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Semiempirical Correlations of NO, Emissions from Utility

Combustion Turbines with Inert Injection
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Semiempirical models describe the dominant subprocesses involved in pollutant emissions by assigning
specific times to the fuel evaporation, chemistry, and turbulent mixing. Linear ratios of these times with
model constants established by correlating data from combustors with different geometries, inlet condi-
tions, fuels, and fuel injectors can then be employed to make a priori predictions. In this work, NO,
emissions from two heavy-duty, dual-fuel (natural gas and fuel oil no. 2) diffusion-flame combustors
designated A and B are examined. The data are first predicted and then correlated using the existing
semiempirical characteristic time model. Heterogeneous effects are found to be significant, in contrast to
previous results with aircraft engine combustors. Inert injection for NO, control is modeled as thermal,
and two limiting cases are proposed that bound the measured data. An empirically selected effective inert
injection flame temperature was substituted for the stoichiometric flame temperature used to estimate
the thermal NO formation rate in the model. This procedure correlated all of the measured NO,EI with
a standard deviation of 1.02 g NO,/kg fuel that results from a curvature in the emissions index vs load
data for combustor B. Removing the curvature empirically improves the combined correlation to a stan-

dard deviation of 0.28 g/kg (approximately 3.2 parts per million volume dry at 15% O,).

Nomenclature

a = molar ratio of water-to-fuel flow rate

deoms = maximum combustor diameter, cm

dy = initial drop diameter, Sauter mean diameter, m

E. = activation energy for thermal NO formation,
135 kcal/gmol

Ko = empirical coefficient for droplet evaporation term
in NO, models

Lo = characteristic length for NO, emissions, cm

Jeec = secondary length, distance downstream from fuel
injector tip to centerline of secondary air addition
holes i

M = molecular weight, g/gmol

m, = total combustor airflow rate, kg/s

Mz = primary zone airflow rate, kg/s

Mo = combustor fuel flow rate, kg/h

Mo = combustor water/steam flow rate, kg/h

NO, = oxides of nitrogen, NO and NO,

NO,EI = oxides of nitrogen emissions index, g NO, as
NO,/kg fuel

P = pressure, atm

R = universal gas constant,
8.206 X 107% atm-m*/gmol-K
or 1.986 cal/gmol-K

r = correlation coefficient

T = temperature, K :

Ty = adiabatic flame temperature at the overall
equivalence ratio, K

T, = adiabatic stoichiometric flame temperature, K

U, = relative velomty, assumed constant between fuel

drop and air, m/s
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Vet = reference velocity, velocity of combustor inlet
airflow at maximum combustor cross-sectional
area, m/s

V, = flameé zone velocity at the given equivalence
ratio, m/s

Vgut = stoichiometric flame zone velocity, m/s

Beonw = fuel droplet evaporation coefficient corrected for
forced convection, m%s

