
JOURNAL OF PROPULSION AND POWER
Vol. 12, No. 5, September-October 1996

Semiempirical Predictions and Correlations of CO Emissions
from Utility Combustion T\irbines

C. S. Connors,* J. C. Barnes,t and A. M. Mellor^:
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Semiempirical models for gas-turbine combustor emissions distinguish between the dominant subpro-
cesses of combustion related to pollutant emissions. They assign characteristic times, which are based on
combustor geometry, fuel characteristics, and operating conditions, to these subprocesses. Linear ratios
of these characteristic times, or of sums of the times weighted with empirical constants, are proportional
to the emissions indices of oxides of nitrogen and of carbon monoxide (CO). The capability of a semiem-
pirical model to predict and correlate CO emissions from two heavy-duty, dual-fuel (natural gas and fuel
oil) diffusion flame combustors without inert injection is assessed. The model is termed the characteristic
time model. Since the characteristic time model had not been used to correlate or predict CO emissions
from stationary, heavy-duty combustors prior to this study, application of the models to the heavy-duty
emissions data was not expected to, and did not yield acceptable predictions or correlations. Thus, mod-
ification of the characteristic time model was performed. A new algorithm determines the CO oxidation
quench position in the combustor and provides a reasonable correlation of the CO data.
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Nomenclature
j-intercept of a linear equation
carbon monoxide emissions index, g CO/kg fuel
Damkohler number
Damkohler number modified for evaporation
effects
diameter of the combustor, m
Sauter mean diameter
activation energy, cal/gmol
concentration of species i
specific reaction rate coefficient
empirical coefficient for droplet evaporation
characteristic length for CO oxidation, m
combustor length, distance downstream from the
fuel injector tip to the exit plane of the
combustor, m
primary length, distance downstream from the fuel
injector tip to the centerline of primary air
addition holes, m
quench length, distance downstream from the fuel
injector tip to the quench location, m
secondary length, distance downstream from the
fuel injector tip to the centerline of secondary air
addition holes, m
molecular weight, g/gmol
slope of a linear equation
mass flow rate, kg/s
total combustor airflow rate, kg/s
oxides of nitrogen, NO and NO2
oxides of nitrogen emissions index, g NOA. as
NO2/kg fuel
pressure, atm
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R = universal gas constant, cal/kgmol K
r = correlation coefficient
T = temperature, K
T = average of combustor inlet and exit

temperatures, K
Vref = reference velocity, m/s
x = independent variable in linear equation
j8 = fuel droplet evaporation coefficient, m2/s
(Ty - standard deviation of the y values for the observed

values of x
TCO = characteristic time for CO oxidation,

10~3 exp(10,760/flf), ms
TCO = characteristic time for CO oxidation incorporating

the primary zone equivalence ratio,
1(T3 exp(10,760//?f )/<£pz, ms

reb = evaporation time, ms
TSI,CO = residence time in the shear layer where CO

oxidation occurs, ms
(f> - fuel-air equivalence ratio

Subscripts
a, air =
CO
exh =
fuel
in =
pz
s
0

= air
= carbon monoxide
= exhaust
= fuel
= inlet value
= primary zone
= value at liquid saturation point or drop surface
= initial condition

Introduction

STRICTER emissions standards for most combustion de-
vices, including gas turbines, have been mandated in re-

cent years. Accordingly, industry is designing and implement-
ing low-emissions hardware. An accurate design model would
reduce both time and cost of the developmental process. In
addition, an accurate emissions model can substitute for neural
networks and continuous emissions monitors or verify actual
emissions data when a monitoring system is available.1

The modeling used to evaluate combustors can be divided
into three levels: 1) numerical, 2) Semiempirical, and 3) em-
pirical. While computational fluid dynamic codes are being
used more widely to approximate flowfields and temperature
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patterns within combustors, they do not, in general, provide
quantitative predictions of gaseous emissions. At the other end
of the spectrum, completely empirical models rely only on
measured data and are applicable only to the device for which
they were developed.

