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Abstract

This numerical and analytical study investigates effects of differential diffusion on nonpremixed-flame tem-
peratures. To focus more directly on transport effects the work considers a single irreversible reaction with an
infinitely fast rate, with Schab—Zel’dovich coupling functions introduced to write the conservation equations
of energy and reactants in a chemistry-free form accounting for non-unity values of the fuel Lewis number
L. Different flow configurations of increasing complexity are analyzed, beginning with canonical flamelet
models that are reducible to ordinary differential equations, for which the variation of the flame tempera-
ture with fuel-feed dilution and L; is quantified, revealing larger departures from adiabatic values in dilute
configurations with oxidizer-to-fuel stoichiometric ratios S of order unity. Marble’s problem of an unsteady
flame wrapped by a line vortex is considered next, with specific attention given to large-Peclet-number solu-
tions. Unexpected effects of differential diffusion are encountered for S < 1 near the vortex core, including
superadiabatic/subadibatic flame temperatures occurring for values of Ly larger/smaller than unity as well
as temperature profiles peaking on the oxidizer side of the flame. Direct numerical simulations of diffusion
flames in a temporal turbulent mixing layer are used to further investigate these unexpected differential—
diffusion effects. The results, confirming and extending previous findings, underscore the nontrivial role of
differential diffusion in nonpremixed—combustion systems.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Differential-diffusion effects are known to

influence critically different properties of non-

* Corresponding author. premixed flames [1.2], including most notably their
E-mail address: als@ucsd.edu (A.L. Sanchez). temperature, which plays a dominant role in flame
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extinction [3] and may differ notably from the
adiabatic-flame value when the Lewis numbers of
the reactants are different from unity. The present
numerical and analytical investigation is intended
to increase understanding of these influences,
which are important for developing more accurate
models for turbulent combustion [4]. Most previ-
ous numerical studies of differential diffusion in
nonpremixed flames are based on computations
employing finite-rate chemistry (see, e.g., [5] and
references therein). Instead, the present work
considers the limit of infinitely fast chemistry to
uncouple direct effects of differential diffusion on
flame temperature from secondary effects arising
as a consequence of finite-rate kinetics.

When the fuel-oxidation reactions are suffi-
ciently fast, nonpremixed combustion processes are
known to be controlled by the transport rates of
the chemical species and heat [6]. The solution can
be described in the first approximation by consid-
ering the Burke-Schumann (BS) limit of infinitely
fast reaction rate, in which the flame appears as
a surface separating two equilibrium regions, one
without fuel and the other without oxidizer, with
the reactants reaching the flame from opposite sides
in stoichiometric proportions. In this limit, at any
given location the temperature 7 at the flame de-
pends on the transport rates of heat and reactants
in the outer equilibrium regions.

To focus on differential-diffusion effects our
analysis below will consider radiation-free systems
with adiabatic walls. Under those conditions it is
well known that, when the reactant diffusivities are
equal to the thermal diffusivity (i.e. for unity Lewis
numbers of the reactants), the transport rates of
reactants and heat are balanced outside the flame
in such a way that the resulting BS flame tempera-
ture is everywhere equal to the adiabatic flame tem-
perature Ts obtained by burning at constant pres-
sure the reactive mixture formed by mixing the fuel
and the oxidizer streams in stoichiometric propor-
tions [2]. In most combustion systems employing
air as oxidizer, the assumption of unity Lewis num-
ber is a good approximation for O,. By way of
contrast, the fuel Lewis number L differs signif-
icantly from unity in most cases, the only excep-
tions being methane and methanol, for which the
resulting diffusion-flame temperature 7 differs by
a small amount from 7s. For most other fuel-air
flames differential-diffusion effects associated with
non-unity values of L can be expected to be signif-
icant, leading to flame temperatures 7,# Ts. Ac-
cording to the prevailing understanding, for values
of Ly < 1, corresponding for instance to hydrogen-
air combustion, the rate of fuel transport into the
flame sheet is higher than the rate of heat removal,
resulting in superadiabatic temperatures 7, > T,
while the opposite is expected to occur for heavy
fuels with Ly > 1.

