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ABSTRACT

Changes in ambient temperature and humidity affect the
exhaust emissions of a gas turbine engine. The results of
a test program employing a JT8D-17 combustor are presented
which gquantize the effects of these changes on carbon
monoxide emissions at simulated idle operating conditions.
Analytical results generated by a kinetic model of the
combustion process, and reflecting changing ambient
conditions, and a comparison of these with the experimental
results are also given. It is shown that for a complete
range of possible ambient variations, significant changes
do occur in the amount of carbon monoxide emitted by =a
gas turbine at idle, and that the analytical model is

reasonably successful in predicting these changes.
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INTRODUCTION

Alrcraft gas turbine engines utilize hydrocarbon
fuels, which are allowed to burn inside the combustion
chambers of the engine, resulting in heat release, which
is converted to motive power by the turbine and the nozzle.
The burning process also results in the predominant
products of hydrocarbon-air combustion, namely, carbon
dioxide and water. However, the combustion process is
not ideal, and small amounts of other products are also
formed. These auxiliary products may be categorized as
the products of incomplete combustion,oxides of nitrogen,
and ‘products arising out of.iméurities in the fuel.

The producés of incomplete combustion include carbon
ménoxide, unburnt hydrocarbons and smoke; the oxides of
nitrogen include nitric oxide and nitrogen dioxide,
collectively called NO_ ; impurities in the -fuel give rise
to other products such as oxides of 'sulfur.

Smoke‘and NOX emissions are found to occur in guantity
when the engines are operating under high power settings.
Smoke has been identified as being produced in the fuel~-
rich regions of the combustor, and by proper combustor
design, taking care to avoid such regions, smoke emission
has heen significantly reduced. Production of oxides of
of nitrogen in guantity arises out of extended contact
between oxygen and nitrogen in the aixr at high temperatures

within the combustor.



Carbon monoxide and unburnt hydrocarbons are pro—
duced in gquantity under low power settings cf the engine.
At such settings, both the mass flows of air and fuel are
low, but the mass flow of air is much higher fhaﬁ that of
the fuel, resulting in very lean primary zones. Carbon
monoxide and unburnt hydrocarbons result from such zones,
because the flame is relatively cold at the low fuel/air
ratios encountered here, due to which, oxidation of
carbon monoxide and hydrocarbons is inhibited.

These emissions, namely, oxides of nitrogen, smoke,
carbon monoxide, and unburnt hydrocarbons have been -called
"pollutants®™ by the United States Environmental Protection
Agency. While -the actual amounts of these pollutants
discharged from a single engine may be diminutive, it
is important to note that these emissions occur entirely in
the vicinity of air transportation centers, at the ground
level, and that thousands of engines may be apérateé in
the course of a single day. Enginés operate under low
power settings during idling and taxiing, and under high
power settings during take off. The conseguent release,
into the local environment, of large amounts of these
pollutants is 0f great concern.

Programs are in progress to assess the actual impact
of such emissions from aircraft gas furbine engines, and
other sources, on the earth's environment, on 'the climate

patterns, on the inhabitants, and on vegetation. It is



beyond doubt that there are both localized and dispersed

effects(Z).

In additien to just vitiating the atmosphere,
there is the danger of setting in motion other reactionary
processes which may result in irreversibie conseguences.
The global impact of pollution on the climate is of great
concern, but is yet to be recognized. However, short—term
and localized effects such as smog, effects on vegetation
and adverse physiological effects on humans are well-~known.
The danger of depletiné the earth's protective ozone layer
in the stratosphere and consequently raising the levels of
undesirable ultra-violet radiation at the earth's surface,
cuasing physioclogical problems such as skin cancer, is also
of gfeat concern. This is an_ example of the possible long-
term effects of indiscriminate pollution, and indicative

of the gravity of the situation, if the pollutiggiproblem
is not taken well in hand, at an early stage.

Towards this goal, namely, to limit pollution from
fu%ure powerplants, the USEPA made a detailed study of the
situationand issued a set of regulaFions. For aircraft gas
turbine engines, in particular, standards were issued in-
1973(1). These standards ‘were in the form of EPA parameters,
or EPAP's, and were given as the emission index over a
landing/take-off cycle. The emission  index is defined as
the grams of pollutant released per.kilogram cf fuel

consumed. Engines, whose ‘pollution levels exceeded these

limits would not be certified for operation. Also, the



EPAP's.related to pollution levels.at standard day
conditions of 1 atmosphere pressure, 289°K temperature,

and zero humidity (the standard humidity has been changed

to 60% relative humidity). Since actual atmospheric
conditions rarely meet the standard day criteria, and since
emission index measurements made for certification purposes
may vary, depending on -the particular ambient conditions

of measurement, it is necessary to have a method. for
correcting non-standard emfssion index ﬁeasurements for
ambient condition variations. Towards this end a correction

factor was defined, as follows:

Emission Index under Standard Conditions

Correctio tor = e it
n Factor Emission Index under Nonstandard Conditions

Knowing the nonstandard conditions of measurement and thus

the relevant correction factor, a priori, and the measured

emission index (nonstandard), simple multiplication of

the two. will result in the emission index which would have

occurred (for the particular engine), had the conditions of

measurement been standard atmospheric day conditions.
Additionally,'it is desirable to have a general equaticn,

at least applicable to one particular tvpe of engine, for

the correction factor, incorporating ambient .and other

effects. This and similarity between different engine

types would greatly ease the regulatory task of enforcing

the EPA standards. Correction factor correlations, including

ambient temperature,pressure, and humidity effects are



therefore desired.

Quite early, Lipfert(3)

noted the effects of changes

in inlet pressure, temperature, and humidity on the emission
levels of oxides of nitrogen, produced by an engine
operating under take-off power conditions. Subseguently,
numerous correction factor correlations were formulated.

A compilation and evaluétion of these and other correction

(4)

factors have been given by Rubins and Marchionna

(5)

For a combustor operating at idle, Marzeski and Blazowski
developed additional correlations for the effects of
nonstandard ambiant pressure and temperature on all emissions.
For production samples of a given engine, the effect of
ambient temperature and pressure on all émissions over

the complete thrust range has been correlated by_Sarli

et al.{G).

