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assembly (y & 17 mm). Figure 2 indicates that significant average
unmixedness exists at the exit plane of the assembly for the ref-
erence angle 6 =0 deg. The images also demonstrate that small
positive changes in 6 tend to further degrade the mixing efficiency
of this assembly. However, a small negative rotation to an orienta-
tion of @ = —20 deg resultsin a much more uniformfuel distribution
across the fuel/air jet.

Similar results are shown for the second fuel-tube configuration
in Fig. 3. As compared to the first fuel-tube configuration, this mod-
ule displays improved mixing efficiency at its base reference angle.
In response to changes in 6, positive rotation of the fuel tube once
again decreases the mixedness of the fuel-airflow. However, for this
case the base orientation, rather than a slightly negative fuel-tube
angle, seems to provide optimal mixing. The implicationis that fuel-
jet mixing occurs primarily via crossflow of preswirler air over the
fuel tube. As shown by Fig. 3, the second configuration has the ad-
ditional benefit of being less sensitive to small changes in fuel-tube
angle.

Finally, we determined how rapidly mixing occurred within the
fuel-air stream as a function of downstreamdistance. Because these
fuel/air streams enterinto a larger swirler assembly prior to combus-
tion, unmixedness at the exit of the swirler-vanefuel-tube assembly
is only a problemif it persists into the reaction zone. Figure 4 shows
fuel-concentration distribution as a function of distance from the
fuel tube, along the fuel-air jet, for the second fuel-tube configura-
tion (0 =0 deg). Although a fair amount of unmixedness occurs at
the exit plane (17 mm), nearly complete fuel-air mixing occurs at
~23 mm from the fuel-tube centerline and well before the end of
the swirler-vane module. In fact, at this location the average fuel
mole fractionis 0.083 as compared to the fully mixed mole fraction
of 0.05.

Conclusion

In conclusion, simple qualitative measurements of the type pre-
sented in this study can be crucial to optimization of fuel-air mixed-
ness and thus minimization of NOy emissions from lean premixed
combustors. Additional parameters such as fuel type, fuel/air mo-
mentum ratio, or air preheat temperature can be effectively studied
on both a spatial- and time-averaged basis via acetone PLIF mea-
surements of surrogate fuel.
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Introduction

URRENT demanding standards require accurate predictions

of NO, outflow from flames and combustors. Turbulent flows
hamper a detailed accounting of NO, formation; the standard ap-
proach considers only the thermal pathway in adiabatic conditions.
However, NO, formationinvolves differentpathways': thermal, ni-
trous oxide, prompt, nitric dioxide, and fuel.

This investigation introduces a treatment for heat losses by ra-
diation in optically thin nonsooting flames and explores the reac-
tion regimes of the various NO, pathways. The model is based on
the stretched laminar flamelet (SLF) approach, which considers a
turbulent flame to consist of thin laminar flamelets. Chemical pro-
cesses characterized by a timescale shorter than the Kolmogorov
time fx contribute to the definition of their structure, whereas those
involving a timescale larger than 7x occur in the distributed re-
action regime; a finer division discriminates between the regions
tx <t. <ty and f, > t;, where f; is the integral scale. Provided that
the processes are energetically insignificant (as in the case of NO, )
and uncoupled from faster paths a treatment can be devised for the
latter regime as well.

Central to the SLF approach is the identification of the charac-
teristic chemical time of the different NO, pathways. This paper
defines the elements required to investigate the reaction regime of
the thermal and N,O pathways.

Treatment of Heat Loss Effects via the SLF Approach

An extension of the SLF formalism to nonadiabatic combustion,
as suggested in Ref. 2, has recently been developed.? It is based
on the introduction of an enthalpy defect given in the following
equation, in addition to the conserved scalar (or mixture fraction,
defined in terms of enthalpy) Z and the scalar dissipation rate x,
(conditioned at the flame front):

that is, the gap between the actual enthalpy and that of an adiabatic
flame (h,, h s refer to oxidizer and fuel). State quantities in laminar
flames can then be expressed as

¢ =d(Z; x5 §) 2

so that average values can be recovered by convolution with an ap-
propriately defined joint probability density function (PDF) of Z,
Xc» and ¢. The approachrequires an additional equation for h, tore-
cover ¢ after averaging the linear relationship (1). The SLF model
for turbulent flames requires as an input a library of laminar flames,
with propertiesexpressed in form (2). Profiles must be organizedin
shelves, where each shelf contains entries for numerous . values
from equilibrium to extinction plus the inert (or pure-mixing) state,
and each shelf refers to a different value of ¢.
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In the test case discussed next, heat loss is due to gas-phaseradia-
tionalone and the optically thin limit can be reasonably assumed due
to the small flame size. The heatloss term in the enthalpy equationis

divg, = 40plT(Z, x., OI* Z KlT(Z, xe, OIXi(Z, e, 6) ()

i

where ¢, is the radiative heat flux, o is the Stefan-Boltzmann con-
stant, p is the pressure, and k; are the absorption coefficients (func-
tions of temperatureonly) in terms of partial pressure of the relevant
species, whose molar fraction is X;. Equation (3) has form (2) and
can be averaged accordingly. The sum in Eq. (3) is extended to the
radiating species H,O, CO,, and CO.

