110 J. AIRCRAFT

VOL. 12, NO. 2

Operating and Ambient Condition Influences on Aircraft
Gas Turbine NO, Emissions
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Air Force Aero Propulsion Laboratory, Wright-Patterson Air Force Base, Ohio

This paper deals with a simplified NO, emission model which analyzes the effects of humidity and primary
zone flame temperature on the NO formation processes. Ambient temperature and humidity corrections are
proposed. Methods of predicting stratospheric NO, emissions and of correcting reduced-pressure combustor rig
data to full pressure conditions are also propesed. Emission levels and trends of future combustors designed to

minimize NO, are examined.

I. Introduction

N July of 1973, the United States Environmental Protec-

tion Agency published standards to limit emissions of
carbon monoxide, total hydrocarbons, smoke, and oxides of
nitrogen from aircraft engines.! This paper is concerned with
the emission of oxides of nitrogen ,NO and NO,, from nonaf-
terburning aircraft turbine engines. These emissions are
collectively expressed as NO,.

Ground level emission of NO, by aircraft is of concern
principally because of NO, participation in atmospheric
photochemical reactions which result in smog. Additional
possible problems with respect to stratospheric NO emissions
have been identified. It has been suggested that supersonic
transport aircraft may inject sufficient NO into the
stratosphere to alter the present concentration of ozone at
these altitudes. Such an event would affect the average levels
of ultraviolet light incident on the earth’s surface and result in
possible environmental damage.

NO, emission data have been obtained for many types of
non-afterburning aircraft turbine engines using techniques as
described in Aerospace Recommended Practice 1256.2 In cer-
tain cases, such as altitude data acquisition, departures from
the prescribed method are necessary. Available data indicate
that NO, emissions are sensitive to ambient temperature and
humidity. The July EPA standards recognized this problem
and have confirmed the future requirement for ambient tem-
perature and humidity correction factors. Future reporting of
emission measurement will require documentation of ambient
conditions as well as final corrected engine emission
parameters. Humidity and ambient temperature correction
factors are proposed in this paper.

To derive these correction factors, a relatively simple model
for NO, prediction was developed. Comparison of the
model’s results with available data is quite satisfactory and
thereby lends confidence to its overall validity. However, the
model’s main utility is not to predict absolute NO, emission
levels but rather to assess emission trends caused by variations
in operating and ambient conditions.

In addition to accounting for ambient temperature and
humidity, the model has broader applications including: 1)
correction of data to different Mach numbers and/or altitude
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conditions; 2) determination of the effect of typical altitude
test cell humidities on NO, emission; 3) correction of data ob-
tained at reduced pressures in a combustor rig to full (or
design) pressure; and 4) prediction of the ideal effect of water
injection to reduce NO,. These subjects are addressed in the
following sections. Recognizing that future low-NO -
emission combustors with low primary zone equivalence
ratios will have different NO, emission characteristics, im-
portant results have been recalculated for this combustor con-
dition.

II. NO, Model

A 1972 ASME publication by Lipfert? first illustrated the
well-behaved nature of present aircraft gas turbine NO,
emission. A plot of NO, emissions index, expressed in gm
NO,/kg fuel, vs combustor inlet temperature, T ;, was shown
to correlate sea-level NO, data from a wide variety of
engines. Figure 1 reproduces the Lipfert correlation.

This finding has many implications for models which at-
tempt to predict NO, emission: 1) wide combustor
aerodynamic design variations apparently retain enough
similarities to yield common NO, emission characteristics; 2)
differences in fuel introduction techniques have no apparent
effect on emissions from these engines; and 3) combustor inlet
temperature appears to be the dominant factor. Since most
compressor efficiencies are in the neighborhood of 0.85, there
is a given compression ratio which corresponds to each value
of 7T, (for a given ambient temperature). It is also correct,
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therefore, to say that compressor pressure ratio is the
dominant factor.

The NO, formation model is relatively simple. Although
local combustor equivalence ratios can be as high as 2.0, the
important regions to consider in modeling NO, emission are
those where ¢=~0.9 because a slightly lean equivalence ratio
provides the optimum combination of temperature and
available oxygen radicals for the formation of NO. All results
discussed in Secs. I1-VII are based on ¢=0.9.

