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The structure of a laminar triple flame is investigated both experimentally and numerically. The distribution of
OH radicals in the flame is mapped using Laser Induced Fluorescence. The structure of the velocity field is
mapped using Particle Imaging Velocimetry. To obtain detailed information on both the fields of velocity and
scalars, the flame is numerically simulated. In the simulations, gas expansion is taken into account and the full
Navier-Stokes equations are solved. Numerical results obtained with global one-step chemistry and, alterna-
tively, with a detailed chemical kinetic mechanism are presented. The experimental findings are compared with
the numerical results. © 1998 by The Combustion Institute

INTRODUCTION

Turbulent non-premixed or partially premixed
flames provide an environment where locally
and instantaneously combustion may take place
in thin mixing layers. The spatial and temporal
fluctuations in such flames may lead to local
extinction due to excessive local straining. Since
hot burnt gases may exist in the neighbourhood
of unreacted mixture, re-ignition may occur
when the flowfield conditions, expressed for
instance in terms of the strainrate, are favour-
able. A combustion region within a turbulent
flame such as the one just described is bound to
have variations in the equivalence ratio of the
mixture. Furthermore, non-premixed and par-
tially premixed turbulent flowfields consist of
regions with local variations of the equivalence
ratio. In some of these regions, stoichiometries
vary from lean to rich, thereby allowing triple-
flame structures to develop. Since depending on
flow conditions a turbulent flame may be viewed
as an ensemble of laminar flamelets, [1–4], the
modelling of non-premixed or partially pre-
mixed turbulent flames as an ensemble of lam-
inar triple flamelets could be greatly facilitated
by gaining detailed knowledge of the structure

and propagation behaviour of laminar triple
flames [5].

The triple flame structure was first observed
by Phillips [6] in an experimental study of fire
spread in buoyant methane-air mixing layers at
the roof of coal mines. The initial focus of this
early research was on the flame propagation
speed in mixing layers of very small transverse
mixture fraction gradient at the leading edge of
the flame. Liñán and Crespo [7] used large-
activation-energy-asymptotics to study the inter-
nal structure of a flame propagating in a direc-
tion generally perpendicular to the isopleths of
a mixing layer. It was shown that behind an
initial deflagration of a premixed flame, the
excess oxidizer and fuel from the lean and the
rich sides, respectively, of the region of stoichi-
ometric mixture are consumed in a diffusion
flame. Dold [8–10] has extended this study to
include upstream heat conduction, hence up-
stream flame propagation, and has studied, us-
ing a thermal-diffusional model, the depen-
dence of flame propagation on the mixture
fraction gradient in the region of stoichiometric
mixture. Using a similar model, Kı̃oni et al. [11]
studied numerically the response to strain of the
structure and propagation velocity of a triple
flame in a counterflow configuration.

In this paper, a study of the structure of the
flowfield upstream of a triple flame and of the
internal structure of the flame is presented. In

*Corresponding author.
†Present address: Department of Mechanical Engineering,
Jomo Kenyatta University, P.O. Box 62000, Nairobi, Kenya.

COMBUSTION AND FLAME 116:192–206 (1999)
0010-2180/99/$19.00 © 1998 by The Combustion Institute
PII S0010-2180(98)00035-2 Published by Elsevier Science Inc.



particular, the work presented is a continuation
of the experimental and numerical work re-
ported by Kı̃oni et al. [11]. In the following
section, experimental work is presented in
which the distribution of the hydroxyl radicals in
the flame and the velocity field upstream of, and
in, the flame are mapped using Laser Induced
Fluorescence (LIF) and Particle Imaging Ve-
locimetry (PIV), respectively. In the following
section, the numerical simulation of a triple
flame propagating in a geometry similar to that
of the experimental work is presented. The
numerical model uses variable density and
therefore solves the full Navier-Stokes equa-
tions. A simple one-step chemistry model and
alternatively a short detailed mechanism of el-
ementary chemical reactions is employed in the
simulations to provide detailed information on
the structure of the species mass fraction fields.

EXPERIMENTAL STUDIES

Apparatus

The triple flame is generated in the experimen-
tal rig described in detail by Kı̃oni et al. [11].
Thus, the flame is stabilized in a free stream of
laminar flow, away from any obstacles and in a
vertical orientation. The flame is insulated from
the walls on all four sides by coflowing streams
of inert gas and non-flammable air-fuel mixture.
The mixture fraction far upstream of the flame
in the plane of the triple flame structure varies
linearly in the direction perpendicular to the
flow direction. Some minor modifications,
which will be described below as appropriate,
were made to the rig to enable the measure-
ments to be made.

