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Global Characteristics and Structure of Hydrogen-Air
Counterflow Diffusion Flames
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A model based on similarity transformation, for the nitrogen-diluted, H2-air opposed-jet laminar
counterflow diffusion flame (CFDF), was developed independently of earlier models, and numerically
solved to study flame location and flame structure and extinction limits. Numerical stiffness is handled
by a special treatment of the species production term. Flame location with respect to the stagnation plane
is identified as an important parameter that governs H2-air diffusion flames, and physical explanations
are given to show how flame location is affected by fuel dilution, strain rate, and Lewis number. Results
show very good agreement with experimental extinction conditions. The effect of thermal diffusion on
the flame is found to be negligible. The simpler, constant Lewis number model produced extinction at
half the strain rate compared to the species-dependent Lewis number model. The hydrogen-air CFDF
exhibits several characteristics not observed for hydrocarbon flames. The underlying reasons are dis-
cussed in terms of the fluid dynamic and chemical kinetic aspects.
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Nomenclature
constant in Eq. (14), cal-mol-K-cm-s
air side strain rate, dw/dr, 1/s

constant pressure specific heat i, erg/g/K
jet diameter, cm
binary diffusion coefficient, cmVs
thermal diffusion coefficient, cm2/s
activation energy, cal/mole
similarity function
enthalpy, erg/g
formation enthalpy i, erg/g
number of nodes in computational domain
number of species; equilibrium constant
thermal conductivity, erg/g/s/K
backward rate constant, cal-mol-K-cm-s
forward rate constant, cal-mol-K-cm-s
Lewis number, pDf^lk
thermal Lewis number, Df/A
index for flow type, n - 0 for two dimensional, n = 1
for axisymmetric, superscript for integration time level
Prandtl number, ^Cplk
pressure, dyne/cm2

universal gas constant, erg/g/K
Reynolds number based on jet diameter, pvjet£)//t
gas constant of species i, erg/g/K
gas constant of the mixture, erg/g/K
radial coordinate
temperature, K
time
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u = velocity component in r direction, cm/s
V = diffusion velocity, cm/s
v = velocity component in z direction, cm/s
Xf = mole fraction of species i
Y{ = mass fraction of species i
z = axial coordinate
j8m = temperature exponent in Eq. (14)
77 = similarity variable
0 = normalized temperature
/i = coefficient of dynamic viscosity, g/cm/s
p = density, g/cm3

o>f = net production rate of species i, g/cm3/s

Subscripts
e = boundary-layer edge condition; right-hand side control

surface
ext = extinction condition
i = species i
j = node j in computation domain
ra = serial number of the reaction in Table 1
77 = derivative with respect to TJ

Introduction

IGNITION and extinction are of considerable importance in
combustion and re-entry problems. Operational constraints

often make it nearly impossible to achieve mixing at the mo-
lecular level before combustion. Thus, diffusion of fuel and
oxidant into each other is a basic mechanism by which com-
bustion takes place, and ignition and extinction are among the
aspects of diffusion flame behavior most important to engine
designers. Localized flame extinction characterized by the ap-
pearance of a hole in regions of high strain of the diffusion
flame1'2 has been observed in two-dimensional direct numerical
simulation (DNS) of a reacting mixing layer.

Because analysis of practical systems involving diffusion
flames must include realistic models for turbulence and finite
rate chemistry, the structure of stretched laminar diffusion
flames is being recognized as an important building block in
turbulence modeling. A laminar flamelet model capable of han-
dling finite rate chemistry has been proposed3 for nonpremixed
turbulent flames. In this approach the turbulent diffusion flame
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Flame zone

Fig. 1 Schematic diagram of the opposed-jet CFDF.

is conceived as an ensemble of thin laminar flamelets stretched
and distorted by the turbulent flowfield. Application of this
model requires that the length scale of the turbulent eddies
must be much larger than the thickness of the reaction zone
within the flamelet. Implementation of the flamelet model re-
quires detailed knowledge of stretched laminar flames. Various
laminar counter flow configurations have been extensively
used in the last 30 years to study the behavior of stretched
diffusion flames under conditions where the strain rate is uni-
form over a relatively large isothermal surface.

