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Abstract

Fundamental flame response in a stretched
and curved flow-fidd is investigated in a unique
opticaly accessble tubular burner. Time-
averaged, one-dimensonad  spatidly-resolved
temperature and major species measurements are
obtained in a set of stretched, f = 0.175 premixed
H,-air tubular flames using visible laser-induced
Raman spectroscopy. The very lean H,-air flames
are formed under relatively high stretch rates, 90 £
k £ 215 s, with 227 s’ being the extinction
condition. In tubular flames, both aerodynamic
straining and flame curvature determines stretch
rate (i.e, thermal-diffusive) effects. Thermal
diffusive effects in highly curved (~1-2 mm flame
radius) tubular flames dggnificantly influence
flame structure: leading to flame temperature
increases of ~120 K over the planar unstretched
flame temperature (~1180 K). The standard
program for modeling sretched planar flames
(Oppdif) is modified for the cylindricad geometry
of the tubular flame. Comparisons of the Raman
measurements with numerica simulations for
tubular premixed flames, using complex chemistry
and detailed transport properties, show excellent
agreement at low rates of stretch (i.e. k £127s™).
At higher flame stretch (increased curvature)
smulations using the currently available transport
data and chemical mechanisms incorrectly predict
tubular flame structure. Experimental observations
show extinction occurring, while numerica
simulations over-predict the extinction limit.
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Simulations using four different H,-air
chemical kinetic mechanisms show that flame
structure is very senstive to the particular
mechanisn and the molecular diffusion
coefficients. Evauation of the molecular diffusion
coefficients indicates that the thermo-diffusive
properties of the deficient reactant species, H,,
strongly affect the tubular flame structure.

Introduction

Flame-flow interaction is a fundamental
problem of interest in combustion research.
Experimentaly, burners using a variety of flow-
fields have been used to study flame behavior:
e.g., Bunsen flames [1], counterflow stagnation
flames [2], dot-burner flames [3,4], etc. In these
burners, the effects d both stretch and curvature
on flame behavior have been investigated.
Theoreticaly, the effects of curvature and stretch
have been examined under turbulent [5,6] and
laminar conditions [7-9]. However, quantitatively
evauating the effects of stretch and curvature in
these flames has proved difficult because typically
the stretch rates and degree of curvature are small
and vary across the flame front. Most of the
quantitative work on flame-flow interaction has
concentrated on stretched premixed laminar planar
flames produced between two counterflowing
coaxia jets (opposed jets) [eg: 10,11]. In this
flow configuration, the flow-field only interacts
with the one-dimensional flame sheet through
agrodynamic graining.

In this work, a unique optically accessible
counterflow stagnation burner with cylindrical
geometry produces curved (tubular) flames under
high rates of stretch. The tubular flame is a
geometrical conversion of the twin counterflow
flame: i.e, it is a stretched flame, but its cross-
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sectional shape is cylindrica [12]. Tubular flames
exhibit the same stretch effects observed in planar
flames, but with amplification due to curvature.
Thus, stretch and thermo-diffusive effects are
related to the degree of curvature of the tubular
flame. If Le * 1(where Le, Lewis number, =
thermd diffusvity, a, over the mass diffusvity,
D) for the incoming reactant mixture, the loca
flame temperature responds according to the
coupled effects of aerodynamic straining, flame
curvature, and Le (or multiple Le’'s) [6-9,12]. The
changes in flame structure depend upon whether
the flame curvature is concave or convex to the
incoming reacting mixture. A premixed flame
sheet can possess a local temperature above or
below the adiabatic flame temperature because of
the “focusing” or “defocusing” due to curvature,
of both heat release and the molecular diffusion of
the deficient reactant.