OH laser induced fluorescence.

To facilitate LIF measurements of the OH
radical, the modifications included connecting a
seeder in the fuel line upstream of the burner in
order to seed the flow with acetone vapour. The
purpose of the acetone was to provide images
needed in the normalization of the OH-LIF
images. Polished fused silica windows through
which the laser beam and the collected beams
pass, so as to eliminate secondary fluorescence
which may occur at the windows, were also

introduced. The LIF imaging of OH was done at
308 nm. A tunable XeCl pulsed laser, Lambda
Physik Model 150 MSC, capable of generating
single pulses of 20 nsec duration, at a maximum
frequency of 80 Hz and at a maximum power of
180 mJ per pulse, is used as the source. The
laser sheet condition provided a total photon
count per image, which linearly varied as a
function of the laser energy per pulse. During
recording of the images the laser energy per
pulse was 110 J, and it was attenuated by a
factor of 6. The energy of the laser sheet was far
below that required to saturate the excitation.

The optical arrangement is illustrated in Fig.
1. The laser beam is formed into a collimated
laser sheet, approximately 60 mm high and of a
thickness of approximately 0.1 mm, using a
spherical lens of focal length 2.0 m and two
cylindrical lenses of focal lengths 75 and 150
mm, respectively. Suitable mirrors conveniently
direct the focused beam to the burner at a
suitable height and orientation.

The collection optics are focused perpendic-
ularly on the laser sheet to image an area
approximately 40 mm wide and 70 mm high,
thus encompassing the front area of the triple
flame. A Nikkor uv lens, F110 mm f4.5, focuses
the image onto a gated MCP Image intensifier.
A narrow bandbass filter, centered at 308 nm, is
placed in front of this lens to eliminate unde-
sired light from the collected beam. The gated
intensifier provides the photon intensification of
the image and also operates as a fast camera
shutter. The intensifier is run using a Princeton
Instruments PG200 unit which also provides the
synchronization between the laser firing and the
intensifier gating. A gate time of 200 nsec, small
enough to virtually eliminate light from the
surroundings, is used. A front-to-front Pentax
lens, F50 mm f1.2, focuses the intensified image
on a CCD which has a detector array of 400 by
600 pixels. Images from the CCD camera were
first stored and sorted on a PC, but for further
analysis they were transferred to a DEC station
3100.

Fluorescence of the OH radicals was col-
lected for unsaturated excitation. Consequently,
the fluorescence images had to be corrected for
the laser sheet structure in addition to correct-
ing for the spatial structure of the collection
optics. The normalization images are obtained
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by collecting the fluorescence of a uniform flow
in the burner of nitrogen seeded with acetone,
using the same optical settings. The background
images are obtained by recording the fluores-
cence of the flame at off-resonant excitation, for
the OH background images, and imaging the
carrier gas only, for the background images for
the normalization images. To reduce the level of
noise in the recorded images, mean images,
typically 20 for every recorded image, are col-
lected in a second.

Particle imaging velocimetry.

For PIV measurements a procedure, which is
described in detail in [12], was developed for
seeding the flow with solid particles in such a
way that the velocity and the mixture fields are
largely preserved. Zirconium dioxide powder,
with particle sizes in the range 5–9 mm, was
selected because of its good scattering cross-
section, both at the low and the high tempera-
tures encountered in the flame. In addition,
particles from this powder do not interfere with
the combustion process and were found to
agglomerate much less than alternative markers
such as titanium dioxide.

The source of the illumination is a Nd:Yag
laser with its fundamental wavelength doubled
to 532 nm. Double pulses have a maximum
separation time of 1.0 ms, each pulse being of a
duration of 10 nsec and a power of 120 mJ. A
spherical and a cylindrical lens form the laser
sheet into a sheet of thickness 0.5 mm at line of
focus and a height of 60 mm. Hence, the laser
sheet is focused on the burner to cover the area
of the triple flame structure and the region
upstream of it. The laser sheet thickness in the
burner is of the order of 0.1 mm.

For a pair of laser pulses, the particle image
pairs are captured on a 35 mm TMAX ASA
3200 photographic film using a Micro-NIKKOR
lens F105 f2.8 focused on the laser sheet in the
burner. Subsequently, a frame of the developed
photographic film is individually analyzed using
numerical autocorrelation, presented in detail
by Armstrong [13], to determine the structure of
the velocity field.

