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Three axisymmetric coflow laminar diffusion flames are investigated by laser-based
diagnostics and detailed numerical simulation. Flame A is the base flame, with regular air as
the oxidizer stream and 65% CH;-35% N, as the fuel stream. Flame B and C are oxygen-
enhanced coflow flames. Flame B has 100% O, as the oxidizer steam and 65% CH,-35% N,
as the fuel stream. Flame C has 100% O, as the oxidizer stream and 20% CH,-80% N, as
the fuel stream. Major species concentrations and temperature are measured by the Raman
scattering technique as a function of axial and radial positions. The measured points have
0.28mm spatial resolution and 5% uncertainty for flames A and B. A polarization
separation technique is used to reduce laser-induced interference from the C, swan band
and PAH. Computationally, a detailed kinetic mechanism (GRI-Mech 2.11 with nitrogen
chemistry included) and a multi-component transport model are used to simulate the
axisymmetric two-dimensional flame structure. Pure oxygen as the oxidizer causes intensive
chemical reaction and makes flames B (~2400 K) and C (~2900 K) much shorter, stronger,
and brighter than flame A. Because flames B and C are attached to the burner surface, a
functional fit of experimental temperature data is used as a boundary condition. With
uncertainty taken into account, model-data comparisons for major species concentration
and temperature are very good for flames A and B. The general trend is predicted for flame
C. Computational flame length and liftoff match the measured results very well.
Computational results indicate the thermal NO dominates NO formation for flames B and C,
while prompt NO dominates for flame A. The total radiative heat flux is measured along the
axial direction at 25mm from the centerline of the burner for a series of oxygen-enhanced
flames where O, concentration varies from 21% (volume fraction) to 100%. As expected,
the radiative heat flux increases with oxidizer concentration.

I. Introduction

iquid oxygen fuel flames are extensively used in rocket propulsion, and much relevant research has been done

for the high pressure situation. At atmosphere pressure, oxygen-enriched flames have been used in industries
such as glass and steel manufacturing to achieve high thermal efficiency. The fundamental effects of oxygen
enrichment on flame characteristics are a reduction in flame length and an increase in flashback, blow off velocity
gradient, and flammability range.® The influence of oxygen enrichment on flame characteristics and on NO,
emissions has been studied. NO, emissions can worsen because of the increased formation of thermal NOy in the
intensified combustion of the oxygen-enriched situation. However, oxygen-enhanced combustion can also result in
conditions of stable combustion with reduced NO, emissions. The addition of extra O, in the oxidizer noticeably
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extends the lean flammability limits, and thus stable combustion can be achieved at leaner conditions, which are also
characterized by reduced fuel consumption, lower flame temperatures and reduced NO, emissions.® NO formation
during oxy/fuel combustion was studied with a counterflow burner ** and pathway and sensitivity analyses
identified key reactions that contribute to the production of NO in oxy/fuel combustion where thermal NO was
found to dominate.®

Coflow flame structures are closer to the practical flame configuration used in industry, and relevant
experimental measurements with thermocouple, GC/MS, or optical diagnostics, along with numerical simulations,
have been reported in Refs. 7-9. However, at the high temperatures occurring in oxygen-enhanced flames,
thermocouples easily melt, and intrusive measurement becomes infeasible. Thus far, no non-intrusive measurements
of detailed oxy/fuel coflow flame structure have been reported to the authors’ knowledge. As the flame temperature
goes up to 3000 K, strong emissions and interference adversely affect the measurement. At the same time, the
fundamental combustion processes of oxygen/hydrocarbon fuel at low pressure need to be emphasized. In particular,
validation of hydrocarbon mechanisms at high temperature is very important.

In this work, non-intrusive laser diagnostics have been applied to study the oxygen-enhanced coflow methane/air
flame structure in detail. In addition, numerical modeling with detailed chemical kinetics and multi-component
transport is performed for this two-dimensional flame structure. In this work, we study how oxygen-enriched
concentration affects the coflow flame structure and other flame characteristics. Comparison of the data to modeling
will help validate the chemical kinetics and molecular transport in the high temperature range (~3000 K).