6 = swirl angle

g, = standard deviation of the y values for the
observed values of x

Tep = evaporation time, ms

Too = characteristic kinetic time for thermal NO
formation, ms

Totao = residence time in the final, near stoichiometric
shear layer, ms

¢ = fuel—air equivalence ratio

Subscripts

a = air

all ="all inert gomg to the stoichiometric eddies

dry = no inert injection

fuel = fuel

H,0 = water or steam

in = inlet value

no = nitric oxide

pred = predicted

pz = primary zone

s = value at liquid saturation point

unif = inert distributed uniformly throughout combustion

1st row = at the first row of air addition holes

o = ambient value

Introduction

TRICTER emissions standards enacted for almost all com-

bustion devices including gas turbines have led industries
to modify their designs to reduce the emissions of nitrogen
oxides, carbon monoxide, and unburned hydrocarbons. Devel-
oping accurate analytical models to predict these emissions in
terms of gas-turbine combustor geometry, fuel and the fuel
injection method, and combustor inlet conditions can reduce
the time and cost of the developmental process. Also, such
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models may be used as a substitute for emissions measurement
instrumentation or as a way to verify actual emissions and
performance when a monitoring system is available.!
Computational fluid dynamics (CFD) codes are becoming
widely used in industry to estimate combustor flow and tem-
perature patterns and species concentrations within either ex-
isting combustors or future designs as a means of eliminating
some of the time and expense of new combustor development.
However, because of the very complex nature of the processes
these models attempt to simulate, submodels with empirical
model constants must be introduced to account for turbulence,
kinetics, fuel evaporation, etc. If CFD codes.are used in con-
junction with testing to ensure the results are reasonable, they
can nevertheless expedite the combustor development process
through eliminating unnecessary testing by showing which de-
signs have the best possibility of giving the desired results.
Semiempirical models fall between detailed computational
and purely empirical methods. They attempt to simplify the
complex combustion processes that occur in gas-turbine com-
bustors into the relevant subprocesses in the important region
of the flow, important to the particular operating parameter of
interest. For pollutant emissions modeling, specific times are
assigned to fuel evaporation, chemistry, and turbulent mixing,
all evaluated in the shear layer adjacent to the recirculating
region in the combustor primary zone. Linear combinations
and/or ratios of these times are used to correlate measured

pollutant emissions from combustors with different geometries, -

inlet conditions, fuels, and fuel injectors to establish model
constants. These constants may then be used for predictions
for other geometries, fuels, etc. The constants can be fine-tuned
when data become available for a new combustor, or when an
improved correlation is desired for a particular combustor.
However, caution must be exercised when extrapolating these
equations to designs radically different than those for which
they were developed, as with any empirically based approach.
Derr and Mellor? provide a recent summary of the state
of semiempirical modeling, including the characteristic time
model (CTM).

In this work, the CTM (Ref. 3) was used to predict dry (i.e.,
no inert injection) thermal NO, emissions data from two dif-
fusion-flame combustors, designated A and B, used in turbines
designed for power generation in the 100—150-MW range, and
produced by two U.S. manufacturers. Because these heavy-
duty, large-scale combustors exhibit effects of finite rate fuel
evaporation on NO, emissions when oil-fired, it was necessary
to modify the CTM prediction equation developed for smaller
combustors.* The results were also compared® to those from
models developed by Lefebvre® and Rizk and Mongia® the
modified CTM gave the best correlation of the dry data. None
of the models has been utilized previously to correlate data
where inert injection is used to suppress NO, emissions. There-
fore, based on the dry data results, the CTM was the model
selected to correlate the inert injection data.

Characteristic Time Model

The CTM was first developed for spray flames on laboratory
flameholders™” and was then extended to gas turbine diffusion-
flame combustors for emissions of thermal nitric oxide, carbon
monoxide, and unburned hydrocarbons.®® The model has been
validated to provide a single thermal NO, emissions correla-
tion for automotive, helicopter, industrial, and aircraft gas-tur-
bine applications.'®"

The thermal NO, CTM focuses on the final, near-stoichio-
metric shear layer, which has been previously defined" as the
predominate area for postflame NO formation in conventional
diffusion-flame combustors. This shear layer surrounds the re-
circulation zone in the front portion of the combustor.” The
kinetic time for NO formation T,, is expressed in inverse Ar-
rhenius form and is the characteristic time required for thermal
nitric oxide to form

Tao = 1072 eXp(E,o/RT-1), ms 1)

where the pre-exponential factor, 10”"* ms, was chosen so that
Ty is on the order of milliseconds and the activation energy
E,, was found empirically to be 135,000 cal/gmol for labora-
tory flameholders," based on a similar correlation'* of data
from a large number of diffusion-flame combustors. This value
is very close to the calculated activation energy for the Zel-
dovich mechanism,' assuming N is in steady state and O and
O, are in equilibrium (135,500 cal/gmol'®), and has been used
previously in CTM correlations for widely differing gas-tur-
bine combustors.?