The value of 7 may vary along the flame as a
consequence of the balance of accumulation, con-

vection, and diffusion in the outer equilibrium re-
gions, so that the result depends on the specific flow
conditions, including in particular the flow geom-
etry, the relevant Reynolds number, and the dilu-
tion of the feed streams. The present investigation is
intended to contribute understanding of these de-
pendences by analyzing, sequentially, relevant flow
configurations of increasing complexity.

2. Formulation

We address non-premixed combustion systems
in which the fuel and the air are provided by differ-
ent gaseous feed streams, with dilution by addition
of an inert gas permitted in the fuel-feed stream for
generality. The subscripts 4 and 0 will be used to
denote properties in the air and fuel streams, re-
spectively, so that, for instance, T4 and T} are the
temperature in the air and fuel feed streams while
Yo,n = 0.232 and Yy, < 1 are the corresponding re-
actant mass fractions. The reaction between the
fuel and the oxygen is modeled with an infinitely
fast irreversible reaction F + 5O, — (1 4+ s)P + Q,
where s is the mass of oxygen needed to burn the
unit mass of fuel. and Q is the amount of heat re-
leased in the process. The flame appears as a sur-
face ¥ (x, t) = 0 separating a region without oxy-
gen from a region without fuel. Following [2,3], the
problem is formulated with use made of Shvab—
Zel'dovich coupling functions, including the two
mixture-fraction variables

_SH-Yo+1 S SH/ LT, +1
2= "%11 and 2= —¢ 1 1
and the normalized enthalpy variable
T —Ty)/T. S) (Y, —1
r§=( /Ty + (g/S)(Xo )’ )

(To—T))/Ta—q/S

involving the the normalized reactant mass frac-
tions ¥, = Yo,/ Yo,s and V. = Ys/Yy,, the tem-
perature 7, the mass of air needed to burn
the unit mass of the fuel stream S = s,/ Yo,a,
and the dimensionless temperature increase g =
(QYy,)/(c,Ty), with ¢, denoting the specific heat
at constant pressure, assumed to be constant. The
coupling functions satisfy the conservation equa-
tions

d 1 .
a(,oZ) +V-(pvZ) — L—V (pD:VZ) =0, (3)

m

involving the effective Lewis number L,, = (S +
1)/(S/Le + 1), and

d
5, (PE) £V - (pvE) =V - (pD:VE) =0, “4)

with boundary conditions Z=Z =& =1 in the
fuel stream and Z = Z = & = 0 in the air stream.
In the notation, p and D represent the density and
the thermal diffusivity, respectively. At the flame
surface X /(x, t) = 0 the reactant mass fractions ¥Y:
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and ¥, are simultaneously zero, corresponding to
values of the mixture fraction variables Z = Zs
and Z = Zg, with

1

Z ! and Zg=
s ST S/Le+ 1

TS+l )

The chemical-equilibrium condition f’o ¥ = 0 to-
gether with the definitions (1) and (2) provide piece-
wise linear relations for the composition

{?Ozo, h=T2=1% for Z > Zs
" " z z
YFZO, Y0=1_7Y=1_Z fOrZSZS
(6)
and temperature
F-l=Dle L (1 -8)  forZ = Zs
7 l=M2Me + UL —8) forZ<Zs
@)
the latter involving the ratio ¢/S, related through
Ts— T, Th—1T, q
= Zs+—-(1-Z 8
T, T, s+ S( s) (®)

to the adiabatic flame temperature T's.

The numerical solution requires in general inte-
gration of the transport equations (3) and (4) cou-
pled with the continuity and momentum equations.
In the integration, the relationships (6) and (7) are
employed to evaluate the temperature and compo-
sition in terms of Z and &, with the equation of
state used to compute the density. Additionally, ex-
pressions must be provided for the transport prop-
erties in terms of the temperature and composition.
The distribution of £/(x, f) on the flame surface
X (x,t) = 0, to be obtained as part of the solution,
determines the flame temperature 7y according to