I1.  Experimental Techniques

Measurement of major species concentration and temperatures is obtained by laser-based techniques using a
laser diagnostic system similar to that described in Ref. 10. The oxy/fuel coflow burner is designed and built at
Vanderbilt University for oxy/fuel flames (Fig. 1), and it has similar dimensions to the one used in Ref. 8. It consists
of two concentric jets. The central fuel jet has

normal diameter 4 mm, and the coflow oxidizer probe volume

jet has a honeycomb (50 mm OD, 0.8 mm cell flame surface

size) placed at the exit of the jet. Because the cell
size is not very small compared to fuel jet
diameter (3.9 mm ID), the top honeycomb is cut
with EDM to allow the fuel tube to pass through,
thus ensuring that the honeycomb will not disturb
the fuel jet. The velocity profile for the fuel jet is
parabolic and for the coflowing oxidizer should
be flat. The gas flow rate is low enough to ensure
that the flow is laminar. A carefully designed
safety system (Fig. 2) is used for the high o o
temperature oxygen-enriched flame experiment. It

consists of a control box, solenoid valves, check 0,/N, = <= 0,/N,
valves, and a high pressure purge nitrogen line. =]
Any flashback is unacceptable and prevented by CH/N, = <= CH,/N,
the system. If an undesirable situation occurs, the
fuel is purged from the burner by high-pressure Figure 1. Schematic of oxy/fuel coflow burner

nitrogen gas. All gas lines are cleaned oil-free for

oxygen service. The burner is put on a precise translation stage (within 0.01 mm), which can move the burner in
three directions. Each measurement is made along the axial direction of the burner. When the laser beam passes
through the flame zone, the sample volume length is about 4.7mm, which is split into 25 individually measured
points. The spatial resolution of point measurement is 0.28 mm. In order to map the entire flame structure, the
measurement is performed at different axial locations (z direction) and radial locations (r direction).

Table 1. Flame Parameters for Experiments and Computations

Flame Jet r (cm) Composition Velocity (cm/s)
A Fuel 0.2 65% CH,/35% N, | Vinax=76.0
Oxidizer | 2.5 21% 0,/ 79% N, Vag=35.6
B Fuel 0.2 20% CH,/80% N, | Vimax=144.8
Oxidizer | 2.5 100% O, Vag=50.1
C Fuel 0.2 65% CH, /35% N, Vmax=140.9
Oxidizer | 2.5 100% O, Vag=50.1
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Figure 2. Schematic of the experimental safety system.

|£l| mass flow controller

Three flames are examined by
experiment and modeling. The
flame parameters are given in
Table 1. Flame A has regular air
as the coflow oxidizer and 65%
CH4-35% N, as the fuel stream
(photos are shown later in the
paper). The average exit velocity
of gases is 35 cm/s and leads to
lifted steady laminar flame. Flame
B has 100% O, as the oxidizer and
20% CH4-80% N, as the fuel
stream; the average exit velocity
of 50 cm/s is not high enough to
detach the flame from the burner
surface. Flame C has 100% O, as
the oxidizer and 65% CH,-35% N,
as the fuel stream; the average exit
velocity of 50 cm/s is only 1/6 of
the velocity necessary to lift the
flame from the burner surface. In
all cases, the fuel jet has Rensx

<300, so the flow is indeed
laminar.
Non-premixed hydrocarbon

flames have strong interferences
that limit the accuracy of the
Raman scattering technique. These
interferences  include  various
laser-induced fluorescence
interferences from PAH and C,.
Also, laser induced incandescence

(L1 from soot and strong luminosity can contaminate the weak Raman signals. In order to reduce the various
interferences, the fuel (methane) is diluted by nitrogen to 65% or 20%. Even with this dilution, PAH and C,
fluorescence interference still exists. In order to reduce the interference further, visible Raman scattering with 532
nm excitation is used instead of UV Raman.' In this way, broadband interference is significantly decreased. In

addition, polarization separated measurements ****3

of the Raman and interference spectra are used to reduce the

interference further. Two separate sets of data are taken for each measured point: one spectrum with the laser
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Figure 3. Example of polarization-separated spectra obtained in
flame A at z=28.5 mm.

3

polarization vertical and one spectrum with
the laser polarization horizontal. One
spectrum contains the Raman signal plus
broadband interference, while the other
spectrum only  contains  broadband
interference. This is because the Raman
scattered light retains the polarization of the
laser beam (vertical polarization), but the
interference fluorescence is unpolarized.
Therefore, the net Raman signal can be
separated efficiently. One example is shown
in Fig. 3. Even this approach doesn't
eliminate C, Swan band fluorescence
completely. C, fluorescence has a well-
characterized spectrum and exists at
specific wavelengths. By properly selecting
signal channel and background correction,
the influence of C, can be reduced
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significantly as well. Interferences from luminosity can be eliminated by taking the background measurement when
the laser is not fired. All of these strategies work well for most regions inside flames, except in some regions of
strongly oxygen-enhanced flames. In those regions, various interferences are so strong that the Raman signal cannot
be made to yield reasonable experimental data.

