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Abstract

Changes in ambient conditions-—pressure, tem-
perature, and humidity —affect the exhaust emis-
sions of a gas turbine engine. Such variations
must be compensated for during engine certification.
The results of a2 test program employing a JT8D-17
combustor are presented which quantize the effect of
carefully controlled changes on unburned hydrocar-
bons, carbon monoxide, and oxides of nitregen at
simulated idle operating conditions. Analytical
results are given to explain the observed hydrocar-
bon and carbon monoxide behavior. Tt 1s shown that
for a complete range of possible ambient variations,
significant changes do occur in the amount of pollu-
tants emitted by an idling gas turbine.

. Introduction

Environmental Protection Agency regulations
pertaining to emission standards for gas turbine
engines specify maximum quantities of the pollutant
species which may be exhausted during a landing and
take-off cycle for engine inlet conditions corres-—
ponding to those of a standard day. However, only
occasionally are ambient conditions those of a
standard day and it is necessary to develop correc-
tion techniques in order to be able to relate emis-
sion measurements as actually made from an engine
or combustor to those which would have occurred on
a standard day.

The effect of inlet pressure, temperature, and
humidity on the oxides of nitrogen produced by an
engine when operating at take-off power settings
was noted quite early by Lipfertl, and subsequently
numerous correction factors were formulated. A
compilation and evaluation of these has been re-
cently given by Rubins and Marchionna?. For a com-
bustor operating at idle conditions additional cor-
rections were developed by Marzeski and Blazowski
to account for the effects of nonstandard inlet
pressure and temperature on all emissions. For
production samples of a given engine the effect of
ambient temperature and pressure on all emissions
over the complete thrust range has been correlated
by Sarii et al.? With the exception of some lim-
ited engine test results given by Nelson et al.
and Mosier and Robertsb and the work reported by
Allen and Slusher’ the effect of humidity on idle
emissions apparently has received little attention
although the extreme sensitivity of CO oxidation to
the pregence of water vapor is well known.
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In order to ascertain the effect of ambient re-
lative humidity on gas turbine idle emissions a re-
search effort was initiated encompassing both exper-
imental and analytical work. Results generated
during the program are reported in this paper.
Experimentally a nonvitiating combustor rig was
employed to simulate changing combustor inlet condi-
tions as generated by changing ambient conditiom.
Emissions measurements were made at the combustor
exit. Analytically for the carbon monoxide a ki-
netic reaction scheme was applied within each zomne
of the combustor where temperatures and initial
species concentrations not only reflected local
combustor characteristics but also changing ambient
conditions, while for the hydrocarbon emissions the
vaporization of fuel drops passing through tempera-
ture profiles determined by local combustor condi-
tions and changing ambient conditions was examined.

Experimental Program

Test Apparatus

The experimental program was conducted in a
closed duct test facility, described in detail by
Fear8, located in the Engine Research Building of
the NASA Lewis Research Center. A single JT8D-17
combustor can, shown 1n cross sectien in Fig. 1,
was supplied with the appropriate quantity of Jet A
fuel and nonvitiated air to simulate combustor inlet
conditions corresponding to specified engine injet
pressure, temperature, and humidity. The combustor
installation and instrumentation are shown in Fig. 2.
The water content of the inlet air was controlled
by injecting demineralized water through a spray
nozzle into the hot air supplied by the preheater
approximately 5 meters upstream of the combustor
thereby assuring complete vaporization., The water
content of the air supplied by the preheater was
continually monitored and nominally quite small
{dew point of approximately 239 K). The combustor
emligsions were measured accarding toe SAE specifica-
tions”.

Test Conditions

The idle operating conditions, both nominal
and as tested, are given in Table I. 1In relating
the amblent variables to combustor inlet variables,
compressor preéssure ratlos of 2 to 5 were chosen
along with a compressor efficlency of 80%. The
mass flow through the combustor was calculated on
the basis of a constant compressor discharge Mach
number or a constant reference velocity. Since
the mass flow into the combustor consists of both
air and water, the combination of which may be con-
sidered as an oxidizer, the fuel flow was set to
maintain a constant fuel/air ratio and not a con-
stant fuelfoxidizer ratio. Because the combustor
was of fixed geometry three different values of the
overall fuel/alr ratio were run in order to affect
local fuel/air ratios within the combustor.



Experimental Results

Representative values of the measured emissions
from the JT8D-17 combustor are given in Figs. 3«6 in
terms of the emission index, EI=gms of pollutant/kg
of fuel. All figures correspond to one simulated
compressor discharge condition —a pressure ratio of
four and a constant Mach number. On each figure
three sets of data are given—one for each overall
fuel/air ratio. For all other conditions remaining
constant a larger fuel/air ratio gives a higher com-
bustor discharge temperature, T4. Within each of
the three fuel/air ratio groupings two parameters
are independently varied-—the ambient temperature,
Ts, and the relative humidity, RH., TFor each of the
three ambient temperatures considered data points
are presented for three relative humidities with
the exception of T, = 244 K where an extremely
small quantity of water corresponds to saturation
and only one value of relative humidity is given.
For a fixed fuel/air ratio and zero relative humid-
ity increasing ambient temperature increases
the combustor discharge temperature while for a
fixed fuel/air ratio and ambient temperature in-
creasing the relative humidity decreases the com-
bustor discharge temperature.

