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Effects of Shear and Strain on Temporal Evolutlon
of Laminar Diffusion Flames

Nedunchezhian Swaminathan* and Shankar Mahalingam®
University of Colorado, Boulder, Colorado 80309-0427

Closed-form analytical solutions that describe the evolution of diffusion flames in two-dimensional laminar
flowfields due to an initial line source of fuel in an infinite oxidizer environment are derived. The velocity field is
assumed to be divergence free and both steady and unsteady shear and plane stagnation flows are considered in this
study. The flame surface is modeled as an infinitesimally thin flame sheet at which fuel and oxidizer are consumed
at an infinitely fast rate; thus, chemical kinetic effects are ignored. Validity of the solutions are discussed. The flame
shapes are observed to be elliptic. The flame front moves away from the source at early times; whereas at later
times, the front collapses at the location of the fuel source. An expression for the time for complete consumption
of the fuel is derived in each case, and it is shown that strain fields are more conducive to combustion.

Nomenclature

= aspect ratio of the elliptical front

shear rate

strain rate

= mass concentration of fuel

= mass diffusivity

= base of natural logarithm

= Peclet number identical to L2/ Dty

= mixture fraction source strength

= fuel source strength used in Eq. (1)

= maximum radius of reaction front

= nondimensional time

= nondimensional time after which the solution is valid

= nondimensional time for complete consumption of fuel

= nondimensional time at which radius of reaction front is
maximum

= x component velocity

= y component velocity

= molecular weight of species j

= nondimensional spatial coordinates

= dimensional spatial coordinates

= mass fraction of species j

= mass fraction of species j attime t = 0

= mixture fraction

= stoichiometric mixture fraction

= ratio of strain rate to its frequency of oscillation (a/w)

= Shvab-Zel’dovich variable

Dirac delta function

ratio of strain rate to its oscillation frequency (b/w)

stoichiometric moles of species i

= phase shift

= angular frequency
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I. Introduction

IFFUSION flames occurring in practical systems are inevitably

unsteady and commonly turbulent in nature. Because of inher-
ent complexities associated with turbulent combustion, mathemati-
cal analysis of these flames is difficult. To comprehend the behavior
of turbulent flames, it is important to understand the fundamental
characteristics of unsteady diffusion flames established in simpli-
fied situations. There are two parts to the fundamental attribute; one
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is related to flame structure and the other one is related to flame
evolution. In this paper, we -are interested in the flame evolution
under various flow conditions. The simplified situations considered
in this study are relevant to flame spread and turbulent flame mod-
eling. A complete analysis must include a set of nonlinear partial
differential equations including variable thermophysical properties
and a chemical kinetic mechanism appropriate to the fuel-oxidizer
combination. Including unsteady effects makes the problem all the
more difficult. Since the interest in this paper is on unsteady effects,
this aspect of the problem is retained, although several other aspects
are simplified through appropriate assumptions. Virtually all ana-
lytical approaches to the problem, including this study, invoke thin
flame approximation of Burke and Schumann.!

The study of diffusion flame spread is motivated by a need to con-
trol and prevent accidental fires that could occur in a wide variety of
situations. Fernandez-Pello and Hirano® reviewed experimental and
modeling work on diffusion flame spread with an emphasis on con-
trolling mechanisms. De Ris® derived an expression for flame-spread
velocity due to a diffusion flame spreading against an airstream over
a fuel bed. Much of the past work has focused more on the spreading
of flames over solid combustible substances than between gaseous
fuels and oxidizers. However, controlled gaseous diffusion flames
have received much attention since the celebrated analytical solution
of Burke and Schumann.! Their predictions of shapes and heights
of a steady coflowing laminar jet diffusion flame, under an infinitely
fast chemistry assumption, compared well with experiments. Chung
and Law* improved this solution by including streamwise diffusion.
Williams® derived a form of the Burke—Schumann solution when the
radius of the outer tube approaches infinity. Savas and Gollahalli®
developed an exact solution to the concentration field of jet fluid
in a laminar axisymmetric jet in the limit of zero heat release us-
ing Landau-Squires formulation.” Back diffusion of fuel behind its
source was observed by Mahalingam® in his improved analysis of a
self-similar diffusion flame solution obtained by Mahalingam et al.”