The objective of the present analysis is to examine how coun-
terflow diffusion flame (CFDF) behavior is affected by input
flow velocity and the composition of the fuel and airstreams.
Determination of the critical values of the flowfield and chem-
ical parameters and comparison with available experimental data
is another important objective. Such validation studies can sup-
plement evaluations of chemical kinetic data for fuel-air
mixtures, especially those that are difficult to handle in the pre-
mixed flame. Finally, an evaluation of the present state of flame
modeling with regard to the approximations underlying the one-
dimensional model, chemical kinetics, and thermal diffusion is
also an objective of present and future studies.

Laminar counterflow diffusion flames are usually formed in
the laboratory by two methods: 1) by fuel and oxidant flowing
towards each other from axisymmetric opposed jets4'6 (Fig. 1)
and 2) in the forward stagnation region of a cylindrical porous
burner in which a fuel gas is blown into an oncoming oxidizer
flow.7 In the present analysis, the opposed-jet configuration is
used to analyze the hydrogen-air counterflow diffusion flame.
However, the resultant model can also be applied to the cylin-
drical burner with a few simple modifications of the boundary
conditions.

A similarity transformation is used to reduce the governing
equations to a set of ordinary differential equations (ODEs) in
one independent variable; this equation set is written in the
time-dependent form and solved by a finite volume, time-
marching technique. A one-step second-order reaction is used
to initiate the calculations, followed by the use of detailed
chemical kinetic and transport property models during the sec-
ond stage. Strain-induced extinction at high-velocity gradients
is investigated and compared with experimental data. The ef-
fects of transport properties such as multicomponent diffusion
and thermal diffusion on the flame are discussed with special
reference to the use of hydrogen compared to the heavier hy-
drocarbon fuels.

Flame Model
Figure 1 shows the geometry considered in the present anal-

ysis. We assume the flow is laminar in the stagnation region.
For the nonreacting case, an analytical solution exists for the
incompressible, laminar stagnation point flow. However, as the
term diffusion flame suggests, the present problem is domi-
nated by diffusional and chemical effects; the fuel contained
in one jet would diffuse into the oxidant jet and the oxidant

would do likewise, establishing a narrow reaction zone in
which fuel and oxidant coexist. The temperature would rise
sharply at the flame, This sharp temperature peak would affect
the density of the gases and the flow characteristics relative to
those of the nonreacting flow. The flowfield must be deter-
mined from simultaneous solution of the equations of motion
coupled with the equations of conservation of energy and spe-
cies. Because the flame is restricted to a narrow region, the
problem is similar to a boundary-layer-type flow in which vis-
cous effects are restricted to the boundary layer when com-
pared to the entire flowfield. This analogy, and the assumption
that the jets are very wide compared to the zone of interest,
suggests that the equations representing the counterflow dif-
fusion flame may be transformed into a set of ODEs of the
boundary- value type using a similarity transformation.

A complete description of the flowfield in Fig. 1 is given by
the simultaneous partial differential equations of the conser-
vation of momentum, energy, and individual chemical species,
together with the appropriate boundary conditions. Details of
the procedure used to transform these equations to the one-
dimensional form are given in Refs. 8 and 9, which closely
follows the formulation of Ref. 10. The final form of the equa-
tions and the boundary conditions are given next. The equation
for / is of third order:

- /Si = 0 (1)

The function / and its derivative /, represent the normalized
axial and radial velocities, respectively. The index n = 0 for
planar flow and 1 for axisymmetric flow. The equations for
energy and mass fractions are of second order:

(H
(2)

for i = 1, .... K - 1:

1
(n + 1) ap (3)

The Lewis numbers used in the previous equations are defined
as follows: Let = (pDfCp/k), and Le* = Z>f/A- For a system
with K species, Eq. (3) represents K — 1 equations. The Kth
species mass fraction is obtained from the relation:

F,= l - (4)
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Table 1 Chemical reaction mechanism11

w
1
2
3
4
5
6
7
8
9

10
11

Chemical reactions
H + O2 - 0 + OH
H2 + O ̂  H + OH

H2 + OH ̂  H + H2O
OH + OH *> O + H2O

H + OH + M ** H2O + M
H2 + M ^ H + H + M

H + O2 + M ̂  HO2 + M
HO2 + H ^H2 + 02

HO2 + H ^OH + OH
HO2 + O ** OH + O2

HO2 + OH ̂  H20 + 02

Am

5.1 X 1016

1.8 X 1010

1.2 X 109

6.0 X 108

7.5 X 1023

2.2 X 1012

2.1 X 1018

2.5 X 1013

2.5 X 1014

4.8 X 1013

5.0 X 1013

jBL
-0.82

1.00
1.30
1.30

-2.60
0.50

-1.00
0.00
0.00
0.00
0.00

Em

16,150
8,830
3,630

0
0

92,600
0

700
1,900
1,000
1,000

Note: Units: cal-mol-K-cm-s.