For the first two figures the following trends
are recognized. For a fixed set of ambient condi-
tions an increase in the fuel/air ratio leads to a
decrease in the hydrocarbon and carbon monoxide
emission index. For a fixed fuel/air ratio and
zero humidity an increase in the ambient temperature
causes a decrease in the emission index. For a
fixed fuel/air ratio and a given ambient temperature
an increase in the relative humidity causes an in-
crease in the emission index, an effect which is
especially noticeable at the highest ambient tem-
perature where saturation corresponds teo the
presence of 8.12% of mass water vapor.

For regulatory purposes the combustor discharge
temperature, T4, is not a convenient parameter, but
it was thought that its use would provide insight
with regard to the processes occurring within the
combustor. TFor the hydrocarbons and carbon men-
oxide T4 does not uniquely determine the emissions.
Fuel/air ratio, ambient air temperature, and ambient
air humidity are all important. TFor all fuel/air
ratios the slope, [3(EI-HC)/3T4]RH=0.0, 1s less
negative than the slope, [d(EI-HC)/3T4lgH=1.0. with
both becoming less negative with increasing fuel/air
ratios. For all fuel/air ratios the slope,
[3(ET-CO)/9T4)Rp=0.0, is nearly identical while the
slope, [9(EI-CO}/3T4)RH=1.0, increases with decreas-
ing fuel/air ratio. At the highest fuel/air ratio
the two slopes are nearly identical.

For the third figure the following well known
trends are evident. TFor a fixed set of ambient
conditions an increase in the fuel/fair ratio leads
to an increase in the oxides of nitrogen emission
index except at the highest absolute humidity con-
ditions (T, = 322 K, RH = 100%). For a fixed
fuel/air ratio and zero humidity an increase in the
ambient temperature causes an increase in the emis-
sion index. For a fixed fuel/air ratio and a given
ambient temperature an increase in the relative
humidity causes a decrease in the emission index,
again an effect which is quite noticeable when the
quantities of water wvapor are large. For a given
T4 a wide variation in the emisison index is obvi-
ous. The slopes, [3(EI-NOy)/9T4)lpru-0.0 and
[3(EI-NO,) /9T, IrH=1.0, are seen to be little

affected by the value of the fuel/air ratio, and
the former has a slightly smaller value than the
latter. The combustion efficiency for each point
is also indicated, and for similar values there may
be large differences in the emission index.

In the last of this group of figures the nitro-
gen dioxide emission index for the smallest value
of the fuel/air ratic shows trends identical to
those discussed above for the total oxides of nitro-
gen. It is difficult to recognize a functional
dependence of the emission index on ambient condi-
tions for the higher values of the fuel/air ratio.
Consideration of data collected at other simulated
idle operating conditions will delineate this
problem further.

In these figures only a limited amount of the
emission data collected is presented, i.e. a com—
pressor pressure ratio of four and a constant com-
pressor discharge Mach number. A comparison of all
emission data shows that for a given pressure ratio
little difference exists between the emission levels
and trends for the case of a constant reference
velocity as compared to the case of a constant com-
pressor discharge Mach number. However, an increase
in the pressure ratio does cause a decrease inhydro-
carbon and carbon monoxide emission indices and an
increase in the oxides of nitrogen and nitrogen
dioxide emission indices. An examination of this
additional data shows that the functional dependence
of the nitrogen dioxide emission index is identical
to that of the total oxides of nitrogen emission
index as long as the combustor discharge temperature
is less than approximately 900 K. Above this tem-
perature the expected quantities of nitrogen dicxide
do not appear. For all data, the range in ambient
conditions considered certainly produce large vari-
ations in the emigsion indices.

Other combustor emission data 1s surprisingly
similar to that collected for the JT8D-17. The
emission data of Marzeski and Blazowski3 was col-
lected using a T-56 combustor employing two differ-
ent fuels and differing primary zone fuel/air ratios
for a constant overall fuel/air ratio. The relative
humidity of the inlet air was close to zero. Al-
though the absolute values of the emission indices
vary slightly for identical compressor ratios the
slopes, [0(EI)/3T4lpu=n.0, for hydrocarbons, carben
monoxide, and oxides of nitrogen are nearly identi-
cal. A similarity among combustors would ease the
regulatory task of developing corrections for
nonstandard inlet conditioms.