All of these analyses have been limited to steadily burning laminar
diffusion flames. For unsteady cases, two of the more well-known
solutions are due to Clarke and Stegen' and Bush and Fendell.!!
Using boundary-layer approximations, Clarke and Stegen!® studied
the effect of perturbations in reactant concentrations on the time-
dependent response of a diffusion flame sheet established in a mix-
ing layer environment. Bush and Fendell!! examined the effects of a
two-step finite rate reaction on time evolution of flames in unstrained
one-dimensional and strained two-dimensional flows. They pre-
dicted that excessive strain could lead to departure from equilibrium
resulting in a reduction in consumption rates. Since then, very little
analytical work has appeared on unsteady laminar diffusion flames.

Under certain circumstances discussed in Sec. II, equations de-
scribing a laminar diffusion flame reduce to an equation govern-
ing a conserved scalar. This feature is exploited in this paper
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Fig. 1 Schematic representation of a) a turbulent diffusion flame and
the flow configurations investigated, b) shear flow and c) plane strain
field.

to develop a variety of time-dependent diffusion flame solutions.
Several time-dependent solutions to diffusion of passive scalars in
oscillating fluid flows exist in the literature,’>~1" Leighton® an-
alyzed the diffusion of a point source of dilute solute in an os-
cillating shear flow and obtained a self-similar solution. Krishnan
and Leighton'® obtained self-similar solutions to diffusion of a pas-
sive scalar from a point source in plane and axisymmetric stagna-
tion flows. In this paper, the solution approach of Leighton'® and
Krishnan and Leighton!? is used to obtain solutions to diffusion
flame shapes in simple linear two-dimensional flowfields. This al-
lows us to predict flame front evolution and obtain expressions for
time for complete consumption of a finite amount of fuel.

A typical turbulent flame in a mixing layer environment is shown
in Fig. la. If the local gradients of velocity and scalar fields are
appropriate, then the turbulent flame will extinguish locally.?® This
might allow a pocket of fuel (or oxidizer) to pass through the stoi-
chiometric surface, as shown in Fig. 1a. This phenomenon has been
observed recently by Higuera and Moser?! in their simulation of
turbulent reacting mixing layer. This pocket of fuel, wandering in
oxidizer stream, might get ignited if the local conditions are ap-
propriate and undergo an evolution process. Since the velocity at a
position relative to a neighboring point can be decomposed into a
symmetric and antisymmetric part, we considered a stagnant field,
uniform flow, shear flows, strain, and rotational fields to study flame
evolution.?? Results for the stagnant, shear, and strain cases are pre-
sented in this paper. )

In Sec. II, mathematical formulation of the problem including
the significance of approximations introduced is described. Solution
techniques are presented in Sec. IT1, followed by a discussion on the
validity of solutions obtained. Results are discussed in Sec. V, and
the important findings are summarized in Sec. VL.

II. Problem Formulation

The problem considered is a two-dimensional laminar diffu-
sion flame established between fuel and oxidizer in an unbounded
medium. Oxidizer is assumed to occupy the entire two-dimensional
space. At time ¢ = 0, a given mass (g?) of fuel is introduced as an
instantaneous (one-shot) line source located at the origin of the co-
ordinate system as shown in Figs. 1b and 1c. This physical situation
translates mathematically as an initial condition, '

oo s ] :
—o0 J ~00

= f f Q%(£)8(5) di dy = ¢* )

The flowfield is assumed to be divergence free so that the velocity
field can be prescribed independent of chemical reaction process.
The justification for this assumption is the ensuing problem can
be treated analytically, relatively easily. In practice, this assumption
may be reasonable in flows with sufficiently diluted fuel and oxidizer
streams so that the adiabatic flame temperature is not significantly
higher than the temperature of reactants. The reaction between fuel
(F) and oxidizer (0O) is assumed to occur in a single irreversible
molar conserving global step to yield products of combustion (P) as

vEF +v90 —> v, P )

The assumption of molar conservation is essential to ensure the va-
lidity of the divergence free velocity field at the locations of flame
front. The reaction (2) is assumed to proceed at an infinitely fast rate
leading to a reaction sheet. Lifi4n and Williams?? indicate that this
is a useful limit to consider because it can be uniformly valid in both
space and time. In addition to the unity Lewis number assumption,?*
the diffusivities of all species are assumed to be constant and equal to
each other. It is important to remark, however, that nonunity Lewis
number effects are important in studies related to soot formation or
flame extinction,* an aspect that is not considered in this paper.