The characteristic lifetime of an eddy in the NO-forming
region of a combustor is defined

Tsino = lno/V¢=l X 1000, ms 2)

where the assumption is made that the formation of thermal
NO occurs primarily at the trailing edge of the shear layer. The
introduction of secondary air terminates the recirculation zone
and quenches thermal NO formation because of the penetration
jets closing the shear layer to the centerline. Therefore, [, is
defined:

It = (leolcos 7' + (dous) ™, 1/m 3)

The combustor diameter is included to account for the radial
extent of the shear layer based on a study of similar combus-
tors with different diameters.® Swirl (vane angle 6) increases
NO emissions' since the residence time in the shear layer is
increased. ‘

The velocity V., is used to estimate the velocity of stoi-
chiometric eddies traveling down the shear layer and can be
expressed as a fraction of the reference velocity, based on max-
imum combustor cross-sectional area:

11,RT
Vet =—"——5—
= Pl () ™ @
V4>=1 = (mam/ma)(_T¢=l/T'in)me, m/S (5)

For thermal NO emissions, the airflow to the primary zone is
defined as entering from five locations: 1) dome air, 2) swirler
air, 3) primary jet air, 4) film air deflected into the primary
zone, and 5) a fraction of the secondary jet air that recirculates
into the primary zone.'

Finite rate fuel evaporation decreases NO formation from
that expected for completely vaporized liquid fuel,” and is
modeled by adding a fuel droplet lifetime 7., (multiplied by
an empirical constant k,,) to the kinetic time for NO formation.
Eva;;?ration times were calculated using the d* law of God-
save™

Ter = dg/ﬁconv (6)

where d, is taken as the spray Sauter mean diameter (SMD)
and B, is the evaporation coefficient corrected for forced
convection effects with an empirical correlation from Fros-
sling."” To be consistent with previous CTM correlations, the
assumptions used by Leonard and Mellor' for calculating
evaporation coefficients [i.e., T.. = 1000 K, u, = 50 m/s, and
T, = mean (50% recovered) boiling point] were also made here.

The CTM predicting equation for NO is given’ as a Dam-
kohler number modified for heterogeneous effects:

NOxEI = 4'STsl,no/(Tno + knoTeb) (7)

The empirical constant k,, in the CTM was recommended to
be 0.1 by Tuttle et al.,” based on data from a laboratory com-
bustor. This value was not found appropriate for gas-turbine
combustors, as the value of 0.05 gave the best correlation of
the data in this study.* Also, the slope of 4.5 was determined
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by Mellor and Washam,"" who assumed negligible evaporation
effects (k,, = 0) for the combustors studied previously. This
CTM predicting Eq. (7) for thermal NO, with k,, = O has an
estimated” standard deviation of =3 g/kg. Other than the ex-
plicit pressure dependence given by Eq. (4), a nonlinear vari-
ation with combustor pressure is implied by Eq. (7), because
of the appearance of T,., in both Egs. (1) and (5).

Inert Injection Effects

Kinetic pathways for the formation of NO include the Zel-
dovich (or thermal) mechanism,” the prompt mechanism,"
and the nitrous-oxide mechanism.”® In conventional diffusion-
flame combustors, the NO is largely produced via the Zel-
dovich (or thermal) mechanism as a result of chemical com-
bination of O, and N, in the air because of high flame
temperatures.”® Thus, the majority of the NO is formed in the
eddies at the trailing edge of the shear layer, where near-stoi-
chiometric mixtures are burning, and the appropriate temper-
ature for modeling NO formation in a conventional diffusion
flame combustor is the stoichiometric T,., of the fuel in use®
[see Eqgs. (1) and (5)].

Inert injection reduces NO primarily through a reduction in
these peak flame temperatures. Gross combustor parameters
such as swirl, overall equivalence ratio, inlet temperature, etc.,
weakly influence NO, abatement effectiveness consistent with
stoichiometric diffusion flame combustion.”' The inert absorbs
heat from the reacting species and dilutes the fuel/air mixture.
This causes a large decrease in the amount of NO produced
via the thermal mechanism. Thermal NO is much more sen-
sitive to steam/water injection than prompt NO that varies with
the stoichiometric equilibrium concentration' of NO and does
not display much reduction with water injection.”? There are
rapidly diminishing returns on NO reduction when injecting
more than 1 kg of water per kg of hydrocarbon fuel,”* and
Toof?* concluded most of the remaining NO is prompt. Bahr
and Lyon® recommend a value of 0.8 as the upper limit for
the water-to-fuel ratio, as the NO, reductions achieved above
this value are no longer worth the economic penalty.