Although a combination of NO and NO, is often detected
in exhaust measurement, all results presented are based on
NO formation chemistry only. Currently known NO, for-
mation mechanisms involve NO as an intermediate; hence,
NO kinetics yield the proper result for total NO, emission.

Combustors used in future engines will be designed with
much lower maximum equivalence ratios (¢ = 0.6).
Recognizing that NO, formation behavior may drastically
change for these combustors, the important dependencies
have been rederived for an assumed ¢ = 0.6; the results are
given in Sec. VIII.

The analysis includes two contributions to the NO for-
mation process. The newly postulated ‘“‘prompt NO”’ is the
first contribution. Recent experimental results have shown the
likelihood that the initial stages of combustion are dependent
upon chemical kinetics of free radical formation. Radical con-
centrations in excess of those expected from equilibrium
calculations result. Accurate analytical treatment of the free
radical kinetics is tedious and uncertain, hence empirical
correlations are necessary. Prompt NO can be expressed as:

[NO] prompt :f((b) p» [NO] equilibrium (1)

as shown by Fenimore 4 for combustion of ethylene, where [ ]
denotes concentration, (g moles/cc) and P is the pressure in
atm. For ¢ = 0.9, f(¢) = 0.012, and for ¢ = 0.6, fl¢) =
0.006. The results obtained for ethylene have recently been
shown to be also approximately correct for such heavy
hydrocarbons as gasoline.® By definition, [NOJ romp 18
assumed to appear instantaneously as primary zone com-
bustion commences.

The second contribution involves NO formed through the
reactions of the modified Zeldovitch mechanism which are
rapid at the temperature of the primary zone. The particular
reaction of importance is:

ki
N, + 0: NO+N (2)
2

The importance of including both forward and reverse reac-
tions was previously mentioned by Shaw.® These proceed at
rates considerably greater than other reactions in the modified
Zeldovitch mechanism. Consequently, Eq. (2) is the only
chemical reaction considered herein.

The analysis assumes that the concentrations of O, N,, and
N correspond to their equilibrium values at the primary zone
flame temperature. In the NO formation zone the rate of for-
mation is given by the following expression:

d[NO}/dr=k,[N,] [O] —k,[NO]J [N] 3

where t = time in seconds, and the rate constants in Eq. (3)
are given by’; :

k,;=1.36x1014¢ —74.000/RT

ky=3.1x101e-34/RT

Since the temperature throughout the NO formation zone is
constant and it is assumed that the concentrations of N,, O,
and N are their equilibrium values, Eq. (3) can be integrated
from ¢ = 0 where [NO] = [NO] uy to t = t.. Here, £,
represents an average time that the reactants involved in NO
formation remain at a temperature corresponding to ¢ = 0.9,
rather than being a more general combustor residence time
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parameter. Its magnitude can be determined from available
data, as shown in Sec. I'V. Equation (3) then becomes:

[NOJ = (k;[N;] [O]/k,[N]){1-exp(—~k,[N]z )]
+[NO] pmmmexp (_k2[N]tres) (4)

The two extreme assumptions which might be employed to
predict NO emission are special cases of Eq. (4). If the back
reaction is extremely slow so that k, [N]¢, is a very small
number and prompt NO is neglected, a Taylor series can be
used to illustrate that Eq. (4) reduces to:

[NO]ZkJ[Nz] [O][res (5)

This represents the result obtained when assuming the reac-
tion begins with [NO] =zero and proceeds only in the for-
ward direction. On the other hand, if ¢ is sufficiently long
or the backward reaction is fast enough, the exponential terms
reduce to zero and the following equation results:

| _kiIN;)(O] ©
Ik, [NJ[NOJ

This is the definition of equilibrium, indicating that under
these presumptions NO, emission corresponds to the primary
zone temperature equilibrium value. Actually, neither ex-
treme is correct for the case of aircraft gas turbines, as the
present model shows.

Equation 4 illustrates the strong dependence of NO,
emission on primary zone flame temperature (through k, and
k,), and 7. The next two sections are devoted to accurate
flame temperature calculation and solution for ¢ from
available data.

