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We develop a flame sheet starting procedure for the detailed numerical modeling of coun-
terflow diffusion flames. These flames are characterized by the presence of a narrow reaction
zone stabilized between counterflowing jets of fuel and oxidizer. Despite the outwardly simpie
form of the governing equations, the determination of a good initial solution estimate can be
difficult. Failure to obtain such an approximation can cause the numerical solution procedure
to converge slowly or to diverge. The flame sheet model we consider couples the conservation
of mass and momentum with a Shvab-Zeldovich equation to provide starting estimates for
the mass flux in the transverse direction, the similarity function, the temperature, and the
stable major species in the flame. Application of the model to two methane-air flames reveals

the effectiveness of the procedure in generating starting estimates for such problems. T 1987

Academic Press, Inc.

1. INTRODUCTION

Results obtained from the solution of counterflow diffusion flames have been
used by combustion scientists in the investigation of chemically controlied
extinction limits, in the characterization of the combustion processes occurring in
turbulent flames, and in the study of pollutant formation (see, e.g., [1])
Experimentally these flames can be produced when a reaction zone is stabilized
near the stagnation point of two infinitely wide coaxial concentric jets [27] (see
Fig. 1). Fuel is emitted from one jet and oxidizer (air) from the other. In addition to
the double-jet configuration, Tsuji and Yamaoka have investigated counterflow dif-
fusion flames in which fuel is emitted from a porous cylinder into an oncoming
stream of air (see Fig. 2) [3-5]. A free stagnation line parallel to the cyvlinder axis
forms in front of the cylinder’s porous surface. In both cases, combustion occurs
within a thin flame zone near the stagnation point (line) where the fuel and the
oxidizer are in stoichiometric proportion. The modeling of both experimental con-
figurations can be reduced to the solution of a system of coupled nonlinear two-
point boundary value problems along the stagnation point streamline. Despite the
outwardly simple form of these problems, the determination of a “good” initial
solution estimate can be difficult. The difficulty is due to the exponential depen-
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FiG. 1. Schematic of the double-jet (Seshadri) counterflow diffusion flame.

dence of the chemistry terms on the temperature and to the nonlinear coupling of
the fluid and the thermochemistry solution fields.

In previous work, we focused our efforts on the solution of adiabatic and non-
adiabatic premixed laminar flames by adaptive finite difference methods [6-7]. In
these problems the governing differential equations were discretized and the
resulting nonlinear difference equations were solved by Newton’s method. Cubic
polynomials and Gaussian shaped profiles were used as starting estimates for the
major and minor species on an initial coarse grid. In addition, the energy equation
was replaced by a fixed (e.g., experimental) temperature profile and a time-depen-
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FiG. 2. Schematic of the porous cylinder (Tsuji) counterflow diffusion flame.
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dent integration algorithm was used to help bring the starting estimates into the
domain of convergence of Newton’s method. The species solution was then used as
a starting estimate for the full energy—species system. The combination of these
procedures reduced significantly the convergence difficulties that were obtained
when the full energy—species system was solved initially on a fine grid.

In adiabatic and nonadiabatic premixed laminar flame problems the conservation
of mass and momentum reduces to the specification of a constant mass flow rate
and a constant thermodynamic pressure [6-7]. Hence, thermochemical con-
siderations play a more important role in these problems than do fluid dynamical
aspects. This is not the case in counterflow diffusion flames. There is a sirong
coupling between the fluid dynamic and the thermochemistry solution fields in these
flames. We have found that, although the solution procedure used in premixed
laminar flame problems can work in selected counterflow cases, it does not provide
a sufficiently robust or efficient starting estimate from which Newton’s method will
converge. In addition, the relaxation to steady-state {or at least until the solution is
within the convergence domain of Newton’s method) is very slow. The importance
of these flames in modeling turbulent reacting flows and in the determination of
chemically controlled extinction limits, however, necessitates the development of an
efficient starting procedure. In this paper we couple the appropriate equations of
mass and momentum with a Shvab—Zeldovich equation to provide flame sheet
starting estimates for the mass flux in the transverse direction, the similarity
function, the temperature, and the stable major species in the flame.