To accurately model the effects of water injection, Toof?
suggested a prompt NO calculation must be included. He
found that a thermal NO calculation based on the Zeldovich
mechanism and equilibrium hydrocarbon chemistry predicted
about a 95% reduction rather than the 80% reduction he ob-
served for a distillate fuel with no fuel-bound nitrogen. A sim-
ilar result was found by Touchton® for methane fuel. Neither
investigator considered either the N,O mechanism or N,O
emissions.

Toof? also noted that normalized NO, reductions reported
for a given fuel are not universal, as more thermal NO is
formed at higher pressures and temperatures. As a result, a
greater percentage reduction in NO, is obtained at higher com-
bustor inlet pressure and temperature, even though the relative
amount of fuel and water is the same. Thus, percentage re-
ductions in NO, with steam/water injection are functions of
the operating conditions as well as the fuel composition, and
so the percentage is not a specific curve for a given fuel, but
rather a family of curves varying with operating conditions.
Touchton™ also found this to be the case, for he obtained
slightly greater effectiveness in an aeroderivative as opposed
to a heavy-duty utility gas turbine because of the higher com-
bustor inlet temperatures and pressures in the former.

Touchton®' originally attributed differences between his ki-
netic predictions and experimental results to a lack of proper
fuel and steam mixing, but later observed no significant im-
provement in NO, abatement when the steam and fuel were
premixed. In addition, head-end steam injection vs steam in-
jection through the primary holes vs mixed steam and fuel
injection, produced similar reductions; steam entering with ei-
ther air or fuel was also equally effective in decreasing NO,.
However, no reduction was observed with inert injection
through downstream rows of holes.

The CTM has not been used previously to model the effects
of inert injection. However, interpreting Touchton’s mixing re-
sults in terms of the shear-layer trailing edge, that is, the zone
of maximum thermal NO formation, water/steam injection lo-
cations that are equally effective at reducing NO formation are
distributing the inert in the same way to the downstream
regions of the shear layer. Since fuel and primary air both
participate in the shear layer, it follows that steam injection
with either will impact on the thermal NO formation kinetics,
but inert injection too far downstream will not. In fact, the
maximum possible reduction requires inserting all inert into
the stoichiometric, NO-forming eddies only. This is impossible
from a practical sense in that no matter where the water is
injected into the combustor, part of it will always mix with
nonstoichiometric zones of the shear layer. The opposite ex-
treme is the case where steam is injected into the compressor
discharge air, and only a portion of the steam reaches the NO
formation zone, while the remainder flows through cooling
slots and the liner dilution holes. This is identical to" what
occurs with ambient humidity, and forms the basis for a second
conceptual bound on NO, emissions. Many investigators have
examined ambient humidity effects on NO, production from a
theoretical and empirical standpoint.**~%" In the following sec-
tion, these two thermodynamic limits on NO, reductions with
inert injection are developed quantitatively and compared with
measured data for combustion turbines.

Limiting Cases for NO, Reductions
via Inert Injection

As noted, it is postulated that the maximum reduction is
achieved if all of the inert could be placed in the stoichiometric
eddies of the shear layer where the majority of the thermal
NO is formed. In contrast, the minimum NO, reduction will
be achieved when the diluent is mixed completely throughout
all of the combustor air.

These two limiting cases may be estimated by adding the
appropriate amounts of inert into the calculation of T,_,, which
is used to estimate the thermal NO formation rate in the CTM.
Following Touchton,™ effects of water/steam injection on spe-
cies concentrations, including that of hydroxyl, are neglected.
All temperature calculations were made using the thermo-
chemical code STANJAN® with reactant proportions for all
inert to the stoichiometric eddies T;_, ., and for uniform water
distribution T, .. for methane fuel specified as follows.