From a consideration of momentum balance the following
boundary condition for/can be written at z = — °° (upstream
fuel side):

/„<-«>) = u-Ju» = V[A./(P->] (5)

The following additional conditions are obtained from the ra-
dial velocity at the air-side edge of the solution domain and
the zero axial velocity at the stagnation point:

/(O) = 0

Energy equation:

1=1

K

(6)

(7)

(8)

(9)

uated using a curve-fitting routine. The chemistry model, given
in Table 1, is discussed in the Results and Discussion section.

For the numerical solution of Eqs. (1-3), the degree of var-
iation of each of the terms in the equations was carefully ex-
amined to determine whether to choose an implicit or explicit
form for it. This choice was critical for the species production
term a>f, since the stiffness associated with the present problem
is reflected in this term. Because the term <bt is the net pro-
duction rate from the forward and the backward steps in the
reaction set, this term can be split into a creation term and a
destruction term and handled separately to improve numerical
stability.12 Our experience showed that the finite volume tech-
nique resulted in more stable solutions compared to finite dif-
ference techniques. Calculations using a one-step model for
the chemical reaction gave temperature and major species pro-
files, which were used as initial profiles for calculations with
detailed chemistry. The solution was less sensitive to the minor
species profiles. For the global time-marching procedure,
initial guess profiles for temperature and species mass
fractions, obtained from the one-step model, are smoothed
by a commonly used curve-fitting routine. At each level in the
time integration, the L2 norm of the mass fraction residuals is
calculated as follows:

Species equations for i = 1, . . . , K - 1:

(10)

(H)

Note that the coefficients appearing in the governing equa-
tions are nondimensional groups consisting of mixture density,
and the transport properties of viscosity, thermal conduc-
tivity, and diffusion coefficient. Pure species viscosities, ther-
mal conductivities, and binary diffusion coefficients were ob-
tained from the molecular theory of gases, and the mixture
viscosity and thermal conductivity were calculated using the
Saxena-Wilke mixture formula. Species diffusion velocities
were calculated using the multicomponent formulation,

(12)

in which the first term on the right-hand side represents ordi-
nary diffusion and the second term represents thermal diffu-
sion. The derivative dXj/dx denotes a gradient of mole fraction
of species./ in the x direction; and dT/dx, the temperature gra-
dient. The symbol M stands for mean molecular weight of the
gas mixture. Thermal diffusion was considered in the trace,
light component limit. The transport properties were computed
using the Chemkin routines11 and the nondimensional param-
eters, C, Pr, Leh and Le? appearing in Eqs. (1-3) were cal-
culated using these transport properties. The derivatives
appearing in the governing equations as coefficients were eval-

L2 = (13)

Note that j denotes computational node, n time level, and i
species, in Eq. (13). If the L2 norm is greater than a specified
tolerance e, a new temperature distribution would be calcu-
lated from the enthalpy using the interval-halving method; the
coefficients are then updated, and the time marching continued.
The solution for one case provided initial guesses for other
cases in its neighborhood; a series of solutions were obtained,
each time varying the parameters only slightly. This procedure
greatly reduced the computer time and effort required.

Results and Discussion
A computer program based on the previous algorithm was

developed and used to investigate various aspects of hydro-
gen-air combustion, such as flame location, flame structure
and extinction, the role of thermal diffusion of light species,
and sensitivity to reaction mechanisms.

The control-volume-based algorithm is a first-order method
that has large truncation errors. To establish the effect of the
number of grid points, results from runs using three different
grids were compared. The distribution was kept the same for
all three cases to isolate the effect of the number of grid points
from that of the distribution. Thus, when the number of grid
points was increased from 22 to 44, a point was added at the
midpoint of each interval, and for the grid with 66 points, each
interval in the 22-point grid was divided into three equal
segments.
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Effect of Number of Grid Points

.3-
J

it 0.05

H2 mole fraction = 0.3327
Strain rate = 582 1/s
Solid: 22 points
Dashed: 44 points
Dashed-dotted: 66 points

o.oo i i I ' -*•

§
•5

-0.10 -0.05 0.00 0.05
Axial Distance (cm)

Fig. 2 Effect of grid size on the solution.

