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The vortex-scalar element method, a Lagrangian scheme which utilizes vortex elements to discretize the vor-
ticity field and scalar elements to represent species or temperature fields, is utilized in the numerical simulation
of a two-dimensional, non-premixed, incompressible reacting mixing layer at high Reynolds and Peclet numbers
without resorting to turbulence models. In non-reacting flow, conserved scalar mean and fluctuation profiles
show good agreement with experimental measurements. In reacting flow, results indicate that for temperature-
independent kinetics, the chemical reaction starts immediately downstream of the splitter plate, where mixing
starts. With Arrhenius kinetices, ignition delay, which depends on the reactant’s temperature, is observed. In this
case, strong stretch along the braids may cause local quenching due to the temperature drop associated with large

_diffusive fluxes. Harmonic forcing changes the layer structure and the mixing rates in accordance with ex-

perimental results.

L. Introduction

ON-PREMIXED turbulent reacting flow has been the

subject of extensive experimental and theoretical investi-
gations (for review, see Bilger'). In most of the theoretical
work, turbulence models are used to close a system of aver-
aged transport equations that describe the statistical behavior
of the aerothermodynamic variables. Much effort has gone in-
to constructing accurate models and obtaining results that-are
in agreement with experimental measurements. Moment
methods,? eddy. break-up and mixing controlled models,?
flame-sheet approximations,* assumed probability-density
function (PDF) shape methods;? and solutions based on
modeled joint PDF of scalar quantities®” and based on model-
ed joint PDF of scalar and velocity® are examples of these
models.

Recent progress in numerical methods and the availability
of fast computers have had a major impact on turbulence
research. With more accurate numerics and increased storage
and computational speed, it has been possible to solve the
time-dependent transport equations governing turbulent com-
bustion over some limited parameter range without the need
for modeling. Such nearly model-free ‘‘simulations’’ have the
advantage that the physics of the problem is not modeled a
priori but is recovered directly from the solution. The results
of the simulation ean be used to understand important mech-
anismis of turbulent transport and its influence on chemical
reactions. Furthermore, since the instantaneous behavior of
the variables is known at all points and at all times, accurate
simulations offer a good method of probing the flow. There
are still, however, some limitations on the range of turbulent
scales that can be resolved accurately by model-free simula-
tions, and there is a need to validate the results of the simula-
tions by direct comparisons with experimenal measurements.
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Numerical methods have been used in a variety of forms for
the simulation of turbulent flows in complex configurations
(see, e.g2., Refs. 9 and 10). Finite-difference methods, in which
flow variables are defined on a grid and the transport equa-
tions are approximated by discretizing the derivatives on the
grid nodes, were first to be used. Examples of this approach
can be found in the work of Corcos and Sherman,'* who used
a projection method to study the temporal evolution of a
periodic shear layer, and in Grinstein et al.,'2 who used a flux-
corrected transport scheme to simulate the development of
coherent structures in a two-dimensional, spatially evolving
shear layer and examined their:effect on mixing.

Spectral methods, in which each variable is expanded in a
series of harmonic functions that satisfy the differential equa-
tions on a number of collocation points, were applied by Riley
et al.13 to study a three-dimensional temporally evolving reac-
ting mixing layer assuming a constant reaction rate, constant
density, and no heat release. McMurtry et al.'* used a pseudo-
spectral scheme to analyze the effect of chemical heat release
on the dynamics of a two-dimensional mixing layer for a cons-
tant reaction rate. Givi et al.’® employed a spectral simulation
of a two-dimensional mixing layer with an Arrhenius chemical
reaction-and constant density to study local flame extinction.
Extension to spatially growing layers was initiated by Givi and
Jou.® In all cases, the Reynolds number was kept at order of
(100), limited by the grid resolution and the number of har-
monic modes.

Vortex methods, in which the transport of the variables
takes place in a Lagrangian grid-free form using computa-
tional elements that are distributed around regions of strong
vorticity, have also been extended to reacting flows. The ap-
plication of these methods in the calculation of premixed
flames has been reported, among others, by Ghoniem et al."”
and Sethian.'® In diffusion flames, Ashurst and Barr!® used
the vortex method and an Eulerian flux-corrected transport
algorithm to compute the transport of a conserved Shvab-
Zeldovich scalar approximating the shape and convolution
of the flame in the limit of infinitely fast chemical reaction.
Lin and Pratt®® used the vortex method and a Monte-Carlo
method to calculate the time-dependent PDF of the scalar
quantities for both gaseous and agueous mixing layers. The



JUNE 1988

PDF transport equation required a closure model for the
molecular mixing term.

