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ABSTRACT

Measurements of global emissions, flame radiation and flame dimensions are presented for
unconfined turbulent-jet and precessing-jet diffusion flames. Precessing jet flames are characterised
by increases in global flame radiation and global flame residence time for methane and propane

fuels,

however a strong dependency of the NOx emission indices on the fuel type exists. The fuel

type dependence is considered to be because soot radiation is more effective than gas-radiation at
reducing global flame temperatures relative to adiabatic flame temperatures and reducing the NO

production rate.
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NOMENCLATURE urdr?)
TR Residence time (= Letame 3 / urde?)

dr Fuel tube diameter uf Fuel jet velocity
ds*  Fuel tube momentum diameter Weiame Flame width
f. Mass fraction of fuel in a stoichiomet- X Radiant fraction

ric mixture
Fr Froude number INTRODUCTION
L¢ Fuel tube length
Lrame Flame length NO:; emissions from combustion sources are
Res  Reynolds number a significant pollution source. Models have

TG

Global residence time (%Lriame Wetame? / been developed to explain global NO, emis-
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sions trends for turbulent-jet diffusion flames

[1-9]. These models consider the dominant -

physical mechanisms that influence NO pro-
duction via the thermal and prompt mecha-
nisms, so that scaling of NO, emissions from
turbulent-jet flames can be considered with
respect to global flame parameters.

A flamelet model has been developed [1]
that correlates the NO emissions of hydrogen
flames with the residence time, Tr [2,3]. These
flames do not include prompt NO, chemistry,
effects of soot and radiation from these flames
is purely gas chromatic, with radiant fractions
of about 8%. However, hydrogen flames with
coaxial air are not fully correlated by the mod-
el, and this has been attributed to the effect of
radiation [11].

The effect of flame radiation has been
included in a time-temperature model [7].
The NO. emissions from hydrogen and
hydrocarbon flames are correlated with the
global flame temperature by a thermal NO,
model, derived from the adiabatic flame tem-
perature corrected for the measured radiant
heat losses. However, a strained laminar diffu-
sion flamelet model that does not consider
radiation has also been used to correlate the
emission index with Froude number, Fr [4,5].

All the global emission models provide rea-
sonable agreement in scaling for propane tur-
bulent-jet flames [10]. The propane flames
investigated included the variable effects of
buoyancy, prompt NO chemistry and soot. It
has been proposed that the quantitatively sim-
ilar effect of buoyancy (through Fr) and flame
radiation (through the global flame tempera-
ture) explain why the models yield similar
resules [8].

NO:x emission models have been developed
for turbulent-jet flames, and have been evalu-
ated for propane flames with widely different

fuel jet mixing [10]). NO, emissions from a
bluff-body, a swirl and a precessing jet burners
are scaled by the time-temperature model (7],
though a departure of the data from predic-
tions based on the theoretical thermal NO
production rate, d[NO] / dt (for N; + O &N
+NO and N + O, ©NO + O), is found.

Experimental measurements are used here
to consider the NO, models in relation to tur-
bulent-jet and precessing-jet flames and to
explore the effect of significant departures
from mixing similarity on the global flame
characteristics, including radiation and NO,
formation.

EXPERIMENTAL METHODS

Measurements were conducted ina 1.2x1.2
X3.5m mesh enclosure [10]. Flame pho-
tographs, global emissions (NO, NO,, CO,
CO: and unburned hydrocarbons) and single-
point total flame radiation were measured for
each flame using methods described elsewhere
[10]. The NO, data were converted from con-
centration levels to an emission index, EINO,
(g [NO.] / kg [Fuel]), with repeatability of +
6%. Radiation measurements are converted to
radiant fractions, ¥,, and are the fraction of
the total energy of combustion radiated to the
surroundings.

The turbulent-jet burner (Fig 1a) is a fuel
tube, df = 5.0mm, with a long development
length, L/ dr = 100, to ensure fully developed
pipe flow at the exit. The precessing-jet burn-
er uses an aerodynamic instability to cause a
jet to precess about the nozzle axis [12]. A jet
flows into a short axi-symmetric chamber sec-
tion through an abrupt expansion (Fig 1b).
The jet flow reattaches asymmetrically within
the chamber and the associated asymmetric
pressure field causes an azimuthal rotation
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(precession) of the entire flow. An optimal
geometric configuration for stable precession
includes the addition an exit lip and a centre-
body, with Res > 20,000 necessary at the jet
throat [13]. The precessing-jet flow emerging
from the nozzle is inclined to the nozzle axis at
about 45° and precesses about it in a quasi-
periodic manner.