Semiempirical models for combustor emissions fall between
these extremes. Characteristic times are assigned to fuel spray
evaporation (if applicable), pollutant chemical kinetics, and
combustor fluid mechanics and are calculated in terms of ge-
ometry, fuel characteristics, injector type, and operating con-
ditions. Emissions indexes of specific pollutants, namely, ox-
ides of nitrogen (NOA.) and carbon monoxide (CO), can be
shown proportional or inversely proportional to Damkohler
numbers formed from these characteristic times.2

In this work, a semiempirical model is used to predict and
correlate dry CO emissions data from two heavy-duty, dual-
fuel diffusion flame combustors. The model is named the char-
acteristic time model (CTM), and was developed by Turtle et
al.2 This model was calibrated primarily with emissions data
from aircraft engine combustors and has not been used with
measurements from the power-generation engines of this study.
As will be seen, operational differences exist between aeroen-
gine and heavy-duty combustors that affect the performance
of the model. To account for the differences, the CTM is mod-
ified and optimum correlations of the data are achieved.

Combustor Information
The two combustors involved in this study, termed combus-

tors A and B, are diffusion flame combustors of the canannular
or tuboannular type and have dual-fuel capability (natural gas
or fuel oil). The combustors are used in stationary gas-turbine
engines that generate power in the 100-150 MW range. In-
jection of water or steam into the combustor is used for NO*
reduction, but is not considered here.

Emissions and operating conditions data were provided by
the respective manufacturers. The data supplied for combustor
A included eight without inert injection, four using natural gas
and four using fuel oil. For combustor B, 35 data without inert
injection were reported. These included 23 natural gas points
at two different inlet guide vane (IGV) settings and 12 fuel oil
points at one IGV setting. The combustor A data are measure-
ments taken from one test run, whereas combustor B data are
averages developed from multiple tests. No statistical infor-
mation was provided to the authors by either manufacturer
regarding the accuracy of the data.

The reported exhaust concentrations include NOA and CO.
Semiempirical predictions and correlations of the NOA. emis-
sions from these combustors have been completed (see New-
burry and Mellor3 for data without inert injection and New-
burry and Mellor4 for data with water/steam injection). The
thermochemical code STANJAN5 was used for the calculation
of equilibrium adiabatic flame temperatures. The fuel files used
by STANJAN were compiled for each fuel using information
provided by the manufacturers. Since the reported data for
combustor B were averaged values, the fuel files constructed
for this combustor contained average fuel compositions, as one
specific composition was not available for either fuel-oil or
natural-gas firing.

For data generated using fuel oil, estimated evaporation
times were calculated using the d2 law of Godsave6:

Teb = (D

where dQ, the initial droplet diameter, is taken as the spray
Sauter mean diameter (SMD) and j8conv is the evaporation co-
efficient. Forced convection effects are accounted for in the
CTM with an empirical correlation by Frossling7 in accordance
with assumptions made by Leonard and Mellor.8

The SMD has the same ratio of volume-to-surface area as
the spray as a whole. For combustor A, Sauter mean diameters
were reported for each datum. They were not provided for the

combustor B injector, and therefore were calculated using an
empirical correlation by Elkotb et al.,9 which was updated by
Lefebvre.10

Although combustors are designed similarly for aircraft and
stationary engines, operating conditions vary between the two.
Stationary cycles are usually limited to lower compressor pres-
sure ratios to increase hot section durability. In addition, non-
aeroderivative combustors operate with nearly constant inlet
airflow rate at all power settings, whereas in aircraft combus-
tors a constant reference velocity is generally maintained. As
a result, power-generation combustors operate over a much
wider range of overall equivalence ratios than do aircraft com-
bustors. The greater range of </> implies that stationary com-
bustors experience wider turndown ratios, the ratio of maxi-
mum-to-minimum equivalence ratio from full-power-to-idle.
Table 1 includes turndown ratios for all engines correlated pre-
viously both in the CO and the combustion efficiency8 CTMs.
The engines are grouped by application and it is seen that,
with the exception of the GT-309 that uses a regenerative cy-
cle, all of the nonstationary engines are limited to a turndown
ratio of 2 or less. In contrast, the turndown ratios for the sta-
tionary combustion turbines are considerably larger.