With the exception of some limited engine test results

(7) (8}

given by Nelson , Mosier et al.

(9}

, and the work reported
by Allen and Slusher . the effect of humidity on carbon
monoxide emissions from idling gas turbine combustors has
received little attention, although the extreme sensitivity
of carbon monoxide oxidation to the presence of water
vapor is well-known.

To ascertain the effects of ambient conditions, humidity
in particular, on carbon monoxide emissions from idling

gas turbine combustors, a two-pronged research effort was

initiated, encompassing both experimental and analytical



work. Experimentally, a combustor gig was employed to
simulate changing combustor inlet conditions as generated
by changing ambient conditions, and carbon monoxide
emission levels were'measufed at tﬁe combustor exit for
each simulated ambient condition. ‘The results revealed
that ambient humidity and temperature can, indeed, have
e
significant effects on carbon monoxide emission levels.

As far as the analytical effort is‘concerned, it is
well known that equilibrium considerations lead to
erroneous results, in that the predicted carbon monoxide
levels can differ from measured levels by several orders
of magnitude. Hence, chemical kinetic conéidérations_may
be more appropriate in describing the combustion process
in a gas turbine combustor. It is also reasonable to
construct a combustor model, with provisions for incorporating
both local combustor conditions and ambient conditions, in
order to be able to compute the carbon monoxide .emission
levels with respect to changes in ambient conditions. Some
details relevant to carbon monoxide‘production'in gas
turbine combustors have been given by Morr et al.tlo), and
a less detailed model, but including ;imited ambient
effects has been presented ﬁy Sarli et al.te). A rev?ew
of various gas turbine combustor modelling concepts and

(ll), wherein sophisticated

emissions has been given by COsgerby
combustor models employing perfectly stirred reactors,
partially stirred reactors and combinations of these and

plug-flow reactors, such as in what is known as a



“Swithenbaﬁk‘model“ are also discussed.

In attempting to define a tractable, vet accurate
model of the combustor, conflicts will arise: It must be
borne in mind that even sophisticated combustor models
have not been totally satisfactory in predicting eﬁission
devels. Farther, the increaseélcomplexity and sophisti=-
cation in computation technigues, necessary .when ﬁucﬂ
models are employed, may, in fact, ebscure the principal
features of pollutant production, and, also result in high
computation costs.

Plug-flow reactor models, in ;omparison, are known
for their simplicity and ease of computation. Reasonable
results have been obtained using plug-flow reactors in

(12}, (13}, (34) In the interests

combustor modelling
of simplicity, ease of computation, reduced cost of
computation, and retention of the principal features of
pollutant production, plug~-flow reactor modelling is
employed in this research effort. In the analytical
program, a chemical reaction kinetic scheme was applied in
the combustor modelling, where initial species concentra-
tions reflected both combustor characteristics and changine
ambient conditiéns.

The goals of the present work are to present.a simple

combustor model and to apply this model to predict the

effects of ambient temperature and humidity on the carbon



monoxide emission levels from an idling gas turbine
combustor, to develop correction factors for these effects

and to compare the calculated and measured emission

levels and correction factors.



EXPERIMENTAL PROGRAM

The aims of the experimental program are t0 measure
carbon monoxide emission levels from gas turbine combustors
operating under idling conditions for various simulated
ambient temperatures and humidities, and to ascertain
their effects on the emission levels.

The experimental program was conducted at the NASA
Lewis Research Center, employing their closed-duct test
facility, which is described in detail by Fear(lBE This
facility consists of a combustor rig, with provisions for
supplying appropriate amounts of humidified non-vitiated
ai; at conditions which simulate -various compressor
pressure ratios, at the combustor inlet.

‘A single JTED-17 combustor can was installed in the
duct, along with the appropriate instrumentation for
measuring static pressure, total-temperéture and gas chemi-
cal composition as shown in Fig. 1. ‘The can was supplied
with appropriate amounts of non-vitiated air and Jet A
fuel to maintain a constant overall fuel/air ratio.
Demineralized water was injected well upstream of'tﬂe
combustor inlet, to insure complete vaporization, in order
to simulate ambient humidity. The temperature, pressure,
and humidity at the combustor inlet were controlled to
reflect desired ambient conditions, pressure ratios, and

compressor efficiency.



Humid air and fuel were allowed to undergo combustion
in the JT8D-17 can under these simulated conditions, and
the total temperature, static pressure, and chemical
(16)

composition were measured to SAE specifications at

the various locations shown in Fig. 1.

Test Conditions

The idle operating conditions, beth nominal and as
. tested, are given in Table I.: In relating ambient wvariables
to combustor inlet variables, compressdr pressure ratios
of 2, 3, 4 and 5 were chosen, along with a compression
efficiency of 80 percent. The mass flow through the.
combustor consists of both .air and water vapor, the com-
bination of which may befrééarded as the oxi@izer. The
fuel flow was controlled to maintain a constant fuel/air
ratio. and not a constant fuel/oxidizer ratio. The actual
mass flow through the combustor was calculated on either
a constant compressor discharge Mach number basis, or a
constant reference velocity basis. Also, since ‘the
combustor geometry was fixed, three different values of
overall fuel/air ratio were run, in order +to affect local
fuel/air ratios within the combustor.

The cgmbustor inlet pressure, temperature, and humidity
were controlled to reflect desired ambient conditions af
244, 289 and 322°K temperature and 0, 50 and 100 percent

relative humidity, except at 244°K, at which temperature

10



an extremely small amount of water vapor corresponds to
saturation, so only one value of relative humidity could
be obtained, which was approximately 60 percent. The
water content of the air supplied by the preheater was

continually monitored and was guite small.

Experimental Results

Representative values of the measured carbon monoxide
emissions from the JT8D-17 combustor can are giveﬁ in
Figs. 2, 3, 4 and 5, in terms of the carbon monoxide
emission index against the average combustor discharge
temperature. '

Each separate figure corresponds to one simulated
compressor discharge condition - a pressure ratio of 3
or 4, and either a constant compressor discharge Mach
number or a constant reference velocity. On' each figure,
three sets of data are presented, one for each overall
fuel/air ratio of 0.015, 0.011 and 0.007.