In the next section we review briefly the counterflow diffusion flame model and in
Section 3 we develop the flame sheet starting estimate. The model is applied to twe
methane—air counterflow diffusion flames in Section 4.

2. PROBLEM FORMULATION

Our model for counterflow diffusion flames assumes a laminar, stagnation point
flow. Hence, the governing boundary layer equations for mass, momentum,
chemical species, and energy can be written in the form

d(pux*) 4 d(prx™)

=0 (2.1
dx & 1)
du ou dp @ [ du
— fo— b — — | g =0, 22
PUEx T dy + dx dy (’l 5}‘) (.2
e Y 0 . PN
pu —-——&yk -+ pv Lk + — (ka Vkv)__ ﬁ'k Wk = 0, K= 19 27 seey Ka {23}
Ox dy 0y :
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where « represents a geometric factor (o =0 for cartesian coordinates and a =1 for
cylindrical coordinates). The system is closed with the ideal gas law,

p=pW/RT. (2.5)

In these equations, x and y denote independent spatial coordinates in the tangential
and transverse directions, respectively; 7, the temperature; Y, the mass fraction of
the kth species; p, the pressure; u and v, the tangential and the transverse com-
ponents of the velocity, respectively; p, the mass density; W, the molecular weight
of the kth species; W, the mean molecular weight of the mixture; R, the universal
gas constant; 4, the thermal conductivity of the mixture; ¢,, the constant pressure
heat capacity of the mixture; c,, the constant pressure heat capacity of the kth
species; w,, the molar rate of production of the kth species per unit volume; 4,., the
specific enthalpy of the kth species; u the viscosity of the mixture; and ¥V, is the dif-
fusion velocity of the kth species in the y direction. In both configurations the free
stream (tangential) velocity at the edge of the boundary layer is given by u_, = ax,
where a is the strain rate.
We introduce the notation

f=ulu,, (2.6)
V= pv, (2.7)

where [ is related to the derivative of a modified stream function (see, e.g., Dixon-
Lewis et al. [87]). Using these expressions, the boundary layer equations can be
transformed into a system of ordinary differential equations valid along the
stagnation-point streamline x =0. For a system in rectangular or cylindrical coor-
dinates, we have

v
—+a(l+a)pf'=0, (2.8)
dy
di 4 daf’ ,
—_ AN DI /A o N2y _
— L v v i W =0,  k=12,..K (2.10)
dy dy
d dT .dT K ] dT K
GRS AR
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The boundary conditions for the double-jet configuration at y = —oc are given by
V=V_, {2.12)
f'=Vpolp (2.13)
Y, =Y, _, k=1,2,.., K, {2.14)
r=1_, {2.15)
and at y=oc by
=1, (2.16)
Y, =Y, k=12 ..k (217}
T=T,. {2.18)

The mass flux, temperature, and species mass fractions (V__,T__, Y, _)in the
fuel jet are specified quantities, as are the temperature and species mass fractions
(T, and Y, ) in the oxidizer jet.

At the cylinder wall y =0 in the Tsuji configuration, we have

V(0)=V,, (2.19)
S(0)=0, (2.20}

Y.(0)V
Y,(0)+2 "é,) ke, k=12, . K (2.2}
0)=T,, {2.22)

and at y= o,

=1, (2.23)
Yo=Y., k=1,2..K (2.24)
T=T,. (2.25)

The mass flux, temperature, and the incoming mass flux fractions (V,,, T, and &,}
at the wall are specified, as are the mass fractions of the species and the temperature
(Y, and T,,) at the edge of the boundary layer. The form of the chemical produc-
tion rates and the expressions used in evaluating the diffusion velocities can be
found in detail in Kee er al. [9-10].