1. Calculation of Combustor Inlet
and Flame Temperature

Examination of Eq. (4) readily illustrates that NO , produc-
tion is extremely sensitive to flame temperature. Therefore,
accurate calculation of flame temperature is necessary. All
factors which affect it also affect NO formation and must be
included in the calculation: a) the inclusion of ambient
pressure, temperature and humidity is important because of
the strong observed effects on sea-level NO , emission. The ef-
fects of altitude come about through changes in ambient tem-
perature and pressure; b) Consideration must be given to the
inlet and compressor thermodynamic processes to give ac-
curate results for combustor inlet temperatures.

In connection with this second factor, the temperature and
pressure at the compressor inlet, 7, and P, must be
calculated for cases where prediction of aircraft NO  emission
during high flight speed operation is required. The inlet dif-
fuser pressure recovery 1is assumed to follow MIL
Specification S5008B in this analysis, and the following
equations are used to predict compressor inlet conditions.

Y
i =7, ( 7 ) o M
P T

a a

where n,=f(M . ), v is the ratio of specific heats, and
M . =flight Mach number. Further,

T, _ y=1 2
T =1+ 3 M) ®)

u

P, and T, are the ambient conditions.

Combustor inlet conditions may be calculated using the
above results as input. The results of the compression process
are calculated by knowing the compressor efficiency defined
as:

Ah ideal — g

Ne= Ah

T3 T3
C,(T) dT/g C,(T)dT ©)
actual Ep) b
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where s =enthalpy; C,=specific heat; T3,= isentropic tem-
perature for compression process; and 7;=combustor inlet
temperature. Equations (7)-(9) may be used to calculate the
combustor inlet temperature for any pressure ratio, Mach
number, and ambient temperature.

Figure 2 illustrates the effect of compressor efficiency and
pressure ratio on 7; for sea-level static conditions. For this
analysis, ambient temperature, 7, was taken to be 288K
(59°F) and ambient humidity, H, was assumed to be 0 gm
H,0/gm dry air. Combustor inlet temperature is seen to in-
crease rapidly with compressor pressure ratio. Further, note
that compressor inefficiencies seriously affect tem-
perature—at a pressure ratio of 25 and a compressor ef-
ficiency of 0.85, the deviation from the ideal is approximately
65K. For the remainder of the results discussed in this paper, a
compressor efficiency of 0.85 has been assumed.

Figure 3 illustrates the variation of T for changes in am-
bient temperatures. For example, at a pressure ratio of 30, a
variation in ambient temperature from 273K (32°F) to 311K
(100°F) results in an increase in T of 100K. Considering the
fact that reactions having high values of activation energy are
very sensitive to temperature changes, this increase should
certainly be expected to strongly influence NO, emission.
Note also that the slope of these curves increases slightly for
increased compressor pressure ratios.

Using the relationship between 75 and P ; described above,
the constant pressure adiabatic flame temperature may then
be calculated. For this analysis, fuel was assumed to be
represented by C,H,, and the enthalpies were calculated using
the variable specific heat equations for all significant com-
bustion products. The equilibrium reactions are tabulated in
Table 1. The results of this analysis have been checked against
established thermochemical equilibrium calculations.®

Of primary importance to the subject of this paper is the ef-
fect of humidity on flame temperature. Water vapor, because
it increases the average specific heat, reduces flame tem-

&
L
T T ¥ T T T T T _
w T\ =85
> 90
= soor 10
o
w
a.
E -
W
—
(=]
w 600
4
o L p
[¢) AMBIENT TEMPERATURE=59°F, 288°K
o
3 400 1 I 1 1 1 1 i 1
b3 2 10 18 26 34
[o]
v} COMPRESSOR PRESSURE RATIO

Fig.2 Compressor pressure ratio effects on 7.

AMBIENT TEMPERATURE (°F)
-20 20 60 100
1000 T T T T T T

800

COMBUSTOR INLET TEMPERATURE (°K)

600
H=o 9m H20
gm DRY AIR
=85
s 1 1 1 L 1 I
250 270 290 310

AMBIENT TEMPERATURE (°K)

Fig.3 Variation in T; with ambient temperature.