Identically~shaded symbols correspond to one particular
fuel/air ratio, differently flagged symbols depict the
effect of ambient temperature, and identically flagged
different symbols depict the effect of humidity. The
various pressure ratios, compressor discharge conditions,
and appropriate symbol legend are given in the figures.
The effects of ambient temperature and humidity are felt
both on the combustor discharge temperature and the carbon

monoxide emission index as follows:

11



_As regards-the combustor discharge temperature:
(1) " For all other conditions remaining unaltered, a
larger fuel/air ratio gives a higher combustor discharge
temperature (compare differently shaded symbols).
(ii) For a fixed fuel/air ratio, and zero humidity, the
combustor discharge temperature increases as ambient
temperature is increased (compare identically shaded
circular symbols) . |
(iii) 7For a fixed fuel/air ratio and ambient temperature,
an increase in the relative humidity leads to a decrease
in the combustor discharge temperature (compare identically
shaded, identically flagged symbols).

As regardsthe carbon monoxide émission index:
11} Por a fixed set of ambient conditioﬁé, an rincrease
in the fuel/air ratio leads to a décrease in 'the carbon
monoxide emission index (compare differently shéded symbols) .
{1i1) For a fixed fuel/air ratio and zero humidity, .an
increase in the ambient temperature causes a decreasé im
the emission index - (compare identically shaded, differently
flagged circular symbols),
(iii) For a fixed fuel/air ratic and given ambient-teﬁ-
perature, an increase in the relative humidity leads to an
increase in the emission index, an effect especially
noticeable at the higdhest ambient temperature of 322°K, where

saturation corresponds to 8.12 percent by mass of water

12



vapor (compare identically shaded, identically flagged,

symbols) .
3BT

(iv} For all fuel/air ratios, the slope'gT CO)
4 RE=0%
is nearly identical. ;
.. . EI.g
(v) 'The slope & ) incredses with decreasing
4 RH=100%

fuel/air ratio.

(vi} At the highest fuel/air ratio, 0.015, the slopes

3ET EI
. CO) and =T CO) are nearly identical.
-~4 RH=0% 4 RH=100%

As regards the basic trends noted above, there is
little difference between a constant reference velocity
condition or a constant compressor dischargg Mach number
condition. However, a comparison of figureé correspon@ing
to pressure ratios of 3 and 4 reveal that a decrease in
the pressure ratio, for both the above conditions, leads
to an iﬁcrease in the carbon monoxide emission index.
Emissions. data collected at other simulated pressure
ratios_reflect similar trends with regard te changing
ambhient conditions.

Other combustor data is also surprisingly similar.
The emissions data of Blazowski et al.(S) for a T=56
combustor, employing two different fuels under idle con-
ditions, but with different primary zone characteristics
is presented in Fig, 6 in a form similar -to the JT8D-17

data. During these tests, the geometry of the combustor

13



was modified slightly, to allow adijustment of the primary
-zone fuel/air ratio, while keeping the overzll.fuel/air
ratico unaltered. The relative humidity was close Lo zero
and ‘the simulated compressor pressure ratio was thrée.
Although there are differences in the actual carbon
moncxide emission index produced by the JTBD-17 and the
T-56 combustor under idle ccn&iéiens, the slope:

EEICO
aT

)
4  RH=0%

-in beth figures 5 and 6, depicting the ambient temperature
t effect is nearlé igentical, especially for the lean primary
zone of the T-56. Such a similarity between .different
combustors, if digcovared, would consideraﬁlf eaég the

regulatory‘task of developing corrections for nonstandard

ambient conditions.

14



ANALYTICAL, PROGRAM

The experimental results indicate -that carbon monoxide
emission levels are decreased by an increésing fuel/zair
ratio, pressu?e ratio, and ambient temperature, while
they are increased by -an increasing ambient humidity. In
order to understand this behavior it would seem reasonable
to construc£ a combustor model. Several factors are of
importancée when such 5 model is desired, in order to be
able to predict pollutant emission levels from gas turbine
combustors. A typical gas turbine combustor qqnsists
of a casing to contain the éir flow, within which, there
is- a means for mixing fuel and air, and bdrning‘the:
mixture -under étable conditionsa The actual combustion
procesé is extremely complex;'and includes recirculation
of burnt products, incomplete mixing, delay in mixing and
~ burning, guenching by the walls of the combﬁstor, and
further, these processes occur simultaneously. Detailed
investigations by Mellor et a1, (170, (18) ¢ gas turbine- com-
bustors haQe revealed the existence of such complex
processes in the confines of combustors.

A realistic computational model of the combustor
would have to incorporate all these complexities, and in
addition, have provisions for taking into account the
effects of ambient conditions on the operating barameters,

such as pressure, temperature, and chemical composition.

15



However, it has not been possible to include these effects
and have a reasonable computation time, and hence simpler
models are highly desirable.

The combustion process in a gas turbine combustor is
known to generally occur in three principal zones: the
primary, secondary, and diluticn. These zones are shown
for a typical gas turbine combustor in Fig. 7. The primary
zone congists of a fuel injection region and 2 highly
stirred region. Most of the combustion, to the sxtent
of 90 percent, occurs in this zone. The secondary zone
completes the combustion to about 99 percent and initiates
dilution, which is completed in the dilution zone, to
provide an acceptable turbine inlet temperature. All
combustor models so far suggested invariably -subdivide
the combustor into these three zcnés, and diff;;fﬁasically
in the manner in which the primary zone is modeled,
consideration of droplet evaporation and combustion, and in
the chemistry of pollutant production. A ﬁe%ailéd dis-
cussion of these aspects is given in a review paper by
Osgerby(ll).

In the model presented in this research effort, it
is suggested that each such zone within the combustor be
treated as a plug-flow reactor. In a plug-flow reactor
of the type employed in this analysis, there is homogeneous

chemical reaction between perfectly mixed fuel and

16



oxidizer, under conditions of constant pressure and
temperature. The pressure here depends on the ambient
pressure and compressor pressure ratio, and the tempera-
_ture is taken as the adiabatic flame temperature for each
particular ambient condition and local fuel/air ratio.

In actuality, adiabatic flame temperatures are not
attained in the combustion zZones due to the fact that
chemical equilibrium is not reached in the combustor.