Premixed tubular flames have been
previoudy examined both experimentally and
numerically. Using a rotating flow burner similar
to Ishizuka [13], Yamamoto et a. [14] have
experimentdly  investigated tubular  premixed
flames created in a low stretch vortex. Sakai and
Ishizuka [15] and Ogawa et a. [16] injected
premixed reactants radialy inward through the
walls of an open porous cylindrica tube to
examine curvature effects at low rates of stretch.
Using a burner that directed premixed reactants
radidly inward completely around the flame
circumference, Kobayashi and Kitano [17]
examined the extinction characteristics of
propane-air and methane-air premixed tubular
flames at high rates of stretch and compared them
to smilar opposed jet flames. Tubular premixed
flames have been analyzed numericaly in order to
predict flame structure and extinction as functions
of the inlet velocity boundary condition [18-21].
In these previous studies, the experimental
measurements in the tubular flames were limited
as the burners had minimal optical access.

Tubular Burner

The tubular burner, as shown in Fig. 1, is
smilar to that of Ref. 17. A premixed
combustible mixture is introduced to the outer
circular chamber via a plenum with 16
circumferentially spaced inlet ports. The reactant
mixture diffuses through fine gauge (00) stainless
stedd wool (used to provide a uniform radia

pressure drop in the flow chamber) and exits
through a converging cylindrical nozzle of 1.5 cm
radius and 2 cm height. A premixed tubular
flame, with products exiting radidly inward from
the flame and the reactants flowing radially inward
toward the flame, is formed around the cylindrica
axis of the burner. The flame location is the radia
position where the burning velocity baances with
the upstream radid velocity of the unburned
mixture. In this manner, premixed tubular flames
of various radii can be formed ly adjusting the
reactant mixture velocity, thus controlling the
degree of curvature and aerodynamic straining.

The axisymmetric flow-field in the tubular
burner radidly converges and axialy diverges.
Consequently, the tubular flame is stabilized by a
finite rate of dtretch. The influence of
aerodynamic dtraining and curvature on flame
stretch is determined by evaluating an invariant
expression for stretch in astationary flame [22]. A
specific expression for the global stretch rate, k, in
the tubular flame can be derived from this
expression and is given as

K @Y, @

R
where V is the radid inlet velocity, and R isthe
nozzle radius (1.5 cm).

A unique feature of the tubular burner is
the provision of three optical access ports. Two
laser access ports, located at 180° from each other,
are 25 mm in diameter. A third 50 mm diameter
optica port, located at right angles to the laser
ports, is used by the light detection system to
collect scattered light.  Additionally, co-flow
nitrogen ports circumferentially around the two
tubular burner exits hep sabilize the tubular
flame by shielding it from the ambient air. The
co-flow nitrogen, also significantly reduces the
amount of unstretched combustion outside the
tubular burner.  Water-cooling jackets, located
around the top and bottom of the tubular burner,
prevent preheating of the reactant mixture. The
axis of symmetry of the burner and its flame is
vertically orientated.

Experimental System
A schematic of the experimental system is
in Fg. 2 Vishle laser Raman

shown

American Institute of Aeronautics and Astronautics

2



spectroscopy is used to measure temperature and
species concentrations through the flame. The
Raman signals are created by a frequency doubled,
pulsed (10 Hz) Nd-YAG (532 nm) laser. The laser
output is focused to a beam waist of ~0.25 mm to
improve spatial resolution transverse to the laser
beam. Due to losses from a mirrors-beamsplitter
arrangement used to prevent laser-induced
breakdown at the laser focus by lengthening the
effective pulse length from 7 ns to ~35 ns, the
energy output of the laser is limited to ~225
mJ/pulse.

The Raman scattered light is collected at
90° to the laser beam using a 75 mm diameter F/2
achromat and relayed by another lens into a
modified single grating spectrograph [23]. The
light detector is a cryogenicaly cooled, back-
illuminated CCD aray (1024 x 1024 pixels),
dlowing one-dimensond spatialy resolved time-
averaged measurements of Raman signals from all
major species. The measured spatia resolution of
the imaging system is ~120 mm aong the 4.6 mm
imaged length of the laser.