As a further demonstration of differences between the two
types of cycles and combustors, a Verkamp plot11 of COEI vs
the oxides of nitrogen emissions index (NOA.EI, g NOA. as
NO2/kg fuel), both on logarithmic axes, is shown in Fig. 1.
Note that 1-g CO/kg fuel equals approximately 19-ppmvd
(parts per million by volume, dry) CO at 15% O2, and the
conversion for NO^EI is about 11-ppmvd NOA. at 15% Q2 per
g NO2/kg fuel (precise values depend on equivalence ratio).
Included in the figure is a reconstruction of the tradeoff for
conventional combustors,11 measured data for the TF41,12

F101,13 and JT9D14 aircraft combustors, and an outlined region
where the combustors A and B data fall. As seen, the data for
the aircraft combustors agree, for the most part, with the region
of Verkamp's data.

While the areas of the data for combustors A and B coincide,
CO emissions extend over a wider range because of the larger
heavy-duty turndown ratio, and the range of NOA. values is
more narrow than that of the aeroengines. Peak emissions of
CO and NOA. are lower for the stationary combustors because
of the larger residence times and lower peak cycle pressures,
respectively. The significantly lower minimum CO values are
also attributed to the larger size of the heavy-duty combustors.
The other major difference between the emissions character-
istics of the two types of combustors is the slope of the trade-
off: for all burners, higher NOA. leads to lower CO, and vice
versa, but for combustors A and B the trend is constrained to
a narrower range of NOA. emissions because of the lower values
of compressor pressure ratio. The wider range of CO emissions
shown here foreshadows difficulties with the existing CO
CTM.

Table 1 Ratio of the maximum-to-minimum
fuel/air equivalence ratio for several

turbine combustors and fuels

Combustor Fuel

Fixed and rotary wing
aircraft engines

T-63
F101
TF41
JT9D

Vehicular engines
AGT-1500
GT-309

Stationary engines
Combustor A
Combustor A
Combustor B
Combustor B

JP4
Various liquids
Various liquids

Jet A

Various liquids
DF-2

Natural gas
Fuel oil

Natural gas
Fuel oil

1.8
2.0
1.6
2.0

1.9
3.7

2.9
3.3
3.6
4.1
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Fig. 1 Dry emissions tradeoff range for heavy-duty combustors
A and B, fired on gas or oil, compared with the conventional com-
bustor range of Verkamp et al.11 Data from the TF41, F101, and
JT9D aeroengine combustors12"14 are superimposed.

Characteristic Time Model for CO Emissions
The CTM utilizes characteristic times for a gas-turbine dif-

fusion flame combustor. The characteristic times are order of
magnitude estimates of dominant subprocesses and are calcu-
lated from combustor geometry, operating conditions, and fuel
and injector properties. Thus, in theory, the model can be ap-
plied successfully to different combustors without altering the
respective characteristic time expression.

In the CTM, the correlating parameter for CO emissions
index takes the form of an inverse Damkohler number, or a
characteristic kinetic time divided by a characteristic fluid
time.15 As will be seen, the CTM accounts for finite rate evap-
oration by adding an evaporation time to the kinetic time. The
Damkohler number including the drop lifetime is denoted Da.
To provide quantitative emissions predictions, model constants
m and b must be determined by calibration with experimental
data, where

COEI (g CO/kg fuel) = m X Da~l + b (2)

Two versions of the characteristic time model are summa-
rized in Table 2. Included are the model equations, the rec-
ommended best-fit slopes, ra, and ^-intercepts, b, and the
empirical weighting factor &co, which multiplies reb when het-
erogeneous effects are important. The value of kco has no
physical significance as each characteristic time is an order of
magnitude estimate.