In this work, we extend the vortex method?! to study non-
premixed chemical reactions by employing the scalar element
method to treat the scalar field in a Lagrangian form. The fact
that a chemical reaction is truly a Lagrangian process, i.e., it
occurs when the particles interact as they flow, motivates the
implemenation of a Lagrangian method for the simulation of
high Reynolds number reacting flows. The method is capable
of handling-a wide variety of initial and boundary conditions
and is not limited to simple flow boundaries. In this paper, we
concentrate on the formulation of the model and the
numerical schemes, and present some validation studies and
interpretations of the results.

II. Formulation and Numerical Scheme

A two-dimensional, confined, planar mixing layer is con-
sidered. A schematic diagram for the flowfield is shown in
Fig. 1. Two initially unmixed reactants, fuel F and oxidizer O,
are present in small concentrations. in the top high-speed
stream and bottom low-speed stream, respectively. We make
the following assumptions: 1) the heat release is low so that its
effect on the flow dynamics is negligible; 2) the Mach number
is small; 3) the freestream concentrations of F and O are equal
and constant; 4) the molecular diffusivities are equal and con-
stant; 5) the viscosity is the same in both streams; and 6) the
chemical reaction between F and O is single step, irreversible,
and second order. The density is, therefore, constant, and the
transport equations of the hydrodynamic field and the sca-
lar—temperature or species—fields are decoupled. The equa-
tions governing this system are

Fro & p ' M
VY= —w(x,1) ¥
%H.w: 1;9 Ve ®
%TT”'VT: ;e v2T+QD,W “@
%*”‘V"F P:Le vie,—D,W ®)
%+u-VCP= P:Le vic,—D,W )

where P indicates products; W =cpc, exp( — T,/ T) is the reac-
tion rate, written in terms of the rate of generation of products
per unit mass; & = (u,v) is the velocity; x= (x,») where x,y are
the streamwise and cross-stream directions, respectively; ¢ is
time;  is the stream function defined such that #=3y//dy and
v=—3dy/0x; w= Vxu is the vorticity; ¢ is the concentration
per unit mass; 7 is temperature; V = (d/dx, 3/dy); and
v2=0%/0x2 + 3%/9y*. Variables are non-dimensionalized with
respect to the appropriate combination of the velocity dif-
ference, AU= Ul — U2; the channel height, H; the freestream
concentration of F, cg,, and the freestream temperature at
x=0, T;. In Eq. (5), j=F or O for fuel and oxidizer, respec-
tively. R, =AU H/v is the Reynolds number, where » is the
kinematic viscosity. The reaction rate constant k=A4
exp(—T7,/T) where A is the frequency factor non-dimen-
sionalized with respect to (RT,), T, is the activation energy,
and R is the gas constant. The enthalpy of reaction, non-
dimensionalized with respect to C,T, is Q, where C, is the
specific heat at constant pressure. The Peclet number is
P,=AU H/«a, where « is the thermal diffusivity. The first
Dambkohler number is D, = Ack, H/AU, where D is diffusivi-
ty, and L, =a/D is the Lewis number.
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Fig. 1 Schematic diagram of the shear layer model.

Vortex Scheme

A complete description of the vortex method as applied to
the present problem is given by Ghoniem and Ng?' and is
briefly described here. The vorticity field is represented by a
finite number of vortex elements that possess finite cores:

ol 1) = 21 1 = x) ™

where T'; = fw dA is the circulation of a vortex element, § is the
core radius, x; is the center of the element, and frepresents the
vorticity distribution -associated with a vortex element or the
core function (Chorin,2 Hald,”® Beale and Majda,’* and
Ghoniem and Gagnon?). The velocity field is obtained by
solving Eq. (2) using the discrete vorticity distribution and
satisfying the potential condition on the boundaries of the do-
main. In this work, we use Rankine vortex elements, i.e.,
f(ry=1/x for r<é and f(r) =0 for r>é.