Wy Ty — T, q

=T, Ert+ (L =§). &)
The solution simplifies greatly for Lp = 1, when
Z = 7 =& everywhere in the flow field. Conse-
quently, the flame value of £ is simply &, = Zg =
1/(S+ 1) and the associated flame temperature
evaluated from (9) becomes 7y = T, equal to the
adiabatic flame temperature defined in (8). By way
of constrast, when Ly # 1 the value of &, differs in
general from Zg. Correspondingly, the flame tem-
perature computed from (9) deviates from the sto-
ichiometric adiabatic value by an amount given by

Ty — Ts _
(@/S)Ts+(Ty—Ty)

obtained by subtracting (8) from (9). As can be in-
ferred from (10), since the characteristic tempera-
ture increase due to combustion (¢/S)7,4 is much
larger than T, — Ty for cases of practical inter-
est, values of £, higher/lower than Zg correspond

Zs — &7, (10)

to subadiabatic/superadiabatic flame temperatures,
respectively.

Differential-diffusion effects can be anticipated
to be larger in steady flows dominated by diffusive
transport, when the solution to (3) and (4) reduces
to £ = Z. The associated flame value of the en-
thalpy variable £, = Zs can be used in (10) to yield

Tp —Ts _ Zs(1 — Zs)(1 — L)
(q/S)Ty+ (T4 —Tp) 1-(1-LpZs
(11

where T)p is the flame temperature with diffusion-
controlled transport. Although one would expect
the flame temperature to lie between the adia-
batic stoichiometric value Ts and the diffusion-
controlled value 7'p given in (11), the computations
presented below will reveal more complex behav-
iors, with the interactions occurring in the outer
transport regions leading to flame temperatures ly-
ing outside these anticipated bounds.

3. Canonical flamelet models

The simplest solutions to the above transport
problem arise in connection with laminar diffusion
flames formed in steady counterflow mixing lay-
ers and in one-dimensional unsteady mixing lay-
ers. As shown in [7], in both cases introduction of
an appropriately defined density—weighted dimen-
sionless coordinate  under the assumption of con-
stant p?>D; (and with the additional approximation
of constant strain rate for the counterflow) reduces
the problem to the integration of

Zr/
Ly,

1 el r_ ZZSZOatn:—oo
supplemented with (6), with the prime denoting
differentiation with respect to n. Straightforward
integration provides & = %[1 + erf(n/ «/f)] for the
enthalpy variable, while the expressions for the mix-
ture fraction, different on each side of the flame, are

y4 L+erf(n/v/2)

s = Trert V3 for n<ny 13
2-75 1—erf(ny/Lr/2) )
L8 =] - — N for n=>ny

1-Zs 1—erf(nyo/Lr/2)

As shown in [3], the flame location 7, is determined
from the implicit equation

_ep(-13/2)

1—erf(n;y/Le/2) 1 +erf(n,/+/2)
(14)

S\ exp(—Len}/2)
()

obtained by imposing the continuity of dZ/dp at
the flame. The value of 7, can be used to yield

_ Lerf(n,/v2)

&r >

(15)
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Zs =1/(S +1)

Fig. 1. The dimensionless temperature increase Zgs — £, obtained for the counterflow and unsteady mixing layers (solid
curves), for coflow diffusion flames (Uy/U,4 = oo squares; Uy/Uy = 1 circles; Uy/U,4 = 0 triangles), and for diffusion-

dominated transport (dashed curves).

Rescaled temperature departures Zg — &, ob-
tained with use made of (14) and (15) to determine
&, are shown as solid curves in Fig. 1 for0 <Zg <1
and two different fuel Lewis numbers, Ly = 0.3
and Ly = 2.0, selected to represent the proper-
ties of hydrogen and of a heavy hydrocarbon,
where they may be compared with the diffusion-
dominated dashed curves. As expected, subadia-
batic flame temperatures Zg — &, < 0 are found for
Ly = 2.0, whereas the opposite behavior is found
for Ly = 0.3. Differential-diffusion effects are more
pronounced at intermediate values of Zg, causing
the values of |Zs — &/| to reach a maximum there.
For the small values of Zg characterizing combus-
tion with air, the observed temperature departures
are on the order of 5%, increasing to values on
the order of 10% in hydrocarbon-oxygen (Zs =~ 0.2)
and hydrogen-oxygen (Zs =~ 0.11) systems.