Impact of Radiation from a Turbulent Syngas/Air Flame

The modelis appliedto a nonpremixedturbulentsyngas/air flame,
investigated both experimentally* and numerically (assuming adi-
abatic flow), for example, see Refs. 4 and 5. The flamelet library
is computed in the Z space$ neglecting differential diffusion. The
scalar dissipation rate y. is evaluated at the maximum tempera-
ture. Four shelves at ¢ =0, —20, —40, —60 kJ/kg are considered.

For the turbulent flame, ¢ is recovered with/ computed via
its modeled conservationequation; the minimum in the entire flow-
fieldis ¢ = —48kJ/kg. The mean concentrationof thermal NO is also
computed viaa modeled conservationequation, where the mean pro-
duction term is expressed by convolution with the PDF because of
its very slow kinetics. The simulationis carried outon a 100 x 2300
node grid, to ensure full grid-independentsolution (if the number
of both radial and axial nodes is halved, the predicted flame length
is affected by just 0.6%).

The reductionin predicted NO, outflow dueto radiationis limited
to 12% with respect to an adiabatic flame, thatis, from 3.27 x 1073
t02.89 x 108 kg/s, to be compared to the measured 3.4 x 1073 kg/s.
This is an extremely good agreement for NO, emissions, for exam-
ple, Ref. 4 for the same case predicts 2.6 x 1078 kg/s. Although
accounting for radiation may seem to deteriorate the agreement, the
computed outflow refers to thermal NO only, and neglected path-
ways are expected to increase the stated values.

Figure 1 comparesthe predictedmean mole fractionof NO (ondry
basis) to measurements at station x/D = 100. The predicted flame
length is about 42 fuel nozzle diameters; the station is then well
into the postflame zone. The peak value is no longer overpredicted
if radiation is included; however, far away from the axis NO levels
are still too low, so that the total outflow is underpredicted.

Definition of Characteristic Chemical Times

Each NO, pathway is characterizedby its own chemical time 7, ;.
For syngas, only the thermal and N, O pathways are significant. The
rate of the former (k = 1) is controlled by the step

N, +0=NO+N {1}

followed by

~
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Fig. 1 Radial profiles of mean NO molar fraction (on dry basis) at x/D

=100: , and - - -, predictions with and without radiation, /A, and

[, experimental NO and total NO,.

N+0O,=NO+O0 {2}
and
N+ OH = NO +H {3}
A typical time (concentration over productionrate) for step {1} is
ol -1
1 = Yno[Wao BiT* exp(=Tu1/ T)p(Yo/ Wo) (Yx,/Wx,)]| @)
Identification of the characteristic chemical time is deferred to later

in this section. For the N,O pathway (k =2) the steps considered
are

N, +0+M=N,0+M {4}
N,O +H = NO + NH {5}
N,O + 0 = NO + NO {6}

The chemical time for step {4} is evaluated by recasting Eq. (4) for
a three-body reaction:

ts = Ynyo[ Waso BaT% exp(—T,4/ T)(p*/ W)

x (Yo/Wo)(YNz/WNz)]_1 ©)

Chemical times for reactions {5} and {6} are evaluated as (discussed
further subsequently)

ts = Yao[ Wao BsT* exp(=T, s/ T)p(Yxs0/ Waso) Y/ Win)]
6)

to = Yno[2WroBs T exp(— T,/ T)p (Yas0/ Waso) (Yo  Wo) |
@)

Equations (4-7) are in form (2); however, we neglect the effect of
¢, given its small influence in this case. Conditions maximizing
Yno generally occur at very low x., whereas maximum production
occurs at moderate to high x.. We will explore a two-dimensional
neighborhoodof the couple (Z, x.) that gives maximum concentra-
tions, for example, down to a concentration 1 /e of this maximum,
thus defining a range of chemical times.

