame speed 
occurs for the larger mixing thicknesses. For small mixing 
thicknesses a large percentage of the burning occurs in the 
diffusion flame, which does not modify the flame speed. 

Quenching was not observed in these flames. The same 
mechanism that increases the flame propagation also reduces 
the mixture fraction gradient in front of the flame. In es- 
sence, heat release adds a self-preservation mechanism to 
triple flame. This modification of the approaching mixture 
fraction gradient has implications in modeling, where the 
scalar dissipation (square of the mixture fraction gradient) is 
often used as a free parameter in models of nonpremixed 
combustion.14 

For large mixing thicknesses, a scaling relation was pre- 

sented for the increase in flame speed as a function of the 
density drop across the flame. This half-power law provides 
an upper bound for the flame speed. 

The present study applies to laminar flows. We can 
speculate that these mechanisms are also valid in turbulent 
flows, where a “triple-flamelet” approach can be used in the 
appropriate combustion regime. However, the degree to 
which these model flames describe flame stabilization in tur- 
bulence has yet to be ascertained. 
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