The stoichiometric reaction for methane provides T_;:

CH, + 9.52(0.210, + 0.79N,) — -+- ®

For T4_; ., all of the inert is assumed intimately mixed with
the stoichiometric, NO-forming eddies. The ratio of water-to-
fuel in the combustor on a molar basis a is given by

a= (mHZO/mfuel)(MfueI/Mﬂzo) ®
Thus, T4.; . is calculated with the reaction
CH, + (@)H,0 + 9.52(0.210, + 0.79N,) —» -+ (10)

where the appropriate fuel, air, and water/steam inlet temper-
atures are used, as well as the proper phase of the inert injec-
tant to include the latent heat of vaporization for water
injection. ,

For Ty_ 4 the injected water is mixed uniformly through-
out all of the combustor air. Therefore, only the fraction ¢,
the fuel/air equivalence ratio, of that in Eq. (9) is available to
dilute the stoichiometric eddies. In this case the appropriate
stoichiometric flame temperature is computed from

CH, + (ap)H,0 + 9.52(0.210, + 0.79N)) — ---  (11)
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where, again, the appropriate fuel, air, and water/steam inlet
temperatures, as well as the proper injectant phase must be
used. It is clear that the reactants in Eq. (10) will result in
lower stoichiometric temperatures with inert injection than will
those in Eq. (11), since ¢ < 1.

The fractional NO, emissions for natural gas fuel predicted
for both of these cases based on the characteristic time model
are shown in Fig. 1 for a hypothetical combustor burning pure
CH, at a constant load over a range of injected water-to-fuel
mass flow ratios. The overall fuel—air equivalence ratio for the
case in Fig. 1 with no water injection is 0.2, which is increased
as required with increased water-to-fuel ratios to keep the fir-
ing temperature constant. The solid lines are the two cases
discussed previously. The best-case inert-to-stoichiometric-ed-
dies model predicts zero thermal NO, emissions at a
water-to-fuel flow rate ratio of 2.5, while the presumably
worst-case uniform-water-injection model suggests an 80% re-
duction in thermal NO, under the same conditions. However,
as discussed previously, the amount of total NO,- reduction
achievable through water/steam injection may be limited by
NO formation mechanisms other than thermal.”

As an example of this limiting case, we have used the lean
premixed (LP) characteristic time model of Newburry and
Mellor™ that represents a correlation of LP NO, measurements
obtained in the 10- to 30-atm regime with a perforated plate
flameholder and C;H; as fuel. As such, this CTM may reflect
contributions from both prompt NO and NO formed via the
N,O mechanism.*® The temperature used in this model is the
burner outlet value at the overall equivalence ratio T,, and so
substitution of the various parameters in the LP NO, model
will yield the dashed horizontal line in Fig. 1, because burner
outlet temperature and firing temperature are held constant as
water-to-fuel flow ratio is increased. We omit the detailed
equations because only the relative placement of the dashed
LP NO, and the best- and worst-case NO, predictions in the
figure are of interest here to illustrate the conclusions of both
Touchton* and Toof.

There is also-a maximum amount of water/steam that may
be injected, since too much will eventually blow out the flame.
Using the blowoff model of Derr and Mellor’' with T,_, 4 to
approximate the worst case, it was found that blowoff in the

QOO0 Thermal CTM Prediction using Te-1.a
Qo000 Thermal CTM Prediction using  Temsuni
- — — Lean Premixed CTM Prediction using T,

——————)
Blowoff at

mmo/l:hfw_l =7

N Ox E I pred.Hzo/ N Ox EIpred,dry
g

0.00
0.00 0.50 1.00 1.50

r-nHzO/ Miyel

Fig. 1 Limiting cases for water injection in a hypothetical com-
bustor at a constant power level burning pure methane with an
overall equivalence ratio of 0.2 for the case without water injec-
tion. Since the fractional reduction is presented, only parameters
affecting the flame temperatures and kinetic times influence the
magnitudes graphed. These additional parameters were taken as
T, = 600 K and P, = 10 atm.

example situation was not predicted until water-to-fuel ratios
of greater than seven were used. Since steam has less heat
capacity, blowoff is not expected in practice with either phase
of the inert. Note, however, that pressure oscillations are usu-
ally encountered prior to the blowout limit.****

Combustor Information

Combustors A and B are of the can- or tubo-annular type,
and the fuel is delivered by a dual-fuel (natural gas or fuel oil)
injection system that is also capable of supplying water or
steam for NO, emissions control. These nonaeroderivative
combustors are similar to aircraft combustors in some aspects,
but operate with a nearly constant airflow rate for all power
settings, while aircraft combustors generally utilize a constant
reference velocity. Also, stationary cycles are usually limited
to lower compressor pressure ratios to increase hot section
durability.