Representative results are given in Fig. 2 (also in Ref. 9),
in which the yH2o and the YOH profiles using 22, 44, and 66
grid points are compared). The comparison showed that the
*H2o profiles are almost identical for all three grids. The YOH
profile for the 22-point grid differs from those for the other
two, which are almost identical. Therefore, 44 points were con-
sidered sufficient for the present work to ensure grid-indepen-
dent solution. Note that the temperature and velocity profiles
(not given here) agreed even better than the mass fraction
profiles.

The present reaction set has eight species and 22 reactions.
Table 1 gives the constants for the modified Arrhenius equa-
tion for kfm (Ref. 11),

(14)

which represent the elementary reactions of the chemical ki-
netics model. The third body efficiencies are as follows: re-
action 5: H2O = 20; reaction 6: H2O = 6, H = 2, H2 = 3; and
reaction 7: H2O = 21, H2 = 3.3. Third body efficiency = 1 is
assumed for the remaining species. The constant kbm is calcu-
lated from the following expression in terms of the equilibrium
constant Km:

kfm/kbi (15)

The equilibrium constant is calculated from the Gibbs free
energy for each reaction.

Although there is no consensus yet among the various
groups regarding a universal reaction mechanism to be used,
the reactions shown in Table 1 have been widely used with a
fair degree of success.11 More recently, revised reaction sets
have been developed for scramjet combustion13 (NASP
model). For the present, we have adopted the model given in
Table 1 because it has been successfully used in the past by
others.11 Evaluation of different chemical kinetic models will
be a necessary aspect of future studies.

A discussion of the flame location in relation to the fluid
dynamic effects is given first. Next, the dependence of flame
location on flame stretch, reactant composition, and species
diffusivity is discussed, and this is followed by details of the
flame structure. In the profile plots, z = 0 corresponds to the
stagnation point (see Fig. 1). The physical rather than the trans-
formed coordinate is used, accomplished by a reverse trans-
formation of the coordinates from rj to z, to facilitate compar-
ison with experimental data. Flame thickness, and the maxi-
mum values of temperature and species mass fractions and
their relative locations, are discussed along with mass fraction
and net production rate profiles. Extinction strain rate was ob-
tained by making runs with progressively increasing strain rate
and plotting temperature vs strain rate.

diffusion

oxidant

control volume
flame

streamline

- stagnation point

Fig. 3 Control volume showing convective-diffusive balance.

Flame Location
The counterflow diffusion flame represents an interaction of

fluid dynamic and combustion processes. Because the diffusion
flame lacks a well-defined characteristic such as the burning
velocity of a premixed flame, a single parameter to describe
diffusion flame behavior has not been identified. However, the
flame location with respect to the stagnation point appears im-
portant in the description of diffusion flame behavior. The con-
vective velocity in an H2-air counterflow diffusion flame can
vary in the range of 0-300 cm s"1, depending on fuel-stream
composition and input stream velocity. The flame responds to
varying conditions of the fuel and oxidant streams by adjusting
its position to provide the convective-diffusive balance. These
facts have been obscured in the past because of the emphasis,
in most experimental as well as analytical studies conducted
so far, on hydrocarbon fuels for which unity Lewis number
has often been assumed. Unity Lewis number is closer to re-
ality for hydrocarbon flames than for hydrogen flames. The
higher diffusion velocity of hydrogen causes the flame to lo-
cate farther towards the oxidant side, compared to a hydro-
carbon flame. Qualitative descriptions of experimentally ob-
served flame position can be found in the literature.7'16 Fluid
dynamic aspects of stretched premixed flames are given in Ref.
17. Quantitative experimental data on flame location, however,
have not been reported in literature to the best of the authors'
knowledge. An analytical expression for the flame location un-
der the Burke-Schumann assumptions is given in a previous
work.18 However, a physical description of the process would
be helpful to explain experimentally observed flame behavior14

with respect to its location.
A physical description of the flame behavior is aided by