3. FLAME SHEET MODEL
The burning rate in a diffusion flame is controlled by the rate at which the fuel

and the oxidizer are brought together in the proper proportions. This is in contrast
to premixed flames where the burning rate is controlled by chemical reactions. In
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the limit of infinitely fast kinetics, the fuel and the oxidizer are separated by a thin
exothermic reaction zone. In this zone the fuel and the oxidizer are in
stoichiometric proportion and the temperature and products of combustion are
maximized. In such an ideal situation, no oxidizer is present on the fuel side and no
fuel is present on the oxidizer side. The fuel and oxidizer diffuse towards the reac-
tion zone as a result of concentration gradients in the flow. In diffusion flames of
practical interest, the oxidation of the fuel to form intermediates and products
proceeds through a detailed kinetics mechanism (see, e.g, [11-12]). In these
problems combustion takes place at a finite rate and some fuel and oxidizer co-exist
on either side of the reaction zone. Nevertheless, the use of an infinitely fast, thin
flame global reaction model is a natural starting point for the determination of a
“good” initial solution estimate for the finite rate counterflow model. The thin flame
approximation has a long and useful history in combustion literature [13], and
similar ideas have been used by Smith ef @/. [ 14] in the solution of premixed flames
in a stagnation point flow and by Mitchell [15] (see also [16]) in the solution of
axisymmetric laminar diffusion flames. This contribution seeks to revive interest in
the flame sheet as an intermediate computational step in more complex problems.
Because of our limited objective for the model, our assumptions below are not the
most general possible (see [17] for a systematic derivation).

Our starting point is the assumption that the fuel and the oxidizer obey a single
overall irreversible reaction of the type

Fuel(F} 4+ Oxidizer(O) — Products(P), (3.1)
in the presence of an inert gas (N). We have
veF+vp,0— v, P, (3.2)

where v, vg, vp are the stoichiometric coefficients of the fuel, the oxidizer, and the
product, respectively. In addition, we neglect thermal diffusion and assume that the
ordinary mass diffusion velocities can be written in terms of Fick’s law, i.e.,
D, dY,
V= ————, k=1,2,..,K, 3.3)
k Y, d (3.3)
where D, is the diffusion coefficient of the kth species with respect to the mixture.
We also take c,, =c, to be a constant independent of temperature. With these
approximations we can write

av

g;+a(1+ac)pf=0, (34)
d/ dr\ .df
— h— - V—— — )2 =
S (15 ) v L+ ato.. ot =0, (35)
d dY,\ _ dY, -
dy( Dy & )— ng——— vew =0, (3.6)
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d dY, dY . )

o Po )V g Waran =0 >
d dY dy .

e O E ale G5
d dyy dyY, .
oD, Y _v=_E=q 19
dy (” Y dy ) dy 52
d(+dr _Vf{_TJr(WF"FI’F“LWO"O}’O_W"v”h”)u:o (3.10)

dy\c,dy dy c, ’ o

where
= e Mo _¥r (3.11)
VF VO VP

is the rate of progress of the reaction and where we have made use of the fact that
K YV, =0
vk =1 kY k .
If we introduce the heat release per unit mass of the fuel O, where
Wovo

Wevp -
=h hoy — hop, (3.i2}
0 Ft Wov, o Wovy 1p [

and if we assume that the Lewis numbers

le.= , Le,;, = , (3.13a)
T Dgc, ? pDoc,
A A
Le, = , Ley= , {3.13b)
P pDpc, Yp Dyc,

are all equal to one (i.e., the D, are all equal to a common D = A/pc,), then each of
the Shvab-Zeldovich coupling functions

Zp=Yp— Yy, +2(T-T,), (3.14)
0
c, Wovo .
Zo=Y,— Y, L= Z(T-T,.), {3.15
0 0 0, T 0 W, ( <) { )
c, Wpvp