The chemistry in such plug flow zones may be described
adequately by a set of chemical reactions, or kinetics.
Since the actual kinetics representing ﬁhé oxidation of a
hyvdrocarbon fuel such as Jet A are only poorly understodd,
a simpler fuel, methane, whose oxidation kinetics are
well documented, is employed. -

It is in keeping with one of the goals of this research
effort, namely, simplicity, that plug-flow reactors are
being used to model the combustor. Plug-flow models ignore
all the complexities in the flow previously mentioned,
ahd provide an idealization of the cowbustion process.
However, they need not be considered as over-simplifying -
the matter, because even relatively sophisticated combustor
models have not been totally satisfactory in accounting for
pollutant emission levels. éome of these sophisticated
models are presented and discussed in detail by Mofr et

{10} (11} g {19 (20}

al. , Pratt et al. , and

+ Osgerby ; Sheppar

17



(21)

Boccio et al. . Plug-flow models on the other hand,
have been used with limited success by Seery and Bowman(lZ)
Marteney(l3), and Starkman et al.(l4lz Further, complex

combustor models require sophisticated computation
techniques which indeed obscure the principal features
of pollutant production. In the interests of simplicity
and reduced computation time and costs, plug flow
modelling is employed in this research effort.

As mentioned earlier, plug flow reactors allow
perfectly mixed fuel and oxidizer to undergo chemical
reaction in a constant pressure, constant temperature
environment. The temperature .in a plug flow reactor
corresponds to the adiabatic flame temperature wﬁich is

calculated using the NASA CEC-71- computer program(ZZ).

The computer program requires, as input, the réggéant
composition, pressure, and initigl temperature. The
reactant composition reflects the ambient humidity, and
the initial temperature reflects the ambient temperature,
the pressure ratio, and the compressor efficiency. The

reactant inlet temperature, (i.e., at combustor inlet)

is given by:
v=1

- 1 opry ¥ -
T, =T, [1+ ﬁz {*(PR) 1}] (1)

For an explanation of the symbols, please refer to the

"Nomenclature"®.

18



The initial chemical composition of the reactants,

which consist ©of fuel and oxidizer, are calculated as

follows:

Oxidizer: (Proportions by mass)

Nitrogen
Ooxygen

Argon

Carbon Dioxide

Dry Air

Water Vapor (HEO) =

Oxidizer total mass

The mass fraction of
given by:

Nitrogen

Oxygen

Argon

Carbon Dioxide

Water

(N,) 0.7555
(0,) 0.2313 -
(Ar) 0.0127

(COZ) 0.0005 (2)

1.0000

Dry Air x WS X RH

lXWSxRH=WSXRH (3)

i

Dry Air + Water Vapor

1+ (Ws X RH) (4)

each component in the oxidizer is

= 0.7555 /(1 + Ws % RH) ,

= 0.2313 /(1 + WS X RH) ,

= 0.0127 /(1 + W, x RH) ,

= 0,0005 /{1 + W_ x RH)} , and
& (5)
= Ws X RH/(1 + WS x RH} .

19



The fuel consists of methane which is given by:

Methane (CH4} = Dry Air x fuel/air
= 1l x f/a = £/a (6)
Also, Methane = Wet Air x fuel/oxidizer
= (1 4+ Ws %X RH) x (f£/0) (7)

The relative amounts by weight, of the various components
comprising the reactants and their initial states can now
be calculated, if the fuel/air ratio or fuel/oxidizer ratio
and the ambient conditions and pressure ratioc are specified.
For each such specific condition, the NASA CEC-71 computer
pProgram calculates the adiabatic flame temperature- and
eguilibrium chemical composition.

The kinetic chemical calculations in the plug flow

reactors is carried out using the NASA GCKP(23)

. computer
program. This program calculates the time history of the
initial chemical specieg concentrations, given the initial
conditions of pressure, temperature and composition by
integrating rate equations. Other constraints are also
possible, such as keeping pressure and temperature unaltered.
The input to this program reqﬁires, in addition to tﬁe
initial conditions, a chemical reaction kinetic scheme to
describe the combustion prbcess.

Depending on whether there is mixing of burnt gas and

fresh air, to simulate addition ©of air, or not, i.e.

20



depending on whether the kinetic calculations are to be
performed for the secondary and dilution zones, or the
primary zone, respectively, the initial species concentra~
tions are calculated in a =lightly different manner. In
the primary zone, the fuel and oxidizer are assumed to be
perfectly mixed instantangously and the initial mass

o

fractions are calculated as follows.

Dry air = N, + O, + Ar 4 CO

2 2 2
0.7555 + 0.2313 + 0.0127 + 0.0005

i

= ,1.0000
Water Vapor = H20 = Dry Air x WS XRE = 1x WS X RH
= WS X RE .,
Fuel = CH, = Dry Alr x £f/a = 1 x fya = f/a .
Total mass of initial species = (1 + WS X RH + f£/a)
. (8)
The mass fractions of each species:
N2 = {.7555 /{1 + Ws X RH + £/a) ,
O2 = 0.2313 /(1 + Ws X RH + £/a) ,
Ar = 0.0127 /(1 + W, x RH + £/a) ,
002 = 0.0005 /(1 + WS X RH + £/a) ,
HZO = Ws x RH/(1 + Ws X RH 4+ £/a) , and
CH, = (f/a) /(L +W_ xR+ f£/a) . (9)

21



A FORTRAN program given in Appendix 1 performs the above
calculations and produces results on punched cards, ready
for use in the chemical kinetic calculations computer
program.

When there is mixing of burnt gas and fresh air, as
is the case during entry to the secondary and dilution
zones, where the burnt gases from the previous zone are
mixed with appropriate amounts of .air, to lower the fuel/air
ratio, the initial species concentrations (mass fractions)
for use in the kinetic calculations program, are calculated
with the aid of the FORTRAN program in Appendix 2 as follows.