I11.  Numerical Modeling

The main assumptions in the numerical model are as follows. The gas is considered to be a Newtonian fluid at
steady state, the low Mach number assumption and the ideal gas law are invoked, and the Soret and Dufour effects
are considered negligible. The chemical kinetics are modeled using GRI-Mech 2.11, including nitrogen chemistry,
resulting in a mechanism that contains 50 species participating in 275 reversible reactions.** All thermodynamic,
chemical, and multicomponent transport properties are evaluated using the CHEMKIN ** and TPLIB ¢ subroutine
libraries, which have been further optimized for increased speed.’” The numerical model includes an optically thin
radiation submodel with three significant radiating species (H,O, CO, and CO,). No soot model is included.

The conservation equations of mass, momentum (2 components, since each flame is axisymmetric), energy, and
individual species mass (for each of the 50 species) are rewritten using the vorticity-velocity formulation, in which
the dependent variables are two velocity components, vorticity, temperature, and 50 species concentrations. The
boundary conditions are similar to those employed in Ref. 9, with the following exceptions. At the bottom boundary
(the burner surface), a temperature profile is applied; this profile is obtained by doing a functional fit of extrapolated
experimental data for each flame. While the velocity profiles at the bottom boundary are parabolic in the inner tube
and flat in the outer tube (as in Ref. 9), the maximum velocity in the inner tube is adjusted so that the mass flow rate
matches experimental values, taking into consideration the applied temperature profile (and the accompanying
reduction of density with increased temperature). Finally, at the outer radial boundary of the computational domain,
free stream boundary conditions are applied (i.e., radial derivatives of dependent variables vanish).

The numerical solution techniques used to solve the system of governing equations and boundary conditions are
similar to those described in Ref. 9. Only a brief overview is given here. Because each flame is axisymmetric, the
computational domain is two-dimensional. It extends several burner radii in the radial direction, and it also extends
several flame lengths downstream in the axial direction. This domain is then spanned by a grid of 15,000 to 25,000
adaptively chosen grid points, and the 54 strongly coupled, highly nonlinear equations are discretized and solved at
all points simultaneously using the LRR (local rectangular refinement) solution-adaptive gridding method, which
incorporates a damped, modified Newton solver. For each of the flames, the grid adapts based on gradients of
computed temperature and OH, and the adaptation/solution process continues until a termination criterion is met.

IV. Results and Discussion

. A. Computed Contours of Temperatures and
Min. I i Max. Species frt))r Flames A, B, and C P

il CH, 0, N, NO NO, Before ~ comparing  experimental  and

Min.. 298K  0.00 0.00 0.35 Oppm 0.0ppm  computational data, we examine some of the

Max.: 1947K  0.85 0.21 079 76ppm 29ppm  computational results in order to observe the

10 1 general features of flames A, B, and C. Figures 4,
9] 5, and 6 display contours of temperatures and
8 some selected species, in a portion of the
0% computational domain, for flames A, B, and C,
_ &} respectively. In Figure 4, it can be seen that the
E s hottest part of flame A (the base case) occurs in a
Ny \ wishbone-shaped region, and that flame A is
3] indeed lifted from the burner surface. The
2 : maximum temperature in flame A is 1947 K. The
1 fuel (methane) is consumed within a short

0 : distance of the burner surface, and the methane

-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1 10 1 - P
r (cm) i) r (cm) r (cm) r (cm) r(cm) and oxygen mostly do not spatially coincide,

except for some small amounts of oxygen that
“leak” inside the non-premixed flame front. The
maximum oxygen concentration is 21%, occurring

Figure 4. Computed isotherms and contours of selected
species concentrations in flame A.
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Min. IF 1 Max. in the oxidizer stream. Nitrogen concentrations
range from 35% (in the fuel stream) to 79% (in
the oxidizer stream); no portion of the flame is
nitrogen-free. Comparison of pollutants NO and
NO, shows that NO, occurs in much smaller
guantities than NO, so a strategy for reducing
emissions should target NO concentrations. The
maximum NO concentrations of 76 ppm occur
just downstream of the hottest region in the flame.
NO concentrations are addressed in greater detail
at the end of this subsection.