considering a control volume enclosing the flame, as shown in
Fig. 3. The first observation is that, in general, the flame would
not always be located at the stagnation plane. Under the as-
sumption of fast chemistry, the flame would be established
where the mass fluxes of fuel and oxidant are in stoichiometric
proportions. Fuel and oxidant fluxes into the control volume
are from both convection and diffusion. In Fig. 3, the flame is
on the oxidant side of the stagnation plane. To predict the
direction of flame movement because of composition change
in the reactant streams, consider a decrease in the mass fraction
of fuel in the fuel stream. This will cause a decrease in the
fuel mass flux by diffusion into the control volume. To satisfy
stoichiometry, the rate of flow of oxidant into the control vol-
ume must also decrease. It is clear from Fig. 3 that this can
be accomplished by movement of the flame towards the stag-
nation plane. As a result, the convective velocity at the flame
would decrease because of the divergence of the streamlines;
the oxidant mass flux into the control volume would also de-
crease proportionately. The stoichiometry surface, and hence,
the flame, would now be closer to the stagnation plane. Other
effects such as changes in the diffusional flux of the oxidant
may be considered secondary compared to its convective flux
and can be neglected in this argument.
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Next, the dependence of the flame position on flow velocity
(and flame stretch) may also be explained. Consider the case
in which the oxidant-stream velocity increases. Convective
transport of the oxidant into the control volume would in-
crease, while fuel mass flux into the control volume would
decrease because the fuel diffusion now would have to over-
come the higher convection velocity to reach the flame. Again,
to satisfy stoichiometry, the flame would move towards the
stagnation plane where the convective velocity would be
lower. The flame sheet model yields the following expression
for flame location18*19:

Yo2,Jr
V2

(16)

where r denotes the stoichiometric oxidant-to-fuel mass ratio
(r = 8 for H2-O2 chemistry). Note that rj is the transformed
coordinate. Since 77 is a monotonically varying function of the
physical coordinate z, the following argument is true in the
physical plane as well. The previous expression clearly indi-
cates that a pure H2-air flame would be farther away from the
stagnation plane than a pure hydrocarbon-air flame such as
methane (r = 4). These findings agree qualitatively with ex-
perimental data on hydrocarbon and hydrogen flames.4'14 The
second point to note from Eq. (16) is that Tjflanie is not a function
of the strain rate a. Therefore, the flame will be stationary in
the r] plane with respect to variations in strain rate. However,
z and 17 are related in the transformation relation in the fol-
lowing manner:

[*•*
Jo Pe

(17)

Therefore, if the density variation is ignored for the time being,
we can write:

Aflame ^ Aflame,/Va (18)

This agrees with the earlier physical explanation of why the
flame moves closer to the stagnation plane in the physical do-
main as the strain rate increases. Experimental data, as well as
predictions from the present one-dimensional model with de-
tailed chemistry, show that the behavior predicted by the sim-
pler analysis is still qualitatively correct in a real flame in
which the density is not constant, Lewis numbers are not equal
to unity, and the chemistry cannot be described by the Burke-
Schumann model. According to the foregoing argument, a pure
CO-O2 flame (r = 0.57) should lie on the fuel side of the
stagnation plane. It would be insightful to see experimental
evidence of this.

Flame Structure
A diluted-fuel, low-stretch case (XH2 = 0.21, a = 100 s"1,

Fig. 4) is selected for discussion in this section. In the follow-
ing discussion, the forward reactions in Table 1 are denoted
by Rl to Rll, and the reverse reactions by —Rl to — Rll.

The maximum temperature (Fig. 4a) is about 1370 K and it
is located slightly to the air side of the stagnation point. The
H2O, H, OH, and O maxima of the mass fraction profiles (Figs.
4b and 4c) also lie close to the temperature maximum and,
therefore, any of these maxima can be used to specify flame
location. An interesting feature of this case is that the profiles
(except the production rates) are nearly symmetric with respect
to their maxima. The probable reason for this near symmetry
is that the nitrogen diluent is approximately in equal propor-
tions in the fuel and the oxidant streams. Therefore, the ther-
modynamic and transport effects will tend to balance on both
sides of the flame. The net species molar production rate pro-
files are given in Figs. 4d and 4e. The mass fraction profiles
and the net production rate profiles can be used to extract