Consider the case where it is veguired to calculate
+he initial species concentration during entrf to the
secondary zone., Burnt gases Irom the priﬁary zone are
instantaneously mixed perfectly with fresh secondary air,
and then allowed to burn in the secondary zone. The
fuel/oxidizer ratios in the primary and secondary are
(f/c)P and (ffo}s respectively. This situation can be
considered as starting out with a certain amount of fuel,
£, and the appropriate amount of oxidizer, namely f/(f/o)s,
which will result in a fuel/oxidizer ratio of {f/é}s in
the secondary, feeding part of this oxidizer through the
primary, namely f/(f/o)P, and feeding in the rest of
the oxidizer, namely f-{l/(f/o)S e l/(f/o)p} as secondary
air, which is mixed with the effluents from the primary

zone combustion, to simulate entry into the secondary zone.
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The mass fractions of the burnt ga§ mixture are
obtained from the results of plug flow calculations applied
~in the primary zone. The mass fraétions of the secondary
alr are the samé as those for fresh air, éepending on
ambient coﬁditions. The mass of the burnt gas consists of
the mass of primary air and injected fuel; and the mass of
the secondary air is the rest of the oxidizer mass as
mentioned above. The masses of individual species in
the burnt gas and secondary alr are then given by ﬁulti-
plying the total mass of either the bﬁrnt gas or secondary
air, with their respective mass fractions. Instantaneous
mixing of these two result in .a different pomposition,'

calculated as given below. .

Burnt gas individual species mass:

mo o= B % (f +'f/(f/o‘)p) (10)

i i
Secondary oxidizer individual species mass:

= - 3 1
m Ho. X (f/(f/o)s f/(f/o)p} (11)
i i
After instantaneous mixing, individual species mass:
m, = + m (12)
P07 M, . |
After mixing total mass:

M = m., = + m ©{13)
:'ZL 1 jz.mbi €4
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The mass fractions at secondary zone entry:

ml Inb‘ + mol
H. s _J-". = L i
hik M z +m
¢ by T oy
1.8,
Hbi[l + l/(f/01p3 + Hoi[l/(f/O)S - l/(f/O)p]
H. =
3

T3/ (£/0) g = L/(E/0) )

1

_ g Hbi{l + 1/(fxo}P} + H

(14)

These H, are the mass fractions at the entry to the
secondary zone. The mass fractions at the entry to the
dilution zone are calculated in the same manner, by con-
sidering the primary and secondary zones to be one unit,
replacing the primary zone in the calculations, and con-
sidéring the dilution zone as the secondary zone.

7o describe the combustion process, a kinetic chemical
reaction scheme is also reguired. A lis£ of reactions
employed for this purpose is given in Table IX. These
reactione describe the guick breakdown of the methane fuel
into radicals and carbon monoxide, and their subsequent
oxidation to final products of water and carbon dioxide,
and also other radical recombinations. In addition, the
kinetics of the formation of oxides of nitrogen are also
included. Table II also gives the forward rate constant
associated with each reaction. Table IIa gives the
adifferent reaction schemes actually employed in the

analytical program.
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A 30 reaction scheme (number 1) was first emploved
in a pilot analvtical effort to ascertain whethexr
humidity had any effect on carbon monoxide production.
This scheme is given and discussed in detail in a review

(11)

paper by Osgerby and includes reactions to describe
burn up of methane, production and consumption of carbon
monoxide, and production of both nitric oxide and
nitrogen dioxide.

A 20 reaction scheme (number 2), which is essentially
the same as the one used by Ay and Sichel(24), is also
given in the same tables. The differences between
schemes 1 and 2 are that the latter does not include the
kinetics of nitrogen dioxide production, some auxilliary
reactions for nitric oxide production and a carbon
monoxide production reaction. Table Ila gives_tﬂé details.
In carbon monoxide kinetics, the reaction CO + OH = 002 + H

" has been shown to dominate the oxidation process by

Westenberg(zs), and nitric oxide kinetics have been

adequately described by the mechanism proposed by Zeldovich(zs).
The reaction scheme 3 consists of the same 20

reactions, but with a modified forward rate constant for the

CO + OH = Co, + B reaction. This rate constant 1s similar

(27)

to the one developed by Kollrack and was chosen for

its large temperature dependence.
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A, Analytical Models:

A typical gas turbine combustor is shown in Fig. 7,
wherein the combustor is subdivided into the three familiar
zones, the primary, secondary and dilution. Combustion
cccurs in eaqh of these three zones accompanied by complex
flow processes. In the analytical model, these processes
are ignored and simple plug-flow reactors are employed
+o simulate combustion in the three zones, one for
each zone as shown in Fig. 8.

In the primary zone, fuel and oxidizer, taken in
appropriate amounts to simulate a. particular fuel/air
ratio in the primary zone,are instantaneously mixed and
allowed to undergo chemical reaction at a pressure of
4 atmospheres {compressor pressure ratio is faﬁr} and at
a ‘temperature corresponding to the adiabatic fiame '
temperature which reflects both ambient conditions and
fuel/aix_ratio. - The reaction process is allowed to proceed
for 5 msec., which is taken as representative of a primary
sone residence time. The initial species composition is
calculated using the FORTRAN program given in Appendix 1,
and the chemical composition of the primary zone effluents,
using the NASA GCKP computer program, developed by
Bittker and Saullin(EB}.

These effluents are then perfectly mixed, instan-
taneously, with precalculated amounts of fresh air in

the manher explained in the previous section, using the
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FORTRAN program given in Appendix 2 to simulate entry

into the secondary zone. The fuel/air ratio in ihe
secondary zone is lower than that im the primary Zone and
hence the temperature is also iower. Using‘the same

NASA GCKFP program, the chemical composition of the mixture
after a secondary zone residence time of 5.msec. is
calculated. -Tﬁe conditions in the secondary zone are

onge again modeled as a plug-flow reactor. The secondary
zone effluents are once again mixed witﬁran additional
amount of fresh air ?o siﬁalate entry into the dilution
zone in the same manner as ébova, and the mixture-aliowed
to undergo chemical reaction in the plug»flew'reactor
modeling the dilution zone, and the chemical composition
calculated after a éilutioﬁ zone residence time of 5 msec.
This composition is taken to be that at the combustor exit.
Carbon monoxide mole fractions, reflecting various
_ambient conditions -and fuel/air ratios, in particular,

are noted.

This typa.of combustor modelling applies for schemes
which assqﬁe"the'primary'zcne to0 be fuel-rich. However,
as stoichiometric primary zone fuel/air ratios are
approached, a slightly modified cémbustor-ma&al ig necessary.
The details of the modificationsg are given in what

foliows.