Design and operation of the burner is such
that the velocity of the flow at the inlet to the
combustion chamber is uniform. This was vali-
dated using hot-wire anemometry. In the PIV
study, for comparison with the velocity profiles

Fig. 1. Arrangement of the optical
apparatus for imaging OH Laser
Induced Fluorescence.
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obtained by hot-wire anemometry, velocity
measurements were first made in non-reacting
flow. It was found that for the PIV measure-
ments there was a data scatter around the mean
velocity of up to 7%. The size of the interroga-
tion spots was at the least 1 times 1 mm.
Consequently, changes which occurred in re-
gions smaller than the spot size could not be
resolved.

Experimental Results and Discussion

OH LIF results.

Shown in Fig. 2 is a fluorescence image of OH

radicals after subtraction of the background
image and subsequent normalization to elimi-
nate the structures of the laser sheet and the
collection optics. The frame of the image in
physical space is 60 mm high and 35 mm wide.
In the subsequent presentation, x and y denote
the horizontal and the vertical axis, respectively,
of a cartesian coordinate system whose origin is
at the bottom left side corner. In the image of
Fig. 2, the right side is the fuel rich side and the
left side is the fuel lean side. From the image
the following aspects are apparent: (i) the fluo-
rescence of OH radicals is highest at the leading
edge of the flame and attains a maximum value
at the leading point, which, arguably, corre-
sponds to the region of stoichiometric mixture
and (ii) along the premixed parts of the flame
the fluorescence of OH radicals drops rapidly
away from the leading point. However, it drops
faster, to a small value, along the rich premixed
part than along the lean premixed part of the
flame. Downstream of the leading edge of the
flame, in the premixed parts of the flame and in
the region between them and in the diffusion
flame, the fluorescence intensity is much smaller
on the rich premixed side than on the lean
premixed side. This is well illustrated in the
sectional plots shown in Fig. 3; (iii) a sectional
plot at x 5 13 mm (see Fig. 4) through the
leading point of the flame and the diffusion
flame, reveals that the fluorescence intensity
rises sharply to a maximum value at the pre-
mixed flame front and then drops sharply before
rising again to a plateau profile in the diffusion
flame.

Note that the intensity of fluorescence in the
diffusion flame is about the same as the maxi-
mum value in the premixed flame. The fluctua-
tions appearing in the profiles presented above
originate from noise in the imaging system. This
includes the fluctuations in the structure of the
laser beam. These fluctuations correspond to
about 7% of the mean fluorescence. It is worth
noting that the resolution of the arrangement
here is 0.129 mm per pixel in both the vertical
and the horizontal direction. Furthermore, dur-
ing the period of 1 sec, in which a mean image
is obtained, the movement of the flame was
negligible as was established by evaluating the
standard deviation of 200 images recorded over
a period of 60 sec [12].

Fig. 2. Mean image of fluorescence of OH radicals in the
triple flame of an unsaturated transition of species popula-
tion at 308 nm.
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PIV results.

Photographic frames of particle image pairs
(not shown here) are obtained using the double
pulse illumination. The laser pulse separation
time is chosen such that the distance between
images in a pair in both the frozen flow region
and the flame region is large enough for both
regions to be interrogated in one setting of the
interrogation equipment. This way inaccuracies,

which would result from matching results of the
two regions obtained from different frames or
using different settings of the equipment, are
eliminated.

Shown in Fig. 5 is a velocity vector plot
processed from a photographic frame of particle
image pairs. To further highlight the structure
of the velocity field, superimposed on the vector
plot are streamlines which have been traced into

Fig. 3. Sectional plots in y-direc-
tion, for x 5 6, 13, and 20 mm, of
fluorescence intensity of OH radi-
cals in triple flame of Fig. 2.

Fig. 4. Sectional plots in the x-di-
rection, for y 5 5, 12, 30, and 40
mm, of fluorescence intensity of OH
radicals in triple flame of Fig. 2.
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the interrogation domain from the inlet of the
frame using the Runge-Kutta-Mersion integra-
tion procedure. In the integration, temporal
step sizes are chosen such that, in comparison to
the PIV experimental errors, those of numerical
integration are negligible.

