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ABSTRACT

This paper presents the results of an investigation
into the effects of pressure and thermal radiation
on NOx emissions from non-premixed turbulent
flames in pressures ranging {rom 1 to 8 atmo-
spheres. Of the three fuels examined, both hy-
drogen and methane were found to have increas-
ing NOx emissions with increasing pressure. Co-
incident with the increase in NOx emissions for
these fuels was a decrease in the thermal radi-
ation from the flames with increasing pressure.
The third fuel tested, ethene, displayed no sig-
nificant change in NOx emissions with increasing
pressure and no significant change in the thermal
radiation from the flames with increasing pressure
was found. The ratio of NOs to NOx emissions
was found to decrease with increasing pressure for
both hydrogen and methane, but increase with
ethene.

INTRODUCTION

The non-premixed, or diffusion flame, configuration
is the dominant form of combustion in most practi-
cal combustion systems. The products formed from
the combustion of the fuel and oxidant often contain
unwanted emissions, such as oxides of nitrogen and
particulates in the form of smoke. As regulations
governing the control of these emissions become more
stringent, an understanding of the mechanisms that
control the formation of these emissions in combus-
tion systems is necessary.

In the case of emissions of oxides of nitrogen, NOx,
from combustion systems, it has been established
that there are three mechanisms which bring about
its formation; thermal-NO or the Zeldovich mecha-
nism, the prompt-NO mechanism and the N,O in-
termediate mechanism (Miller and Bowman). While
there have been many studies on the effects of tem-

perature on these mechanisms there are few existing
investigations into the effect of pressure. Investiga-
tions undertaken have examined premixed flame con-
figurations (Drake et al, Drake & Blint, Heberling,
Heberling and Boyd, and Reisel and Laurendeau) and
these have tended to concentrate on the formation of
prompt NO at elevated pressure and the role that
super-equilibrium radical concentrations play in en-
hancing the rate of NOx formation.

In turbulent non-premixed flames, which are sim-
ilar to gas turbine type combustion, investigations
into the effects of pressure on the formation of NOx
should include the examination of thermal radiation
emissions. Strong radiation sources such as combus-
tion generated particulates in hydrocarbon flames can
dramatically reduce the flame temperature and so re-
duce the NOx emissions formed via the thermal mech-
anism. If the reduction in temperature is sufficient,
prompt NO or N3O intermediate formation mecha-
nisms may dominate over the thermal mechanism. As
pressure is known to increase the rate of particulate
formation in hydrocarbon flames, increasing pressure
may alter the radiant emissions and so influence the
flame temperature. This is apart from any effect that
pressure may have on super-equilibrium radical con-
centrations.

In flames which do not form particulates, like hy-
drogen where NOx formation via the prompt mech-
anism cannot occur, the changes in temperature
brought about by flame radiation may still be suf-
ficient to influence the formation of NOx.

In this paper we present results of a study into the
effects of pressure, and thermal radiation, on the for-
mation of NOx, expressed as an emission index, for a
number of fuels burning in a turbulent non-premixed
configuration.

EXPERIMENTS

A large high pressure combustion facility has been
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Table 1: Experimental Conditions.

Pressure Nlaznﬂa H, Re=6543 Fr=200E6 HB | C,H, Re=16113 Fr=7.55E4 A | CH, Re=15189 Fr=231E5 @
ATM | mm) |Up(mis) (Ua(mis) | te(ms) |Lgm) | Uy (mis) |Ua(mis) | te(ms) | Ly(m) | Ug(mis)| Ug(mis) | tems) | Lgm)
1 30 242 064 | 0.012| 058 | 47.2 065 | 0.064| 074 | 825 | 063 | 0.036 | 0.74
2 19 | 193 | 048 | 0010 037 | 375 | 049 | 0.051 | 047 | 657 | 047 | 0.029 | 047
4 119 | 153 | 034 | 0.008| 023 | 207 | 035 | 0.040| 029 | 520 | 034 | 0.023 | 0.29
6 091 | 133 | 028 | 0.007| 0.18 | 260 | 029 | 0.035| 023 | 455 | 027 | 0.020 | 0.22
8 075 | 121 | 025 | 0.006| 0.5 | 236 | 025 | 0.032| 0.19 | 413 | 0.24 | 0018 | 0.19