The motion of the vortex elements is constructed such that
the discrete vorticity field approximates Eq. (3). This is ac-
complished by solving this equation in two fractional steps. In
the first step, convective transport is implemented in terms of
the Lagrangian displacement of vortex elements using the
velocity field. In the second step, the solution of the diffusion
equation is simulated stochastically by the random walk of the
vortex elements according to the appropriate population. The
no-slip boundary condition at the walls is satisfied by gener-
ating new vortex elements to cancel the velocity induced by the
vorticity field. Here, we generate vorticity only at the point of
separation, i.e., at the tip of the splitter plate, since the growth
of the boundary layers along the channel walls at high
Reynolds numbers is small. At each time step, the new vortic-
ity AT = —AU U, At, where U,, = (Ul + U2)/2, is assigned to
N, elements of strength AT'/N, and added to the field at
points Ax= U, At/N, apart downstream of x=0.

The effect of the numerical parameters on the accuracy of
the results was investigated by Ghoniem and Ng.?* Their
results indicate that NV, =6 is necessary to obtain well-defined
eddy structures after the roll-up and the first pairing. The sec-
ond pairing occurs within the domain of 0<x=<6; therefore,
the computational domain was limited to x,_,, =6. Down-
stream of x,,,,, the vorticity was deleted. Varying x,,,, showed
that the effect of deleting the vortex elements propagates
about one channel height upstream, hence the results are ac-
curate only for 0<x=<35.

Scalar-Element Method

In this scheme, which is a two-dimensional extension of the
random element method of Ghoniem and Oppenheim,? the
scalar field is represented by a set of elements, each carrying a
finite amount of the scalar field:

s(x,f)= Y, 85 8(x—x;) ®)
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where s is a scalar, i.e., the temperature or species concentra-
tion &s; is the strength of an element defined as the amount of
scalar carried by this element, and 6 (- ) is the Dirac delta func-
tion. The element strength &s,=1/64fs(x,¢) dA4, where
64 =b8x8y, and éx and éy are the distances between the centers
of neighboring elements in the streamwise and cross-stream
directions, respectively, and x; is the center of the element. If s
is a reacting scalar, its transport is governed by

as 1 .
—4+u-Vs=—Vi+D W 9
at S, s @

where S, is the ratio between the diffusive and convective
transport time scales of 5, §,=P, for T, and S,=P,L, of ¢,
while D;=QD, for T, D;= —D, for ¢, and ¢;, and D,=D,
for c,. In the scalar-element method, this equation is solved in
three fractional steps:

Convection:

os

—+u-v5=0 10

o (10)
Diffusion:

as 1

— =2 11

FYRR A an
Reaction:

as .

=D (12)

Convective and diffusive transport are performed in a
similar way as in the vortex method, i.e., by the Lagrangian
motion of the scalar elements using the velocity field u, and
the random walk of the elements using a set of Gaussian
random variables with zero mean and standard deviation
~2A¢/S, (Ghoniem and Sherman?’). If ; is the center of the
element 7, and I, stands for a multistep integration scheme,
then

xi (E+ A1)y =x; (1) + Zpu (X )AL+ (13)

Chemical reaction changes the amount of scalar carried by
the element according to the integration of Eq. (12),

85, (t+At) = bs;(t) + D, WAL 14)

However, the reaction occurs only when the elements are close
enough for molecular mixing to affect their composition.
Therefore, at every time step, the distance between the centers
of each two elements of F and O Ay, = lx; ~x;! is computed.
If Ax; <&p, where 8, =0(1/v S, ) is the diffusion length scale,
the composition of each of the two elements changes accord-
ing to Eq. (14). The initial distance between neighboring
elements must be small enough to allow interactions between
the elements,

III. Results and Discussion

Nonreacting Mixing Layer

Results of a typical simulation, presented in terms of the
velocity and location of all vortex elements used in the com-
putations, is shown in Fig. 2 for R,=10,000, and
Ul/U2=1/2. Each element is depicted as a point, while its
velocity relative to the mean velocity is represented by a line
vector starting at the center of the element. Results show the
formation of large eddies by the roll-up of the vorticity layer
that emanates at the splitter plate, and the subsequent pairing
of these eddies into larger structures. These dynamics were in-
vestigated in Ghoniem and Ng?! by analyzing results at a wide
range of Reynolds number with different boundary condi-
tions. Their conclusions can be summarized as follows: 1) the
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roll-up is due to the growth of perturbations by the
Kelvin-Helmbholtz instability, and the shedding frequency cor-
responds to the most unstable frequency predicted by the
linear stability analysis of a spatially growing layer; 2) pairing,
which is associated with the local subharmonic perturbations,
results in a stepwise increase in the size of the vorticity layer as
two eddies merge; 3) the two sources of the subharmonic per-
turbations are the downward motion of the layer and the
monotonic growth of the eddies downstream; and 4) the com-
puted velocity statistics show good agreement with experimen-
tal data, indicating that the fundamental mechanisms of the
shear layer in the initial stages are two-dimensional.