The NO, emissions data, geometries, fuel injector charac-
teristics, and operating conditions for combustors A and B
were provided by their respective manufacturers [although
much of this information is proprietary, the reader may consult
Refs. 8-and 9 to examine typical datum bases for other burners
used to develop Eq. (7) with k,, = 0]. Both natural gas and
fuel oil data, with and without water and steam injection, were
given, with the exception of steam injection data for combustor
A. For combustor B, data were available over a range of inert-
to-fuel mass flow ratios from zero to approximately one,
whereas for combustor A, the data were characterized by either
near unity or zero water-to-fuel ratios. All additional data re-
quired for the CTM analysis,'® such as combustor dimensions,
inlet conditions, and injector and fuel specifications, were fur-
nished as well. Although requested, no statistical information
on the accuracy of the emissions data was reported by either
manufacturer. '

Fuel files were constructed for each of the specified fuels
for the thermochemical code, STANJAN,” which was used to
calculate all of the equilibrium adiabatic flame temperatures
required by the model. Since the reported emissions data for
combustor B were field-test averages, one specific fuel com-
position could not be reported for either natural gas or fuel oil.
Thus, average fuel compositions were provided.

Sauter mean diameters for the combustor A fuel injector
operating with no. 2 fuel oil at firing conditions were provided
by the manufacturer. However, for combustor B, no informa-
tion on the Sauter mean diameters with oil firing was available.
Therefore, the SMDs were estimated with an empirical cor-
relation from Elkotb et al.,”® which was updated in Lefebvre.*
Since the correlation used to calculate the SMDs was not de-
veloped for the specific injector geometry of combustor B, the
corresponding evaporation times may be less accurate.

NO, Emissions Predictions and Correlations

Figure 2 is the CTM performance comparison with k,, cho-
sen equal to 0.05 to maximize the correlation coefficient for
the combined combustor data. Combustor A data are repre-
sented with solid symbols, whereas those for combustor B are
shown with open symbols. Circles represent gas firing and
squares oil firing. In general, for both combustors, NO, emis-
sions increase with increasing load (i.e., move further from the
origin), and, at a given load, are higher for oil-firing than gas-
firing. The result that k,, in Eq. (7) is positive indicates that
oil-fired NO, emissions are higher than those shown in Fig. 2
for both combustors when based on the fuel-oil stoichiometric
flame temperature and k,, = 0. Consequently, less volatile and
more viscous fuels, in conjunction with moderate atomization,
tend to reduce NO, (and increase combustion inefficiency)
from values computed assuming the spray vaporizes com-
pletely prior to quenching the combustion and NO formation.’

The solid best-fit line in Fig: 2 with k,, = 0.05 is given in
the figure, as is the estimated standard deviation of the original
prediction equation (£3 g/kg), with dashed lines. All of the
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Fig.2 Characteristic time model least-squares correlation (equa-
tion and solid line) of the combustor A and B data without inert
injection (symbols). The 45-deg dashed line, with outer dashed
lines representing plus and minus one standard deviation, is Eq.
(7) with the droplet evaporation time coefficient k,,, of 0.05, se-
lected to optimize the correlation for the combined combustor A
and B data.

new data considered here are within the standard deviation.
The correlation quality is good, as the best-fit slope is 0.98
with a y intercept of +0.11, a standard deviation of 1.30 g/kg,
and a correlation coefficient of 0.89.

For combustor A, both the natural gas and fuel oil data are
correlated linearly about the 45-deg line. However, they are
offset as the k,, of 0.05 is too large for this combustor. The
fuel oil data move above the 45-deg line from well below the
45-deg line as k,, is increased from zero.