information on the flame structure. To do that first consider
the variations of 7H2 (Fig. 4b), 7H (Fig. 4c), XH2 (Fig. 4d), and
^H (Fig- 4e). These variations can be explained in terms of the
H2-dissociation reaction (R6, Table 1). Molecular hydrogen
would diffuse to the flame zone where it would encounter high
temperature and dissociate into atomic hydrogen according to
the forward reaction R6. Atomic hydrogen, thus formed, would
diffuse to either side of the flame. On the fuel side this atomic
hydrogen would recombine to form molecular hydrogen ac-
cording to the reverse reaction, -R6. This is indicated by the
small positive values of XH2 initially on the fuel side. Also on
the fuel side, the ratio of production rates, XH/XH2 =* —2, is
the same as the ratio of the stoichiometric coefficients for re-
action -R6, confirming that the three-body recombination re-
action of atomic hydrogen (-R6) dictates these variations. On
the oxidant side, XH2 does not become positive. This may be
explained in terms of the chain-branching reaction Rl. This
step provides the OH radicals for the formation of H2O in steps
R3, R4, and R5. The shoulder on the right of the XH2o profile
in Fig. 4d may be accounted for in terms of these three
reactions.

Another very interesting observation concerning this case is
that the mass fraction (Fig. 4c) and the net production rate
(Fig. 4e) of the chain carriers OH and O vary in near unison.
Note that OH and O mass fraction profiles (Fig. 4c) have
nearly the same maxima and, since their molecular weights are
nearly the same, their mole fraction profiles also will have
nearly the same maximum values. These nearly identical var-
iations are consistent with the dominance of the reaction Rl.
Because of the high temperature in the flame, the forward step,
Rl dominates, indicated by the positive values of XOH and ^0»
whereas, to either side of the flame, the temperature drops and
XOH and XH assume negative values indicating the predomi-
nance of the backward step, —Rl.

Lewis Number Effects
Several numerical experiments were conducted to ascertain

the effect of assuming Lewis number (pDfp/k) = 1 in simpli-
fied simulations. The most significant result is the reduction in
extinction strain rate by 50% when the unity Lewis number is
used, compared to a fully iterative calculation of Le{ for each
species using transport properties obtained from Chemkin.11

The solid lines in Fig. 5 are for the baseline case (XHz = 1,
a - 582 s"1), and the dashed lines show the effect of assuming
Lei = 1 for each species. The effect is substantial. At a = 582
s"1, the flame is at 0.09 cm compared to 0.15 cm for the base-
line case, consistent with the explanation given earlier that
higher diffusion velocities and, hence, higher Lewis numbers
(pDiCp/k), will shift the flame further to the oxidant side. For
Let = 1, the maximum temperature is 1640 K, compared to
1900 K for the baseline case, and the flame thickness is sig-
nificantly reduced (by ~0.1 cm). The radical species mass frac-
tion profiles (Fig. 5d) and the production rate profiles (not
given here) are also shifted and altered. The maximum H2O
mass fraction is reduced from 0.25 to 0.2. A similar depen-
dence of temperature on Lewis number has been observed in
a numerical simulation of hydrogen-air jet diffusion flame.20

A pattern can now be discerned that increasing the strain
rate has the same effect, in general, as reducing the Lewis
number (and mass diffusivity). Convection velocity increases
with strain rate and diffusion velocity increases with Lewis
number. Therefore, either increasing the strain rate or decreas-
ing the Lewis number has the same effect of upsetting the
convective-diffusive balance at the flame, which is reflected
in such flame characteristics as its location, thickness, and ex-
tinction state.

One concern regarding the use of hydrogen fuel is the pos-
sible influence that thermal diffusion of light species such as
H2 and H has on flame characteristics, especially in scramjet
applications. The results of a case study are compared in Ref.
9. These comparisons demonstrate that the only influence of
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Fig. 4 a-e) fuel-lean, low-stretch case. XHi = 0.21, a

thermal diffusion on the flame is a slight reduction in peak
temperature. Use of a more detailed model for thermal diffu-
sion should not have any noticeable effect on the flame.

Comparison with Experimental Results
The measured flame structure and the present predictions

have been compared in Ref. 5. Temperature and species profile
comparisons in the mixture fraction space showed good agree-
ment between experiments and predictions. The disagreement
in the temperature profiles observed towards the fuel side is
believed to have been caused by preheating of the fuel jet in
the experiments.