To study entrainment, a passive conserved scalar with a nor-
malized concentration ¢ =0 in the high-speed stream and c¢=1
in the low-speed stream is introduced at the inlet section. At
each time step, 19 elements are introduced in each stream,
with strength 6c=0 for y=0 and éc=1 for y<0. The initial
distances between two neighboring elements are §x=0.075,
since 62=0.1, and §y =0.021. Since diffusion is more critical in
the cross-stream direction, §y is chosen to be smaller than éx.
A case with 5y =0.016, using 25 elements in each stream, was
computed showing no significant change in the results. Figure
3 exhibits the strength of each of the scalar elements at =28,
29, and 30. In this figure, the dots represent the fluid from the
high-speed stream, ¢=0; and the open circles represent the
fluid from the low-speed stream, c¢=1. The results indicate
that the large eddies entrain fluid from both sides of the
freestreams into the cores of the vorticity layer, which leads to
the enhancement of mixing between the two streams. Entrain-
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Fig. 2 Vortex elements and their velocity vectors at R,=10,000,
U/u2=2.
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Fig. 3 Concentration field at R, = 10,000, P, =4000, U2/U1=0.5.
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ment asymmetry is observed as more fluid from the high-speed
side is drawn into the low-speed side (Koochesfahani?®).

Time-averaged statistics of the scalar concentration are
compared with experimental data in Figs. 4 and 5. Since the
time-dependent evolution of a spatially inhomogeneous flow
is computed, spatial and temporal averagings are necessary to
evaluate these statistics. The instantaneous concentration at a
point is computed by averaging the strength of the scalar ele-
ments occupying one grid cell (Ax,Ay) around this point. The
size of this cell is chosen to be larger than the average distance
between two neighboring elements to ensure that more than
one element represents the local concentration, but smaller
than the scale of a large structure to guarantee fine spatial
resolution. The instantaneous concentration is then averaged
over a time period longer than the longest flow time scale to
compute the mean and the fluctuations. Another method of
computing these statistics is to count the total number of
elements that pass through a cell over this period of time and
then use this ensemble of elements to perform the statistics. If
M elements, with strength 6c;, flow through a cell within a
period of time ¢ =kAf then

Ly
c=— ), ¢
M =
and
1 &
¢'t=— ), M. (c—éc;)?
M,;; i (c—dc;)
while
M.
— 1
M= Y M, 8¢, =— 2 8¢,
j=1 M =

where M, is the number of elements ina cell at a paricular time
step. Although the two methods of averaging are equivalent
when the number of elements is large, the second scheme con-
verges faster.

To obtain the results in Figs. 4 and 5, we used Ax=0.1,
Ay=90.03, and K = 160 time steps after the flow had reached a
stationary state, with 16=<¢=<32. Within this period, more
than 20 large eddies passed through a streamwise location, and
an ensemble of M =200 were collected in each cell, depending
on the cross-stream location. Figure 4 shows the mean concen-
tration ¢ as a function of the reduced coordinate (y—y,}/
(x—x,), where y, is measured at c=0.5 and x, is the virtual
origin of the mixing layer based on the mean concentration
profile (in the calculation, x, =0). In this figure, the solid line
is the computed mean concentration at x=4, and the data
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Fig. 4 Normalized mean concentration profile as a function of the
cross-stream coordinate.
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points. are obtained from the experimental measurements of
Masutani and Bowman?® for a dilute non-reacting mixing
layer with the same velocity ratio. Figure 5 shows a com-
parison between the computed and measured mean fluctua-
tions of the concentration, ¢'2= (¢—¢)2. It is evident from
the two figures that both the mean and the second moment of
the conserved scalar are accurately predicted across the width
of the shear layer, except at the edge near the high-speed side.
Near this edge, our computations underpredict the concentra-
tion statistics due to the lack of scalar elements in the cross-
stream direction at x=0. Increasing the number of elements at
the boundary is expected to result in better predictions.