In Figure 5, the most striking features of flame
B are that it is shorter (flame length is discussed in
a later section in more detail) and hotter than

T CH, 0, N, NO NO,
Min.: 298 K 0.00 0.00 0.00 O ppm 0.0 ppm

Max.: 2373 K 0.20 1.00 0.80 590 ppm 4.9 ppm
u flame A (peak temperature has increased by over
LSRRI TR T G L B T BRI S T 400 K, to 2373 K). Also, flame B is attached to
(cm) (em) r{cm) r(cm) ricm) r.{cm) the burner surface. The hottest portion of the
Figure 5. Computed isotherms and contours of selected flame again occurs in a wishbone-shaped region.
species concentrations in flame B. The fuel is consumed over a much smaller axial
distance than in flame A, and the maximum CH,
Min. B 1 Max. concentration is  now  20%. Oxygen
concentrations range from 0% to 100%, and there
T CH, 0, N, NO NO, is very little, if any, leakage of O, across the non-
Min: 208K  0.00 0.00 0.00 Oppm Oppm premixed flame front. Because there is no
Max.: 2825K  0.65 1.00 0.35 9413 ppm 27 ppm  nitrogen in the oxidizer stream, the minimum N,

1 concentration is 0%. Comparison of pollutants
NO and NO, again shows that the concentrations
of NO dominate those of NO,. More importantly,
however, is the fact that the peak NO

A
-1 0 1 10 1 -1
r (cm) - .
attached to the burner, like flame B. The high

concentration in flame B is significantly higher
than in flame A; it has increased by almost an
order of magnitude. This increase is discussed
Figu_re 6. Compu?ed i_sotherms and contours of selected temperature region is again wishbone-shaped.
species concentrations in flame C. Regarding the methane and oxygen profiles,
statements similar to those made for flame B can again be made for flame C. Because flame C’s oxidizer is pure
oxygen and because its fuel is not as heavily nitrogen-diluted as in flame B, the maximum nitrogen concentration is
35%, which might lead one to expect a reduction in NO and NO, concentrations. However, the opposite is true:
peak NO concentrations in flame C are about 16 times larger than in flame B, and about 120 times larger than in
flame A.

The various peak amounts of NO in the three flames can be explained as follows. It is known that NO formation
in flames occurs via four routes: the Zeldovich (or “thermal”) route, which is important at temperatures exceeding
approximately 1850 K; the N,O decomposition route, which is more important at high pressures; the NNH route,
which produces NO in very small quantities; and the prompt route, which is dominant at temperatures under 1850 K.
For more information and some discussion on these various routes, see Refs. 18 and 19. To determine which routes
are largely responsible for the NO formation in flames A, B, and C, additional calculations have been performed in
which the various NO formation routes are systematically retained in or removed from in the chemical mechanism; a
similar method has been used in Ref. 18. Results of these additional calculations show that 85% of the peak NO in
flame A comes from the prompt route, which is not surprising since the maximum temperature in flame A is rather
low. In flame B, 92% of the peak NO is thermal NO, as expected given that the flame’s peak temperature is
considerably above 1850 K. Also, the residence time of a fluid particle on the centerline of the flame within the

-y
(=}

z (cm)
[ R B B S &, B« - B R « - T (]

further at the end of this subsection.
| From Figure 6, it is apparent that the hottest of
M the three flames is flame C, whose peak
temperature is 2825 K. This flame is intermediate

Trem' Trem' rem' rem' Trem'in length between flames A and B, and it is

z(cm)
D = MW ke~ @D WO
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10p 2400 region exceeding 1850 K is about 5.2 ms. Finally,

£ in flame C, 97% of the peak NO is attributable to
| thermal NO, which is again expected since the
— 2000 peak temperature is so high. However, a major
1 factor contributing to the very large amounts of
NO in flame C is the fact that the residence time
on the centerline in the 1850 K (or higher) region
is 14.2 ms - approximately 3 times that in flame B.