Let Yy o and Yo o represent the fuel and oxidizer mass fractions in
their unmixed state. Thus in general, the fuel (or oxidizer) introduced
at the origin could be diluted with an inert species. Under the stated
assumptions, we can define a conserved quantity 8 = Yp/ Wrvp —
Yo/Wovo. Since 8 decays asymptotically to —Y¢,0/Wove, rather
than to zero in the far field, it is convenient to define a mixture
fraction®® Z = [B — Bo.0l/[BF.0 — Bo.ol, so that Z goes to zero in
the far field (pure oxidizer) and Z = 1 in the pure fuel side. The
reaction front is located at stoichiometric mixture fraction given by®
Zc = —Bo,o/[Bro — ol

The mixture fraction satisfies the following conserved scalar
equation’;

0z oz oz _ 9z 9z -
P TP: TP TPV 5 T ey

The initial condition for Eq. (3) corresponding to a line source of fuel
atthe origin, from Eq. (1),is givenby Z(%, $, f = 0) = Q%5(X)8(3).
This condition indicates that Z is unbounded, contradicting the fact
that Z varies from zero to unity. Thus, it is important to emphasize
that solutions obtained in this study are physically meaningful only
after the fuel spreads out to a characteristic length scale as discussed
in Sec. V. The boundary condition for Eq. (3) is Z(|x|, |y| —
oo, t) - 0.

By integrating Eq. (3) over all space and noting that Z and VZ
approach zero in the far field it can be shown?? that the integral of
Z is a conserved quantity. Thus,

/ / Z(%,9,1)dx dy = Q? G

This integral constraint suggests that 0 may be used to construct
a length scale in order to render Eq. (3) dimensionless. Using the
symbol #,¢ for a reference time scale one obtains
az+uaz vBZ__ 1[0z 42z ®)
at ax dy  Pe| ax2 ' 8y?
as the nondimensional form of Eq. (3) subject to initial and boundary
conditions
Z(x,y,0)=5(x)8G) and  Z(lxl, Iyl > 00,8) > 0 (6)
Self-similar shapes of the reaction front are obtained by setting
Z(xz, yr, t) = Z. in solutions to Eq. (5). The time for complete
consumption of the fuel is derived by setting x; = y; = 0.

. Solution Method
Self-similar solutions to Eq. (5) subject to Eq. (6) are obtained
following Leighton'® and Krishnan and Leighton.!® The details of
solution process is very dependent on the specified flowfield.!81%.22
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From the solutions derived for a variety of flowfields,?? only stag-
nant, shear, and strain field cases are discussed in this paper. These
flow situations are shown schematically in Figs. 1b and 1c.

A. Stagnant Field

This is a limiting case of other flowfields, where u = v = 0 in
Eq. (5). Since the problem lacks a natural time scale, Q?/D is cho-
sen as fr leading to Pe = 1. Solution to this case can be readily
writtenas Z = (dmrf)~! exp[—r?/4t]}, where 2 = x2+y2. The char-
acteristics of this solution are discussed and compared with earlier
experimental and theoretical results in Sec. V.A.

B. Shear Flows

The dimensional velocity components for the steady and unsteady
cases are given as u = ay, v = 0 and u = aysin(wt +¢),v =10
respectively. In the steady case, choosing fr¢ as 1/a and substituting
the assumed form of u and v into Eq. (5) yields

A A [l Sl 7
at +y3x Pe 8x2+8y2 ™

83z 9z 1 [azz 322]
subject to Eq. (6). Since diffusion is the only process occurring
in the y direction, a separable solution in the form® Z(x,y,t) =
f(x,y,0)g(y,t) is sought. After some algebraic manipulations an
unsteady diffusion equation for g, subject to g(|y| — oo, 1) — 0
and g(y, 0) = 8(»), the following equation for f is obtained:

fityi=1fax+ fyy +2fygy/g]/Pe 3

Note that subscripts denote appropriate partial derivatives. The ini-
tial and boundary conditions for Eq. (8) are f(x, y,0) = &(x) and
f(x|, Iyl = oo, £) — 0. The g equation has the solution

g(y, 1) = / Pe/(4mt) exp[—y* Pe/4t] ®
Substituting this resultinto Eq. (8) and defining t = t,n = x~yt/2,
and £(v) = 1 + 73/12, a diffusion equation'®? in & and 7 can be
obtained for f, after equating the coefficient of convective term to

zero in order to get a self-similar solution. Combining the solutions
of g and f we obtain