J. AIRCRAFT

perature. This effect is illustrated in Fig. 4 where predicted
flame temperature is plotted against combustor inlet tem-
perature at humidities of 0, 0.01, 0.02, 0.03, and 0.05 gm
H,O/gm dry air. The consistency of the humidity effect (ap-
proximately a 21°K drop for each 0.01 gms H,O/gm dry air
of humidity regardless of inlet temperature) is noteworthy.

IV. Determination of 7, and
Comparison with Data

As previously mentioned, ¢, may be calculated from em-
pirical data. In the present case, the Lipfert data correlation is
used to give a representative condition—combustor inlet tem-
perature of 676°K, humidity of 0.01 gm H,0/gm dry air, and
an emission index of 15. These conditions translate to sea-
level static operation at 80°F (chosen to be representative of
the actual conditions when these data from Ref. 9 were ob-
tained) at a pressure ratio of 13.8 and a representative com-
pressor efficiency of 0.85.

Equation (4) may be converted to yield emission index

Table 1 Equilibrium relations employed in
flame temperature calculations?

1) H,+CO,eH,0+CO
2) Hy+%0,6H,0
3) Hy;+0,.20H

K,=217¢e —3286/T
K, =9.123% 10—4¢ —30200/T

Kp =25.0 878740/7'

4) H,«2H K, =2.052x 106 —34434/T
5) 0,20 K, =1.077x107 e—61668/7
6) N, e2N K, =3.315x103 ¢ 37187
7) N, +0,2NO K, =19.776 ¢ —21670/T

aGenerated by curve-fitting data obtained from Ref. 12.
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rather than concentration by use of the ideal gas law and
knowledge of the primary zone fuel air ratio:

NO,EI=2.21 x10¢(T/P)[NO] (10)

where T=°K, P=atm, and [NO] =gm moles/cc. Inserting
these conditions into Eq. (4), ¢, is found to be approximately
0.6 msec.

Having found ¢, for this condition, we assumed the
analysis with #,.,,=0.6 msec to be valid for all cases and used
Eq. (4) to generate NO, emission indices for conditions
corresponding to other inlet temperatures on the Lipfert curve
(while holding T, to 80°F, humidity to 0.01 gm H,O/gm dry
air, and 7, to 0.85). Results are plotted in Fig. 5. Excellent
agreement with the Lipfert data is apparent throughout the
entire range of combustor inlet temperatures. This lends
credibility to the previously stated assumptions (i.e., ¢ =0.9
and {,.,=constant) and to the correction factors and trends to
be discussed below.

The Lipfert plot for a standard day—59°F and 0 gm
H,0/gm dry air—is illustrated in Fig. 6. Two additional fac-
tors are shown: 1) the NO, emission index which corresponds
to primary zone equilibrium and 2) the amount of the NO,
which is formed as prompt NO. Note that at higher com-
bustor inlet temperatures, the NO, emission becomes a sub-
stantial fraction of the equilibrium amount. Clearly, at these
conditions, reverse reactions must not be neglected in NO,
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prediction models. The second point is that at the lower inlet
temperatures the prompt NO, contribution is predominant.
This means that NO, abatement at these conditions may be
more difficult using presently proposed control techniques.
This is not especially significant with regard to large high-
pressure-ratio engines because these lower temperatures
correspond to engine idle where NO, is not considered to be a
problem compared to emission at full power. However,
auxiliary power units, which continuously operate at tem-
peratures in this range and have been identified! as a
significant NO, source, will have a much more difficult
problem in reducing NO, emissions.

V. Corrections for Ambient Conditions

Humidity affects NO, emission by decreasing the primary
zone flame temperature as shown in Fig. 4. This decrease is
due to increased C, of the mixture with increased absolute
humidity, gm H,O/gm dry air. Naturally, for a given am-
bient temperature, humidity cannot be above that corres-
ponding to saturation.

Figure 7 illustrates the predicted NO, emission vs ambient
temperature for a 25/1 compression ratio engine with a com-
pressor efficiency of 0.85 at various inlet temperatures and
humidities. The 0% humidity curve illustrates the expected
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continuous increase in NO, with increased T, (and therefore
primary zone temperature). However, the 100% relative
humidity NO, emission actually begins to decrease with in-
creasing ambient temperatures. The large NO, reduction is
due to the nonlinear increase in saturation absolute humidity
(gm H,0O/gm dry air) at ambient temperatures above 278°K
(40°F). This illustrates the importance of humidity correction
at ambient temperatures above 278°K. The results of Fig. 7
agree very well with the experimental observations shown in
Ref. 10. A humidity correction factor can be derived to ac-
count for these effects.