Correlation Factors

For regulatory purposes the convenient inde-
pendent variables in a correlation equation are
those at the compressor discharge plane-—pj, T3,
and humidity (HUM) —in addition to the fuel/air
ratio (FAR). The data collected in this study was
employed to generate such an equation for the emis-
sion index of each pollutart species {(EI}. Because
of the similarity between the constant velocity and
constant Mach number data separate correlations
were not developed. The emission data was fit em~
ploying a stepwise multiple linear regression pro-
gram to determine the coefficients in an equation
of the following form: T
where the respective dimensions are: EI (1bm/103
1bm), p3 (peia), T3 (°R), and HUM (1bm water/103 lbm



alr). The coefficients as determined by the program
are glven In Table TI for two extremes — all data
collected and various subcases selected to maximize
correlation, In the latter case for the hydrocar-
bons (HC) and the carbon monoxide (C0) the data
collected at a compressor discharge pressure of

2 atmospheres was not Included in that combustion
is most marginal under these circumstances and for
the case of oxides of nitrogen (NOy) only the data
for a fuelfair ratlo of 0.015 was included in that
production of oxides of nitrogen is highest under
these conditions. Graphically the agreement be-
tween the measured ewmlssion data and that predicted
by the regression analysis {in the case of the se-
lected data is shown in Figs. 7-9. The relation-
ship between the emissions and the ambient vari-
ables would appear to be adequately established.

Analvytical Effort

Model

The experimental results Indicate that the HC
and CO emissions are decreased by an increasing
fuel/air ratio, pressure ratio, and amblent tem-
perature, while they are increased by an increasing
ambient humidity. For the NOx emissions the situa-
tion 1s just the reverse. The behavior of the NO,
emissions have been modelled to account for all
effectsll, Some details of the modelling process
relevant to the production of catben monoxide in the
gas turbine combustor have been previously given by
Morr et al. and a less detailed model but includ-
ing limited ambient affects has been presented by
Sarli%., In attempting to define a tractable but
yet accurate model of the combustion process occcur-
ring within a gas turbine combustor conflicts will
arise. In the model considered here it is suggested
that the combustor may be treated as a plug flow
reactor in which there i1s homogeneous reaction be-
tween the perfectly mixed fuel and oxidizer under
isothermal conditions corresponding to the adiabatic
flame temperature. Additionally, since the kinetics
representing the oxidation of a complex hydrocarbon
fuel, such as Jet A, are only poorly understood
methane is chosen as the fuel for employment in the
analytical effort. Tt is relevant to observe, how-
ever, that at the termination of the primary zone
species composition closely approximating equilib-~
rivm 1s achieved. Previous hydrocarbon emission
modelling conducted by Marchionna et all3 indicates
that much of the emissions result from the escape of
raw fuel. Hence here it is necessdry to consider
the vaporization of fuel droplets as they pass in
a plug flow fashion through the combustor.

The combustor inlet conditions corresponding to
the temperature, pressure, and water content of the
compressor discharge mass flow are identical to
those in the experimental measurements. In the
situation for the modelling of the carbon monoxide
the methane is Iinstantaneously mixed with the air
and water vapor mixzture in the primary zone fo ob-
tain the desired equivalence ratio. The mixture is
then allowed to react for a period of time corres-
ponding to an appropriate primary zone residence
time at a temperature which corresponds to the adi-
abatic flame temperature. The primary zone combus—
tion products are then instantaneously mixed again
with a quantity of additional air teo simulate
entrance Iinto the secondary combustion zome. The
mixture is again allowed to react at a temperature
representing the new adiabatic flame temperature
for a period of time representing an appropriate

residence time. This process is again repeated in
the dilutlion zone. With respect to the hydrocarbons
a size distribution of JP-4 droplets is passed in a
plug flow fashion through the respective zones of
the combustor where the amount of vaporization is
determined by the local adiabatic flame temperature
and the local residence time.

For both pollutant species the calculation
process is initiated by determining the adiabatic
flame temperature for each simulated compressor
discharge condition and a variety of fuel/air ratios
using the NASA CEC~71 Computer Programlb. Each
fuelfair ratio of course could correspond to a dif-
ferent location within the combustor where the local
value is Indeed affected by the overall fuel/air
ratio. In the case of the carbon monoxide the
methane/air kinetic scheme employed is that given by
Ay and Sichell5 ) listed in Table ITI. The second
rate constant is similar in nature to that developed
by Xollraeckl®, amd it is found that the analytical
model is much more successful in reproducing the
magnitude of the experimental results when this
smaller value is used. It may be worthwhile te note
that the species HO2 and NOy are not included in the
reaction scheme, Simultaneous solution of the rate
equation for each species is obtained using the NASA
GCKP-72 Computer Program17 The initial species
composition utilized in this program differs for
each ambient condition and for each combustor
reglon, The integration routine is carried out for
a period correspending to the residence time for
each combustor region. Representative fuel/air
ratios and residence times employed for the regions
within the combustor are given in Table IV. 1In the
case of the hydrocarbons limited atomization data
exists for the JT8D-17 fuel nozzle. A Rosin-Rammler
droplet size distribution function was assumed which
gives the weight fraction of particles, R, having
a diameter larger than a given diameter, x,

R = exp [- b xq]
The value of the parameter indicating the nonmono-
disperse nature of the spray, q, was assumed to be
gimilar to those determined for airblast atomizerslt3,
The value of the parameter relating to the mean
size, b, was obtained by fitting experimentally
measured emission data for a reference case. To
calculate the amount of fuel evaporating the drop
distribution was divided Into small segments and
the usual diameter squared vaporization law was
applied including corrections for convective en-
hancement of the vaporization as given by
(1 + .276 Re*?Pr-S3). The Reynolds number, Re,
and the Prandtl number, Pr, as well as othet per-
tinent vaporization parametecs were determined by
the local conditions in each zon:- of the combustor
where the droplets were allowed to reazi:: for the
appropriate residence time.