- 1 1
0.9 C +4— Centerline of the Jet — 2200

—{ 1800
—{ 1600
O, — 1400

71200 B. Data-Model Comparisons of Temperature

and Species Profiles for Flame A, B, and C

The major species concentrations are
i measured as a function of the two coordinate
600 directions (axial z and radial r) with the Raman
1 scattering technique. The radial profiles are
measured at axial positions starting near the
O e N T L W PO burner surface (z=z0.4 mm) in 2mm or 4mm

- 4 6 8 10 12 1 increments. The measured points range from one

2
Fiqure 7 E;SL??;‘Z;;;P (;ﬁgterc‘;ﬁt]’ Etr: d species and side of centerline (-2.24 mm) to other side of the
g ’ P P P centerline (60 mm) in the radial direction and

temperature profiles for flame A at z/d=3.1. have 0.28 mm spatial resolution
For comparison purposes, the base flame A is

Mole Fraction
M'ainreladwa]

— 1000

— 800

1.0 2400 measured first. A similar flame was studied by

le— Centerline of the Jet Jsso0 experiment and simulation in Ref. 7. Radial
09 5 ] profile measurements are made for flame A at 11
0.8 A: A 2000 axial locations (from z/d~0 to z/d~10, d is the

11800 radius of fuel jet). The measurements from two

¥
|

0.7k selected positions at z/d=3 and z/d=9 are shown in

Figs. 7-8. Modeling results are shown on the
same plot. Flame A is a lifted flame, and the flame
base in the laboratory is observed to be about 6
mm above burner surface. In Fig. 7 (z=12.4 mm),
CH, is not consumed yet and the measured
concentration is 0.45 (mole fraction) near
. centerline while computed CH, concentration is
— 600 about 0.29 (mole fraction). The predicted liftoff
1 flame location (2.7 mm) is lower than observed (6
mm above burner surface). The difference
. e 200 between measured and computed liftoff may be
o6 8o 2w caused by heat loss treatment or the choice of

2
Distance from Center Jet, mm bound diti . th ted fl
Figure 8. Experimental and numerical-predicted species PCundary conaitions since tne Compg‘e ame
height is very sensitive to these factors.” However,

and temperature profiles for flame A at 2/d =9.3. for this flame, the choice of chemical mechanism

is the strongest factor; a different mechanism can produce a computed liftoff that is twice as large as with GRI-Mech
2.11. Since GRI-Mech 2.11 has a high extinction strain rate, the flame is able to survive very close to the burner
surface (where strain rates are largest), leading to a relatively small liftoff. In Fig. 7, the major products (H,O, CO,)
show very good agreement between experimental data and predictions. The flame front is located at a radial position
of 4mm and the peak temperature is about 1950 K. The major species concentrations and temperature profiles in the
radial direction at z=37 mm are given in Fig. 8. Temperature, H,O, and CO, profiles all show a plateau near the
centerline and decay outside of the flame zone. Measured CO, and H,O match the predicted results very well at
most of the radial locations, while the measured temperature data show some noise since this axial location is close
to the soot region (yellow colored zone).

Flame B is an oxygen-enhanced flame with pure oxygen as the oxidizer. In order to make the Raman scattering
measurement with less interference, the fuel (CH,) is diluted by N, to a 20% CH,-80% N, mixture. Because oxygen
is used instead of air, the flame temperature is increased significantly with N, elimination, and the flame becomes a
tiny blue flame at this fuel concentration. Since the laminar flame speed is 10 times increased for the methane

E — 1600
0.6F -
F — 1400
05F ]

r —{ 1200
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Figure 10. Experimental and numerical-predicted species
and temperature profiles for flame B at z/d =2.6.

Figure 9. Experimental and numerical-predicted species
and temperature profiles for flame B at z/d =1.

between pure oxygen and air,° flame B is attached to the burner surface. This makes it more difficult to obtain
appropriate boundary conditions (initial temperature and reactant concentration) for modeling. Fits of extrapolated
temperature data are used for the modeling, as described in Section Ill. A comparison of major species and
temperature profiles at axial location z=4.4mm is given in Fig. 9. In the inner layer (near the centerline), the
measured temperature, CO, and H,O are lower than predicted results. In the outer layer (r >2 mm), the O, and H,O
profiles show good agreement for model-data comparison, but the measured temperature is slightly lower than the
prediction. The general trend in the CO, profiles are similar between experiment and simulation. The comparisons
for the same flame at z=10.4 mm are given in Fig. 10. General agreement is obtained for the CO,, H,O, N, and
temperature profiles, particularly when r >2 mm.