Commercial propane and methane were
used for the experiments. The fuels were
metered through calibrated rotameters from a
bottled supply. Turbulent-jet diffusion flames
have been investigated for propane for the
range 6<ur<60m/s (7,000 <Req4<70,000)
and for methane for the range 35 <ur<70m/s
(10,000 <Re4<20,000), corresponding to the
upper stability limit (blow-off). Precessing-jet
flames have been investigated for the range of
flow rates where stable precession is found to
occur, Red >20,000.

RESULTS

Turbulent-Jet Flames and NO, Scaling

Images of the flames from the turbulent-jet
and the precessing-jet burners are shown in
Fig 1(c-f), for each fuel type and at Res =
20,000. Visible differences between the flames
are apparent for these identical source condi-
tions. Precession of a jet flow results in wide
initial flame spread and an increase in flame
width, which is related to the dominant role
of large scale buoyant structures [14]. A trend
of increased soot luminosity is also observed,
in agreement with results for mechanical pre-
cessing-jet flames, with high precession fre-
quency (Strouhal number) {15].

Flame length measurements are shown in
Fig 2(a). It is observed that Lrume increases
monotonically with ur for the turbulent-jet
flames. Turbulent-jet flames are pure momen-

tum dominated at Leume £/ df = 23 [16]. The
present methane and propane turbulent-jet
flames are nearly momentum-dominated at
the highest velocities, with (Liame £/ df)max =
14. The maximum fuel velocity for the turbu-
lent jet is limited to ur = 70 m/s by blow-off
when firing methane. The maximum velocity
when firing propane is limited by the experi-
mental apparatus. Methane precessing-jet
flames are stable at higher fuel jer velocities
than are turbulent-jet flames, allowing (ufmax
= 140 m/s. Calculations demonstrate that a
stable flame is possible with choked flow at
the nozzle chamber inlet for nozzles of all
scales and fuel types. Interestingly, jet preces-
sion results in a reduction in L only for the
propane flame case, and for methane the Litame
are comparable for both nozzles. The propane
turbulent-jet flame width-to-length ratios,
Wetame / Lrtame, shown in Fig 2(b), are consis-
tent with a published value of Weiane / Letame =
0.17 [7], though the methane flames spread
slighdy less, with Wriame / Lrame = 0.14. How-
ever, the precessing-jet flames have width-to-
length ratios about twice that of turbulent-jet
flames, with Wame / Leame = 0.32 for both
fuels. Similar results of Wriame / Lrtame = 0.31
and Weime / Liame = 0.33 are found for a pre-
cessing-jet flame from a burner with dr =
2.3mm [14], and mechanical precessing-jet
flames [15], respectively.

It is observed that the propane turbulent-jet
flames are yellow and luminous for the ur
range considered, and a significant reduction
in , with fuel jet velocity, or strain rate (= u¢/
dy), is found (Fig 3a). In contrast, methane
turbulent-jet flames, which are predominantly
blue with minimal luminous soot, have low 7,
that are almost independent of ur and can be
deduced to have high global flame tempera-
tures. Importantly, in parallel with changes in
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flame luminosity, precession of a jet acts to
increase ), for both fuels. For the propane case
the peak value of %, equals that found for
buoyancy dominated turbulent-jet flames,
consistent with the buoyant nature of these
flames. Precessing-jet flames demonstrate
slight increases in X, with increasing ur.

Measurements of NO; emissions are shown
in Fig 3(b). The propane turbulent-jet data
show an EINO, dependence on uf and the
scaling of this data has been previously dis-
cussed [10]. EINO; values for the methane
turbulent-jet flames are weakly dependent on
us, showing a decrease in EINO; with increas-
ing uy, in agreement with results for the dr =
0.386mm and dr = 0.412mm turbulent-jet
burners [7]. The propane precessing-jet flame
is shown to reduce NO, emissions compared
with turbulent-jet flames, in contrast to
methane precessing-jet flames. Mechanical jet
precession can also increase X, and reduce
EINO; by maximum values of 15% and 25%,
respectively [15].