Zp=Yp—Yp, (T—T), (3.16}

TO W,

ZN = YvN - YNxa (3]17‘}
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satisfies the differential equation

d dzZ, dzZ,
—|pD—|-V—==0, k=F, 0, P,N, 3.18
dy <p dy > dy ¢ (18)
with
Z(—o)=Z, , (3.19)
Z{o0)=0, (3.20)
for the double-jet problem and
p D dZ,(0) 5
Y it = 21
20 - = 2, (3:21)
Z(0)=0, (3.22)

for the Tsuji configuration. In both cases Z, _ and Z, are constant. (Strictly, the
derivation of (3.21) depends on a mixed condition on T at the burner, as opposed
to the experimentally available Dirichlet form (2.22).) As a result, all of the Z, are
proportional to each other and to the conserved scalar S which, for the double-jet
problem, satisfies

d ds ds
5(r25)-rg=o G2
S(~w)=1, (3.24)
S(o0)=0. (3.25)

The flame sheet model can be developed for both experimental configurations. For
convenience, in the discussion that follows, we continue our development for the
double jet.

From (3.18)-(3.20) and (3.23)—(3.25) we can write

Z,=Z, _S(y), k=F,0,PN. (3.26)

Equation (3.23) can be coupled with Eq. (3.4) and (3.5) to obtain profiles for V, f7,
and S. To complete the specification of the starting estimate, we must be able to
recover the temperature and the major species profiles from the conserved scalar.
Of critical importance to this procedure is an estimate of the location of the flame
front, y,.

In the Shvab—Zeldovich formulation, fuel and oxidizer cannot co-exist. Hence, on
the fuel side of the flame Y, =0 and on the oxidizer side Y, =0. If we denote
variables at the flame front with the subscript f, then from (3.26) we can write

Zp = =Zo, (3.27)
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and with Y, =Y, =Y, =0and (3.14)-(3.15) we have

Zr = _Zr s Yo, ! : (3.28)
7 Zo. | _Zr Wovo
Zo . Weve

If we use (3.28) in the relation S(y,)=Zf/Zp_,, We can obtain a value for the
conserved scalar at the flame front. We have

W v
S(y/)=S,= Yox/(y% + W"L" YFX>. (3.29)
FYF

The location of the flame front can be obtained by solving

S(y,)=S5;. (3.30)

This relation divides the domain into two subdomains. The fuel side is given by
—o0 < y< y,and the oxidizer side by y, < y < co. Expressions for the temperature
and species can be recovered from the relations in (3.26). On the fuel side, we have

T=T_xS+[Tx,+Y0x—Q— ’”F}(l—S), (3.31)
c, Wovo
W o
Yr=Y, S+ Y, —E(S—1), (3.32)
Wove
Yo =0, (3.33)
Wevp .
Yo=Y, PP (1 (3.34)
P O WoVo( S, (3.34)
and
Yo=Yy (1—8)+Y, .S (3.35)
On the oxidizer side, we have
T=T.(1—8)+ [Cg Ye .+ T_m] s, (3.36)
P A
Y, =0, (3.37)
124
Yo=Yo (1—S)—Y, 229 (3.38)
Wevy
W oy
Yp=—LLY, S, (3.39)
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and
Yo=Yy (1=-8)+Y,_ S (3.40)

We point out that, if we have two products, i.e.,
Vel +vo 0= vp Py vy Py, (3.41)

then, since Y, =Y, + Yp,, we can recover Y, and Y,, by forming

Wevp
Yp = — Y;, 342
" ( Weyve +We, "P2> - (342

and

Wpvp )
Yp, = 22 Y, 343
& ( Wovm + Wovp ) ” (343)

Combining these ideas, our flame sheet starting procedure reduces to the solution
of

dv
- = 3.
& +2apf' =0, (3.44)
d ( df df’ 5
—_ . — L’_ . N2 — .
& <u dy) & +a(p, —p(f))=0, (3.45)
d ds ds
—(pD=)-v= =0, 4
dy (p dy) dy (340)
with the boundary conditions at y= —co given by
V=V__, (3.47)
S =VPxlP s (3.48)
S=1, (3.49)
and at y= o0 by
S =1 (3.50)
S=0. (3.51)