A 25 mm thick OG-550 colored-glass
filter and an infrared filter are mounted in series at
the entrance dit to minimize the amount of 532
nm and dray infrared light entering the
spectrograph.  To efficiently gate the camera and
reduce time-continuous background flame
luminogty, a 44 ns ferrodectric liquid crysta
(FLC) is used in series with a 6 ms mechanica
shutter at the spectrometer entrance dit, with both
open only during the laser pulse. A total of 600
sngle-pulse Raman images are averaged on the
CCD. For the Raman measurements, the laser
beam passes through the radia centerline of the
flame tube. Based on the spatia resolution of the
system, each integrated linewise image provides
~38 useable measurement points. For each flame
examined, the burner was trandated once to record
the flame structure on both sides burner axis.
Figure 3 shows a set of Raman spectra obtained in
atubular flame.

The experimenta measurements are
derived from the Raman signals through an
experimental calibration of the Raman system,
usng several cdlibration flames produced in a
“Hencken” multi-element flat-flame diffuson
burner. The ideal gas law is used to relate
measured total number density to temperature
assuming atmospheric pressure. For calibration

conditions, fuel and air-flow rates were measured
with mass flow meters with accuracies of + 1% of
their full scale. The accuracy of the temperature
measurements, + 25%, was evaluated by
comparing experimental Raman temperature
measurements from H,-air cdibration flames with
adiabatic flame temperatures based on measured
reactant flowrates.

Numerical Smulations

In order to numerically model premixed
tubular flames, the standard Oppdif [24] program
was modified to account for the radia geometry.
Oppdif normaly models opposed jet flames of
axia symmetry, where the reactants originate
dong the symmetry axis and exit radidly away
from the axis. Flame structure is then mapped
onto the axia dimension. In a tubular flame, the
radiad coordinate, instead of the axia coordinate,
is used as the spatial dimension through which
flame structure is mapped. By transforming the
gpatia coordinate and seeking a similarity solution
of the two-dimensiona conservation equations, the
tubular flame can be modeled as a two-point
boundary value problem. The Oppdif program
was modified for the tubular flame geometry, and
the resulting set of differential equations for the
cylindrica flame are given in Ref. 20.

Numerica smulations for the
experimental  premixed Hy-air tubular flames
examined were performed with detailed transport
and complex chemistry. Molecular transport
properties were determined from mixture-averaged
multicomponent caculations using Chapmart
Enskog collison theory, Lennard-Jones potentials,
and reference data from the CHEMKIN [24]
transport database. H,/O, chemica kinetic
mechanisms from Mueller et al. [25], Yetter et .
[26], Peters [27], and the relevant H,/O, reactions
in GRI-MECH 3.0 [28] were used to investigate
flame structure response to chemistry, with these
mechanisms using 19, 19, 17, and 25 reversble
elementary reactions, respectively, al with 9
chemica species.  Thermochemical properties
were  determined  from the CHEMKIN
thermodynamic database, except for
recommendations provided in the chemistry
mechanisms. Gas phase radiation in the opticaly-
thin limit was assumed, using the Planck mean
absorption coefficients obtained from Refs.
[29,30].
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Results and Discussion

To investigate the effects of curvature at
various degrees of stretch (90 £ k £ 215s"), aset
of lean premixed H,-air tubular flames (Le < 1) at
f = 0.175 were measured. Figure 4 shows a
comparison of Raman temperature measurements
with numerical simulations using the four different
chemica kinetic reaction mechanisms [25-28]
including therma diffuson effects. Data from
both sdes of the tubular flame centerline are
plotted versus radius to illustrate the axisymmetric
structure of the flame. The adiabatic equilibrium
flame temperature is aso shown by the horizontal
line a ~875 K to emphasize diffusive effects.
Figure 4 is for a flame with a stretch rate of 90 s*
and measured temperature of ~1295 K, which is
~420 K above the adiabatic flame temperature.
Comparison of the mechanisms revedls that the
kinetics of Mueller et a. and Yetter et d. are the
strongest, leading to higher flame speeds, larger
flame radii, less fuel focusing, and lower flame
temperatures. Reaction mechanism trends
illustrated in Fig. 4 are representative of al the
stretch rates examined. The Mueller et al. and
Yetter et a. mechanism predict similar trends;
however, the Mudler et a. mechanism, which
uses more recently reported reaction rate data, is
used in the remainder of the numerica
smulations. The predicted flame radius, ~2.1 mm,
and temperature, ~1310 K, using the Mueller et al.
chemistry (with the correction for therma
diffusion) is in good agreement with the Raman
measurements.  Only dight differences are seen
between prediction and measurement. Predicted
flame radius is dightly smaler and measured
temperatures show a dight decrease near the flame
centerline, possibly due to radiation heat loss.
However, numerica sSmulations that include
radiation heat loss predict a negligible loss in
temperature of ~2K, due the lean operating
condiition.