Analytical Results

All results presented here are for a compressor
pressure ratlo of four.

Values of the adiabatic flame temperature re-—
flecting the effects of ambient conditloms are
given in Fig. 10. The well known effect of humid-
ity on the flame temperature is elear. At a given
fuel/air ratio the effect of humidity on the equi-
valence ratic may also be significant as shown
in Fig. 11,

The effect of ambient conditions en the amount
of CO at the end of the primary zone is shown in a



normalized fashion in Fig. 12 for a primary zone
residence time of one millisecond. Here CFC is
defined as the mole fraction of carbon monoxide at
standard ambient conditions (T, = 289, RH = 0%)
divided by the mole fraction of carbon monoxide at
nonstandard ambient conditions. Three different
primary zone equivalence ratios are considered, but
the effects of ambient temperature and humidity
changes are the same for each. An increase in the
ambient temperature causes an Iincrease in the car-
bon monoxide mole fraction and an Increase in the
ambient humidity causes a decrease in the carbon
monoxide mole fraction. These effects are precisely
opposite to that observed for the gas turbine but
agrees well with the flame results of Muller-
Dethlefs and Schlader!8. These results may be
simply explained by considering the effect of flame
temperature on dissociation. The species present
at the end of the primary zone closely correspond
to those which would be present for the case of
chemical equilibrium. Milesl?® also finds the same
inverse ambient effects when the primary zone is
treated as a perfectly stirred reactor employing a
zlobal hydrocarbon kinetic scheme.

In view of the above results changing ambient
conditions must indeed have an effect on the kinet-
ies in the secondary and dilution zones. The mole
fraction of carbon monoxide, Xcp, exiting the com-—
bustor is given in Figs. 13, 14 and 15. On each
figure one primary zoae fuel/air ratio is consider—
ed and this is diluted to lower fuel/air ratios in
the secondary and dilution zones, Differing
sequences are denoted by the differently shaded
symbols in the figures and for each sequence
changes in both the ambient temperature and ambient
humidity are considered. The residence time for
each of the three combustor regions is individually
taken as five milliseconds.

The importance of the secondary zone on carbon
monoxide emissions is illustrated in Fig. 13 where
the products of combustion from a primary zone hav-
ing a fuel/air ratic of 0.070 are exhausted at a
dilution zone fuel/air ratio of 0.015. The largest
levels of carbon monoxide emission occur for the
smallest values of the secondary zome fuel/air
ratio, i.e. the carbon monoxide oxidation reaction
is quenched. Examining the results for any one of
the secondary zone fuel/air ratios, the effect of
changing ambient conditions on the carbon monoxide
is evident. For zero ambient humidity an increase
in the ambient temperature decreases the emissions
while for a given ambient temperature an increase
in the ambient hunidity increases the emissions,
The slopes, [3XC0/5T4lgu=0.0 and [3Xco/3T4 gy 0>
are seen to depend upon the fuel/air ratio of the
secondary zone.

In an actuzl combustor, however, each secondary
zone will have a unique, corresponding dilution
zone, In Fig. 14 leaner secondary zones are paired
with leaner dilution zones. Not surprisingly the
least carbon monoxide is produced by the sequence
with the richest secondary and dilution zones. The
effect of differing ambient temperature and humid-
ity is the same as discussed with regard to the
previous figure. The slopes [3Xpn/9T4lRry=0.p and
[8%c0/9T4 ) hay. o differ from each other and depend
upon the dilution sequence,

For a fixed geometry combustor aperating at
constant reference velocity or constant inlet Mach
number an increase in the primary zone fuel/air

ratio will also increase the secondary and dilution
fuel/air raties. This situation is illustrated by
the flow sequences in Fig., 13. Here again the sec~
ondary and dilution zones are paired, the effect of
changing ambient conditions 1s again obvious but
comparing leaner and richer primary zones the
slopes, [3%co/8T4lgp=0.0 and [8Xco/9T4lppy=1.0, are
quite similar for the lower wvalues of T4 and the
former only slightly more negative than the latter
for higher values of Ty.

A comparison between the last two flow se-
quences in Fig. 14 and the first two flow sequences
in Fig. 15, thereby eliminating the possibility of
creating a rich dilution zone from a lean primary
zone and vice versa, shows that the richer primary
and subsequent zones give lower carbon monoxide
emissions.