NO,EI (at 0 gm H,0O/gm dry air)

C,=
H NO . EI (at humidity = H) (1

Use of this parameter is convenient because, when multiplied
with the measured NO, emission, the 0% humidity NO,
results.

Equation (4) has been used to calculate the value of C, for
pressures of 7, 10, 18, and 29 atm. This corresponds to T;
values of 650, 700, 750, and 800K at sea level static.
Significantly different results are obtained as the pressure
ratio is changed. Lower pressure ratios have less NO, sup-
pression with humidity because of the large portion of the
emission which is prompt NO—this contribution is less sen-
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sitive to temperature changes than the kinetically formed NO.
Results are shown in Fig. 8.

The model has also been used to develop correction factors
for ambient temperature. In this case, corrections are made
back to standard day conditions of 288K (59°F). The effect of
compressor pressure ratio has been carefully studied in this
analysis—combustor inlet temperature differences from those
corresponding to 288K ambient temperature depend on
pressure ratio as previously shown in Fig. 3. The temperature
correction factor is defined as:

NO,EI(288K ambient temp. )
C,= - (12)
NO, EI(actual ambient temp. )

The results are shown in Fig. 9. Ambient temperatures from
256K to 322K (0 to 120°F) and pressure ratios between 10 and
25 have been used in the calculations. The pressure ratio ef-
fects are apparent at low ambient temperatures. Note that
these correction factors were derived for ambient humidities
of 0 gm H,O/gm dry air.

VI. Stratospheric Considerations

When knowledge about NO, emission from engines
operating in flight is required, the ram temperature and
pressure rise as well as compressor effects must be considered
as discussed in reference to Eq. (7) and (8). Since different
compressors develop different pressure ratios at a given inlet
condition, and inlet conditions are a function only of flight
Mach number and altitude, the 7; and P, can vary widely at a
given flight condition. The effect of Mach number is is par-
ticularly strong during supersonic operation; therefore; Mach
number and compressor pressure ratio effects should be con-
sidered separately. )

Figure 10 illustrates the effect of Mach number. Engine
compressor pressure ratios of 2, 5, and 10 have been used in
this calculation with compressor efficiency assumed to be
0.85. As expected, NO, rises significantly with Mach number
due to the inlet compression effect. It should be noted,
however, that technology has not advanced to the point where
all conditions on this plot are achievable—present material
limitations preclude operation at pressure ratios much above
those indicated by the dashed curve. The Olympus 593 data !
has been plotted and is in excellent agreement with the results.

In addition to the Mach number and compressor pressure
ratio effect, ambient temperature and pressure chances cause
NO, to vary. Figure 11 shows results for flight Mach numbers
of 2.0 and 3.0 and compressor ratios of 11 and 2. These par-
ticular Mach numbers represent those frequently mentioned
for supersonic transport operation. Decreasing NO, emission
with increasing altitude is clearly shown. Agreement of the
Olympus 593 data (pressure ratio=11 at M , =2.0) is again
apparent.

A final matter regarding stratospheric NO_ emission in-
volves discussion of the error incurred with use of test cell
data obtained with ambient humidities of approximately 300
ppm. Because of limitations of drying capability for test cell
intake air, it is difficult to supply air at humidity levels below
this, yet stratospheric levels are at 3 ppm. ! Analyses with this
model indicate no cause for concern—the difference in NO
emission between the 3 and 300 ppm levels should be less than
1/2%, as shown by Fig. 8. One ppm water =6.22X10~7 gm
H,0/gmdry air.