constructed at the Aeronautical and Maritime Re-
search Laboratory, Figure 1. The cylindrical pressure
vessel is 0.75m in diameter and 3.5m in height with
a working section of approximately Im. It is rated
to a pressure of 10 atmospheres. High pressure air is
delivered to the vessel from a compressor that sup-
plies upto 5kg of air per second. Inlet mass flow rates
are measured by a calibrated venturi. Moisture is re-
moved from the inlet air by dryers. The vessel is fit-
ted with both probe access through side and exhaust
ports and optical access through a series of windows.
The fuel supplied to the vessel is controlled by cali-
brated mass flow controllers.
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Figure 1: Experimental Facility.

The nozzle used for the flames consists of a central
fuel tube surrounded by a number of smaller pilot
holes. For the hydrocarbon flames a hydrogen pilot
was used to stabilize the flame on the burner. Little
variation in the measured emission index was found
for large variations in the pilot mass flow rate.

NOx (along with NO and NOj) concentrations
were measured by a chemiluminescent analyser. The

measurement sample line was located in the exhaust
of the vessel approximately 2.0m downstream of the
flame tip, by which time the exhaust gases were thor-
oughly mixed. The high pressure sample was ex-
panded to atmospheric pressure before connection to
the analyser and was well below the dew point for the
measurement condition. The measured NOx concen-
trations are expressed as an emission index defined

as,

BINOs = Z805)

kg (fuel)

Flame radiation was measured by a radiometer
(Medtherm 64P-2-22) with a 150 degree view angle.
The radiometer was fixed to a moveable probe and
located within the pressure vessel. Estimation of ra-
diant heat flux, ¢, from the flames was done using
a single point near-field heat flux measurement tech-
nique. Emissions are expressed as a radiant fraction,
Xr, of the fuel’s enthalpy of combustion, H,,

_ grdmR?
Xr =, AH,

Due to limitations imposed by the vessel, the ra-
diometer could not be placed further than 0.45m from
the centreline of the flames being measured. For sin-
gle point measurements such as these, Sivathanu and
Gore have shown that a correction needs to be applied
to the measured total radiant heat flux when the mea-
surement radius, R, is less than the flame length. A
correction technique similar to that of Sivathanu and
Gore has been developed and applied to the flames
examined here.

RESULTS

The fuels examined in this study were hydrogen (Ha),
ethene (C2Hy4) and methane (CH4). Pressures ranged
from 1 to 8 atmospheres. So that the effect of pres-
sure on the formation of NOx can be separated from
changes in the flame mixing rates as pressure in-
creases, the flame exit Reynolds (Re = Uyd,/v) and
Froude (F'r = Uf/gdn) numbers were held constant
for each fuel. The This results in the following rela-
tionships between flame exit velocity, Uy, and nozzle
diameter, dp,, with increasing pressure, p,
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Table 1 shows the results of these requirements for
the starting condition of p;=1 atmosphere and noz-
zle diameter of d,, ;=3.0mm used in this study. Also
shown in Table 1 is the inertial time scale for each
flame, t, = d,, /Uy, the flame length, Ly, and the
Reynolds and Froude numbers for each fuel.
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Figure 2: EINOX (g/kg) against pressure. Symbols as
in Table 1

EINOXx (g/kg

10

EINOx/(d,/U;) (g/kg-s)

10 T T T T
1 2 4 6 8 10

Pressure (ATM)

Figure 3: EINOX/(d,./U;) against pressure. Symbols
asin Table 1

Results of the measured NOx concentrations, ex-
pressed in terms of the emission index EINOx, with
increasing pressure for each of the conditions in Ta-
ble 1 are shown in Figure 2. The emissions for the
atmospheric pressure case are similar to those mea-
sured by Chen and Driscoll for both the hydrogen
and methane flames. Presented in this manner, only
hydrogen shows a clear trend with increasing pres-
sure. To remove the effect of decreasing residence
time, {., with increasing pressure, Figure 3 shows
the emission indices normalized by the inertial time
scale. The normalized emission indices shown in Fig-
ure 3 for both hydrogen and methane show a clear
trend of increasing NOx emissions with increasing
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pressure. For hydrogen the EINOx/(d,,/Uy) varies
as pressure to the power of 0.7, while for methane
it varies as 0.6. In contrast to the results for hydro-
gen and methane, ethene appears to show minimal
increase in NOx emissions with increasing pressure.
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Figure 4: EINO, /EINOx against pressure. Symbols as
in Table 1
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Figure 5: Radiant fraction against pressure. Symbols as
in Table 1