For combustor B there is a pronounced minimum in both
the gas- and oil-fired data. The NO,EI increase at low load
(i-e., near the origin) is not observed for combustor A or for
other combustors examined previously.'® Note that any model
modification must relocate data currently on the left of the
minimum NO,EI point to the right of the minimum. The ob-
served trend for this combustor indicates the effective 7,,, in
Eq. (7) increases for the data at low loads, either through an
increase in /,, or a decrease in the stoichiometric velocity V.,
[Eq. (2)]. An increase in /,, clearly requires from Eq. (3) that
the effective quench location move downstream past the sec-
ondary hole location at low loads, which is unlikely. For the
stoichiometric velocity defined in Eq. (5), the fractional flow
of air to the primary zone is determined by combustor ge-
ometry. Thus, the increase of NO,EI with decreasing load for
combustor B most likely results from use of the stoichiometric
flame temperature Ty, [see Eq. (5)] at the lowest fuel flows.
Decreasing the temperature from T, at low loads in 7, can
be interpreted as increasing the density and residence time of
NO-forming eddies before quenching the NO formation reac-
tions at the secondary hole location. However, the temperature
on which 7, is based is not altered, because thermal NO for-
mation rates still are maximum at stoichiometric.

Figure 3 shows the calculated adiabatic equilibrium flame
temperatures at the first row of air injection holes for com-
bustor B, normalized with the stoichiometric temperature at
full load vs power for one of the sets of natural gas data in
Fig. 2. All air and fuel are taken as fully mixed at this station
to estimate a local equivalence ratio ¢. Similar axial normal-
ized temperature profiles are obtained for the other set of nat-
ural gas data and for the fuel oil data.

The fully mixed equivalence ratio at the first row of holes
is lean at low power and rich at high power, with the stoichio-
metric condition and peak temperature at approximately the
same power as the minimum NO; value in Fig. 2. For the rich
case, it is expected that the fuel will still burn in a diffusion
flame near the stoichiometric temperature. In the lean case,
using Ty w in place of T,., in the NO, velocity for the
lowest six power points of each of the sets of natural gas data,
yields Fig. 4. The low-power data are shifted in line with the
high-power data in each case, but as in Fig. 2, the high-power
data (higher values of NO,EI) exhibit a slope higher than the
prediction equation. This demonstrates inadequate quenching
of thermal NO formation at the secondary holes of combustor
B at high powers, as increasing [, in Eq. (2) by 23% will shift
the highest point in Fig. 4 to the predicted line.

The two limiting temperature thermal cases (T and
Tpoaume) for inert injection, discussed earlier, successfully
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Fig. 3 Computed adiabatic equilibrium temperature for com-
bustor B fired on natural gas at the first row of air addition holes,
assuming uniform mixture at the local equivalence ratio, normal-
ized by the stoichiometric value at full load, vs power.
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Fig. 4 Characteristic time model correlation of combustor B nat-
ural gas data without inert injection, using Ty, wow in Eq. (5) for
the lowest six data in each set. Dashed line is prediction using Eq.
(7) with k,, = 0.05.
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bracketed the measured NO, reductions in graphs similar to
Fig. 1. However, for both combustors the ratio of the measured
data to the predictions using Ty . varied with power level,
while the ratio of the measured values and T,.,.; predictions
did not. The effective stoichiometric temperature with inert
injection that correlated all data was accordingly found to be

Tyetno = 07T yorn + 03T 12)

where, in the limit as #y,0/fitsq goes to zer0, Tyoyan = Ty =
Ty1m,0- The CTM correlation of all 164 combustor A and B
data using Ty.u,0 instead of Ty, for both water and steam
injection with natural gas and fuel oil is shown in Fig. 5. Evap-
oration effects were included retaining &,, = 0.05 in Eq. (7)
and assuming the fuel droplet evaporation times were the same
as those without inert injection at the appropriate fuel flow
rate.
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Fig. 5 Characteristic time model performance comparison graph
of dry, water-, and steam-injected combustor A and B NO, data
using T4.1n,0- Dashed line is prediction Eq. (7) with k,, = 0.05;
solid line is least-squares correlation of data indicated by symbols.
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Fig. 6 Measured vs correlated CTM graph of dry, water-, and
steam-injected combustor A and B NO, data with the curvature
of the data for combustor B removed empirically and using com-
bustor-specific values of &, in Eq. (7).