27



It is suggested that at near and below stoichiometric
primary zone fuel/air ratios, homogeneous single phase
combustion may not occur, but that individual fuel droplet
burning may dominate the combustion. Actual burning
occurs around individual droplets under stoichiometric
conditions and the products of this combustion are
immediately gquenched by the surrounding air to lower
fuel/air ratios, in the primary zone itself., This has the
effect of "freezing" the highest carbon monoxide levels
which occur during droplet combustion. Indeed, experi-

(28), indiéates that this

mental evidence given by Sullivan
type of primary zone guenching does occur. Sullivan found
that the exact placement of air holes in the secondary zone had
very little effect on the carbon monoxide emission levels,
suggesting that these levels are guenched by surrounding
primary air itself and any additional air would make very
litﬁle difference except in lowering the mass fractions

because an additional mass of air is introduced.

To model this type of behavior, the primary zone is
considered as comprising two combustion phases. The first
phase is the individual droplet burning and the second
phase is the immediate dilution by surrounding primary air.

Ag ghown in Fig. 9, each such zone is modeled as a plug

flow reactor. The first reactor has a temperature and

initial species concentration reflecting ambient conditions
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and for a stoichiometric or glightly rich fuel/air ratio.
Chemical reaction occurs in this zone for a very short
period of time, 0.1 msec., which is of the same order

as the time taken by a flame front to travel through the
near~stoichiometric corbustion zone surrounding
individual droplets. The products of this combustion
zone are now mixed with fresh air to bring the fuel/air
ratio, and hence the temperature down, simulating the
process of immediate dilution of droplet burning products,
and the mixture allowed to undergo chemical reaction in
the second primary plug flow reactor for 5 msec.,
representative of a primary zoné residence time.

Subsequently, these proﬁuctslare allowed to pass
through the secondary and dilution zones again modeled
as plug flow reactors; in thé same manner as for the
previous model. .The chemical composition, carbon monoxide
mole fraction in particular, is noted at the end of the

ilution zone.

In the analyticél model preszented here, various fuel/air
ratio cowbinations were considered, and the various para-—
meters relevant to one of these wvalues, namely an ffa}a of
0.011, are given in Table III. Experimentally, the combustor
was operated under conditions corresponding to the primary,
secondary, and dilution zone fuel/air ratios given in the

table. For an overall or dilution zone fuel/air ratio of
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0.011, the secondarf and primary zone fuel/air ratios
lie between 0.034 and 0.019, and 0.071 and 0:048,
respectively. A comparison of the anaiytical and typical
values of fuel/air ratio. reveals a sufficient range in
the variation of the typical values to include analytical
values. However, differences in the'resiéeﬁce times in

- each zéne are -apparent. In the primary zone, the actual
residence is between 1.90 and 1.60 msec, whereas the
analytical model takes this as 5.0 msec. This may be
-justifiable because chemical equilibrium is guickly
attained in the primary zone, due to large reaction rates,
and there is practically no\difference petween the carbon
monoxide mole fraction after 1.0 msec. or after 5.0 msec.
residence time in the primary zone, as per calculatioﬁs;
This sitﬁation is illustrated in Fig. 10, which is a plot
of the carbon monoxide mole fracfién obtained from ‘
equilibrium and kinetic calculation for various fuel/air
ratios. In the entire range of values investigated, ‘there
is very little difference between the two mole fractions.
However, deviations become apparent as .either very lean or
very rich mixtures are considered.

The secondary zone resiéence time can be seen from

Table III, to be of the same 6rder in both the typical
combustor and the analytical model. It will be shown later

in the section on analytical fesults, that the secondary
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zone parameters play a dominant role in determining the
carbon monoxide emission levels and hence the closeness
in both fuel/air ratio and residence time in this zone
isg, indeed, necessary.

In the dilution zone, the residence time taken in
the analytical model is about twice the typical value.
The temperatures in the dilution zone are relatively low,
with correspondingly lower reaction rates, leading to
"frozen" chemistry. There is thus little change in the
carbon monoxide mole fraction between 2.5 msec. and 5.0
msec. dilution zone residence time and henqe the choice of
the larger residence time may be justifiable.

Further, in the analytical model, methane was used
as the fuel instead of JP4, which was used in the experi-
mental program. It has aiready been pointed out that the
primary zone carbon monoxide levels are close +to equilibrium
levels, as apparent from Pig. 10. It may be seen from
Table IV that the eguilibrium carbon monoxide mole fractions,
for the same conditions, employing methane and JP4 as fuel,
are 0f the same order, but JP4 results in a slightly higher
{about one~and-a-half times) mole fraction. However, the
adiabatic flame temperatures for methane are slightly
lower than those for JP4, for the same conditions,
resulting in slower carbon monoxide burnup when methane
kinetics are employed. It is possible that thése two

effects may compensate for each other, at least to a limited
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extent, resulting in mcre realistic carbon monoxide

" levels. It is recognized that using methane instead of
JP4-is, indeed, an approximation, but because the kinetics
of JP4-oxidation are only poorly understood, use of
methane as the fuel may also be justifiable.

As regards the chemical kinetics employed in the
analytical effort, three schemes have already been
presented. The scheme number 1 has been found to be
unsatisfactory in predicting carbon monoxide levelg, in
that the calculated mole fractions were two oréers of
magnitude smallexr thaﬁ measured values in soﬁe cases.
Further,  scheme number 1 also contained reactions‘describing
the production of nitrcgen dioxide, which:was found to
be several oréers of magnitude smallér than nitric oxide,
as a_resulf of calculations. Reactions involving nitrogen
dioxide were therefore considered unimportant and reaction
scheme number 2, consisting of 20 reactions given by Ay and

Sichel (24)