Two limiting situations may arise: 1) short times (with respect
to a representative 7 ) and 2) long times. In the former case, the
contribution of the kth pathway can be expressed in form (2). To
make sure that this condition is not violated, #.; is chosen as the
upper bound of the range. In the latter case, the contributioncan be
computedby introducinga conservationequation, providedz, ; > t;,
and we define 7, ; as the lower bound of the range. When the 7., are
of the same order as f¢, the regime cannot be anticipated a priori.

Equations (6) and (7) are not uniformely valid because Yy refers
to pollutant generated by all pathways. However, near the maximum
of N,O concentration virtually all of the NO is formed through this
channel so that Eqs. (6) and (7) are locally correct.

‘We now apply these concepts to the syngas/air flame. The chem-
ical time for the thermal pathway is quite long; then we identify
t..1 as the lower bound, giving 7, ; =52 ms, in close agreement with
accepted values. For the N,O pathway, Fig. 2 presents the charac-
teristic global time, sum of Eq. (5), and the minimum (this pathway
being relatively slow as well) between Egs. (6) and (7). The dashed
curves bound the region where N, O concentrationis in a range 1/e,
or 1/€2, of the maximum. The result is 7., =0.40 ms, of which
0.12 ms are taken for N,O formation and the rest for conversion to
NO. Consideringarange 1/e? does notsubstantiallyalter this result.

A finer flamelet calculation, with detailed molecular transport, is
conductedby a counterflow flame code’ to assess the relative weight
of the two pathways at differentstretch levels. Resultsin Fig. 3 refer
to a lower strain rate of 500 s~! (peak temperature 1796 K) and a
higher one of 2000 s~! (1536 K). Figure 3 presents the pathways
associated with nitrogenchemistry, with the domain-integratedrates
of species consumptionin units of molm=2 - s~!. The N, O pathway
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Fig. 2 Chemical times of N,O pathway: - - -, and - - - -, isolines of
concentration 1/e and 1/¢? of the peak, , isolines of chemical time.

1 3.8E-05
2000511536 K Ty
+0 +H, +
N2 ——> N20 A B 5 N0
1.55E-04 3.2E-05, 5.6E-06 3.9E-05
a)
7.58E-04
500 s°% 1796 K T
+0 +H +HO2
N2 ——9 N20 — NO2
3.7E-04 2.0E-04 NO 7.56E-04
+OH
2.8E-05
3.6E-05
N
b)

Fig. 3 Reaction pathway diagrams at a) ¢ = 2000 s~ ! and b) a =
50051,

is a major producerof NO at bothrates, although at the lower stretch
the thermal path is also active. At 2000 s~!, although the rate of N,
conversion to N,O is 1.55 x 10~* mol m~2 - s~!, through step {4},
the dominant path for N,O conversion to NO (step {5}) has a far
lowerrate, thatis, 3.2 x 107> molm~=2-s~!. At500s~!, althoughthe
rate of step {4} more than doubles, the conversion through step {5}
is also significantly higher at 2 x 10~ mol m~2 - s~!; the thermal
pathway also produces NO. At both strain rates, virtually all the NO
recyclesitselfrapidly through NO,, resultingin anegligiblenet NO,
formation, so thatitis in steady state. N, O is not in true steady state
at either strain rate. This is induced by observing its net formation
rate, which is 1.2 x 107* mol m~2-s~! (broadly comparable to its
production rate) at 2000 s~! and 1 x 10~* mol m~2 - s~! at 500 s~!
(only about 27% of its productionrate).

Turbulent Reaction Regimes

The modeling of the different pathways depends on a compari-
son of their 7., with the turbulent timescales. We consider the ra-
tios #.;/tx and t./t; at the mean stoichiometric flame front. The
thermal pathway is found to operate well into the 7. ; > t; regime,
providingfull justification for the standard approach. The N, O path-
way, however, is observed to operate in the condition ., > #; only
uptox/D >~ 12andintheregimety < f., < t; thereafter. Both N,O
formation and its subsequent conversion to NO are found to occur
individually in the latter regime. NO, formation also occurs in the
postflame zone.

Conclusions

An extension of the stretched laminar flamelet approach is used
to account for radiation in nonpremixed turbulent flames. In the
limited-size syngas/air flame under study, the predicted effect of
radiation is to lower NO, outflow by about 12%.

A criterion to identify characteristic reaction times for NO, for-
mation pathways is put forth and applied to the thermal and N,O
pathways involved in the test case. The resulting times are in agree-
ment with available estimates.

The thermal pathway is found to operate in the regime #. ; > #;,
whereas the N,O pathway is found to operate across the regimes
ter >ty and tg <t <t;. The results are relevant for the develop-
ment of predictive tools that allows for consideration of the N,O
pathway, in addition to the thermal channel.
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