Flame C is another oxygen-enhanced flame with pure oxygen as the oxidizer. Among the three flames examined
here, flame C has the highest flame temperature (~2900 K) and presents the most challenges for the experimental
technique. Raman signals are very weak compared to the strong emissions from the intensive combustion of the

1.0 3200 10—
- E — 3000
0.9 0.9 o
—{ 2800 .
u 08F
08 E E —{ 2500
07 :_ 2400 0.7 :_
F - b z=8.4 mm
s o - 9 g6F 2000 @
= 06 2000 @ = UOF 8 CO,
5 o = % Eo O 'g
S osfE T @ OSfF @
L "r 1600 5 o o o
] r a = F 1500 =
S 04fF c 2 04F 5
s B o
1200 E 0.3F A
0.3 C 1000
=
0.2 A
0.2 800
0.1 0.1 500
' 400 00 L
e i EEESENESSNSS————
0.0 R 2 0 2 4 6 8 10 12 14
2 o 2 4 6 8 o 12 14 Distance from Center Jet, mm
R, Distance from Center Jet, mm Figure 12. Experimental and numerical-predicted species

Figure 11. Experimental and numerical-predicted species and 54 temperature profiles for flame C at z/d =2.1.
temperature profiles for flame C at z/d =0.6.
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pure oxygen flame. Therefore, the flame formed by pure fuel (100% CH,) with pure oxygen (100% O,) made the
Raman scattering measurement infeasible. The fuel (CH,4) has to be diluted to a 65% CH,;-35%N, mixture. The
flame is attached to the burner surface. Compared to flame B, the fuel (CH4) concentration increases from 20%
(mole fraction) to 65% and peak temperatures increases to ~2900 K. Selected species and temperature profiles in
the radial direction are given in Fig. 11 and Fig. 12. Figure 11 shows that, at z=2.4 mm, the fuel is not consumed yet,
and the profiles for CH4, H,0O, O,, and N, show a very good agreement for data-model comparisons. The peak
temperature exceeds 2800 K at this axial location and is much higher than in flames A and B. At z=8.4 mm (Fig.
12), useful experimental data are only available when r >3mm because of strong interference from flame emissions.

The model-data comparison (r >3

mm) shows good agreement in
outer layer of the flame.
C. Flame Length and Liftoff
| Oxygen enhancement
significantly affects flame length.
.L ‘ l \ For a given fuel concentration, the
et : — cEs CLa bk : higher the oxygen concentration is,

the shorter the flame is. This can
Figure 13. Photographs taken for the oxygen-enhanced flames to show be found from visible flame length
relative length (from left to right, oxygen concentration varies from 21%, measurement. The visual
30%, 40%, 50%, 60%, 70%, 80%, 90% to 100%, fuel (CH,) appearances (direct photograph
concentration is constant. Average gas velocity for both jets are 50 cm/s Wwith the exact same focus setting)

except for 21% case whose average gas velocity for both jets are 35 cm/s. ~ of the oxygen-enhanced flame are
shown in the Fig. 13. From left to

right, oxygen concentration varies from 21% (mole fraction) to 30%, and then up to 100% in 10% increments. The
average gas Velocity is 35 cm/s for the 21% case and 50 cm/s for all other cases. It is found that the flame color
changes from blue to bright, the flame length changes from long to shorter, and the flame radial dimension from
narrow to wider, with increasing oxygen concentration. The length of jet diffusion flames has been studied in Refs.
21 and 22 by analytical methods and by experimental verification, and it is defined as the z at which the centerline
local equivalence ratio is unity (stoichiometric ratio). It is sometimes referred as the mixture-strength flame length
H:.% In contrast to Hy, the maximum temperature flame length Hy 2* is defined as the z at which the temperature
along the centerline reaches the maximum. It is argued that Hr is a good surrogate to H, * and it will be used in this
work.

From the analytical expression derived by Roper,? the flame temperature T; and mass diffusivity (Do) affect
flame length. For given mixture, Dy is a constant, so flame temperature (T;) should be the main factor to affect the
flame length. Because of the limited temperature data available along the centerline in this work, the measured
maximum flame temperature along the centerline is obtained by extrapolation. The computational/experimental
comparison for flame length is given in Table 2 for flames A, B, and C. From Table 2, very good agreement exists
within the experimental uncertainty for computed flame length and measured flame length. Here, the flame liftoff is
defined as the lowest z location at which temperature is greater than 1000 K. Comparisons of liftoff are also listed in
Table 2. As observed in the laboratory, flame A is lifted and flames B and C are attached to the burner surface. The
measured liftoff for flame A is given by a range (0.44 cm~0.84 cm), because no measured data is available between
axial locations 0.44 cm and 0.84 cm.