For a given profile of the conserved scalar, we solve (3.30) for the location of the
flame front. We then utilize the relations in (3.31)-(3.40) to obtain expressions for
T, Yr, Yo, Yp, and Y. The recovered temperature profile is used in the ideal gas
law to evaluate the density. The temperature is also needed to form the viscosity
and the diffusion coefficients. If we introduce the Prandtl number

Pr=puc,/4, (3.52)
and recall that all of the Lewis numbers are equal to one, we can write
A
pD=L=_F (3.53)

cp B (Pr)ref’
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where (Pr),. is a reference Prandtl number. Specifically, we use an approximate
value for air, (Pr).=0.75. Hence, determination of p D is reduced to the
specification of a transport relation for the viscosity. We use the simple power law

p=po(T/Ty)", (3.54)

where r=0.7, T, =298K, and u, = 1.85x 10~ *gm/cm-s is again a reference value
for air [187. The temperature exponent was determined by fitting the equation in
(3.54) to the mixture viscosity and temperature data of a representative finite rate
chemistry calculation. The scaled heat release parameter Q/c, = AT can be deter-
mined from an estimate of the peak temperature (e.g., from an experiment) or {rom
the heat of combustion of the system under consideration and a representative heat
capacity.

4. NUMERICAL RESULTS

In this section we apply the flame sheet starting estimate to two counterflow dif-
fusion flame problems. In the first case, we model a diluted methane-air flame in
the cylindrical double-jet configuration (see Fig. 1). In the second case, we consider
a methane—air flame in the Tsuji geometry (see Fig. 2). The flame sheet model
provides initial solution profiles for the mass flux in the transverse direction, ¥, the
similarity function, /7, the temperature, T, and the major species, i.e., CHy, G,, Ny,
CO,, and H,0. The minor species were approximated by Gaussian profiles that
were centered in the reaction zone and had peak heights of at most a few percent.
To conserve mass in the starting estimate, the N, mass fraction was reduced accor-
dingly. The detailed kinetics mechanism used in the calculations is listed in Table I
(see also [197).

Once the flame sheet starting estimate is obtained, we solve the full set of govern-
ing equations in a two-step procedure. We first determine a solution to the mass,
momentum, and species equations (2.8)—(2.10) based on the flame sheet tem-
perature profile. This fixed flame sheet temperature solution (labeled the 7oyq
solution) is then used as input to the full fluid dynamic-thermochemisiry model
(2.8)-(2.11), in which the energy equation is included. The solution to the full
system is labeled Tyy. This procedure helps to reduce both convergence difficulties
and total CPU time, and is similar to the two-pass solution method used in the
solution of adiabatic premixed laminar flames in [7].

Problem 1

The first problem we consider is a diluted methane-air flame in a double-jet con-
figuration [2]. The separation distance of the jets is 1.4876 cm. The boundary con-
ditions at the fuel jet y = L= —0.6 cm are given by