Figure 4 shows the ratio of NOy to NOx emissions
for each flame against increasing pressure. All fu-
els show significant proportions of NO4 for the at-
mospheric condition which decrease with increasing
pressure for the hydrogen and methane, but increase
with increasing pressure for the ethene.

The radiant fractions for the fuels are shown in
Figure 5. Both hydrogen and methane display de-
creasing radiant fractions with increasing pressure,
while ethene appears to yield an almost uniform radi-
ant fraction independent of pressure and significantly
higher than the other fuels. The higher radiant frac-
tion for ethene is expected as this fuel has a greater
propensity to form soot which is the main source of
radiant emission in these hydrocarbon flames.

The effect that the radiant emissions have on the
peak flame temperature can be estimated by adjust-
ing the calculated adiabatic stoichiometric flame tem-
perature, based on equilibrium calculations (Kee et
al), by an amount equivalent to the energy lost by
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radiation. This estimate is shown in Figure 6 for the
three fuels. It can be seen that while ethene has a
higher adiabatic flame temperature than methane, (
Tap=2369K, for ethene; T 4 p=2226K for methane,
at TATM ) the higher radiant emissions in these
flames result in the peak flame temperature for ethene
being significantly lower than methane for all condi-
tions; this difference increases with increasing pres-
sure. Hydrogen, in keeping with its low radiant frac-
tions and relatively high adiabatic flame temperature
(Tap=2383K, 1 ATM), shows the highest adjusted
flame temperature which increases with increasing
pressure.

The effect of increasing peak temperature on the
NOx formation rate in the hydrogen flames can be
estimated by comparing the increase in the measured
normalised NO emission index to that calculated by
assuming that the O + Ny (E/R=-38000K) reaction
is the rate controlling step in the thermal NO forma-
tion mechanism. For the temperature increase shown
in Figure 6, the NO formation rate is calculated to
increase by a factor of around 2.5 as the pressure
increases from 1 to 8ATM. For the same pressure
increase, the measured increase in NO emissions is
around 4.5. The sensitivity in the estimation of the
peak flame temperature is such that a 10% increase
in the radiant fraction of the 1ATM hydrogen flame
will increase the calculated ratio from 2.5 to 3.
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Figure 6: Calculated peak flame temperature against
pressure. Symbols as in Table 1, dashed lines represent
adiabatic flame temperature

The effect of increasing temperature on the produc-
tion.of NOx in the methane flames is not clear. For
the temperatures shown, the NO formation via the
prompt route is expected to be significant and per-
haps dominant for the cooler lower pressure flames.
This will certainly be the case for the ethene flames.
It is worth noting, however, that coincident with an
increase in estimated peak flame temperature, the for-
mation of NOx in the methane flames increases, while
static peak temperaturesin the ethene flames coincide
with static NOx emissions.

CONCLUSION

Measurements of the NOx emission index for hy-
drogen, methane and ethene turbulent non-premixed
flames at constant Reynolds and Froude numbers
were obtained at pressures ranging from 1 to 8 atmo-
spheres. For both the hydrogen and methane flames,
the NOx emission index normalized by the inertial
time scale of the flame increased with increasing pres-
sure. For hydrogen the normalized NOx emission in-
dex increased at the rate of pressure to the power 0.7,
while for methane the pressure exponent was found to
be 0.6. No increase in NOx emissions for the ethene
flames was observed.

Measurements of the radiant emissions from the
flames, expressed as a radiant fraction of the flame
combustion energy, were found to decrease with in-
creasing pressure for hydrogen and methane, but re-
main uniform for ethene.

The ratio NO3 to NOx emissions was found to de-
crease with increasing pressure for the hydrogen and
methane flames, but increase for the ethene flames.
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