The characteristic time model for CO was first developed2

for disc-in-duct laboratory flameholders. It was then extended
to gas-turbine combustors.16'18 The model has not been used
previously with CO emissions from heavy-duty turbine com-
bustors.

The methodology behind the CTM for CO is as follows.
Carbon monoxide is formed during an intermediate step in the
combustion reaction kinetics. After it is produced, if the pol-
lutant remains at an adequately high temperature for a long
enough period of time, it begins to oxidize by combining with
hydroxyl free radicals (OH). Therefore, the amount of CO
emitted by a combustor is inversely proportional to the resi-
dence time of the pollutant in the CO burnout zone before
quenching of the oxidation occurs. Tuttle et al.2 named this
characteristic time TSI,C<>

Table 2 Characteristic time model equations for COEI,
including model constants, modified for

finite rate evaporation

Model kco

Washam
Leonard

35
32.2

0
-0.25

TcO/Tsl,CO

(Tco + fccoTeb)/Tsi,co 0.04

Fuel
Primary air*\ \Secondary air

Li];

.•• e • * tx ^x> Oxidation reaction begins
..-•'. • Nv
' ® CO forms during combustion

Liquid fuel has evaporated
Oxidation reaction quenches

teb tco

fe.
Tsl,co

TIME:

Fig. 2 Qualitative diagram of combustion subprocesses relating
to CO emissions and associated characteristic times.

The step in the chemical process where CO oxidizes to CO2
is shown by the reaction:

CO + OH -> CO2 + H (3)

By applying the law of mass action to the forward reaction
only, the following expression is obtained:

d[CO]
dt

= -A:[CO][OH] (4)

Tuttle et al.2 assumed that [OH] is in steady state within the
high-temperature eddies in which CO oxidation occurs, and by
integrating Eq. (4) over the eddy lifetime rsUCo, they obtained
a first-order expression for COEI after expansion of the re-
sulting exponential in a power series and retaining only the
term inversely proportional to Da. Heterogeneous evaporation
delays because of liquid fuels are added to the kinetic delay,
as shown in Table 2. In total, the CTM is based then on three
characteristic times: 1) the kinetic time for CO to oxidize to
CO2 (TCO), 2) the time it takes for a liquid fuel droplet of mean
size to evaporate (reb), and 3) the length of time before quench-
ing a CO oxidizing eddy (rsi)CO)- Figure 2 is a schematic of the
overall CO formation/oxidation process for quenching at the
secondary holes.

The kinetic time for rco, takes the form of an inverse Ar-
rhenius relation. It is defined as

= 0.001 exp(10,760//?f), ms (5)

where the pre-exponential factor 0.001 was chosen so that rco
is on the order of milliseconds. The activation energy Eco
(10,760 cal/gmol) was determined from Arrhenius plots of
combustor CO emissions data. It is based on the average of
the combustor inlet and exhaust temperatures

rexh), (6)
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where Texh is the calculated adiabatic flame temperature at the
overall combustor equivalence ratio. The residence time in the
flow where CO oxidation occurs is defined as

(7)

where Vre{ is based on the maximum combustor cross-sectional
area:

Vref =
maRTin

P-mMa(ir/4)d2
comb

(8)

Comparisons of rsl,Co with experimental length scale and tur-
bulent velocity data19"21 indicate that rsi,Co appropriately de-
scribes integral scale vortex dissipation in the shear layer and
wake region behind various flameholder geometries.