Figures 57 show comparisons of Raman
temperature  and  species  concentrations
measurements for tubular flames of k = 90, 127,
and 190 ', respectively. Numerica simulations
using the Mueller et . chemistry mechanism with
incluson of thermd diffuson show good
agreement for H,, N,, H,O, and O, profiles in
Figs. 5 and 6. Convolution of the data from spatial
averaging is minima because of the reatively

“thick” flames studied herein, and hence the
spatial resolution used to analyze the spectra, 120
mm, adequately resolves the flame.

At higher stretch rates (k > 127 s%), seen
in Fg. 7, incomplete reaction occurs in the
experiments as indicated by the reduced flame
temperature (~1185 K) and H,O mole fraction.
The numerical predictions are not in agreement
with the experiments and overpredict the
temperature by ~180 K. Use of other chemical
mechanisms [26-28] does not improve the
comparison. Thus, improvements to the chemical
Kinetic mechanisms are needed to more accurately
model lean-limit highly stretched tubular flames.

The effects of thermal diffusion for a k =
90 and 190 s' tubular flame are shown in Figs. 8
and 9, respectively. If the therma diffusion
correction is not included in the smulation for the
k = 90 s' flame, the flame temperature (~1285 K)
and radius (~1.5 mm) are underpredicted.
However, as illusrated in Fig. 9, incomplete
reaction occurs at higher stretch rates (as indicated
in Fig. 7) and the numerica smulations with and
without incluson of the therma diffuson
correction grosdy overpredict flame temperature
and radius. The results in Figs. 8 and 9 suggest
that the increased mass flux of H,, or light species,
with increasing temperature due to thermal
diffuson and diffusve focusng is important in
high temperature-gradients characteristic  of
tubular flames.

Figures 8 and 9 aso show the importance
of diffusive focusing of H in the tubular flame.
The binary diffuson coefficient for H, was
increased/decreased by decreasing/increasing by
«/E the Lennard-Jones collison diameter. When
the binary diffuson coefficient of H, into N is
increased/decreased  +32%/-29%, the flame
temperature changes +50K/-60 K and +66/-79 K
and the flame radius changes by +18%/-22% and
+22/-23%, for the k = 90 and 190 s* flames
respectively. Due to the focusing effect from
curvature, enhancing the diffusion of H, causes the
flame to become a richer stronger flame, while the
opposite occurs for reducing H, diffusion.
Additionally, enhancing or reducing H, HO, and
OH diffusion has minima effect on the premixed
tubular flame structure, i.e., ~ 3 K and no change
in flame radius.
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The thermal-diffusive effects in Figs. 8
and 9 illugtrate the senditivity of the tubular flame
to the trangport data. Further improvements in the
numericd dmulations can be made by
implementing more current transport packages as
they become available. Paul [32] demonstrated
the inaccuracies of the current CHEMKIN
package by comparing predicted transport
properties as functions of temperature with
experimental data. Furthermore, replacing the stiff
1/r'? repulsive term in the Lennard-Jones potential
with an exponential repulsive term can improve
the accuracy of the calculated transport properties
of species with low molecular weights over a
broader range of temperature, 50-2200 K [32].