Table 2. Flame Length and Liftoff comparisons for Three Flames

Flame Method Hy (cm) | Liftoff (cm) Trax at centerline (K)
A Computational 3.50 0.27 1928
Experimental | 3.24+0.2 0.44~0.84 2014+100
B Computational 0.58 0 2373
Experimental | 0.64+0.1 0 2400+120
C Computational 0.86 0 2797
Experimental | 0.84+0.1 0 2850+150
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D. Heat and Radiative Flux

08 Measurement
0 21% 0 Oxygen-enhanced  flames obviously
07k o= 30% 02 have higher flame temperatures than
& A %O fuel/air flames, and radiation is the
& B —o- 500/2 02 dominant heat transfer mechanism inside
0.64—4 .é:f& —V- 60% 02 an oxygen-enhanced flame. More than 90%
T N —e- 80%0, of the energy is released by radiation,?

N — - 100% éz while the role of convection diminishes.

051 &\ Measurements of total radiative heat
%\\‘ flux distribution are made along the height
04k %Q% of the flames using a Medtherm Radiation
' N Heat Flux Transducer (64P-02-22-BaF2W,

T TN LN 150° viewing angle). A similar transducer
0.3 o has been used to measure radiation in
. \ various jet diffusion flames.”?*" In this
So ®\§‘ work, the transducer traverses the flame
02 9\@\ \\g\ parallel to the z axis, facing the axis at a
¢ 83 8 radial distance of 25 mm. This location
01l - ﬂ:ﬁ\:@ corresponds closely with the maximum
. 0. radiant flux and has been found to be the
appropriate location to estimate the radiant
00 ot bt by b besaa b b b baaas fraCtion from a Single near'ﬁEId heat'ﬂux
20 40 60 80 100 120 measurement *® for flame A. The flame
. . boundaries are entirely within the viewing
Axial Location,mm

. L AN angle of the sensor, except points far from
Figure 14. Total radiation flux distribution parallel to the flame e exit where contributions to radiative

axis at a distance of 25mm for various oxygen-enhanced flames.  heat flux are small. Measurements of total

radiative heat flux are given in Fig. 14.
The radiative flux for 21% O, case reaches a maximum at 40mm near flame height Hy, where the flame temperature
peaks along the centerline. For highly oxygen-enhanced cases (90% O, ~100% O,), the maximum radiative flux
occurs at axial location 20 mm, because of the shorter flame lengths. Obviously, the total radiative heat flux
increases dramatically when the oxygen concentration is increased, because of the increase in flame temperature.
These high radiative flux characteristics lead to the wide application of oxygen-enhanced flames in industry.

TX

/O
Vo
Ya

Radiation Heat Fl ux,kW/m2

V. Conclusion

Three axisymmetric coflow laminar diffusion flames are investigated by laser-based diagnostics and detailed
numerical simulation. Flame A is the base flame that has regular air as the oxidizer. Flames B and C are oxygen-
enhanced flames with pure oxygen as the oxidizer.

Major species concentrations and temperature are measured by a Raman scattering technique, as the function of
axial and radial positions. The measured points have 0.28 mm spatial resolution and +5% uncertainty for flames A
and B. A polarization separation technique is used to reduce laser-induced interference from the C, Swan band and
PAH. Computationally, a detailed kinetic mechanism (GRI-Mech 2.11 including nitrogen chemistry) and a
multicomponent transport model are used to simulate the axisymmetric two-dimensional flame structure.

Pure oxygen as the oxidizer causes intensive chemical reaction and makes flame B (~2400 K) and flame C
(~2900 K) much shorter, stronger, and brighter than flame A. Because flames B and C are attached to the burner
surface, it is necessary to use an extrapolated functional fit of measured temperatures as the boundary condition.
Taking uncertainty into consideration, model-data comparisons for major species concentrations and temperature
give very good agreement for flames A and B. The general trend is predicted for flame C. Computational flame
length and liftoff match the measured results very well. Computational results indicate thermal NO dominating NO
formation for flames B and C, while prompt NO dominates for flame A. The total radiative heat flux is measured
along the axial direction at a 25 mm distance from the centerline of the burner for a series of oxygen-enhanced
flames where O, concentration varies from 21% (volume fraction) to 100%. As expected, the total radiative heat
flux increases with oxidizer concentration.
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