The characteristic length for CO oxidation is the following
combination of quench length and combustor diameter:

/-i _ /-i
''CO — *que (9)

The quench length /quench for CO is the distance downstream
of the tip of the fuel injector at which CO stops oxidizing to
carbon dioxide. This termination of the oxidation reaction is
referred to as CO quenching and occurs when eddy tempera-
ture becomes too low, most likely near the combustor walls,
where air is added through various openings. Thus, the quench
length is the axial distance to the air addition site that causes
this temperature drop.

In the CTM, CO emissions are inversely proportional to /co.
Thus, an accurate estimate of /quench is imperative to the success
of the CTM in predicting CO emissions, since dcomb is also
evaluated at the quench length. Three definitions of /quench have
been used previously. The first, as used by Mellor,16 is purely
empirical and will not be considered here. In the second
method18 /quench is defined as the length from the tip of the fuel
injector to the air addition site that causes the local, fully-
mixed equivalence ratio to fall below 0.2. Finally, Leonard and
Mellor8 defined the quench length as /sec if 4>pz > 1.0, and oth-
erwise as /pri. The primary zone equivalence ratio <ppz for Leon-
ard's rule is computed using the primary air, any swirier air,
and dome cooling air. These latter two methods are referred
to as Washam's rule and Leonard's rule.

The different predicting equations presented in Table 2 for
the CTM correspond to the two quench length definitions.
Only Leonard's rule includes droplet evaporation effects. The
evaporation time is multiplied by a recommended kco of 0.04
and is then added to rco in the numerator of the model equa-
tion.
Original CO Emissions Predictions and Correlations

Of the two methods for determining quench length in the
characteristic time model, Washam's rule provides the better
results. Figure 3 is the model equation graph for the CO CTM
using Washam's rule to evaluate quench length. The graph
presents measured COEI values (symbols) for both combus-
tors, fired on either gas or oil, vs the CTM model equation.
Data at full load are located near the origin and at idle in the
upper right-hand corner. It is noted that CO emissions are
higher for natural gas as fuel than for no. 2 oil. The model
prediction (using m in Table 2) is given by the dashed line,
while the least-squares fit is shown by the solid line and the
equation in the figure. The quality of the correlation (solid line)
is reasonable with a correlation coefficient of 0.97 and a stan-
dard deviation of 1.09 g/kg, equal to the magnitude of the
negative y-intercept. The model slightly overpredicts the CO
emissions from both combustors. However, if the fuel oil and
natural gas data are correlated separately, excellent linear cor-
relations are obtained: the fuel oil data exhibit a correlation
coefficient of 0.99 and a standard deviation of 0.40 g/kg, while
the natural gas data are characterized by r = 0.99 and cry =

0.89 g/kg. Even more important is that, with a best-fit slope
of 34.53 g/kg, the natural gas data examined by themselves
agree with Mellor and Washam's18 recommended slope of 35
g/kg (albeit with a negative y-intercept). However, the fuel-oil
data are significantly overpredicted by the CTM that neglects
finite rate evaporation since the correlation slope is 23.68 g/
kg (see Table 2). The Leonard and Mellor8 approach that adds
the evaporation delay to the CO oxidation time, as shown in
Table 2, will displace the fuel-oil data (with positive values of
reb) farther to the right of the natural gas data when graphed
in a similar manner to Fig. 3.

The agreement between the natural gas result and the CTM
equation developed previously18 for liquid-fueled aircraft and
vehicular combustors of significantly smaller scale indicates
that similar portions of the combustor flowfield are responsible

20.00 n
• Comb. A, Natural Gas
• Comb. A, Fuel Oil
DComb. B, Natural Gas
3 Comb. B, Fuel Oil
• Best Fit Line of All Data