The coupled effect of stretch and
curvature in tubular flames is shown in Fig. 10 by
plotting the variations in numericaly predicted
and measured flame temperatures and radii versus
stretch. Flame radius is taken as the distance from
the stagnation centerline of the flame to the half-
maximum of the temperature profile. Examination
of Fig. 10 revedls that H,-air tubular flames of f =
0.175 decrease in radius from ~2.25-1.05 mm as
stretch is increased and extinction occurs at ~227
s* when the flame thickness becomes on the order
of the flame radius. Measured and predicted flame
temperatures and flame radii vary linearly with
stretch. At low stretch rates (decreased curvature),
k £ 127 §', the flame fredy adjusts to the flow
conditions, resulting in large flame radius and
minor flame temperature responses. However, at
increased stretch rates (increased curvature), k >
127 §', the increased aerodynamic straining pins
the tubular flame near the stagnation centerline:
disspating heat and driving extinction [6,9,12,17].

Figure 10 illustrates that curvature effects
control flame structure at low stretch, k £ 127 s*,
while agrodynamic straining effects are dominant
at higher stretch rates. The numerical smulations
accurately predict this curvature/aerodynamic
sraining trangition for flame radius but not for
flame temperature. At high rates of stretch, k >
127 s*, numericd simulaions do not correctly
predict the Karlovitz number, Ka (the ratio of the
hydrodynamic time to the chemica time): i.e,
when extinction @curs as Ka approaches unity.
Additionaly, examining the dope of measured
and predicted flame thickness in Figs. 8 and 9 and
extinction characteristics in Fig. 10 indicate that

transport errors are minor compared to
uncertainties in flame chemistry. Ininvestigations
of flame/stretch interactions in premixed spherical
flames, smilar discrepancies between
experimental  measurements and  numerical
smulations have been reported [33,34].

The influence of curvature on thermal-
diffusve effects is aso shown in Fg. 10 by
comparing the tubular flame results with
numerica predictions of opposed jet planar
flames. Simulations of the opposed jet flames,
using the tubular flame boundary velocities and a
nozzle separation distance of 2R (thus keeping the
stretch rates the same between the planar and
tubular flame cases), were made with Oppdif. The
adigbatic equilibrium flame temperature is aso
shown for reference. Numerical smulations of the
opposed jet flame indicate that flame structure is
relaively insensitive to aerodynamic straining, due
to the propagation nature of the premixed flame
[9]. For opposed jet flames from k = 10 to 90 s¥,
the flame temperature increases ~30 K followed
by a~30 K decrease from k =90to 215s™. Inthe
low dretch limit, k £ 127 s', curvature enhanced
thermal-diffusive effects in the tubular flame
increase the flame temperature ~10% (120 K) over
the planar opposed jet flame, at the same stretch
rate, ~1180 K. Ask decreases, the tubular flame
approaches the planar limit and curvature effects
diminish.  Thus, indicating that, for Le £ 1
mixtures, the tubular flame is stronger than the
opposed jet flame due to flame curvature [17, 35].

Conclusions

A unique opticdly accessble tubular
burner has been developed that alows the use of
non-intrusive laser diagnostics.  Using visible
Raman scattering, complete major species
concentrations and temperature profiles have been
measured in a set of highly stretched lean limit
premixed hydrogentair tubular flames.  The
premixed hydrogen-air tubular flames formed in
this burner have flame temperatures that are ~120
K (10%) above the planar unstretched flame
temperature (1180 K) due to curvature enhanced
thermal-diffusive effects. Sendtivity of the flame
structure to the chemical kinetic mechanism and
molecular transport data has been demonstrated by
comparing the Raman-derived measurements with
numerica smulations. Comparisons of measured
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temperature and major species concentrations
profiles with numericd smulations are in good
agreement for flames of low stretch (k £ 127 sY).
At these conditions, the molecular transport data
and chemica kinetic mechanism are capable of
predicting the structure of the H,-air tubular flame.
The thermo-diffusive properties of the deficient
reactant species, H,, are shown to be significant in
determining the structural characterigtics of the
tubular flame, while the properties of other radical
species (e.g., H, HO,, OH) exhibit little influence.
At higher flame stretch, hence increased curvature,
the numericd sSmulations using the currently
available transport data and chemistry mechanisms
overpredict flame temperature and flame radius.
As discussed, the inability of the numerica
smulations to correctly predict flame structure in
lean premixed highly stretched and curved H-air
flames, where therma-diffusive effects are
dominant, suggests that a more detaled
investigation of the low and intermediate
temperature chemistry and transport data is
warranted.
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Fig. 1. Schematic of radial counterflow tubular Fg. 3. Time-averaged, background subtracted,