Numerous opposed-jet burner (OJB) experiments have been
conducted by Pellett et al.4>15 Circular tubes and (more re-
cently) convergent nozzles were used to obtain parabolic and

-0.2 -0.1 -0.0 0.1 0.2

f) Axial Distance (cm)

100 s~*; and f) effect of stretch on temperature profile.

plug flow profiles, respectively, at the exit. The burner was
bathed in argon to prevent extraneous combustion outside the
central impingement zone, which would hinder flame visibility.
All measurements were made at atmospheric pressure. A dig-
ital mass flow metering system was used to measure flow rates.
The flame was generally dish-shaped with its convex side fac-
ing the fuel stream. Because of the large difference between
the momenta of the two streams, the flow rates of fuel and air
were adjusted such that a free-floating (not anchored) flame
was centered between the tubes spaced two tube diameters
apart. The flow was always laminar. The fuel and airflow rates
were increased slowly until extinction occurred, at which time
the volume flow rates of hydrogen, nitrogen-diluent, and air
were recorded. Extinction was indicated by the abrupt rupture
of the flame at the axis; instead, the residual flame assumed a
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Fig. 5 Effect of making Lei(pDi'c'p/k) = 1 assumption. H2-mole fraction = 1, a = 582 s"1.

torus shape. The reactant flow rates were then reduced in a
similar way so that the torus-shaped flame restored back to the
axis. The flow rates were also recorded when the flame was
restored. In select cases, axial and radial velocities were mea-
sured by means of laser Doppler velocimetry and the temper-
atures were measured using a coherent anti-Stokes Raman
spectroscopy (CARS) system. Extensive analysis of the data
obtained using different diameter tubes and nozzles over long
periods of time showed remarkable consistency in the extinc-
tion strain rates. The major uncertainties arise from 1) plug
flow vs parabolic flow profiles, 2) heating of the fuel and air-
streams, and 3) jet separation distance. These effects have been
fully accounted for in obtaining the extinction data presented
here. See Refs. 4 and 15 for details.
Flame Extinction

The limitations of the present one-dimensional model de-
serve mention because the differences between the experi-
ments and the analysis can be traced in part to the simplifying
assumptions of the model. The one-dimensional analysis is
strictly valid only when 1) the Reynolds number is large, 2)
the flame zone is thin in relation to the characteristic dimension
of the problem, and 3) the stagnation plane lies close to the
flame zone. For ideal opposed jet configuration, the flame zone
thickness must be much smaller than the diameter of the jets.18

These criteria are not strictly adhered to in many CFDF stud-
ies. First, the flow regime of many reported experiments is in
the low Reynolds number range ($kd - 1 X 103), which is near
the lower applicable limit. Second, the flame thickness is often
greater than that of the ideal thin flame. An additional, often
overlooked, factor is the effect of heat release on strain rate,
which appears in the axial velocity profile in Fig. 4a. The axial
velocity gradient is significantly perturbed by heat release,
whereas the analysis assumes a constant velocity gradient

based on potential flow considerations. Obviously, this intro-
duces some ambiguity into the appropriate value of the strain
rate to be used in the analytical formulation.6 Finally, the flame
zone is not always in the proximity of the stagnation plane,
especially for the hydrogen flame. Obviously, interpretation of
the numerical results and comparison with experiments must
take into account these limitations of the analytical formu-
lation.

The strain rate a has been identified as the most important
fluid dynamic parameter influencing the characteristics of the
flame. In the present formulation, the strain rate is an input
parameter determined from potential flow solution. For the axi-
symmetric opposed jet case, the potential flow strain rate is
usually calculated using the expression

dr D (19)

in which vjet is the area-averaged jet exit velocity and D is the
jet exit diameter. Similar expressions are available for other
counterflow configurations such as two-dimensional jets, and
cylindrical and spherical porous burners.19 Better agreement
with experiments can be achieved by applying correction fac-
tors to the potential flow strain rate defined in Eq. (20). Most
of these corrections adjust the strain rate upward. Whereas,
these corrections have not been widely validated, they do seem
to highlight the limitations of the analytical approach and the
differences among the various experimental configurations.