— — CTM Prediction

0.00

Best Rt: y=30.96x-1.09, r=0.97, oy=1.09

0.20 ' ' ' ' ' ' 'o'46 ' ' ' ' ' ' o go ' ' ' ' ' ' o'so0.00

Fig. 3 Characteristic time model equation graph of combustors
A and B CO data, without inert injection, using Washam's rule
for /„
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Fig. 4 Equilibrium hydroxyl concentration as a function of
equivalence ratio for typical heavy-duty combustor inlet condi-
tions for two fuels. The solid line is a linear least-squares fit in the
0.5 < <£ < 0.9 range.
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for CO emissions. These regions are generally agreed to occur
at outer boundaries of the shear layer surrounding the recir-
culating flow in the primary zone.22 In contrast, since the
heavy-duty combustor fuel-oil CO emissions are overpredicted
by the same model, one interpretation is that CO oxidation
reactions occur at somewhat higher temperatures for oil firing
(oil is generally injected more closely to the burner centerline
than gas). In fact, it was found that increasing the average
temperature in rco by only 55 K collapsed the oil and gas data.
However, without this empirical, a posteriori modification, it
is concluded that the CTM is unable to correlate the data for
the two fuels together.

Connors et al.23 also investigated two additional semiempir-
ical models for CO emissions, but space limitations prevent
inclusion of the results here. Both Lefebvre24 and Rizk and
Mongia25 worked with aircraft engine data to obtain model
constants, and, for reasons discussed in the Combustor Infor-
mation section, predictions of CO emissions indices with these
models were generally inferior to those for the CTM shown in
Fig. 3. Consequently, further efforts to develop an adequate
correlation for power-generation machines were focused on the
characteristic time model.

Modification of the CTM for CO Emissions
The observations resulting from Table 1 and Fig. 1 sug-

gested that semiempirical models for CO emissions calibrated
with aircraft engine data would not accurately predict CO lev-
els emitted by heavy-duty combustors, as the results in Fig. 3
verify. However, the encouraging findings just discussed in-
dicated model modifications with the CTM could prove fruit-
ful. Accordingly, first the wider turndown ratio range in Table
1 is addressed by imitating the variation of OH radical con-
centration in Eq. (3) with primary zone equivalence ratio in-
stead of assuming it constant,2 and second, the incorrect mod-
eling of effects of finite rate fuel evaporation is changed
through reconsideration of the combustor processes with oil
firing and development of a new quench length criterion.

From Eq. (4) it is obvious that the CO CTM would be im~.
proved if the concentration of hydroxyl in the CO oxidation
region were included explicitly in the model equation. Turtle
et al.2 realized that this information is unavailable for most
combustors and thus simply assumed hydroxyl is in steady
state, an assumption that was continued with some success.8'18

As an index of variation of the actual hydroxyl concentration,
an engineering approximation of improved accuracy to the

Fig. 5 New algorithm flowchart for evaluating CO quench length and characteristic CO oxidation kinetic time in CTM correlations for
heavy-duty combustors fired on gas or oil.
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steady-state assumption is substitution of the equilibrium value
of hydroxyl concentration computed for the primary zone. Cal-
culations were made with STANJAN5 using both natural gas
and fuel oil at a range of lean equivalence ratios for typical
heavy-duty combustor inlet conditions. These calculations
demonstrated that there is a first-order dependence of equilib-
rium hydroxyl concentration on primary zone equivalence ratio
when the primary zone is lean (</>pz < 1), as shown in Fig. 4.

Leonard and Mellor8 also found lean primary zone perfor-
mance an important factor in the combustion process and in-
corporated <f>pz into their CTM for combustion efficiency. Fol-
lowing Leonard and Mellor,8 4>pz was also added to the kinetic
time for CO formation:

T$o = TCO if

T&> = TCO/</>pZ i

> 1.0

< 1.0

(10)

(11)
where for the CO CTM primary zone airflow is estimated as
any swirler air, all dome air, all film air entering upstream of
the primary holes, and one-half of the primary air.

The OH, or equivalence ratio, dependence was not required
for the aeroderivative combustors with the smaller turndown
ratios because they operate over a smaller range of <f> and <£>P2,
as suggested by Table 1. Therefore, the difference between the
maximum and minimum OH concentrations is much smaller
than it is for the heavy-duty combustors.