P P 2 2
Zx,y, ) = Kf/tzg exp [ - —f(% + Xt-)] (10)

In unsteady shear case, choosing 1/w as reference time scale and
following the above desctibed procedure, we obtain Eq. (10) as a
solution with'®?2 5 = x — ayh(t), where

h(t) = cosq&(g — Cos t) + sinqS(E(Et;-——1
£(t) =t + a2 (0.5[¢ + sin(t + ¢) cos(t + ¢)]
— [sin(t + ¢) — sin$J*/1) 12)

+ sin t> 1y

C. Strain Fields

For steady and unsteady strain fields, the dimensional velocity
components are prescribed as 4 = bx, v = —~by, and u =
bx sin(wt + ¢), v = —by sin(w? + ¢), respectively. In the unsteady
case we have a choice of either 1/b or 1/w as a reference time
scale. Using fr = 1/w and substituting the dimensionless velocity
components in Eq. (5), we obtain :

aZ 9z YA 1 (92 3%z
22 4 esin@ 2 8V o (2452 a3
at +esin( +¢)(x8x yr‘)y) Pe(3x2 + 3y2) 13

The initial and boundary conditions are given by Eq. (6). Follow-
ing Krishnan and Leighton'® a solution of the form Z(x, y, ) =
f(x,t) g(y, t) is sought. Similar to the procedure for shear flows, a
solution for Z is obtained as

__Pe | _Pe(mi m
Z(x,y,t) = 4ﬂJ§_l_§;exp|: 7 (51 + 5 14

where
T=t, n = xh(7)
(15)
hi1(r) = exple(cos(T + ¢) — cos p)]
m = yhy(t), k(1) = expl—e(cos(z + ¢) — cos 9)] (16)

£ = / m(ydr’ &= / h3(t") dr’ Qamn
0 0

In the case of a steady strain field, it can be shown?” that Eq. (14)
forms the solution with n; = xe™, 2 = ye', & = (1 — e™%)/2,
and & = (¢% — 1)/2 by choosing 1/b as fes.

IV. Solution Validity

Since Z is mixture fraction, it varies from zero to unity. But the
initial condition, Eq. (6), indicates that Z is unbounded. Hence,
the solutions are physically valid only when the mixture fraction
value lies between zero and one. This occurs after some elapsed
time #,. This f. can be obtained by setting Z(0,0, ;) = 1 in the
mixture fraction field solutions. Perhaps, there may be other choices
for .. In steady cases, we can obtain a closed-form solution to ¢,
whereas in unsteady situations #, is obtained by solving appropriate
transcendental equations numerically.

V. Discussion
A. Stagpant Field

A limiting situation is the case where the flame spreads in a stag-
nant field. Solution to this problem is given in Sec. IIL.A. This
solutjon is valid only after ¢ = 1/4m. From symmetry, one ex-
pects the flame front to be circular. Denoting the radius of the
stoichiometric surface by ry = J(x% + yjzc), we obtain rs(f) =
2/(ta]1/ (4 Z.D)).

Several interesting observations may be made. The flame radius
reaches a maximum r,, = (weZ;)% attime ¢,, = (4weZ,)~". Thus,
the solution predicts that the flame spreads rapidly from the source at
earlier times. During this process, combustion products spread away
from reaction zone, thereby diluting the reactants (fuel and oxidizer)
on either side of the front. Consequently, the reactant flux, being pro-
portional to reactant concentration gradient, reduces. This retards
the rate of flame spread until the flame radius reaches 7,, at time
t,.. Subsequently, the stoichiometric burning condition can be main-
tained only if 7 decreases. The fuel is completely consumed in time
t, = ety Aplotof flame radius as a function of time for two different
values of Z,. is shown in Fig. 2. Because of the singular behavior of
the solution at early times, the physically valid region (£, > 1/4m)
is also marked in Fig. 2. The Z, values chosen are representative of
methane burning in air (Z, = 0.05507) and oxygen (Z, = 0.2).