The best-fit line shown in Fig. 5 is very close to the corre-
lation originally obtained for dry firing, and the correlation has
a standard deviation o, of 1.02 g/kg, lower than that for the
dry data alone (see Fig. 2). The y intercept (—0.16) is signif-
icantly smaller than the standard deviation, and so it may be
assumed negligible. The curvature in the combustor B data for
each inert-to-fuel flow ratio is responsible for the large stan-
dard deviation.

As an example of model fine-tuning for a specific combus-
tor, in Fig. 6 this curvature has been removed empirically by
fitting slope [4.5 in Eq. (7)] and y intercept [zero in Eq. (7)]
for combustor B at each power setting over the range of inert-
to-fuel ratios. In addition, optimal values of k,, for each com-
bustor (not reported here) have been incorporated in Fig. 6.
With these empirical adjustments, the standard deviation is re-
duced to 0.28 g/kg [1 g/kg = 11 parts per million volume dry
(ppmvd) at 15% O,].

Conclusions

The characteristic time model for thermal NO, emissions
was modified to account for finite rate evaporation found sig-
nificant for 100- to 150-MW combustion turbines burning fuel
oil. As spray droplet lifetimes increase, NO, emissions de-
crease from those computed assuming complete evaporation,
because less fuel vapor is available in the region of the com-
bustor where thermal NO forms. One combustor studied here,
in contrast to all of those examined previously, exhibited min-
imum NO, emissions index at an intermediate load. The CTM
was used to show that the increased NO,EI at lower power for
this combustor results from increased residence times, that is,
the lower fuel flows and correspondingly smaller heat release
rates at light loads result in decreased characteristic flow ve-
locities in the region of NO formation. At high power, NO,EI
values larger than the model prediction for this combustor are
because of insufficient airflow through the secondary holes to
quench the NO formation reactions in the dilution zone.

Inert injection reduces conventional combustor NO, emis-
sions primarily by lowering the peak flame temperature. Thus,
to correlate these reductions, a modification was required to
the stoichiometric flame temperature used to estimate the ther-
mal NO formation rate in the characteristic time model. Two
limiting temperatures were hypothesized based on maximum
and minimum amounts of water supplied to the stoichiometric
eddies in the combustor. The measured inert injection data for
both combustors were bounded by the thermal NO, CTM pre-
dictions using these two temperatures.

The effective stoichiometric temperature T'.;n,0 Selected to
correlate the inert injection data from both combustors repre-
sents an injection efficiency of 70% [Eq. (12)]. Figure 6 shows
the quality of the results that can be obtained (approximately
+3.2 ppmvd at 15% O,) if model constants are fine-tuned and
the curvature is removed empirically for the combustor exhib-
iting minimum NO, emissions at intermediate load. A similar
technique could be used as a machine health diagnostic, in lieu
of continuous monitors, or to predict emissions once a system
has been installed.

Since the same empirical effective stoichiometric tempera-
ture correlated the measured NO, reductions with inert injec-
tion for two combustor geometries, two inerts, two fuels, and
a wide range of power levels, the assumption that NO is re-
duced primarily through the thermal effect’” is supported.
The leveling off of NO reductions at high inert-to-fuel ratios
because of NO produced from nonthermal mechanisms, as
suggested by Toof,”> was not observed in this study. However,
measured data were not available for water-to-fuel mass ratios
much larger than unity.

The original thermal NO, CTM prediction equation [Eq. (7)
with k,, = 0] has been extended to include combustors with
significant fuel oil evaporation times. Thus, the four-combustor
correlation developed by Washam'®'! is a special case (negli-
gible heterogeneous effects) of Eq. (7), now validated with



NEWBURRY AND MELLOR 533

data from seven combustors (automotive, aircraft, helicopter,
industrial, and utility power generation). Based on results pre-
sented here, for predictions, a value of k,, = 0.05 is recom-
mended. In addition, a method to predict the effectiveness of
water or steam injection in reducing NO, emissions from con-
ventional heavy-duty combustors has been developed, but
should be validated with data for other configurations. The
70% injection effectiveness represented by Eq. (12) is obtained
from measurements on optimized, fielded machines (i.e., non-
optimal inert injection locations will yield lower values of
effectiveness).
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