One parameter that controls the extinction of counterflow
diffusion flame has been identified as the first Damkohler num-
ber, defined as

6 = T,/TC (20)
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H2 Mole Fraction
Fig. 6 Extinction curve. Experimental results from Pellett et al.15

and computed results from the present study.

in which rf and rc represent the characteristic flow and chem-
ical reaction times, respectively. The strain rate represents the
reciprocal of rf. If one assumes Lewis number Le{ = 1, then,
by measuring the extinction strain rate, one can estimate the
overall reaction rate. Presently, however, the Lewis numbers
are quite different from unity, and the extinction strain rate
also depends on the diffusivity of the reactants. Increasing the
Lewis number is equivalent to increasing diffusivity or de-
creasing diffusion time. Thus, the much higher extinction
strain rate of the hydrogen-oxygen diffusion flame compared
to the hydrocarbon-oxygen diffusion flame is because of both
higher reactivity and higher diffusivity of hydrogen.

Numerical experiments were conducted to understand the
influence of diffusion on extinction strain rate. For each run,
the Lewis numbers Le{ for all species were assumed equal.
When Let was parametrically varied between 1-2, the results
showed that it had a dramatic effect on the extinction strain
rate. For pure hydrogen, extinction occurred at aQXt = 4700 s"1,
assuming Le{ = I for all species, compared to aext = 8200 s'1,
when Lei for each species was calculated individually using
Chemkin. Therefore, for diffusion flames, the extinction strain
rate can be used as a measure of overall reaction rate only
when comparing reactants having the same diffusivity. In con-
trast, differences in the reactant diffusivities may not have such
a pronounced impact on premixed flame characteristics.

Extinction is defined as the state that corresponds to a pre-
cipitous drop in temperature with a small increase in strain
rate. Recently, summarized extinction results from extensive
experiments are compared with the present analysis in Fig. 6.
Extinction strain rates are plotted vs hydrogen mole fractions
of the input fuel stream. The experimental data are from plug
flow OJB (Ref. 4) instead of the parabolic flow (fully devel-
oped laminar pipe flow) OJB used in earlier experiments. The
extinction results given in Fig. 6 are significant because of the
close agreement between the analytical prediction and the ex-
perimental data. It should be noted that there is some uncer-
tainty about how the potential flow strain rate is to be calcu-
lated for the different experimental configurations, and
therefore, the degree of agreement between theory and exper-
iments seen in Fig. 6 should not be expected for all experi-
mental configurations. Extinction strain rates aext, calculated
using a computer program based on a different numerical ap-
proach (Newton's method), have been reported in two recent
studies21'22 for diluted hydrogen fuel (XHz = 0.5). A value for
aext - 5000 s * for axisymmetric opposed jets is reported in
the former work, whereas cylindrical porous burner aext values
ranging from 8600 to 11,000 s'1 for four different kinetic
schemes are reported in the latter work.

Conclusions
A one-dimensional model has been developed independently

of previous known efforts to solve the stiff equations of H2-

air counterflow diffusion flames. Development of an algorithm
for the solution of the stiff equations governing hydrogen-air
CFDF is an important step in understanding the associated
complex phenomena. The present model uses detailed chem-
istry and accounts for the variation of Prandtl and Lewis num-
bers as well as considers the effect of thermal diffusion on the
flame. The numerical procedure, based on the time-marching,
finite volume approach, appears to be well suited for the pres-
ent problem.

It can be inferred from the results presented that the H2-air
flame exhibits several characteristics in terms of flame loca-
tion, flame structure and extinction limits, quite different from
hydrocarbon flames. It is shown that, in addition to the higher
reactivity of hydrogen, higher mass diffusivity also separates
the H2-air flame from hydrocarbon flames in its behavior. It
is shown that the unity Lewis number assumption made in
many flame studies is not realistic for the H2-air flame; the
extinction strain rate drops by a factor of 2 when the flame is
simulated using this assumption. The present results show that
thermal diffusion has a negligible effect on the characteristics
of the flame.

The study shows that there is uncertainty regarding the
chemical kinetic model most suitable for the present problem,
and further work in this area would be useful. An inherent
limitation of the one-dimensional model is the use of the strain
rate as a known parameter of the problem, which may explain
many of the disagreements between theory and experiments.

Several valuable studies may be conducted using the present
analytical model. The effect of contaminants on the flame is
one example. Consideration of more species, such as H2O2 for
low temperatures, inclusion of nitrogen chemistry for high
temperatures, and the use of different reaction sets can help
understand the effects of chemistry on the flame. Use of the
present model to investigate a recently proposed model3 for
turbulent diffusion flames, according to which turbulent dif-
fusion flames consist of a cluster of strained, laminar diffusion
flamelets, will be an interesting and challenging task for in-
vestigators interested in turbulent diffusion flames.
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