This limiting case is identical to Spalding’s solution®® of a point
source of fuel vapor in a supercritical oxidizer environment. He
found that the commonly invoked quasisteady assumption in stud-
ies of droplet combustion failed when the droplet was introduced
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Fig. 2 Variation of flame radius with time in a stagnant field.
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Fig. 3 Contours of reaction front at different times in a steady shear
flow for Pe = 10, Z, = 0.05507.

in a near-critical or supercritical oxidizer environment. He, thus,
modeled the droplet as an instantaneous point source of fuel vapor
and included the unsteady term in the governing equation. The dif-
ferences in the exact form of his and our solution stems from the
fact that he considered a three-dimensional point source, whereas
we are examining a two-dimensional line source. The consistency,
however, of the temporal evolution, existence of a maximum flame
radius, consumption of fuel in a finite time, etc., with Spalding’s
solution and experimental observations of burning droplets even at
atmospheric (subcritical) conditions,?” validates our solution.

In summary, both t,, and z, vary inversely with Z, whereas the
maximum flame radius r,, is inversely proportional to its square
root as shown in Fig. 2. Note, however, that the dimensional max-
imum flame radius is proportional to source strength O whereas
* the corresponding dimensional time is proportional to the square
of the source strength and is inversely related to diffusion coeffi-
cient. In Spalding’s solution,? r,, varies as Q'/3 and Z;'/* whereas
1, varies as 03 and Z;%?, indicating a higher burning rate in a
three-dimensional case.

B. Shear Flow
Let us first consider the steady case in which the shear rate is
fixed in time. The locus of the reaction front obtained from Eq. (10)

is an ellipse given by
— yst/2)? 4 P
sy = y71/2) y;=_t_ew[____e__] 18)
1+1£2/12) Pe | 4nz.t./14+12/12

This is plotted in Fig. 3 after £, = [/(36 + 3(Pe/2m)?) — 6]\,
At early times, the reaction front spreads out equally along both
coordinate directions [see Eq. (19)]. As the front spreads outin the y
direction, however, it finds itself in regions of significant shear. This
results in the front locus becoming elliptical with its axes rotated in
the shear direction as shown in Fig. 3.

The orientation of the principal axes of the ellipse, measured in
counterclockwise direction, is given by ® = 0.5[tan™!(3/1)]. It is
apparent that ¢ — m/4ast — Qand ¥ — 0 ast — oo. The
first limit is independent of shear rate as long as the magnitude of
the shear rate is bounded, whereas the second limit depends on the
magnitude. Since diffusion enhances convection along x, the major
axis of the elliptic front is much larger than its minor axis at all
times.?? The aspect ratio of the ellipse A, defined as the ratio of
major to minor axes lengths,

O+ 26+ 1D+ +9¢
O+ 12(64+12) —13 — 9t

indicates that A — 1 as ¢t — 0, whereas, A(¢,) # 1. Thus, the
topology of the reactive-diffusive front is very dependent on its his-
tory. Fuel depletion results in the reaction front ultimately shrinking
toward the origin as indicated in Fig. 3 with the fuel completely
consumed in a time #, = [ /(36 + 3(Pe/2n Z.)*) — 6]'/2.

AX) = 19

-0.5F

—-1.0p

-1.5F

~2.0 ) L 1 : L L L
-2.0 —-1.0 0.0 1.0 2.0

a) z

Fig. 4 Temporal evolution of flame topology in unsteady shear flows
for Pe = 10, Z; = 0.05507 witha) o= 0.1, ¢ =0; b) a =100, ¢ =0; 0)
=1.0,¢p=—n/2;and d) a = 10.0, p = —7 /2.

Shapes of reaction front in an oscillating shear flow given by

[xp — aysh (P y—%—ie,v Pe
£@t) t  Pe |4nZJIEQD

are shown in Fig. 4. Expressions for A(¢) and £(z) are given by
Egs. (11) and (12). Reaction fronts plotted after r, in Fig. 4 are
elliptic with their axes rotating periodically with time. The flame
spreads by diffusion in the y direction, while it spreads along x
due to both convective and diffusive effects as in steady case, and

] (20)
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Fig. 5 Evolution of tilt angle ¥ of ellipse in an unsteady shear flow for
a =1, Pe =10, and Z; = 0.05507.