Another configuration that is reducible to
ordinary differential equations is the diffusion
flame formed in the coflow mixing layer separating
two parallel streams of fuel and air with velocities
Uy and U,. The transport equations obtained in
that case by introduction of a density—weighted
transverse coordinate with constant p’>D; are
those given above in (12) with the factor 5 in the
convective terms replaced by a selfsimilar stream
function F(n) satisfying PrF” + FF"” = 0 subject
to F'(—=o00)—1=F(0)=F'(c0)—Uy/Uy =0,
with Pr = 0.7 denoting here the Prandtl number.
Resulting values of Zs — &, are shown in Fig. | for
the extreme cases of stagnant air (Uy/U, = 00)

and stagnant fuel (Uy /U, = 0). For Uy/U, = 1, we
find F = n, so that the corresponding temperature
departure is that of the counterflow. Increasing
U/ U4 results in a larger velocity in the flame region
and in flames lying closer to the oxidizer boundary,
enhancing differential diffusion effects, as seen in
the corresponding values of Zg — &;. The different
curves are compared with the temperature increase
obtained when transport is dominated by diffu-
sion, given in (11), revealing that the magnitude of
the temperature departure from the adiabatic value
|Ty — Ts| can be larger than |Tp — Ts| for suffi-
ciently small values of Zs. This unexpected finding
is a first indication of the nontrivial character of
differential-diffusion effects. These effects occur
for Zg near zero because the oxygen Lewis number
is unity; if it were not but the fuel Lewis number
had been unity, then corresponding anomalies
would arise instead for Zg near one.

4. Diffusion flame in a vortex

As an example of a flow that exhibits a spa-
tially varying flame temperature, consider now a
diffusion flame distorted by a vortex, a problem ad-
dressed by Marble [8] as a model to analyze non-
premixed combustion in turbulent mixing layers;
see also [9,10]. The initial condition assumes two
semi-infinite spaces of fuel and air separated by
an initially planar interface. Mixing and reaction
occur as the interface is distorted by the presence
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of a line vortex of constant circulation I" located
at the interface. In the approximation of constant
density and constant transport properties the ve-
locity induced is purely azimuthal, with magnitude
['/(27r') decreasing inversely proportional to the
distance ' from the vortex. Because of the absence
of geometrical scales there exists a selfsimilar so-
lution involving the rescaled radial coordinate r =

' //(T't)/(2m), which reduces the problem to that

of integrating

"2t T r )\ 9 e T e
(16)

Pog  0s 1 [,0% 0t 0%
% 0% (8 05 L TS gy
2or T o Pe(r o Tt ae?) an

for »> 0 with the condition that all coupling func-
tions be 2z-periodic in 0, regular at r =0, and
such that Z=7=t=1for0<6<m and Z =
Z=¢=0for 0>6 > —m as r— oo. The solu-
tion depends on the stoichiometric parameter S, on
the Lewis number Ly, and on the Peclet number
Pe=T/Q2nD7)".

Resulting flame shapes are shown in Fig. 2 for
S =0.5 Lg=2, and Pe = (10,100, 1000) along
with the variation with radial distance of the ac-
companying temperature distributions along the
two flame branches as they wrap around the
vortex. The far-field solution, with negligible ef-
fects of convection, naturally reduces to the
one-dimensional unsteady mixing layer described
by (12), which can be formally derived from
(16) and (17) by introducing n = /Pe/2r6 (or n =
VPe/2r(m — 0)) before taking the limit r— oco.
Consequently, as shown in the lower plot of Fig. 2,
the temperature departure along the vortex flame
approaches for r — oo the value Zg — &, >~ —0.045
obtained from (14) and (15) for S = 0.5 and Ly =
2. The case S = 0.5 has been purposely selected
to illustrate a surprising aspect of the solution,
namely, that for S < 1 differential-diffusion effects
near the vortex core generate temperature depar-
tures that are opposite in sign to those expected.
Specifically, for Ly = 2 the flame temperature, sub-
adiabatic in the flame wings away from the core,
evolve to give superadiabatic temperatures in the
core. Although the temperature evolves differently
along the two branches, with the temperature
along the branch originating at 6 = 7 increasing
to higher values, the differences observed decrease

R VANV / 11(2322 0z 97
—_— r7+ﬁ

1 Tt is worth noting that the same mathematical prob-
lem is encountered for the case of a steady diffusion flame
wrapped in a stretched vortex with radial, axial, and az-
imuthal velocity components v, = —Ar'/2, v. = Az, and
vg = I'/(27+'), with the corresponding self-similar coor-

dinate being in that case r = 1/ //T /(2 A).

drastically for larger values of Pe, a limit to be ad-
dressed below.