It should be noted that the resuits in Figs. 4 and 5 are in bet-
ter agreement with experimental data than those obtained by
Givi et al.? who used a k-¢ turbulence model and a gradient
diffusion mode! for turbulent transport of the scalar mean,
moment, and probability density function. In the k-¢ calcula-
tions, the concentration fluctuations exhibit a fairly smooth
bell-shaped profile with a single maximum in the middle
region. Our calculations show the presence of two local max-
ima in the fluctuation profiles that correspond to the locations
where the gradient of the mean value is highest, as observed’in
the experimental results of Masutani and Bowman® and
Batt.3! It is clear, in accordance with the findings of Broadwell
and Breidenthal,® that the intermittency caused by the large
coherent structures contributes greatly to the statistics of this
turbulent flow.

Reacting Mixing Layer

In the reacting mixing layer calculations, two reactants F
and O are introduced on both sides of the splitter plate. At
x=0, for y>0, ¢cg=1, ¢;=0, and ¢p=0, while for y<0,
co=1, cp=0, and ¢, =0. As reactants are entrained into the
mixing cores of the layer, they diffuse across the original inter-
face and chemical reaction proceeds. The roll-up and pairing
stretch the original interface between the streams by many
folds, allowing the entrained fluid to diffuse along a larger
surface (Ghoniem et al.’3). During this process, if the
Lagrangian elements used to represent the interaction between
chemically reacting species are brought close enough so that
the distance between two neighboring elements is smaller than
the diffusion length scale, they react at the rate defined by
Eq. (12).

In Fig. 6, the location and velocity of the scalar elements are
shown. The amount of products formed due to chemical reac-
tion is represented by the diameter of the circles in Figs. 7 and
8 for reacting mixing layers with constant-rate chemical
kinetics and temperature-dependent reaction rate, respec-
tively, with larger circles indicating more products. In both
cases, R, = 10,000, P,=4000, Ul/U2=1/3,and L,=1. In the
constant-rate kinetics D, =1, whereas in the temperature-
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Fig. 5 Normalized concentration fluctuation profile as a function of
the cross-stream coordinate.
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dependent kinetics D, =200, T, =10, and O =5. Note that, in
both cases, the value of the non-dimensional kinetic para-
meters are low enough so that the effect of heat release on the
fluid dynamics can be neglected. The stiffness of Eq. (12) for
large values of the Damkohler number imposes a restriction
on the time step of integration. In these calculations, we found
that Ar=0.1 is sufficiently small to integrate accurately the
siow chemistry.

A comparison between the two figures reveals that, in the
temperature-independent kinetics case, products are formed
as mixing starts immediately downstream of the splitter plate.
However, in the temperature-dependent kinetics calculations,
there is an ignition  delay before the reactants reach a
temperature high enough to allow any significant chemical
reaction to occur. Once the reaction begins, the mechanisms
of product formation and chemical reaction in both cases are
asymptotically the same. Increasing D, to 400 results in a
shorter ignition delay, and preheating the reactants to
T;=0Q/2 with D,=200 eliminates the ignition delay, as
indicated in Figs. 9 and 10, respectively.

To examine the effect of chemical reaction on the transport
of species, the concentration statistics in the temperature-
independent reaction case are plotted in Figs. 11 and 12. These
figures correspond to the time-averaged mean and fluctuation
in the bottom-stream species concentration in a reacting
mixing layer with- D, =1, Ul/U2=1/2, R, = 10,000, and
P, = 4000. A comparison between Figs. 11 and 4 and between
Figs. 12 and 5. indicates that near the freestream, the chemistry
does not affect the statistics of the species. Near the reaction

U2 = 0.3333, RE = 10000: 1IME - 21.00

Fig. 6 Velocity and location of the scalar elements at R, =10,000,
U2/UL=1/3.

U2 = 0.3333, Re = 10000; TIME = 19.00

U2 = 0.353%, RF = 10000: TIME = 20.00

Fig. 7 Product concentration field, R, = 10,000, P, =4000, U2/U1
=1/3, isothermal reacting layer.
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zone, however, the mean and fluctuations of the concentra-
tion are lower under reacting conditions, while the second
hump near the high-speed side of the fluctuations profile in
the non-reacting layer is eliminated in the reacting flow due to
the local consumption of species by chemical reaction. The
same bchavior was also observed in the experiment of
Masutani and Bowman.? Their results, however, cannot be
compared quantitatively with the present calculations since the
values of the chemical parameters employed in the numerical
simulation ‘are substantially lower than those of the
experiment.