7

Fig. 6 Evolution of the square of semimajor (dotted lines) and semi-
minor (solid lines) axes in an unsteady shear flow for o = 1, Pe = 10, and
Z. =0.05507.

additionally the shear tends to rotate the reaction front. The reaction
front spreads away from the origin as a circle at early times. This
outward spread is curtailed because of fuel depletion. Thus, at later
times, the ellipses shrink in size until all of the fuel is consumed.
Larger values of «, corresponding to a stronger shear, results in
a rapid stretching of the front along with a rapid tilt as shown in
Figs. 4b and 4d. Under weak shear conditions the flame evolves as
if it were in a stagnant field, as indicated by Fig. 4a. The orientation
of the principal axes of these elliptical fronts is given by

—2aht
—_— 21
t—§& - azhzt} @D

¥ = 0.5tan™" [
Ast — 0,9 — /4, indicating that the reaction front evolves with
its major axis oriented at 45 deg irrespective of shear strength and
initial phase shift.?? The temporal evolution of ¥ is shown in Fig. 5
foratypical case. The dramatic reduction in ¢ corresponds to a slight
change in the topology when the axes of the ellipse shift quadrants.
This apparent singularity is physically admissible and can undergo
several cycles depending on « and ¢. The variation of square of
semimajor and minor axes of the elliptical front shown in Fig. 6
also indicates the presence of this singularity. For smaller values of
the ratio of oscillatory time scale to flow time scale (o« = 0.1) the
amplitude of the oscillation of ¥ is 45 deg whereas for o = 10, ¢
varies between —10 and 10 deg (Ref. 22).

The time for complete consumption ¢, varies linearly with Peclet
number. Higher value of o results in shorter consumption times. The
effect of ¢ on ¢, is negligible in cases with stronger source having
either stronger shear rate or a rapidly oscillating shear. For smaller
value of Z,, the effect of ¢ on ¢, is negligible irrespective of source
strength, shear rate, and oscillation frequency.?

1.0
0.8
0.6
0.4+
0.2

& 0.0f
~0.21
0.4}
_0'6 =
_D'B -

~1.0 ' 1 L ! '
~6 —4 —2 0 2 4 3

Fig.7 Temporal evolution of the flame topology in a steady strain field
for Pe = 10 and Z, = 0.05507.

C. Plane Strain Fields

Solution for the steady and oscillating strain field is given by
Eq. (14) with proper definition of n and £ given in Sec. HII.C. In the -
case of the steady strain field, the flame locus is given by

x5 N y: _ 2 i Pe
exp(2t) —1 1 —exp(—2t) Pe 2nZ.+/2(cosh2t — 1)
(22)

The flame fronts plotted after time ¢, = 0.5 cosh™'[1 + Pe?/872]
are shown in Fig. 7. At early times the front spreads out in a near
circular fashion. Convection enhances diffusion along x whereas
the opposite is the case along y. The result is that the initially near-
circular-shaped reaction front is distorted into an elliptical shape
with major and minor axes aligned with strain directions. An inter-
esting point to be observed in Fig. 7 is that the minor axis length does
not exceed the characteristic length scale unlike in oscillating strain
cases, whereas the major axis length reaches a value of about an or-
der higher than the characteristic length scale. This is due to a strong
convective effect along x. At later times the flame spreads out along
x while it shifts inward toward the origin along y due to fuel deple-
tion until the front collapses on the x axis. The fuel is completely
consumed in a finite time ¢, given by 0.5 cosh™ (1 + Pe?/87m2Z2).

An expression for the locus of the stoichiometric surface in an
oscillating strain field is given by

Pe Pe 77% I 77% f )]
Z, = ———exp| - — =+ —

An /&5 p[ 4 ( & * & @3)
where 5y, n;, &1, and & are defined by Eqs. (15-17). The reaction
fronts shown in Fig. 8 are elliptic as in the steady strain case. In the
unsteady case the critical time ¢, is obtained by solving an implicit
equation £, (t.)6:(t.) — Pe?/16x* = 0. The topological behavior
of the reaction front is very dependent on the parameters ¢ and ¢.
Higher values of € correspond to a slowly oscillating strain field with
a high strain rate. Since the strain rate is high, the reaction fronts
are stretched rapidly in the strain direction, as indicated in Fig. 8b.
Figures 8b and 8d are given to indicate the effect of ¢. The time lag
between fluid dynamic and chemical processes is related to the initial
phase shift. In stronger strain rate cases, when ¢ is nonzero, the fuel
is consumed at a faster rate so that complete fuel consumption is
realized before the reaction front becomes highly elliptic. This fact
is eludicated in Fig. 8d (see also Fig. 9b). Depending on the value
of ¢, the aspect ratio of the elliptic front is either monotonously
increasing or oscillating for ¢ = 0, whereas for ¢ = —n/2, the
aspect ratio is nearly unity throughout the evolution. If the ratio of
oscillatory time scale to that of strain rate is of order unity, however,
axes switching can occur depending on the initial phase.?? For low
values of e, this axis switching can undergo several cycles until
complete fuel consumption is realized in time ¢,. The time ¢, is
given by an implicit equation