In the limit Pe — oo mixing is confined to thin
layers of characteristic thickness Pe~'/? about the
spiral interfaces § —r>=0and § —r 2 =m. As
shown by Lifian [11], the analysis of this limit is fa-
cilitated by introduction of the alternative coordi-
nates

1/ 4 1
M:@—r_z and Izﬁ(ﬁ—’_rﬁ) (18)

to write (16) and (17) in the form
3z 1 *Z 9 ¥

= % _9% =0 (19)
ot L, ou* 09t du?
after neglecting smaller terms in negative powers of
Pe. In this leading-order approximation the solu-
tions along the two spiral branches are identical.
The branch originating at & = 0 is described by in-
tegration of (19) with initial conditions

Z=7Z=t=0 for -5 <u<0 _

Z=Z=t=1 for O<p<% att =0
(20)

and boundary conditions

3Z  Z 9

92 _02 _ % =+, @1)

o o ou 2

consistent with the periodicity of the solution.

The problem stated in (19)—(21) describes the
combustion of adjacent strips of fuel and air
wrapped by the vortex, with increasing pseudo-
times 7 corresponding to decreasing distances from
the vortex core. The resulting distributions of
Z(u, t) and Z(u, v) determine the flame location
1 = ps(r) from the condition Z(uf, 7)=Zs (or
Z(uys, v) = Zs). Since Z — 1/2 near the vortex cen-
ter (i.e. as T — 0o) the flame for S#1 spirals to
reach a finite radius (smaller for smaller values of
|S — 1|), defined by the last value of t at which
Z(uy, v) = Zs. Predicted flame shapes can be ex-
pressed in the original coordinates as 6 = p,(7) +
r~2, with 7 given in (18) carrying the dependence
on Pe. As shown in the comparisons of Fig. 2, the
agreement with the results of numerical computa-
tions is excellent for Pe = 100, and the curves are
virtually indistinguishable for Pe = 1000.

The temperature changes along the spiral flame,
as determined by £/(t) = £(u/, 7). As shown in the
comparisons of the lower plot of Fig. 2, although
the model at this order fails to predict the differ-
ences in temperature between the two branches,
smaller for larger Pe, the asymptotic prediction
describes with sufficient accuracy the temperature
evolution as the vortex core is approached.

Additional computations of Zg — &, in the limit
Pe> 1 are shown in Fig. 3 for different values of
S with Ly = 0.3 and Ly = 2. The values for t <« 1,
corresponding to large radial distances away the
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~
_ 1] Pe=1000
—2 —1 0 1 2
r cos 6
0.050
Pe =100
v
0.025 1
S
“'V 0.000 -
N —0.025

—0.050 1
Pe =1000

0.0 0.5

Fig. 2. The solid curves represent isosurfaces Z(n, §) = Zg and accompanying temperature distributions obtained from
(16) and (17) for S = 0.5, Ly = 2, and Pe = (10, 100, 1000), while the dashed curves are evaluated from the asymptotic

results for Pe>> 1.

vortex core, are those for one-dimensional unsteady
mixing-layer flames, represented as solid curves in
Fig. 1. The evolution of the temperature as the
vortex core is approached (i.e. for increasing 1)
is different depending on whether S is larger or
smaller than unity, a condition that determines the
excess reactant present in the vortex core, as can
be seen by comparing the vortex-center value Z =
1/2 with the stoichiometric value Zs = 1/(S + 1).
For configurations with S > 1, when fuel is the ex-
cess reactant in the vortex core, the resulting flame
temperature remains superadiabatic everywhere for
L = 0.3 and subadiabatic everywhere for Ly = 2,
whereas for flames with S < 1 the temperature de-
parture Zg — &, vanishes at an intermediate radius