For lean idle operating conditions correspond-
ing to a combustor exit fuel/air ratio of 0.007 a
slight modification of the modelling scheme became
necessary. Consideration of only three combustor
zones as above produced very little carbon monoxide
at the combustor exit plane. An analysis of this
problem indicated that too small of a quantity was
being produced in the lean primary zome —equiva-
lence ratios varying between 0.45 and 0.653. In a
lean actual combustor with a fuel spray, combustion
will occur at approximately stoichiometric In the
droplet diffusion flame and these products of com-
bustion will then be further diluted by the excess
alr present. A similar approach was employed in
the current homogeneous combustion model. The
methane and oxidizer were allowed to react
stoichiometrically for a short peried of time-—
.5 ms —chosen so as to produce large amounts of
carbon monoxide and then an Initial dilution was
allowed to occutr within the primary zone to some
lower equivalence ratio where reactions were
allowed to continue for the usual 5 ms. These
products were then exhausted into the usual second-
ary and dilution zones. The results of such a
calculation are shown in Fig. 16 amnd the usual
ambient effects may be recognized.

For the hydrocarbon emissions, calculations
were performed at one overall fuel/air ratio of
0.011. The effect of three different ambient condi-
tions on the fraction of a drop evaporated at the
combustor exit plane for different diameter drops
is presented in Fig. 17. Because of the effect on
flame temperature cold and wet ambient air is
effective in supressing vaporization. Through a
combination of those results and the previously
discussed droplet distribution funetion the total
quantity of hydrocarbon emission may be calculated
and the regulrs are presented inm Table ¥. TFor both
the static and convective vaporization case, emis-
slons are increased with respect to the base level —
322 ¥, 0% RH— though either cooling of the ambient
alr or through an increase in the humidity of the
ambient alr. The emissions are more sensitive to
wide humidity variations than wide temperature
changes.

Experimental and Analytical Comparisons

Both collected and calculated results show that
for zero ambient relative humidity an increasing
ambient temperature decreases hydrocarbon and carbon
monoxide emissions and that for a given ambient
temperature an increasing ambient relative humidity
increases hydrocarbon and carbon monoxide emissions.
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Analytically for the carbon monoxide the latter

effect could enly be obtained employlng the modi-
fied CO/OH rate constant. A direct comparison is
given in Figs. 1B to 20 where the emissions at
standard conditions are divided by those at non-
standard conditions and plotted as a function of
ambfent temperature with relative humidity as a
parameter. The agreement in the magnitude of the
emission changes 15 reasonable, however the kinetic
calculations are unable to predict a sufficiently
large increase in the carbon monoxide emissions
with increasing humidity. At present the reason
for this disagreement is not known, but any com-
parison is affected by the path chosen in the
kinetic model by which the primary zone combustion
products are diluted down to the exit conditions.
As already indicated by Morr et al.-~”, a Gaussian
distribution should be considered for the local
residence times as well as for the local fuel/air
ratios. For the hydrocarbon emissions as given in
Table V, the predicted effect of changing ambient
conditions is much less severe than those actually
observed. However, this disagreement 1s believed
in part due to the changing character of the fuel
spray as ambient conditions vary. In that the
data was run at a constant fuel/air ratio as water
replaced air with inereasing humidity, it was nec-
necessary to decrease the fuel flow which caused
poorer fuel atomization. At run conditions for a
pressure ratio of two, the entire combustor fuel
flow is supplied only by the primary portion of
the duplex fuel nozzle. The Sauter mean diameter,
SMD, of the spray is directly proportional to the
fuel mass flow and inversely proportional to the
nozzle pressure drop. Calculated SMD's are super-
imposed upon the emisgion data in Fig. 21 where
for a given combustor discharge temperature the
highest values of emission are seen to correspond
to the largest value of the SMD.

CONCLUSTIONS

Changing ambient conditions are observed and
predicted to significantly affect idle emlssions
from a gas turbine engine. The combustor discharge
temperature or adiabatic flame temperature does not
uniquely determine the emissions thereby allowing
a mechanism for the normalization of emissions
under differing ambient conditions, however,
changes may be calculated employing compressor dis-
charge parameters, Fuel/air ratio changes which
may result from engine control systems reacting to
changing ambient conditions while-attempting to
maintain a constant T4 may significantly affect
emissions.
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IDLE JT8D-17 COMBUSTOR CONDITIONS

Nominal Operationl0

Test

Total Inlet Pressure 2.47 atm
Total Inlet Temperature 393 K
Alr Flow 1.37 kg/sec
Fuel Flow 0.0161 kg/sec
Fuel/Air Ratio 0.0117
Operation
Compressor Efficiency 0.8
Compressor Pressure 2,3,4,5
Ratio
Compressor Inlet 1 atm
Pressure
Compressor Inlet 244,289,322 K
Temperature

Compressor Inlet
Relative Humidity
Fuel/Air Ratio

0,50,100%

0.007,0.011,0.015

TABLE ITI. KINETIC SCHEME OF METHANE/AIR
COMBUSTION AND FORWARD RATE CONSTANTS
kf =a T e—AE/RT (cm3/mole/sec)
Reaction A s AE