te te
f exp[2¢ cos(t + ¢)1dt / exp[—2¢ cos(t + ¢)] dr
0 0
P&
T 16mw2Z2

For low values of e(= 0.1), we can see that #, varies linearly with
Pe as shown in Fig. 9a by taking a limit ¢ — 0 in Eq. (24). For

(24)
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Fig.8 Temporal evolution of flame topology in escillating strain fields
for Pe =10, Z; = 0.05507 witha) e =0.1,¢=0;b) € =100, p=0; c) e =
1.0, ¢=—7/2; and d) € = 10.0, ¢ = —7 /2.

moderate values of ¢, ¢, oscillates over a linear variation as shown
in Fig. 9a. The effect of the initial phase was found to be negligible
for these cases. For higher values of ¢, however, ¢ has stronger
effects on £, as shown in Fig. 9b. This may perhaps be due to history
effects. Figure 9b also indicates that in cases with stronger strain
rate, ¢, dependence on Pe becomes weaker for a stronger source,
unlike in cases with stronger shear rates. This observation suggests
that the strain fields are more conducive to combustion.

a)

1.4

1.2
1.0F
0.8
0.6

0.4}
0.2
0. o 1 1 1 1 1 1 1 1 1
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Fig. 9 Variation of ¢, with Pe in an oscillating strain field for
Z, = 0.05507. .

VL. Summary and Concluding Remarks

The evolution of two-dimensional laminar diffusion flames due
to a line source of fuel in an infinite oxidizer medium have been
examined for a stagnant field, steady and unsteady shear, and strain
fields. All of these flowfields are characterized by the fact that veloc-
ity components are linearly related to distance from the fuel source.
Under stagnant flow conditions, flame contours are circular. The
flame spreads out to a maximum radius and then collapses back
toward the origin in a finite time. In the presence of a uniform shear
flow, the contours are continuously stretched by convection in the
direction of the local velocity; the resulting reaction fronts are ellip-
tical and whereas the mean shear flow oscillates sinusoidaily with
time, the axes of these fronts rotate periodically. When the flame
evolves in a steady plane strain field, the initially near-circular-
shaped flame is stretched in the direction along which convection
and diffusion aid each other. Correspondingly, the spread of the
flame in the orthogonal direction is retarded, leading to an ellip-
tic flame shape with its axes aligned with the strain directions. At
later times, the flame front shrinks inward until all of the fuel is
completely consumed. When the strain field is allowed to oscillate
sinusoidally in time, axes switching can occur depending on the
initial phase and €. In all cases studied, we can predict the time for
complete consumption as a function of problem parameters. This
time varies linearly with source strength in all shear cases and in
cases with low to moderate strain rate, whereas under high-strain
rates 7, has a weaker dependence, for a stronger source, indicat-
ing that f, becomes almost independent of source strength. This
means that the strain fields are more conducive to the combustion
process.

Based on the present results, it is relatively straightforward to
write down solutions for the case of a point source of fuel for var-
ious flow configurations studied by recognizing that diffusion in
the z direction is uninfluenced by the flowfield. Results for three-
dimensional flame topology may be readily obtained by multiplying
the present solutions to Z by a one-dimensional diffusion equa-
tion solution along z. Although the solutions derived are for sinu-
soidally oscillating flows, it is possible to handle other types of
time-dependent flows that may be appropriate in open fire-spread
situations. These solutions can be extended to account for dis-
tributed fuel sources in order to model more realistic configura-
tions. Furthermore, it is possible to obtain species mass fraction
and temperature profiles a posteriori from the solution to the mix-
ture fraction presented in this paper using standard methods as out-
lined by Williams.> However, experimental verification of the pre-

dictions discussed in this paper are required before one examines

these cases. Note that partial theoretical and experimental support
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for the simplest case of stagnant flow provides confidence on the
validity of other solutions presented in this paper.
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