VII. Other Applications

Two further applications for this model will be discussed
here. The first is the prediction of the effectiveness of water
injection into the combustor as a technique to reduce NO,
emission. Water again increases specific heat of the mixture
and thus reduces flame temperature and NO, emission.
Basically, this can be modeled with the same procedure
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previously used to investigate the effect of humidity. The
most significant exception is that for optimum effectiveness,
the water is injected into the primary zone only, and the
amount is usually quantified as gm H,O/gm fuel. For exam-
ple, if half as much water as fuel is injected, this corresponds
to an H of 0.03 gm H,O/gm dry air. Figure 8 indicates that
this will reduce NO, by approximately 40% in a combustor
where the pressure ratio is 29. It should be noted here that this
analysis predicts the ideal effect of water injection. It is
assumed that the water is evenly distributed in the primary
zone, and is injected as a vapor at temperature 7';. Further
NO, supression could be gained by injecting liquid water to
take advantage of the heat of vaporization.

The second application involves the determination of
correction factors for combustor rig experimental results.
Much data obtained with combustor rigs is obtained at the
proper temperature but, because of facility limitations, at
pressures reduced from the design value. NO, emission data
obtained is usually corrected by multiplying the square root of
the ratio of the design pressure to the combustor rig pressure,
P,/ P. . A rationale for this correction factor is found by
manipulation of Eq. (5) with the assumption that the flame
temperature does not vary with pressure.

Because of the errors inherent in Eq. (5) and the fact that
flame temperature decreases with decreasing pressure, an im-
proved correction factor has been calculated using Eq. (4).
Results are shown in Fig. 12. The departure from (P /P )" is
significant, especially at P /P values above 4.0.

VIII. Low Emissions Combustors

Since combustors designed for low NO, emission will
probably have a maximum primary zone equivalence ratio of
0.6, the C,, Cand pressure ratio correction factors derived
above are not applicable. Using identical procedures, new
values have been calculated for ¢ =0.6. Because no significant
differences in combustor length or reference velocities are an-
ticipated, f,, was assumed to remain 0.6 msec. The analysis
predicts values of NO, emissions index in the range of 7-10,
depending on pressure ratio, for the ¢ =0.6 design. This
agrees well with the contract goal established by NASA in
their present Clean Combustor Program.

The new C,; and C, values are illustrated in Figs. 8 and
9. Weaker influences of H and 7, are a result of lower
operating temperature. The rederived pressure correction fac-
tors in Fig. 12 are in excellent agreement with the (P,/P )"
dependence because, as temperature is decreased less CO and
H, are present as equilibrium to reduce flame temperature.

IX. Summary and Conclusions

A relatively simple model has been used to predict aircraft
turbine engine NO, emissions. Prompt NO and the
predominant NO formation and destruction reactions are
considered in the analysis. Key assumptions include constant
NO formation time, primary zone equivalence ratio of 0.9
and equilibrium concentrations of N,, N, and O.

Correction factors for ambient humidity and temperature
have been derived from the model. These factors correct data
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obtained at given ambient conditions to standard day con-
ditions—288K (59°F) and zero gm H,O/gm dry air humidity.

Questions in connection with stratospheric NO, emission
are addressed. Mach number is shown to strongly influence
NO, emission due to the ram effect on temperature and
pressure. Altitude is shown to reduce NO, emission because
of reduce ambient pressure and temperature. The ideal ef-
fectiveness of combustor water injection for NO, abatement
is evaluated. Analyses show that significant reductions can be
achieved.

Correction factors for NO, data obtained in combustor rigs
operating at pressures below the design value are derived. It is
found that the previously used pressure correction factor
(P,/ P ) " can significantly underpredict the necessary correc-
tion for combustors where the primary zone equivalence ratio
conforms to the ¢ =0.9 assumption. This results because of
decreased flame temperature as pressure is decreased—a fac-
tor not included in the analysis resulting in (P /P ) *.

Other conclusions are: 1) primary zone residence time for
NO formation is approximately constant for a wide variety of
present engines; 2) prompt NO is a significant contributor to
NO, emission at low inlet temperature. This indicates that
NO, control at conditions where APU’s continuously operate
may be more difficult than previously expected; 3) NO, levels
at high combustor inlet temperatures (850K) begin to ap-
proach equilibrium levels at ¢ =0.9. Models to predict NO,
emission in future high compression engines should not
neglect the reverse reaction. Because future combustors will
operate near ¢ =0.6 in the primary zone, the pertinent depen-
dencies have been recalculated for these conditions. Weaker
dependencies on ambient humidity and temperature and a
pressure correction factor close to (P /Pc) " are apparent.
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