Although the use of rJ0 was expected to improve the CTM
for the CO correlation, it does not distinguish between natural
gas and fuel-oil firing. Leonard and Mellor8 observed that the
magnitude of heterogeneous effects could be indexed with the
term Teb/Tsl)Co» which if less than 1.0, indicates evaporation of
the liquid fuel occurs rapidly and emissions are controlled by
quenching during mixing. The <£pz vs unity criterion was used
to determine the quench length position, as discussed earlier.

Recall that reb is defined as the estimated time that it takes
the droplet of liquid fuel with SMD to evaporate after injection
into the combustor (see Fig. 2). The characteristic time that
CO has resided where oxidation occurs upstream of the quench
location has been designated in the lco term as rsl,Co Therefore,
if reb is greater than rsl,Co at a chosen quench location (reb/Tsl,Co
> 1), the majority of the fuel has most likely not evaporated,
and hence, the quench location in the calculation of rsl,Co is
most likely too far upstream in the combustor.

20.00 -i

10.00 -

LJ
O
O

5.00 -

0.00

iComb. A. Natural Gas
• Comb. A, Fuel Oil
DComb. B, Natural Gas
3 Comb. B, Fuel Oil
• Best Fit Line of All Data

Best Fit: y=5.92x-0.93. r=0.99, ay=0.66

0.00 1.00 2.00 3.00
(rco*+0.12reb)/rsl,co

4.00

Fig. 6 Characteristic time model equation graph of combustors
A and B data, without inert injection, using the new quench length
algorithm with kco equal to 0.12.

Thus a new quench length algorithm is defined to select the
quench length based on heterogeneous effects (if oil fired). As
shown in Fig. 5, mixing times are systematically increased (via
increasing the CO quenching location) until the criterion that
Teb/Tsi,co is below unity is met. The </>pz guideline of Eqs. (10)
and (11) is maintained to select either rco or T£> Note that
natural gas will always have a quench length equal to /pri be-
cause its value of reb is zero.

For the present study, the Washam and Leonard rules for
quench length selection have resulted in identical quench po-
sitions for the gas and oil at any given load. This result follows
because both combustors maintain the same fuel and airflow
rates for a certain power level independent of fuel type and
both rules use equivalence ratio as a parameter. In contrast,
the new algorithm of Fig. 5 systematically defines a quench
length that is a function of atomization and fuel volatility
through reb.

With the new algorithm it was expected that the fuel-oil and
natural-gas data alignment could be improved over that in Fig.
3, by choice of kco in

COEI = + &coTeb)/Tsl,Co + b (12)

Figure 6 is a characteristic time model equation graph with the
new algorithm, and an optimum value for kco of 0.12 is found.
This correlation is the best achieved with combustors A and B
data, as the correlation coefficient is almost unity, at 0.99, and
the standard deviation is 0.66 g/kg (approximately 13 ppmvd
at 15% O2). However, the magnitude of the y-intercept exceeds
the standard deviation. As a result of this correlation, the CTM
for CO using the new algorithm for quench length shown in
Fig. 5 is

COEI = 5.92 (T*° + °'12Teb)

Tsl,CO

Conclusions

- 0.93, g/kg (13)

The characteristic time model was used to correlate and
predict CO emissions from two heavy-duty power-generation
gas-turbine engines operating on natural gas or no. 2 fuel oil
without inert injection. The CTM provided only marginally
acceptable predictions, as expected, since it was developed pri-
marily with aircraft engine data. The characteristic time model
was modified in view of differences between transportation
and stationary engine operation. A new quench length algo-
rithm that is more germane to the representations of global
combustor physics included in the CTM was developed, and
the kinetics of CO oxidation was described in more detail. The
revised characteristic time model produced improved correla-
tions of all data (±13 ppmvd at 15% O2).
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