V=28x10"2 (4.1}



TABLE [

Chemical Kinetics Mechanism for the Oxidation of Methane

Reaction A p E

L. CH,+M<=CH;+H+M 1L.OOE + 17 0.000 86000.
2. CH, +H=CH, +HO, 790E + 13 0.000 56000.
3. CH,+H=CH; +H, 220E+04 3.000 8750.
4. CH,+0O<=CH,;+OH 1.60E + 06 2.360 7400.
S. CH,+OH=CH,; +H,0 1.60E + 06 2.100 2460.
6. CH,0 +OH=HCO+H,0 7.53E+ 12 0.000 167.
7. CH,0+H <=HCO+H, 331E+ 14 0.000 10500.
8. CH,O0+M=HCO+H+M 331E+16 0.000 81000.
9. CH,0+0=HCO+O0OH I81E+ 13 0.000 3082.
10. HCO+OH=CO+H,0 5.00E+ 12 0.000 0.
11. HCO+M=H+CO+M L.60E + 14 0.000 14700.
12. HCO+H=CO+H, 4.00F +13 0.000 0.
13. HCO+ 0O =0H+CO 1.00E + 13 0.000 0.
14. HCO + 0, =HO, +CO 3.00E+ 12 0.000 0.
15 CO+0+M=CO,+M 3.20E+13 0.000 —4200.
16. CO+OH=CO,+H LS1E+07 1.300 —758.
17. CO+0,=C0,+0 1.60E + 13 0.000 41000.
18. CH; +0, =CH;0+0 7.00E + 12 0.000 25652.
19. CH,O0+M=CH,0+H+M 240E+ 13 0.000 28812.
20. CH;0+H=CH,0+H, 200E+13 0.000 0.
21. CH;0+OH<=CH,O0+H,0 1.00F + 13 0.000 0.
22. CH;0+0=CH,0+0OH 1.00E+13 0.000 0.
23. CH;0+ 0, = CH,0+HO, 6.30E + 10 0.000 2600.
24. CH; + 0O, =CH,0+OH 5.20E+13 0.000 34574.
25. CH; +O0=CH,0+H 6.80E + 13 0.000 0.
26. CH,; +OH=CH,0+H, 7.50E+ 12 0.000 0.
27 HO, + CO=CO0,+OH 5.80E+13 0.000 22934.
28. H, +0,=20H 1.70E+ 13 0.000 47780.
29. OH+H,==H,0+H L.17E409 1.300 3626.
30. H+0,=0H+0 2.20E+14 0.000 16800.
31. O+H,<=OH+H 1.80E+ 10 1.000 8826.
32, H+0;+M=HO, +M* 2.10FE + 18 —1.000 0.
33. H+0,+0,=HO,+0, 6.70E+ 19 —1.420 0.
34. H+0O,+N, =HO,+N, 6.70E + 19 -1.420 0.
35 OH +HO, = H,0+0, 5.00E +13 0.000 1000.
36. H+HO, = 20H 2.50E + 14 0.000 1900.
37. O0+HO,; =0, +0H 4.80F +13 0.000 1000.
38 20H=0+H,0 6.00E + 08 1.300 0.
39. H,+M=H+H+M? 223E+12 0.500 92600.
40. 0, +M=20+0+M 1.85E+11 0.500 95560.
41. H+OH+M=H,0 +M° 7.50E+23 —2.600 0.
42. H+HO, =H,+0, 2.50E+13 0.000 700.
43. HO, +HO, =H,0,+0, 200E+12 0.000 0.
44. H,0,+M=0OH+OH+M 1.30E + 17 0.000 45500.
45. H,0,+H=HO, +H, 1.60E + 12 0.000 3800.
46. H,0, +OH=H,0+HO, 1.00E + 13 0.000 1800.
Note. Reaction mechanism rate coefficients in the form k,= AT exp(— £o/RT). Units are moles,

cubic centimeters, seconds, Kelvins and calories/mole.
¢ Third body efficiencies: k3,(H,0) = 21k;,(Ar), ksy(H,) = 3.3k3,(Ar), k3x(N,) =k;,(0,)=0.
% Third body efficiencies: k3(H,O) = 6k15(Ar), kyo(H) = 2kso(Ar), kso(H;) = 3k39(Ar).
¢ Third body efficiency: k4;(H,0) = 20k, (Ar).

278
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f'=1.216, 14.2)

Yy, =0.598, Yy, = 0402, Yy 2cun, =0, {4.3;
T=294K, (4.4)

and at the oxidizer jet y = Loy =0.8876 cm by

f =10, (4.5)
Yo, =0.18, Yy, =0.82, Yiroun, =0, (4.61
T=294K. {4.7)

The mass flow rate is in units of gm/cm”s and the densities of the fuel and the
oxidizer mixtures were used in obtaining the value of the similarity function at the
fuel jet. The mass flow rate boundary condition corresponds to a fuel duct velocity
of 35 cm/s. The strain rate used in the calculation was a=40s ..