From the PIV figures the following aspects
are apparent:

(i) As expected, there is acceleration of the flow
crossing the premixed parts of the flame. In

addition, the maximum velocity occurs at the
centre of the flame region approximately at
the location of the diffusion flame. This is
illustrated in Fig. 6, where velocities taken
from the vector plot shown in Fig. 5 are
plotted in the x-direction (transverse direc-
tion) at axial stations y 5 0.0466 and 0.0133
m, respectively. It is seen that further down-
stream of the leading edge of the flame the
velocity of the burnt gases increases.

Fig. 5. Streamlines superimposed on PIV velocity vector plot.

197TRIPLE FLAME STUDIES



(ii) The streamlines in Fig. 5 reveal that upon
crossing the premixed flame front the flow
is generally parallel to the y-axis.

(iii) There is a divergence of the flowfield up-
stream of the flame. Shown in Fig. 7 is the
velocity along a streamline passing approx-
imately through the leading point of the
flame. The velocity is lowest in the region
just upstream of the leading edge of the
flame.

NUMERICAL STUDIES

Governing Equations and Boundary
Conditions

In the governing equations, the independent
variables are the time t and the coordinates x

and y. Although steady-state solutions are
sought, in the equations the time-derivative
terms are retained because the numerical-solu-
tion algorithm adopted is based on a time-
dependent approach to a steady-state solution.

For convenience of presentation, in each
equation the accumulative, convective and dif-
fusive terms are grouped together in a general-
ized operator L, defined as

L~f; Gf! ;
~rf!

t
1

~ruf!

 x
1

~rvf!

 y

2


 x SGf

f

 xD 2


 y SGf

f

 yD .

Here f represents any of the dependent vari-
ables r, u, v, T, or Yi, i 5 1, . . . , N, and Gf is
the respective diffusion coefficient to be speci-
fied; r is the density of the gas mixture, and u
and v are the velocity components in the x and
y direction, respectively, T is the temperature,
and Yi denotes the mass fraction of species i.
Thus, in terms of the operator L, the conserva-
tion equations can be written in the standard
form

L~f; Gf! 5 Sf, (2)

where Sf represents a “source term” for the
dependent variable f. Specifically, the continu-
ity equation is written as

L~1; 0! 5 0, (3)

the x-momentum equation as

L~u; m! 5 2
p
x

1 rgx 1


x

z HmFu
x

2
2
3

~¹ z v!GJ 1


y Sm
v
xD,

(4)

the y-momentum equation as

L~v; m! 5 2
p
y

1 rgy 1


y

z HmFv
y

2
2
3

~¹ z v!GJ 1


x Sm
u
yD,

(5)

the energy equation as

Fig. 6. Velocity profiles in x-direction at y 5 0.0466 m (plus
signs) and 0.0133 m (circles) of vector plot shown in Fig. 5.

Fig. 7. Velocity along a streamline which passes approxi-
mately through the leading point of triple flame.
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cpL~T; l/cp! 5 ~¹T! O
i51

N

cpi~rDi¹Yi!

2 O
i51

N

hiwi 1 H (6)

and the species-mass equations as

L~Yi; rDi! 5 wi, (7)

i 5 D, . . . , N. Closure of the system of Eqs.
(3–7) is achieved through the ideal-gas equation
of state

p
r

5 R0T O
i51

N S Yi

Wi
D . (8)

In Eqs. (4) and (5), the divergence ¹ z v of the
velocity vector v is given by

¹ z v 5
u
 x

1
v
 y

,

and in Eq. (6) the quantity H is defined as

H 5
l

cP
FT

 x
cp

 x
1

T
 y

cp

 y G . (9)

Low Mach-number flow is considered. There-
fore, in Eq. (6) effects of viscous dissipation are
neglected and in Eq. (8) the pressure is taken as
constant. In Eqs. (4) and (5), m represents the
dynamic viscosity of the gas mixture; the bulk
viscosity is neglected. In Eq. (7), Fick’s law of
diffusion is used with suitably defined diffusion
coefficients; Soret effects, Dufour effects, and
pressure gradient diffusion are neglected. De-
tails of the transport model including the for-
mulation of the diffusion fluxes can be found in
[14]. Symbols, which have not been defined
explicitly, have their usual meaning.