burner design. spectra from line-imaged Raman scattering in a
laminar, premixed H,-air tubular flame (f = 0.175,
ame k = 104 s'). Spectra correspond to 4 radial

positions from the stagnation centerline of the
flame: burned gas, initid reaction, pre-heat, and
unburned gas regions.
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Fig. 4. Comparison of predicted temperature
profiles from 4 reaction mechanisms in a premixed
H,-air tubular flame (f =0.175, k =90 s%).

American Institute of Aeronautics and Astronautics
8



=2 —a—— T (+/- 2.5%)
c -1 —%— N2
S 12— —e— o2
° 7] —+— H20x2
E 1 —&— H2
[ -1 Numerical Predictions
[} 1
B =
E =
- -
% 0.8 —
-
’é‘ .
3 -
o 0.6 —
< -
~ =
(0]
s -
0.4 —
® 4
—
[} -
CE)- -4
] 0.2 —
= 4
0 —4

o
-
N}
w
IS
(&}

Radial Position (mm)

Fig. 5. Raman-derived and numericaly-predicted
product measurements using Mueler et 4.
chemistry with thermd diffuson in f =0.175, k
=90 s* H,-air tubular flame.

1.4 —

3

- T (+1- 2.5%)
c -1 N2
o 12— o2
s — H20 x2
© 1 H2
pas
[T -1 Numerical Predictions
() 14
5 u
s u
= u
% 0.8 —
~ h ttt——
() m
Q u
o
A 0.6 —
=
< u
=
(O]
o u
2 04—
@ u
=
(] = A4
Q E
% 0.2 — oo
T

] $e L

0 —Hq!-ql.pth!—"',—r—rx,;'i!-‘Frl-fﬂ\ﬂﬂﬂ—'—r—"_

o
-
N
w
ES
o

Radial Position (mm)

Fig. 6. Raman-derived and numericaly-predicted
product measurements using Mueler et 4.
chemistry with thermd diffuson in f =0.175, k
=127 s* H,-air tubular flame.
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Fig. 7. Raman-derived and numericaly-predicted
product measurements using Mudler et al.
chemigry with thermd diffuson in f =0.175, k
=190 s H,-air tubular flame.
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Fig. 8. Smulation usng Mudler et a. chemistry
showing effects of therma diffusion coefficient
and increasing/decreasing the binary diffuson
coefficient of H, into N, by +32%/-29% in a H,-
air tubular flame (f =0.175, k =90s%).

American Institute of Aeronautics and Astronautics



Thermal Diffusion
No Thermal Diffusion
—--—Enhanced H2
Reduced H2
—&— Exp T +-25%

H
N
o
o
g'
> 7
il

1000

Temperature (K)
8

8

8

8

o

0 1 2 3 4 5
Radial Position (mm)

Fig. 9. Smulation usng Mueller et d. chemistry
showing effects of therma diffusion coefficient
and increasing/decreasing the binary diffuson
coefficient of H, into N, by +32%/-29% in a H,-
air tubular flame (f =0.175, k =190sY).
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Fig. 10. Comparison of flame radius and pesk
flame temperature vs. stretch for H-air tubular
flames of f = 0.175. Numerical smulations of
opposed jet flames under identica conditions are
shown for comparison.
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