Effect of Harmonic Forcing

The dynamic effect of oscillating the upstream side of the
layer was studied experimentally by, e.g., Oster and Wygnan-
ski** and Roberts and Roshko,3* and numerically by Ghoniem
and Ng.?' Their results indicate that periodic forcing changes
the layer structure as follows: 1) initially, roll-up occurs at the
harmonic of the forcing frequency closest to the most ampli-

U2 = 0.3333, RE = 10000: TIME = 19.00

U2 = 0.3333, Re - 10000: TIME = 20.00

Fig. 8 Product concentration field, variable-temperature reacting
layer, D, =1.

U2 = 0.3333, Re = 10000: TIME = 20.00

Fig. 9 Product concentration field, variable-temperature reacting
layer, D, = 400.

Uz = 0.3333, Re ~ 10000: TIME = 19.00

U2 = 0.3333, Re = 10000: TIME = 20.00

U2 = 0.3333, Re = 10000: TIME = 21.00

Fig. 10 Product concentration field, variable-temperature reacting
layer, T; = Q/2.
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Fig. 11 Normalized mean concentration profile as a function of the
cross-stream coordinate.
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fied frequency and pairing is accelerated until a resonant eddy,
which is in tune with the forcing frequency, is formed; 2) pair-
ing among resonant eddies is disabled and the growth of the
vorticity layer is impaired for several eddies downstream; and
3) finally, pseudorandom pairing is resumed. Velocity
statistics are affected by forcing, and the sign of momentum
transfer across the layer is reversed following pairing. Entrain-
ment of passive particles was found to be commensurate with
the development of the vorticity layer.

The effect of periodic forcing on mixing and chemical reac-
tion across a shear layer was observed in the experiment by
Roberts and Roshko.? Their results show that when periodic
forcing is applied, the mixing rate 1) is increased in the initial
stages where the resonant eddy is forming; 2) is decreased in
the intermediate stage that corresponds to the ‘‘frequency-
locked” region; and 3) is the same as that of the unforced
layer further downstream. The Wygnanski-Oster parameter,
X, =AUQx/U2,, where Q is the forcing frequency, can be used
to define the extent of each region. Roberts and Roshko3 and
Browand and Ho% showed that X, <1 corresponds to the
first region where the growth rate is enhanced; X, > 1 begins
the frequency-locked region in which the growth is inhibited;
and around X,, =2 the layer relaxes to the natural growth of
an unforced flow. )

In order to investigate this phenomenon computationally,
the response of the reacting shear layer to the application of
low frequency, low-amplitude perturbations on the upstream
side of the shear layer is analyzed. Streamwise oscillations are
applied on both sides of the layer, hence a pressure perturba-
tion is imposed without changing the vorticity field. The
streamwise velocities are taken as Ul =1+g¢ sin27Q¢), and
U2 = U1, where a is the amplitude of forcing.

The normalized distribution of the product thickness along
the mixing layer for three cases, 2 =0, 0.5, and 1, is shown in
Fig. 13. In these calculations, ¢=0.1 and R,=4000. The
figure indicates that for @ =1, mixing is enhanced in the initial

— Q=1

[T~—a=05
~~— UNFORCED

Fig. 13 Variation of the product thickness vs the downstream
distance.

Table 1 Comparison between caiculated and measured frequency-
lockeé region

Frequeney-locked region

Q Calculated Measured?6
0.3 3=<x=4 2.66<x<35,33
1.0 2=x=<3 1.33=<x=<2.66

part of the layer with 1=<x=<2. The resonant, frequency-
locked region begins at x=2 and ends at value x~3. In this
region, mixing is reduced and is less than that of an unforced
mixing layer. Downstream of this region, x=3, the mixing
rate resumes its natural growth and reaches asymptotically
that of the unforced layer. For a lower forcing frequency,
0=0.5, the same overall behavior is observed. In this case,
however, the results of the numerical calculations indicate that
the resonant, frequency-locked region is approximately in the
range 3<x=<4. A comparison between the calculated range of
the frequency-locked region and that estimated by Browand
and Ho¥ is shown in Table 1.