1 ™M + CH4 = CH3 + H 0.20E18 0.0 88332.5
2 CH4 + 0B = CH3 + H20 0.28F14 0.0 4962.5
3 CH4+ 0 =CH3I+ 0H 0.20El4 0.0 9210.4
4 CH4+H =CH3 +H2 O0.69814 (0.0 11810.8
5 CH3 + 02 = HCO + H20 0.20E11 0.0 0.0
6 CH3 +0 =HCO+ HZ 0.10E15 0.0 0.0
7 HCO + OH = CO + H20 0.10El5 0.0 0.0
8 M +HCO=C0 +4 0.20E13 0.5 28584.0
9 CO + 0OH =C02 + H 0.56E12 0.0 600.0
0.85E~14 7.0 -13895.0

10 H +02 =0 +0H 0.22E15 0.0 16554.9
11 0 +H2 =0H +H 0.17814 0.0 9428.8
12 0 + H20=0H + 0OH 0.58El4 (0.0 18004.0
13 H + H20 = H2 + OH 0.84El4 Q.0 20048.5
14 H + OH = H20 + M 0.40E20 -1.0 0.0
15 H +H =H2 +M 0.15E19 -1.0 0.0
16 0 +0 =02 +¥ 0.40E18 -1.0 0.0
17 0 +H =04 +M 0.53El6 0.0 5518.3
18 N +02 =HNO +0 0.64E10 1.0 6232.9
19 0 4+ N2 =N0O + N 0.14E15 ¢.0  75231.5
20 OH +N =N0O +H 0.40EX4 0.0 0.0

TABLE IV. TYPICAL LOCAL FUEL/AIR RATIOS AND AVERAGE
RESIDENCE TIMES
Primary Secondary Dilution
High Low High Low High Low
fla 0.071 0.048 0.034 0.019 0.012 0.011
T(ms) .90 1.60 4.47  3.54 2.62 2,45
TABLE V., HYDROCARBON EMISSIONS
Ambient Correlations Hydrocarbon Emission Index
Experi-
Static Convective mental
322 ¥, 0% RH 1.5 1.5 1,5
244 K, 0% RH 3.19 2.59 14.4
322 X, 100% RH 4.35 3.48 17.6

Constant Compressor M3 = 0.42, or
Discharge Mach
Number
Constant Reference V3 = 15,2 m/sec
Velocity
TABLE II. COEFFICIENTS OF REGRESSION ANALYSIS
Emission
Index HC co NO,
Coeff.
All Data
a ~1,2833 -0.9468 0.2547
b 15.806 11,552 -2.916
e -0.00400 ~0.00981 0.02074
d -128.93 -243.48 324.67
e 43,30 76.39 -59.88
Multiple Cor- .934 .929 L824
relation Coef.
Squared
Selected Data
a -1.9130 -1.1214 0.2552
b 20,135 13.411 -2.090
c -0.00341 -0.00763 0.0
d -107.35 -196.11 334,44
e 34.61 77.04 -54.31
Multiple Cor- .953 . 940 .955

relation Coef.
Squared

~_



FUBL INJECTOR AND PRIMARY SWIRLER EQUIVALENT METERING AREA 7.61%

Bquivalent Metering Area

Loaver Cooling Air Combustion Air
Panel L] ranel %

1 1.53 2 7.93
2 5.62 3 1.92
3 7.56 5 §.00
4 5.69 8 15,85
5 4.24 9 18,09
6 3.41
7 3.42
8 3.43
9 2.78
10 1.81

FIGURE 1,  JT8D-17 COMBUSTOR
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o TOTAL TEMPERATURE
a  GAS SAMPLE PROBE
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FIGURE 2. COMBUSTOR ASSEMBLY AND [HSTRUMENTATION SECTLONS

<
Q
®-
© 0.0 RH. ND FLAG T0=244
00.5 RH. VT. FLAG T0-289
o O 1.0 RH. HOR.FLAG T0-322
S B0TTOH SHRADED - F/R=.007
@ TOP ~ SMADED - F/A=-011
= OPEN - F/R=.015
PR=4 M9 =CONST.
o
<
= EVE 5 P
/8T gy 0 ==
Q
Q
N
m
(]
T =]
o
Lol =]
o
=
(Y]
3 PN \
@
5 X\
s \
= <
-
N\ °©
(=]
[=)
: . T ] o
500 65.00 75.00 85.00 95.00 105 .00
T4 - K =10
FIGURE 3, HYDROCARBON EMISSION INDEX, JT8D-17
(=]
Q
™~
[
© 0.0 RH. NO FLRG TD=244
[ 0.5 RH. VT. FLRG T0=289
o N & 1.0 RH. HOR.FLAG T0=322
< BOTTO¥ SHROED - F/R=.007
£ TOP ~ SHROED - F/A=.011
- F/AZ.01S
=] PR=4 M3 =CONST.
(=]
2
S-‘
8/8T b gyg. 0 ——
farar, 1 . _
s é 4'Ru=1.0
! 57 %)
o &
? \
l o
—o
o \
O_
(=)
g (@]
£ e
(=}
2
:...
p=:
y y T T T lo-
"55.00 55.00 75.00 85,00 95.00 105.00
T4 ~ K 1ot