A numerical solution of the above governing
equations requires suitable boundary conditions
to be specified. At the burner inlet, the profiles
of all variables are assumed to be known and,
therefore, Dirichlet boundary conditions are
applied. The burner outlet is assumed to be
physically sufficiently far from the region of
interest for the assumption to be made that the
gradients normal to the outlet of velocity com-
ponents, temperature and species mass frac-
tions are zero. At the walls, no-slip conditions

are applied; thus, u 5 v 5 0 at a wall. It is
assumed that the walls are adiabatic and imper-
meable to matter and that, therefore, normal to
each wall the gradients of temperature and
species mass fractions are zero.

Solutions are sought for low Mach number
flows and hence the pressure field is important
only insofar as it affects the velocity field. The
momentum boundary conditions are applied to
a pressure equation in such a way as to reflect a
physically realistic representation of the flow-
field at the boundaries; for details [12] should be
consulted.

Numerical Scheme

The purpose of the numerical modelling is to
simulate a triple flame propagating in a flow-
field similar to that realized experimentally. To
predict the structure of the entire flowfield in
detail solutions are sought for the full set of
governing equations as presented in the prior
section. In particular, the simulation is per-
formed in two space coordinates because sim-
plifying transformations into a single space co-
ordinate are unsuitable. To cope with the non-
rectangular physical domain, in which the flame
is established in the experiment, the system of
the governing equations is transformed with
respect to the spatial coordinates onto a system
of generalized curvilinear coordinates [12]. In
the framework of this transformation, using a
finite-volume technique, the system of govern-
ing equations is discretized on a collocated grid.
The discretized governing equations are solved
with the PISO algorithm [15]. The implementa-
tion of this algorithm is discussed in detail in
[12]. To cope efficiently with the steep profiles
of the dependent variables, following the prac-
tice in the computer code RUN-1DL [16], adap-
tive gridding [11, 12] is implemented to adap-
tively redistribute grid points and concentrate
them, as the solution evolves, where they are
needed most urgently, in regions of steep gra-
dients and strong curvature of dependent vari-
ables.

Problem Specification

Using the computer code, steady-state solutions
are sought for a triple flame propagating freely
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in a mixing layer. The inlet boundary conditions
specified correspond to a case studied in the
experimental work. The physical domain is a
diverging channel, which is 400 mm long, of
width 40 mm at the burner inlet and of width 72
mm at the burner outlet. The flow direction is
upwards and buoyancy terms are included. Pro-
files are specified at the burner inlet for the
velocity components, the temperature and the
species mass fractions. For the y-velocity com-

ponent a symmetrical top hat velocity profile,
the left half of which is shown in Fig. 8, is
specified; the x-velocity component is taken as
zero. The species mass fractions profiles speci-
fied at the inlet are shown in Fig. 9.

Computational Procedure

The computational procedure consists of three
steps: (i) use of a flame sheet model to generate
the initial estimates for the scalar variables, (ii)
use of finite rate chemistry based on a global
one-step reaction to improve the results ob-
tained from the flame-sheet model, and (iii)
detailed chemistry calculations. Details of the
transport coefficients and the thermodynamic
data, as well as of the one-step reaction model,
can be found in [12]. The chemical kinetic
mechanism for methane used in the modelling
of the flame with detailed chemistry is given in
Table 1. The quantities A, n, and E in the last
three columns of the table are the pre-exponen-
tial factor, the exponent of the pre-exponential
temperature dependence and the activation en-
ergy, respectively, of the individual elementary
reactions. The mechanism consists of chemical
reactions of species with a maximum of one
carbon atom and therefore comprises 17 chem-
ical species. It has been extracted from a de-
tailed mechanism of hydrocarbon fuels up to
propane given in [17].

Since the numerical scheme employs a transient
approach to the steady-state solution of the prob-
lem, the transient problem is computed for a real

Fig. 8. Left half of symmetrical velocity profile specified at
inlet to computational domain.

Fig. 9. Species mass fraction pro-
files at inlet to computational
domain.
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TABLE 1

Detailed Chemical Kinetic Mechanism for Methane/Air Systems

No. Reaction A mole, cm3, sec n E kJ/mole

1 O2 1 H 3 OH 1 O 2.000E114 0.00 70.30
2 OH 1 O 3 O2 1 H 1.568E113 0.00 3.52
3 H2 1 O 3 OH 1 H 5.060E104 2.67 26.30
4 OH 1 H 3 H2 1 O 2.222E104 2.67 18.29
5 H2 1 OH 3 H2O 1 H 1.000E108 1.6 13.80
6 H2O 1 H 3 H2 1 OH 4.312E108 1.6 76.46
7 OH 1 OH 3 H2O 1 O 1.500E109 1.14 0.42
8 H2O 1 O 3 OH 1 OH 1.473E110 1.14 71.09
9 O2 1 H 1 M9 3 HO2 1 M9 2.300E118 20.80 0.0