; which did not contain .such reactions was then
used. However, its use was limited to the‘primary zone
alone, since it too underpredicted carbon monoxide mole
fraction at the end of the dilution zone.b§ two orders of
magnitude. Further, the d#;ution zone carbon monoxide
levels did pot exhibit increasing trends with humidity,

when this scheme was used. This led to a search for a

rate constant for the carbon monoxide oxidation reaction
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CO + OH = C02 + H, which is highly temperature dependent,
because ambient humidity causes a decrease in the fléme
temperature and it is requifed to reduce burn-up of
carboﬁ monoxide sufficiently, as humidity is increased,
in order to predict measured trends. The search resulted
in the use of a rate constant developed by Kollrack(27)t
This rate constant had the seventh power of the absblute
temperature in the pre-exponent factor, indicating high
temperature sensitivity. However, when this rate constant
was used in the analysis, the carbon monoxide emission
levels calculated were once again two orders of magnitude
smaller than the measured lévels: It was then suggesfed
that this rate.constant be reduced by a factor of ten,  and
when this value was used, reasonable results were obtained.
Figure 11 illustrates this situatioﬁ adequately. For a
- variety of conditions, the carbon monoxide emission level
is plotted against the combustor exit temperaturé (dilution
zone flame temperature). Comparison of measured carbon
monoxide ppﬁ levels and calculated valués reveals not only
good agreement in the order of magnitude, but also in the
trends as regards the effects of ambient humidity and
température.

Further, Table V gives the values of the largest and
the smallest reported.rate constants for the carbon

monoxide oxidation reaction for various absolute temperatures.
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These rate constants are taken from the work of Sorenson

et al.(gg). In the secondary zone, the temperature is of
the order of 1500°K, at which the used rate constant

"USED K" is slightly smaller than the smallest reported
value, "SMALL K". However in the dilution zone,-the
temperature is very low, of the order of B00°K, at which

the uséd rate constant is slightly larger than the

smallest value but smaller than the largest value, “LARGE K",
The used rate constant is, indeed, relatively small,

but because of good results as in Fig. 11, its use may

also be justifiable.

B. Analytical Results:

The experimental results, already being ascertained,
in that the principal effects of ambient temperature and
humidity on carbon monoxide emission levelg at the com-
bustor exit are as follows:

(1) ambient temperature increases result in decreases
in carbon monoxide level, for zero humidity and
for a particular overall fuel/air ratio and
compressor‘discharge condition, and

(2) ambient humidity increases cause increases in
carbon monoxide emission levels, for a particular
ambient temperature, overall fuel/air ratio, and

compressor discharge conditions.

34



It has been possible to predict the above trends
employing the analytical moqel éescribed in the previous
section, to a reasonable extent. The calculated results .
are presented here for a compressor pressure ratio of
four.

Results of the adiabatic flame température calculations
using the NASA CEC71£22) computer program for wvarious
equivalence ratios from 0.2 to 1.3, for ambient temperatures
of 244, 282 and 322°K and for relative humidities of 0, 50
and 100 percent are presented in Fig. 12. The wéll—known
effects of ambient temperature and humidity on Ehe
adiabatic flame temperature are apparent. Ambienp tem- <
perature increases produce increases in the flame temperaf
ture, for a particular equivalence ratio and zero humidity.
Ambient humidity increases cause decreases in the flame
temperature at any particular egquivalence ratio ‘and ambient
temperature. For an ambient température 05-244°K, Fig.-12
" gives only one curve; this is because at this ambient
temperature, a very small amount of water vapor corresponds
to saturatien and ‘there is therefore, practicall& noieffect
on the flame temperature.

The effect of humidity on fuel/air ratios corfesponding
+to particuiar equivalence ratios for various ambient

humidities is given in Fig. 13. Near the stoichiometric
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equivalence ratio this effect is not seen, but as one
deviates from stoichiometric values, the effect is guite
pronounced in that below stoichiometric values, the
fuel/air ratic for humid mixtures is less than that for
dry mixtures and sbove stoichiometric values, the
reverse 1s true. Figure 13 contains the fuel/air values
plotted against eguivalence ratio for ambient temperatures
of 244, 289 and 322°K and for relative humidities of
0, 50 and 100 percent for the same reason as mentioned
above, there is only one curve for an ambieﬁt temperature
of 244°K., The curves in Fig. 13 are ﬁseful when it is
desired to determine flame temperatures for a particular
fuel/air ratio, instead of for a particular equivalence
ratio. Since flame tempeéatures in Fig. 12 are plotted
against equivalence ratio, Fig. 13 can be used to determine
the equivalence ratio values corresponding to a particular
fuel/air ratio and various desired ambient conditions of
temperature and humidity. Using these equivalence ratio
values and corresponding curves in Fig. 12, the flame‘
temperatures may be determined for the various conditions
considered. The combustor is modeled as three plug-flow
zones, primary, secondary and dilution, and results from
calculations for each zone and relevant discussion follow.
The primary zone results are given in Fig. 14, which

is a plot of the carbon monoxide correction factor.CFCO,
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against the ambient temperature, for relative humidities
of 0, 50 and 100 percent, and for primary zone fuel/air
ratios of 0.08, 0.07, and 0.0é, the last of which is
neaxly stoichiometric.” The' correction factor has been
defined as:

CF _.Carbon monoxide mole fraction at standard conditions
CO Carbon monoxide mole fraction at nonstandard conditions

with standard conditions taken as 289°K temperature and
zero humidity. 7The mole fractions are taken after allowing
fuel and oxidizer to undergo chemical reaction in the
primary zone plug flow reactor for a residence time .of

5 msec. ‘

The thfee sets of curves in Fig. 14, oné-for each
primary zone fuel/air ratio, are similar in nature, except
for differences in the slopes. For zero humidity, in all
three:sets of cu;ves,-the slope of the CFCO curve isg
negative, indicating fhat the carbon monoxide levels
increase with increasing ambient temperature at zero
humidity. At the two other relative humidities, 50 and
100%, " the CFCO curves have positive slopes, indicating that
at these humidities, an increase in ambient temperature
leads to a decrease iﬁ the carbon'ﬁonoxide level. At
any particular temperature, increasing humidity leads ‘to
an increase in CFagr indicating that the carbon monoxide

level decreases as humidity is increased at a particular

ambient temperature.
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Further, products of the primary zone plug-flow re-
actor are almost in equilibrium, as has been mentiocned
eariier, with reference to Fié. 10, and thus both
equilibrium and kinetic results indicate carbon monoxide
trends which are to increase with ambienﬁ temperature
and to decrease with ambient humidity. These trends are
precisely the inverse of those measured at the combustor
exit, but have been experimentally verified by Mﬁller-

(30), who made measurements in rich

Dethlefs .and Schlader
burner flames which correspond to primary zones. These
results may be explained by considering the effect of
flame temperature on -dissociation. It is £herefore,
logical to assume, in view of these results, that)the
subseéuent secoﬁdary and dilution zones are instrumental
in reversing these'trends. Further, it is evident from
a perusal of Fig. 14, that there are larger deviations
near stoichiometric fuel/air ratios, making it increasingly
difficult for the sécondary and -dilution zones to reverse
the trends. This explains why the rich primary zone
model (Fig. 8) shows signs of failure for near-stoichiometric
primary zones.