Effect of Strain Rate

It has been shown experimentally by Tsuji,”” numerically by
Liew et al.,*® and analytically by Peters® that the strain rate
has a major influence on the structure of non-premixed
flames. In the counterflow diffusion flame experiment of
Tsuji,¥” it was observed that increasing the magnitude of
stretch near the flame surface results in an increase of the flow
of reactants into the reaction zone. As a result, the chemical
reaction is not able to keep pace with the supply of reactants,
and the reaction rate is reduced until local flame quenching oc-
curs. The analysis of Peters,*® which is based on the method of
matched asymptotic expansion at large activation energy,
shows  that the mechanism of flame extinction can be ad-
dressed by examining the local value of the rate of scalar dis-
sipation, which is the inverse of the diffusion time scale. If the
local value of dissipation is increased beyond a critical limit,
the heat conducted away from the flame cannot be balanced
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U2 = 0.3333, Re = 10000; TIME = 27.00

Fig. 14 Velocity of elements and temperature field for reacting mix-
ing layer.

by the heat produced by the chemical reaction. As a result, the
maximum value of the temperature decreases, and the reaction
eventually ceases.

We were able to observe this phenomenon by increasing the
number of scalar elements to 38 in each stream while decreas-
ing the computational domain to x,,, =4 and by preheating
the incoming reactants to T; = Q/2 to start the chemical reac-
tion immediately downstream of the splitter plate. Figure 14
shows the instantaneous velocity and temperature rise, 7— T3,
of the scalar elements at time z=21, for D,=50, Q=8,
T,=20, and U1/U2=1/3. The cross-stream direction is en-
larged by a factor of two for the purpose of clarity. The figure
shows that the number. of scalar elements near the braid,
which is the thin link between two neighboring cores, is a small
portion of the total number of elements within the computa-
tional domain, -which reached meore than 5100. The
temperature and product concentration in the reaction zone
reach a maximum at the eddy cores where the vorticity concen-
tration is high, while they reach a minimum at the stagnation
point within the braids where the strain and the scalar gradient
reach their maximum values. This is consistent with the results
of the pseudospectral calculation of Givi et al.!’® and with the
experimental observations of Tsuji,?” who showed that the
local extinction of diffusion flames occurs mainly at the
regions of high dissipation rate. In these regions, the
temperature tends to decrease, and if it goes below a critical
characteristic value, the flame extinguishes locally.

Quantitative analysis of the effect of stretch on the chemical
reaction is difficult in the context of the present algorithm.
This is due to the fact that there are few scalar elements near
the regions of high strain, and, as shown by Ghoniem et al.,*
most of the elements tend to agglomorate near the regions
with low dissipation. Implementation of a numerical scheme
based on the transport of scalar gradient, as in Ghoniem et
al.?* can improve the accuracy of the analysis, particularly
those associated with the effects of stretch.

IV. Conclusions

In this work, a stochastic numerical scheme based on the
transport of computational elements carrying vorticity and
scalar quantities has been developed to simulate a two-
dimensional, planar, two-stream reacting mixing layer with
unmixed reactants. The scheme solves the transport equations
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at high Reynolds and Peclet numbers without using models for
turbulence closure. A Lagrangian stochastic model is used to
implement the chemical reactions for both constant-rate
kinetics and variable-temperature Arrhenius reactions, at low
heat release.

In the non-reacting flow simulations, the calculated
statistics of the mixing of a conserved scalar are in good agree-
ment with experimental data. In particular, the numerical
results show the presence of two maxima in the fluctuation
profile. In the constant-rate reacting flow simulation, the ef-
fect of chemistry is to smooth out this curve and produce a
single maximum, which agrees with the experimental observa-
tions. Harmonic forcing enhances the rixing within the ac-
celerated growth zone of the vorticity layer, while it impairs
the entrainment of the unmixed fluid into the cores in the
resonance region. As a result, the numerical simulation in-
dicates a decréase in the rate of product formation in the
frequency-locked region, similar to previous experimental
findings. .

In the Arrhenius, temperature-dependent kinetics, the
mechanism of ignition delay and the effect of preheating the
reactants on the decrease of the duration of this delay is
observed. The non-equilibrium coupling between the scalar
dissipation rate and the flame structure is exhibited in the
form of quenching, which is frequently observed along the
braids. To describe this phenomenon more accurately, work is
underway to construct-a higher-order scheme which can pro-
vide better resolution in the regions of strong strain rates.
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