An adaptive two-point boundary value solver (see [67]) was used to generate the
flame sheet starting estimate. A solution was obtained on a nonuniform grid con-
sisting of 38 grid points. This solution was then used as the starting estimate for the
fixed temperature solution. One hundred adaptive time steps were taken to help
bring the solution within the domain of convergence of Newton's method on the
38-point grid. After the time steps, Newton’s method converged with oniy one
iteration. Once this solution was obtained, the mesh was refined and a solution was
calculated on the finer grid. This procedure continued until the adaptive mesh
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F1G. 3. Comparison between the calculated flame sheet temperature profile (dotted line) and the
calculated finite rate chemistry temperature profile (solid line) in the double-jet problem.
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criteria were satisfied (see, e.g., [6]). The refined fixed-temperature solution was
then used as the starting estimate for the complete fluid dynamic-thermochemistry
solution. Two additional grid refinements were performed to obtain a final solution
on a grid consisting of 65 nonuniform points. On the refined grids Newton’s
method converged with only 10-20 additional time steps. The mesh spacing was
such that 600 equispaced points would have been needed to obtain comparable
accuracy. The total CPU time for the entire procedure was approximately
3h 40 min on a VAX-8600. Approximately 6 CPU seconds were needed for the
flame sheet calculation, 130 min for the 7oy calculation and approximately 90 min
for the Ty solution. We were unable to obtain a complete Ty solution for this
problem when the procedure previously used for premixed laminar flames was for
the temperature, the similarity function and the normal velocity followed.

In Fig. 3-5 we compare the flame sheet profiles with the calculated finite rate
profiles. We observe that the flame sheet solution predicts all of the qualitative
features of the detailed kinetics temperature, similarity function, and normal
velocity solutions, especially the relative locations of the temperature peak, the
stagnation point, and the “double peak™ velocity profile. In Fig. 6-8 profiles for the
major and minor species are illustrated for the detailed kinetics solution. The con-
venient hypotheses of an infinitesimally thin flame zone, a globally uniform heat
capacity, and the simple diffusion. laws (3.52)-(3.54), along with the coarseness of
the flame sheet solution mesh all contribute to the observed differences in the
profiles of the two models. Some of the “errors” of the flame sheet model have a
self-cancelling tendency; for instance, the characteristic cusp of the thin flame is
broadened by being represented on a coarse grid. A posteriori refinements to bring
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FiG. 4. Comparison between the calculated flame sheet similarity function profile (dotted line) and
the calculated finite rate chemistry similarity function profile (solid line) in the double-jet problem.
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F1G. 5. Comparison between the calculated flame sheet normal velocity profile (dotted line) and the
calculated finite rate chemistry normal velocity profile (solid line) in the double-jet problem.

the flame sheet model into further conformity with the detailed kinetics solution are
possible. For instance, ¢, can be adjusted to yield the proper peak temperature and
varying the exponent r in (3.54) has a tendency to move the diffusion-controlled
flame laterally. However, such refinements are not relevant to our computational
modeling program, since possession of the detailed kinetics profile renders further
use of the flame sheet unnecessary. A flame sheet model which provides profiles
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Fic. 6. Calculated finite rate chemistry profiles of the major species in the double-jet flame.
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Fig. 7. Calculated finite rate chemistry profiles of the minor species and radicals in the double-jet
flame.
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FiG. 8. Calculated finite rate chemistry profiles of the trace reacting species and radicals in the
double-jet flame.
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from which our time-stepping/Newton’s method boundary value problem solver
will converge is sufficiently “correct.”

The detailed species profiles in Fig. 6-8 are dependent on the choice of reaction
mechanism (particularly for the minor species), and the feedback they provide is of
use to kineticists in ascertaining the importance of various components of the
overall mechanism. It is interesting to interpret the results contained in Fig. 7, for
instance, in light of the recent work of Westbrook and Dryer [20]. They have
postulated that the oxidation of methane occurs through roughly two paraliel
paths. One path consists of direct oxidation of methyl radicals to methoxy radicais
and/or formaldehyde and in the the second path methyl radical recombination is
followed by the oxidation of the resuiting C, species. In our calculations, the former
path was chosen and the latter path was neglected. Hence, in Fig. 7 we illustrate
CH; and CH,O concentrations on the rich side of the reaction zone. Figure 7 alsc
illustrates that the peak values of the radicals H, O, and OH are observed on the
lean side of the flame and their concentration is small at the reaction zone. This is
due to the high affinity of CH, to the radicals H, O, and OH which causes their
concentration to increase only after the concentration of CH, has reached a small

value. As a result, the oxidation of CO and H, occurs predominantly on the lean
side of the reaction zone.