FIGURE 4,

CARBON MOMOXIDE EMISSION INDEX, JT8D-17



.40

“| | co.0re. N0 FLRG TO=2a4 Ne Tndicated
00.5 RH, V1. FLAG T0-289
$ 1.0 RH. HOR-FLAG T0-327 (0-99.1%
e BOTTOM SHADED - F/R=.007
@1 ] TOR  SHADEC - F/8-.011 |
OPEWN - F/B=.015 05,52
PR=4 M3 <CONST.
o (3/3T,)
? 4'gH=0.0 T
-7 & 99.69
13/3T pyy . g ==
@ 98.57
S 9? 1o [ 99.¢5
)(v
2 A / é 95,60
! 8.96
W& & 97.66 7
=] 3. 96
& a1 50 67 O 98.82
o é 97.02 [Fs9.46
ot 97.43&_
@ 95.67 98.77
- 96.94 l
(=]
g !
&-93.94 e'(-a?.ls - 9854
=
=5.00  65.00 75.00 85,00 g5.00  10s.00
4 - K %10
FIGURE 5. O0XIDES OF !ITROGEN EMISSION INDEX, .JT8D-17
<=
(=]
“;_
0 0.0 RH. NO FLAG T0=244
D0.5 RH. Vi- FLAG AD=289
<© 1.0 RH. HOR-FLAGMID=322 [ [3/2T ) 0 o o ——
2 80TT - FR=. —
8| | SpuTon gumnen - 007 | 10/m, gy
~ - /7:.015
PR= 4 M3 =CONFT.
J
S |
o é l
g o | 5
g | ® >
7 $ o
L |
ujf_ l
b - &
: , s
| o
3 I
° I
. | & &
Q'f ]
%5.00 65.00 75.00 85,00 85.00  105.00
- K =10
FIGURE 6. NITRNGEN DIOXIDE EMISSION INDEX, JT8E-17

@
[=]
|

R%:0.95

Selected Data

-
o
I

CALCULATED HC EMISSION INDEX

o]
[=]
I

w
o
T

B
(=]
1

30
20+
/ _— ne = p3"'9” cup [20.135 .
0 . T
I T 121 ]
BPER bk 1o, psia, "R, 1D/K D) [ELI AR
0 1 | 1 | 1 | R |
0 10 26 30 40 50 6 70 80
MEASURED HC EMISSION INDEX
FIGURE 7, NC EMISSINN CURVE TIT
6o~ ,
R“=094 Selected Data
140}
b
W
2 te0f-
3
Q 100
s
w
o 80
S
i
T 60
= f
3 f
(5]
= 40}
G
,f, He w o712l o [13.111 -
20 ) 'HUM]
= 6.1 * 77.0%
(1b/K W, psia, °R, 1b/K 1b)
0 ] | | | | [ i |
o] 20 40 60 80 100 120 140 180

MEASURED CO EMISSION INDEX

FIGURE 8, CO CMISSION CURVE FIT



CALCULATED NOy EMISSION INDEX
b
T

/%= 096

FAR = 0.015 Data

{1b/K 1b, psia,

I

R

Ts

. 285 s
NO, = Py exp [, 2091 + TIT.E

1b/K 1b}

RLEL
526

)

2500 r

2300

2100

1900 ~

1700

1500

1300

HOO

300 %

2300 -

2100 |

1900 +

1700 +

1500

1300 {-

noa

700

t 2

3

4

5

&

MEASURED NOy EMISSION INDEX

FIGURE 9. 10, ENMISSION CURVE FIT

PR=40

FIGURE 10.

TEMPERATIIRE.

METHANE ADIABATIC FLAME

09

00

METHANE FUEL/AIR RATIO

FIRURE 11,




Creo Cfeo

CFop

OO MOLE FRACTION (x10*%)

20

PR.z 4, Tp® 5ms, CF¢o = ppm std/ppm non-stg
L5 (f/a},=08
RH =100%
tor RH=0%
o5l
20r
L3 (1a)g=07
RH=100%
1O RH=0%
Q5
20
1.5 (t/a),=06
RH2100%
Ay RH= 0%
05 1 [ S 1 1 1 ] ] I
240 260 280 300 320
To—K
FIGURE 12. KORFALIZED PRIMARY ZONE CARBON MONOXIDE
EMISSIONS, METHANE KINETIC SCHEME
241 o 0% RH;ne flag-Ty=244 K (f/a)p=07
o 50%%RH; vi flag—T,*278 K (f/a)g= 035 btm. shade
221+ o IO0%SRH; hor. flag—T,=322K 030rt. shade
0275 top shade
20r 025 Ift. shade
(Fhaly= 015
18- 19Ty apao. 0
T iTiguay g —— °
16+
14+
12k %
o
10+ ° o
-
8 =
6 N -
~ [
4+
2F s
o
O 1 L I 1 i i 1 I
800 BCO 1000 1200 1400
Ty - K