10 HO2 1 M9 3 O2 1 H 1 M9 3.190E118 20.80 195.39
11 HO2 1 H 3 OH 1 OH 1.500E114 0.0 4.20
12 HO2 1 H 3 H2 1 O2 2.500E113 0.0 2.90
13 HO2 1 OH 3 H2O 1 O2 6.000E113 0.0 0.0
14 HO2 1 H 3 H2O 1 O 3.000E113 0.0 7.20
15 HO2 1 O 3 OH 1 O2 1.800E113 0.0 21.70
16 HO2 1 HO2 3 H2O2 1 O2 2.500E111 0.0 25.20
17 OH 1 OH 1 M9 3 H2O2 1 M9 3.250E122 22.0 0.0
18 H2O2 1 M9 3 OH 1 OH 1 M9 1.692E124 22.0 202.29
19 H2O2 1 H 3 H2O 1 OH 1.000E113 0.0 15.0
20 H2O2 1 OH 3 H2O 1 HO2 5.400E112 0.0 4.20
21 H2O 1 HO2 3 H2O2 1 OH 1.802E113 0.0 134.75
22 H 1 H 1 M9 3 H2 1 M9 1.800E113 21.0 0.0
23 OH 1 H 1 M9 3 H2O 1 M9 2.200E122 22.0 0.0
24 O 1 O 1 M9 3 O2 1 M9 2.900E117 21.0 0.0
25 CO 1 OH 3 CO2 1 H 4.400E106 1.50 23.10
26 CO2 1 H 3 CO 1 OH 4.956E108 1.50 89.76
27 CH 1 O2 3 CHO 1 O 3.000E113 0.0 0.0
28 CO2 1 CH 3 CHO 1 CO 3.400E112 0.0 2.9
29 CHO 1 H 3 CO 1 H2 2.000E114 0.0 0.0
30 CHO 1 OH 3 CO 1 H2O 1.000E114 0.0 0.0
31 CHO 1 O2 3 CO 1 HO2 3.000E112 0.0 0.0
32 CHO 1 M9 3 CO 1 H 1 M9 7.100E114 0.0 70.30
33 CO 1 H 1 M9 3 CHO 1 M9 1.136E115 0.0 9.97
34 CH2 1 H 3 CH 1 H2 8.400E109 1.50 1.40
35 CH 1 H2 3 CH2 1 H 5.830E109 1.50 13.08
36 CH2 1 O 3 CO 1 H 1 H 8.000E113 0.0 0.0
37 CH2 1 O2 3 CO 1 OH 1 H 6.500E112 0.0 6.30
38 CH2 1 O2 3 CO2 1 H 1 H 6.500E112 0.0 6.30
39 CH2O 1 H 3 CHO 1 H2 2.500E113 0.0 16.70
40 CH2O 1 O 3 CHO 1 OH 3.500E113 0.0 14.60
41 CH2O 1 OH 3 CHO 1 H2O 3.000E113 0.0 5.0
42 CH2O 1 M9 3 CHO 1 H 1 M9 1.400E117 0.0 320.00
43 CH3 1 H 3 CH2 1 H2 1.800E114 0.0 63.00
44 CH2 1 H2 3 CH3 1 H 3.680E113 0.0 44.30
45 CH3 1 H 3 CH4 (k`) 2.108E114 0.0 0.0

CH3 1 H 3 CH4 (k0) 6.257E123 21.80 0.0
46 CH3 1 O 3 CH2O 1 H 7.000E113 0.0 0.0
47 CH3 1 O2 3 CH2O 1 OH 3.400E111 0.0 37.40
48 CH4 1 H 3 CH3 1 H2 2.200E104 3.0 36.60
49 CH3 1 H2 3 CH4 1 H 8.391E102 3.0 34.56
50 CH4 1 O 3 CH3 1 OH 1.200E107 2.10 31.90
51 CH4 1 OH 3 CH3 1 H2O 1.600E106 2.10 10.30
52 CH3 1 H2O 3 CH4 1 OH 2.631E105 2.10 70.92

201TRIPLE FLAME STUDIES



time duration which is sufficient for a steady-state
solution to be achieved. The mesh is progressively
adapted to the evolving flame structure.