DISCUSSION

The role of radiation and large scale jet mix-
ing in NO formation with respect to the pre-
sent flames are further discussed. The ¥, of
momentum dominated non-sooting turbu-
lent-jet flames are expected to increase with
TG, assuming optically thin flames [7]. The
highly luminous propane turbulent-jet flames
show that ¥, tends to scale with ¢ (Fig 4) in
agreement with this model. However,
momentum-dominated turbulent-jet flames
are generally characterised by insignificant
soot luminosity and lower ) than are buoyan-
cy dominated flames and so are better
described by this model, so that the dominant
effect observed is related to the sooting ten-

dency of propane. Since T is inversely related
to strain rate, the present results are also con-
sistent with the observed decrease in soot vol-
ume fraction with increasing strain rate for
laminar flames [17]. The methane turbulent-
jet flames span a relatively small range of tc,
and nearly constant Y, is found, so that the
present data are not readily scaled with the
model. Comparison of the turbulent-jet and
precessing-jet data further demonstrates a rela-
tionship between ), and Tc. Importantly, the
increase in 7, for this class of flames is associ-
ated with an increase in 7.

The present turbulent-jet measurements can
be scaled with respect to the flamelet model
[1] and the strained laminar diffusion flamelet
model [4,5], however the models do not
explain differences between the methane (not
shown) and propane (shown in [10]) data.
Comparison of the present data with the
time-temperature model [7] is presented in
Fig 5, where a significant dependence of the
NO production rate on fuel type and at simi-
lar global flame temperatures is found. The
solid line represents the theoretical thermal
NO production rate. For luminous propane
turbulent-jet flames, which can be considered
to be soot radiation dominated, an opposite
trend is found for %, and EINO; with respect
to uf (Fig 3). The measurements are consistent
with the effect of changes to the global peak
flame temperature by flame radiation on ther-
mal NO; production [6], despite a contribu-
tion of prompt NOx to the emission. For the
gas-radiation dominated methane flames
EINO: is only weakly dependent on ur while
X, is relatively low and almost constant. At the
high flame temperatures that can be inferred
NO; production is then insensitive to changes
in X,. and is significantly dependent on 7c,
which is consistent with findings for gas radia-
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tion dominated hydrogen flames [2,3,11].
The effect of soot radiation tends to dominate
in the more luminous propane flames, but the
dependence on T tends to dominate in
methane flames.

For the precessing-jet flames the same two
competing influences are present. They pro-
vide an increase in both ¥, and T¢ in compari-
son with the turbulent-jet flames. Evidentdy
the influence of increased soot radiation and
lowering the flame temperature, dominates for
the propane flames since the EINOx reduces.
In contrast, for the methane flames, although
X, increases for the precessing-jet flames rela-
tive to the turbulent-jet flames, the increase is
not as great as for the propane flame. It is evi-
dent that the effect of increasing %, (and
reducing EINO,) is outweighed by the effect
of increasing ¢ (and increasing EINO,),
which is not readily explained by the time-
temperature model.

A comparison of NO; emissions from a tur-
bulent-jet burner with those from a precess-
ing-jet burner was performed firing natural
gas (commercial grade CHs4) in an 20MW
operating cement kiln [18]. Although
ambiguous boundary conditions are inherent
in full-scale trials, the precessing-jet nozzle
provided about a 40% reduction in NO,
emissions relative to the turbulent-jet flame,
in contrast to the present results. A significant
increase in X, can be deduced from the 4%
increase in specific fuel efficiency and the 10%
increase in kiln output. The present experi-
ments were conducted in ambient air, whilst a
cement kiln is confined so that the effects of
buoyancy are minimal, and the air was pre-
heated to around 9007, so that thermal NO,
dominates and flame luminosity is increased.
The differing role of soot and gas radiation on
the global flame temperatures could explain

why the dependence of EINO; on ), domi-

nates over the dependence on 7.
CONCLUSIONS

Global emissions, flame radiation and flame
dimensions of turbulent-jet flames are pre-
sented, which are consistent with published
data. Precessing jet flames are characterised by
increases in flame radiation and flame resi-
dence time for methane and propane, however
a strong dependency of the NO, emission
indices on the fuel type exists. In propane
flames radiation reduces the peak global flame
temperature and thermal NO, production
compared with the turbulent jet flames. In
methane flames residence time changes are
more significant, suggesting that gas-radiation
is less effective at reducing flame temperatures
than soot-radiation.
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