and reverses its sign closer to the vortex center.
These unexpected differential-diffusion effects oc-
cur during the final stage of fuel depletion, when
the flame moves rapidly across the fuel strip, al-
tering the balance of fuel diffusion to and heat re-
moval from the flame. The associated rapid evolu-
tion is illustrated in an inset of Fig. 3, which shows
temperature profiles obtained for the three radii in-
dicated by the points shown along the curve cor-
responding to Ly = 0.3 and S = 0.5. The rapid dis-
placement towards the fuel side places the flamein a
region where less oxygen is available, thereby result-
ing in a decreasing flame temperature. The decrease
is so rapid that for t = 0.8 the maximum temper-
ature is no longer at the flame, but rather it is on
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0.3
0.2 1

vy
. 0.1
N

0.0

—0.1

= 7z (g +72)

Fig. 3. The variation of the temperature departure Zs — & as evaluated in the limit Pe > 1 for Lr = 0.3 (solid curves) and
Ly = 2 (dashed curves); the inset represents near-flame distributions for L = 0.3 and S = 0.5 for the three radial distances

indicated with the circles.

the oxidizer side, corresponding to the hot products
generated at an earlier pseudo-time 7 (i.e. at larger
values of r).

5. Nonpremixed flame evolution in a turbulent
mixing layer

We investigate now Burke-Schumann diffusion
flames embedded in a three-dimensional, turbu-
lent, low-Mach-number, temporally evolving mix-
ing layer separating a fuel stream from an air
stream. This problem was considered earlier for
unity Lewis numbers [12,13], with differential-
diffusion effects investigated for two-dimensional
constant-density flow in [14]. As in these previous
investigations, integrations are performed for large
values of the Peclet number Pe = AUS /Dy, ~ 10%,
with AU and § representing the velocity jump
across the mixing layer and the initial vorticity
thickness. The formulation assumes constant val-
ues of the molecular weight and a constant Prandtl
number Pr = 0.7, but accounts for the tempera-
ture variation of the density p o« T~! and trans-
port properties DyocT!7. A variant of the code
used earlier in analyzing non-reacting variable-
density mixing layers [15] was employed in the
integrations (see [16] for details), which were ex-
tended until the Reynolds number based on the
Taylor scale reached values on the order of Re; =~
90 — 120. Sample distributions of Z and T/T are
shown for Ly = 0.3 and S = 0.5 in the color con-
tours of Fig. 4, with a solid curve used to rep-
resent the location of the flame sheet, given by

the isosurface Z = Zs. As can be seen, although
the oxidizer-to-fuel ratio S is smaller than one,
the flame is slightly displaced towards the air side
of the mixing layer as a result of the large fuel
diffusivity.

Of particular interest in the present discussion
is the resulting distribution of temperature at the
flame surface, with representative probability dis-
tributions given in Fig. 5 for Ly = (0.3,2) and S =
(0.5, 1). The results agree with those of the vortex-
flame model in that, while the flame temperature
lies mostly above T's for Ly = 0.3 and below T's for
Ly = 2.0, there are arcas of the flame surface that
display the opposite behavior, with the effect be-
ing noticeably more pronounced for S = 0.5 and
Le = 0.3, when nearly 10% of the flame surface ex-
hibits subadiabatic temperatures.

When the temperature difference 7, — T; be-
tween the two feed streams is not too pronounced,
the general expectation is that the peak temperature
is always attained at the flame surface. Because of
effects of differential diffusion, however, this does
not necessarily happen everywhere, as pointed out
earlier [14]. For instance, the inset of Fig. 3 displays
an illustration of this nonstandard behavior for the
Marble problem when the fuel feed is sufficiently
dilute, leading to temperatures peaking on the ox-
idizer side near the vortex core. The extent of this
phenomenon in turbulent Burke-Schumann flames
can be assessed by computing the rates of heat loss
to both sides of the flame surface, which balance
the rate of chemical heat release at the flame. The
computation, involving (7) to express the tempera-
ture in terms of Z and &, yields
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for the fraction of chemical heat release y5 that is
conducted towards the fuel side of the flame, with
Yo representing the fraction transported to the oxi-
dizer side. When the local peak temperature occurs
at the flame, the resulting heat-loss rate on both
sides is positive, so that 0 < ¥ =1 — 3, < 1. Cor-
respondingly, peak temperatures occur on the fuel
side when yr < 0 and on the oxidizer side when
yr > 1 (i.e. when y, < 0).