The flame sheet model predicts a combustion
region that starts at the inlet of the computa-
tional domain. Then, using finite rate chemistry
based on a global one-step reaction, the tem-
perature and the species mass fraction are grad-
ually adjusted from the profiles of the flame
sheet model. Subsequently, the inlet velocity is
increased in order to lift the flame off from the
inlet, further into the computational domain.
Finally, the solution obtained with the global
one-step reaction is taken as the initial guess to
start the more detailed computations. The ini-
tial mass fractions of additional species, which
are not present in the one-step reaction, have
been obtained on the basis of a mixture fraction
variable for a one-dimensional solution for a
methane-air diffusion flame in a counterflow
geometry. First computations are for all depen-
dent variables except the temperature, which is
initially held constant until reasonably good and
stable solutions of the other variables have been
obtained. Then the temperature field is released
and solutions are sought for all the dependent
variables.

Numerical Results and Discussion

Shown in Fig. 10 is a plot of streamlines through
the flame. As expected, far ahead of the flame,
in the streamwise direction, streamlines diverge
and hence the velocity decreases as a result of
the increasing cross-sectional area of the diverg-
ing channel. In the region just upstream of the
flame the flow diverges significantly more.
Across the flow cross section in this region the
velocity is larger at the periphery and decreases
towards the streamline passing through the
leading point of the flame. Shown in Fig. 11 is
the velocity magnitude along a streamline which
passes approximately through the leading point
of the flame. The minimum velocity occurs just
before the streamline enters the preheat zone.

Upon entering the transport zone, and hence
the flame, there is, as expected, a sudden accel-
eration to a maximum velocity which is attained
well within the flame. The minimum velocity
attained just ahead of the flame is approxi-
mately equal to the burning velocity of a stoi-

Fig. 10. Plot of streamlines from numerical solution for
velocity field.
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chiometric fuel-air mixture. Furthermore, the
leading point is approximately located in a
region of stoichiometric mixture.

Shown in Fig. 12 are the contours of iso-
therms. These lie close together in the region of
the premixed flame, which is where most of the
combustion takes place. The maximum temper-
ature attained is 1992 K at the triple point.
Although the channel is divergent and the flame
is not symmetrically located in it, in the region
of hot gases the isotherms and the streamlines
are aligned with the direction of gravity, thus
showing the effects of buoyancy. Figures 13 and
14 show plots of the mass fractions of methane
and oxygen, respectively.

Shown in Fig. 15 is a qualitative contour plot
of the heat release rate clearly exhibiting the
structure of a triple flame. In the figure, the lean
premixed flame is on the right, the rich pre-
mixed flame is on the left, with the diffusion
flame in the middle. The heat release rate
attains the highest value in the premixed flame
at the leading edge. It has a generally high value
in the leading part of the flame, which is in a
nearly normal orientation to the mean direction
of flow. Note that the heat release rate in the
trailing diffusion flame is very low compared to
the heat release rate in the premixed flames.

Figure 16 shows qualitative contours of the
mass fraction of OH in the flame. There is a
high concentration of OH in the premixed flame
wings. However, this drops behind the wings
and then rises again in the diffusion flame. The

concentration of hydroxyl radicals in the diffu-
sion flame is much larger than in the premixed
flame. Generally the concentrations of radicals
are found to be much higher on the lean
premixed side than on the rich premixed side of
the flame. The concentration of CO (not shown
here) attains a maximum value in the premixed
flame. The level of CO in the diffusion flame is
low. Furthermore, there is a higher concentration
of CO on the rich side than on the lean side.

COMPARISON OF EXPERIMENTAL AND
NUMERICAL RESULTS

Velocity Field and Natural Luminosity of the
Flame

It is evident in the streamline plots shown in
Figs. 5 and 10 that the structures of the velocity

Fig. 11. Velocity magnitude along a streamline through
leading point of the triple flame. Circles: numerical data,
plus signs: PIV data.

Fig. 12. Contour plot of temperature.
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fields determined experimentally and numeri-
cally, respectively, are similar. Specifically, we
note the agreement in the divergence of the
flowfield ahead of the triple region, the deflec-
tion of the streamlines towards the centre of the
flame upon crossing the flame surface, and the
subsequent parallel flow. The streamlines pass-
ing through the triple region are approximately
normal to the flame surface and therefore they
undergo only a small change in direction upon
crossing the flame. The velocity change along

these streamlines manifests a relationship be-
tween the upstream velocity field and the burn-
ing velocity. The minimum velocity along such
streamlines, shown in Figs. 7 and 11 for the
experimental and the numerical results, are 0.42
m/s and 0.34 m/s, respectively. For purposes of

Fig. 13. Mesh plot of mass fraction of CH4.