Problem 2

The second problem we consider is a methane-air flame in the Tsuji con-
figuration. This problem has been studied by Dixon-Lewis et al. [8] (see aiso,
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FiG. 9. Comparison between the calculated flame sheet temperature profile (dotted line) and the
calculated finite rate chemistry temperature profile (solid line) for the Tsuji configuration.
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[19]1). We use a computational domain of 1.0 cm and a strain rate of a = 100s ",
The boundary conditions at the cylinder surface y =0 are given by

V=7068x10"3, (4.8)
/=0, (4.9)
Yeu,=10,  Yiocn, =0, (4.10)
T=33216K, (4.11)
and at y=1.0cm by
S =10, (4.12)
Yo, =0.233, Yy, =0.767, Yieroun, =0, (4.13)
T=283.16K. (4.14)

The mass flow rate boundary condition corresponds to a fuel velocity of 12.04 cm/s.

The solution procedure was identical to that used in the double-jet problem. The
flame sheet equations were solved first on a nonuniform grid consisting of 31 points.
This solution was then used as the starting estimate for the fixed temperature
calculation. Once a refined, fixed temperature solution was obtained, the full fluid
dynamic-thermochemistry solution was calculated. A total of 3 grid refinements
were used in generating a solution on a nonuniform grid consisting of 70 points. As
many as 267 equispaced points would have been needed to obtain comparable
accuracy.
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Fig. 10. Comparison between the calculated flame sheet similarity function profile (dotted line) and
the calculated finite rate chemistry similarity function profile (solid line) for the Tsuji configuration.
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Fig. 11. Comparison between the calculated flame sheet normal velocity profile (dotted line) and the

zalculated finite rate chemistry normal velocity profile (solid line) for the Tsuji configuration.

MOLE FRACTIONS

Fic. 12. Calculated finite rate chemistry profiles of the major species in the Tsuji flame.
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Fi. 13. Calculated finite rate chemistry profiles of the minor species and radicals in the Tsuji flame.
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Fic. 14. Calculated finite rate chemistry profiles of the trace reacting species and radicals in the Tsuji
flame.
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The number of time steps and complete Newton iterations were comparable to
the statistics of Problem 1. Approximately 6 seconds of CPU time were needed to
generate the flame sheet calculation with 140 min for the 7oy solution and 85 min
for the Ty solution. We point out that in a previous calculation (see, e.g., [197]) we
were able to obtain a Ty solution when the initial temperature profile was
obtained from a constant enthalpy-constant pressure equilibrium calculation. Using
the flame sheet starting estimates, however, we were able to generate a Ty solution
with approximately one-tenth of the CPU time required for the constant enthalpy-
constant pressure Ty calculation. Results similar to those contained in Fig. 3-8 are
illustrated in Fig. 9—14. We again observe that agreement is generally quite good for
the temperature, the similarity function, and the normal velocity component.

5. CONCLUSIONS

In this paper we have developed a flame sheet starting procedure for iaminar
counterflow diffusion flame problems. The model couples the equations of mass and
tangential momentum with a Shvab—Zeldovich equation to provide estimates for
the mass flux in the transverse direction, the similarity function, the temperature,
and the stable major species in the flame. The procedure is formulated for both the
porous cylinder (Tsuji) and the cylindrical double-jet (Seshadri} configurations.
Application of the model to two laboratory methane-air flames reveals the effec-
tiveness of the procedure in generating starting estimates for such problems.
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