The solution simplifies for Ly = 1, when & = z
everywhere, so that (22) yields the constant value
ve =1+ (T4 — T5)/(qT4/S))Zs at every point on
the flame surface. For Ly # 1 the computation of y;
through (22) requires evaluation of VZ and V¢ at
the flame. Resulting probability density functions
associated with the turbulent flames of Fig. 5 are
shown in Fig. 6. While the peak temperature is seen
to occur predominantly at the flame, a nonnegligi-
ble fraction of the flame surface displays off-flame
peak temperatures. For the cases considered, in-
volving significant fuel-feed dilution (i.e. values of
S of order unity), the peak temperature is rarely
found on the fuel side, while occurrence of max-
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Fig. 6. The probability density distribution of y for S = 0.5 (solid curves) and S = 1.0 (dashed curves).

imum a temperature on the oxidizer side is much
more frequent, especially for Ly = 2.

6. Conclusions

Departures of Burke-Schumann diffusion-
flame temperatures from stoichiometric adiabatic
values, associated with fuel Lewis numbers Ly
different from unity are quantified here, for the
first time, for canonical one-dimensional flamelet
problems, for flames wrapped by a line vortex, and
for three-dimensional flames embedded in tem-
poral turbulent mixing layers. More pronounced
differential-diffusion effects are found for interme-
diate values of the stoichiometric mixture fraction
Zs=1/(S+ 1), corresponding to diluted fuel-
feed configurations with air-to-fuel stoichiometric
ratios S~ 1. As seen in Fig. 1, for these diluted
flames superadiabatic temperature increments of
up to 30% can be achieved for Ly = 0.3, whereas
subadiabatic decrements of up to 15 % can be
found with Ly = 2.0. Unexpectedly, the resulting
temperature departures can be larger than those
predicted when reactant transport is exclusively
governed by diffusion fluxes. When dependences
of flame-temperature distributions on Peclet
numbers and fuel-feed dilution are quantified
for flames wrapped by a potential vortex, with
results given in Figs. 2 and 3, reverse differential-
diffusion effects are encountered near the vortex
core for very diluted flames with Zg > 1/2, leading
to superadiabatic/subadiabatic temperatures for
values of Ly larger/smaller than unity. Under
those conditions, the peak temperature sometimes
does not occur at the stoichiometric flame sheet.
As revealed by direct numerical simulations, the
unexpected features displayed by the vortex-flame
model when Ly # 1 are also encountered in tur-
bulent flames in time-evolving mixing layers, with

associated probability density distributions shown
in Figs. 5 and 6, thereby providing additional
evidence for the nontrivial role of differential
diffusion in nonpremixed—combustion systems.

The Burke-Schumann approximation provides
the basic flow structure for flames when a strong
temperature dependence of the fuel-oxidation rate
confines the chemical reaction to thin layers. Vari-
ations of the resulting peak temperature result-
ing from differential-diffusion effects, computed
here, modify the rate of fuel oxidation in these
reaction layers [3]. Decreasing peak temperatures
promote incomplete combustion, increasing fuel
leakage, and may lead to local flame extinction,
which would alter these overall flame structures.
For example, this could arise in diluted hydrogen-
air flames wrapped in a vortex, which display a
rapid flame-temperature decrease with decreasing
radial distances, seen in Fig. 3, so that extinction
near the vortex core may occur.

Previous finite-rate computations of turbulent
diffusion flames [5] have revealed that differential-
diffusion effects diminish for increasing Reynolds
numbers as a consequence of the combined effects
of turbulent mixing and finite-rate chemistry. The
effect of the former has been isolated in our work
by employing the Burke-Schumann limit. Addi-
tional computations considering varying Reynolds
numbers and including larger values of S corre-
sponding to undiluted fuel feed could be useful in
further assessing interactions of turbulent mixing
and differential diffusion.
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