Fig. 14. Mesh plot of mass fraction of O2.

Fig. 15. Contour plot of heat-release rate.
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comparison, Fig. 11 shows numerical (circles)
and experimental data. To facilitate compari-
son, the two plots have been matched at the
leading edge of the flame.

In the computations a lower value than that
obtained in the experimental measurements
might be expected because in the measurements
there is a combined bias by the higher velocities
on both sides of the region of minimum velocity,
which is too narrow to be accurately resolved
with the PIV technique. The maximum velocity
occurs in the central region of the flame close to

the triple region in both the numerical and the
experimental results and was 2.71 and 2.37 m/s,
respectively.

In the experimental work the triple flame
structure is observed as a blue luminous region
[11]. The blue light is radiated by chemical
species, such as the hydroxyl radicals, whose
concentrations decay quite rapidly away from
the luminous zones. From LIF measurements,
we note that large amounts of the OH radicals
are generated in the diffusion flame. Further-
more, the region of the diffusion flame, where
the radicals are generated, is separated from the
premixed flame and has a very high concentra-
tion of radicals. In the numerical results, the
triple flame manifests itself in the heat release
rate, which clearly exhibits the two premixed-
flame and the diffusion-flame branch (see Fig.
15).

OH Mass Fraction Field

Numerical data based on a detailed chemical
kinetic mechanism show (Figs. 3, 16) that the
predicted concentration field of the hydroxyl
radicals agree, qualitatively, with that obtained
by LIF measurements. It is noted that there is a
decrease in the concentration of the hydroxyl
radical in the triple region at the junction of the
diffusion flame and the premixed flames. From
the numerical data it is noted that in this region
there is a high concentration of other species,
such as CO, which are involved in reactions that
consume the hydroxyl radicals. Since the diver-
gence of the flowfield upstream of the leading
edge of the flame leads for the mixture, which is
close to stoichiometry, to a large reaction re-
gion, it is probable that the region immediately
behind the premixed flame front at the region of
stoichiometric mixture has very little oxidiser
and fuel left for chemical reactions in which the
hydroxyl radicals are generated. However, be-
cause of the high temperature in this region
there is a high density of species, such as CO,
which are involved in reactions that consume
the hydroxyl radicals. This imbalance between
the generation and the consumption of the
hydroxyl radicals leads to the structure observed
at the triple region.

Further downstream of this region the fuel
and the oxidiser, diffusing from the periphery of

Fig. 16. Contour plot of the mass fraction of OH.
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the flame from opposite sides, begin to reach
the central part of the flame, and their reactions
lead to a higher generation of the hydroxyl
radical. Consequently, the triple flame obtained
here consists of the premixed flames trailed, at a
small distance from the region of stoichiometric
mixture, by a diffusion flame. It follows that the
distance between the diffusion and the pre-
mixed flames will decrease as the mixture frac-
tion gradient is increased. If the gradient is
increased further, all three flames merge at the
so-called triple point.

CONCLUSIONS

A qualitative distribution map of the hydroxyl
radicals in the flame has been obtained using
planar LIF. For the case studied, the distribu-
tion of this radical shows that the diffusion
flame trails the premixed flame front at a small
distance from the region of stoichiometric mix-
ture. In addition, the map shows a large dispar-
ity in the concentration of hydroxyl radical
between fuel-rich and fuel-lean regions of the
flame and, therefore, highlights the variations in
the nature of the chemical reactions in the
flame.

PIV measurements reveal a considerable
modification of the structure of the velocity field
upstream of the leading edge of the flame. The
velocity just upstream of the leading edge of the
flame is approximately equal to the burning
velocity of the stoichiometric mixture.

The experimental findings are supported by
results obtained from numerical Navier-Stokes
simulations of the flame.

This project was carried out when one of the
authors (P. N. K.) was on a scholarship, at
Cambridge University, provided by Shell Interna-
tional through the Cambridge Commonwealth
Trust. One of the authors (P. N. K.) would like to
acknowledge the assistance of S. Harding and N.
Tait in setting up the OH LIF equipment and also
the fruitful discussions on PIV with N. H. Arm-
strong.
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