FIGURE 13. CARBON MOHNXIDE EMISSION, METHANE $HIETIC SCIENM

CO MOLE FRACTION (x10t%)

€O MOLE FRACTION (x10*%)

241 o 0%RH; o flag=To:224 K (f/o)g=07
0 S0%RH;viflag-To-276K i/a)g -.03, 0275, 025
22 o 100%RH; hor. flag-To=322K {fr0) 4= 02 ift. shade
015 no shade
20 |- Ot 1. shode
18 L S Tdgueg.0 —
1 Ty bgyay g —
16
14 =
L]
12 -
10
4
8 - \
-
6+ ©
4t *&
[ =
-
2 [
0 1 1 i 1 1 1 1 1 j
&G0 800 1000 1200 140C
Ty -K
FIGURE 14, CRRRON MOHOXIDE EMISSICH, METHANE KINET\C SCHEME
24 ™ o 0% RH;no flag—T,=244K ({¢/0) 5708
D 50%RM; vt.flog—T =278K (t/0),=.035, 030, 025
22 " o I00%RH;hor flag—T=322K (/0 o7 020 Ift, shade
015 btm. shade
20 - 010 rt. shade
i8 +
VT peg 0
16 - P 0 —— @
4
12 +
4
1o - -
-
g8l
N
6r AN
4 i
L -
®,
1 A i S 1 1 1 1 J
600 800 1000 1200 1400
Ty - K
FIGURE 15, CARBNW MONDXIDE EMISSION, METHANE KINETIC SCHEME



CO MOLE FRACTION (x10*%)

% MASS EVAPCRATED

241 o 0%RH; o ficg-To=244 Ktk =06, (thl, =03
O SO%RH; v flag—Ty=289 K (Hdlg=02; 0I5 °
221 0 100%RH;hor flag—T,=322K  {/0ly=0i0 no shade
007 btm. shode
201
I8
16 -
14+
12K
10+
81 ¢ o
6 = %_ g&
o o
a4t o
2 L.
O i I I i 1 L. ] il 1]
600 800 1000 1200 1400
T, - K

FIGURF 15, CARBON MCNOXIDE EMYSSINNS, METHANE KINETIC SCHEME

00—

80—

@
]
I

322K 0% RH
322K 100% RH

a0
20}~ 244K C%RH
L L :
100 150 200 250

DIAMETER, microns

FIGURE 17, FUEL DROP EVAPORATION

25 Measured:
{t/a }d = Q07
20
Y
Au 15k
S
RH: D%
1.0 |~
RH=100%
G5
25 Caiculated:
{1/0), =08, (/o) = O3
(f/u)s =015, (f/u]d =.007
20 |
)
S 1B -
&
RH= 0%
10 RH = 100%
05 ) 1 L 1 i i 1 I 1 4
240 260 280 300 320
TO_ K
FIGURE 18, AMBIENT TEMPERATURE AWD HUMINETY CORRECTION FACTORS,
J780-17
231 Measured:
{f7a)=-0M
20r
)
w15t
1O
25+
251 Celculated :
(f/0)9= 08
{f/o).= .03
20 (f/0)g= 01
8 15k
$
AH:Q%
1o
RH *100%

05 e KA SN N U U NN S T .
240 260 280 300 320

ToK

FIGUPE 19, AMDIENT TEMPERATLPE AYID HUMINITY CORRECTIOY FACTORS,
MTAn-17



CFeo

CFrp

25

20

05

25

20

Measured:
(f/o)d =015

RH= 0%

RH=100%

Calculated:
(f/u)D =09
(f7al; =.03
(fm)d = Q5

RH=100 %

! § | 1 L i i 1 !
240 260 280 300 320
TO -K
FIGURE 20. APRIENT TEMPFRATURE ARD HUMITITY CORRECTION

FACTORS, |TAR-17

I

140.00

¢ 0.0 RH. N0 FLAG T0=244
O0.5 RH. VY. FLRG T70=289
o { 1.0 RH. HOR.FLRG T0=322
o
& 137.18 Q- BOTTOM SHADED - F/A=.007
el ToP SHADED - F/A=.011
- QPE - F/R=.015
PR=2 M3 =CONST.
o
fe=]
o SMD  Indicated
oL
117.17
2,92
g =] b 132.9
- 126.68
a1 ¢124.09
w W 12326 & 100.06
T
'o
—o
Wil o 129.58
o
88.22 ™ 97, 36
: e
2 93732 32.06
o o155  o-82.53
o - 73.73
< 94.83 O 80.82
o 77.26 (77,41
o~
77.59
79.42
o
(=)
. 1
245 0 55.00 £5.00 75,00 85.00 85.00
4

- K =10

FIGURE 21, HYDROCARBON EMISSIONS, SMD EFFECT