The temperatures in the dilution zone are lower, hence
chemical composition is somewhat "frozen"; so this zone may
not have a great effect in reversing the trendsl The only

zone left is the secondary zone, where the temperatures
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are not as low. Indeed, it turns out that the secondary
zone can have a dram%tic effect on the carbon monoxide
levels. This is illustrated in Fié. 15, which is a plot
of the carbon monoxide emission level in mole fractions
at the combustor exit, against the exit temperature
calculated for various secondary fuel/air ratio com-
binations and for various ambient conditions as shown in
-the figure, employing the analytical model for rich
primary zones (Fig. 8). The primary zone and dilution
zone fuel/air ratios are fixed, 0.07 and 0.015 respectively,
but the intermediate secondary zone fuel/air ratio is
varied-as follows: 0.035, .03, 0.0275 and 0.025.
However, when secondary fuel/air ratios beyond the range
between 0.035 and 0.025, namely 0.04 and 0.02 for instance,
are considered, the results fail'to predict the trends
mentioned above. The results are plotted in groups of
symbols as explained in the figure, each group corresponding
to one analytical scheme comprising the three combustion
zones with residence times of 5 msec in each zone. Changing
the secondary zone fuel/air ratio from 0.035 to 0.025 re-
sults in an order of magnitude chenge in the carbon
monoxide mole fraction. It is thus confirmed that the
secondary zone is the controlling factor as regards the

carbon monoxide emission level.
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While the effect of the secondary zone)is evident,
it is also noticed that the carbon monoxide trends with
respect to ambient temperature and humidity have also
been reversed. The results on Fig. 15 indicate tﬁat'for
each of these fuel/air ratio combinations, the analytical
model is capable of predicting the cbserved carbon monoxide
emission trends, in that for a particular analytical
scheme, the carbon monoxide decreases with inC¢reasing
ambient teméerature (compare identicaliy shaded circular
"symbols) and increases with‘increasing humidity at a
particular ambient temperature'(compére identically shaded
and flagged symbols). Further, it may be noted that the
largest levels of carbon monoxide are produced for smaller
values of setondary fuel/air ratio, which occurs because
the high CO levels in the primary zone are "frozen" by
these -secondary zones, where the lower temperature
"quenches" the CO oxidation reaction.

Employing the same analytical model for rich primary
zones (Fig. 8), additional calculations over a wide range
of conditions yielded the same kind of results. Figures
16, 17 and 18 are plots of carbon monoxide mole fraction
against the combustor exit temperature, which is the dilution
zone adiabatic flame temperature. Three groups of results
are presented in each figure, oné for each fuel/air ratio

combination. ' All three figures start out with rich primary

<
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zones, considerably different from stoichiometric values,
and subsequently undergo secondary and dilution zone

combustion as follows:

f/a)P f/a)s f/a)d
0.070 0.030 ©0.020
0..070 0.0275 0.015
0.070 0.015 0.010
0.080 0.035 0.020
0.080 0.030 0.015
0.080 - 0.025 0.010
0.090 0.035 . 0.020
0.090 0.030 0.015
0.090 0.025 0.010

The residence times in each zone was taken as 5 msec. and
calculations were performed for ambieﬁt conditions of

244, 289 and 322°K temperature and 0, 50 and 100% relative
humidity. In each individual case, other secopdary
fuel/air ratio cembinations were also tried, but the
analytical model gave reasonable results only for a

limited range of secondary fuel/air ratio. -Only such
values of secondary fuel/air ratio and accompanying primary
and dilution fuel/air ratio combinations are presented

here. Further, these values correspond closely with
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with typical combustor values, where the combustor fuel/.
air ratio ranged from 0.015 to 0.007. -

On each figure, the effects of ambient conditions
are apparent in that the trends obtained from qalculations
agree with experiﬁentally observed trends as regards

~carbon monoxide emission levels. However, there are
différences in the degree of these effects, depending on
the particular choice of fuel/air ratios in the three
plug flow zones. ‘Generallﬁ, richer primary zones may be
associlated with richer secondary and dilution zones;
doing so, .and comparing results from the three figures

16, 17 and 18 for the following combinations:

f/a)p f/a)s f/a)d
0.070 0.025 0.010
0.080 " 0.030 0.015

0.090 0.035 0.020

It may be seen that rich primary zones coupled with
richer secondary and dilution zones result in lower carbon

monoxXide emissions in general. Alsc, the slopes

X ax
(gfgg) and isiﬁgb are seen to depend on the
4 RH=0.0 4 RH=1.0

fuel/air ratio combination. For the same primary -zone
fuel/air ratio, and for higher values of secondary and
dilution zone fuel/air ratio, both these slopes can be

seen to decrease.



It was previously mentioned, in the section on the
analytical models, that the model employed was only
successful as applied to sequences starting out with rich
primary zones. Lean priméry zones may be handled in a
similar manner, but with the modification that individual
droplets of fuel first burn in the primary and are
immediately diluted down to lean fuel/air ratios. This
scheme, for lean primary zones is given in Fig. 9 and has
been discussed already.

Employing this scheme then, results for two sequences
starting with a primary zone with a fuel/air ratio of
0.06, which is close to the.stoichiometric value, and
subseéuent dilution to a fuel/air ratio .of 0.03 in the
primary zone itself and then completing the combustion
process through secondary_and dilution zones with fuel/air
ratios of 0.02, 0.015 and 0.010, 0.007 respectively, are
shown in Fig. 19. That this model is capable of predicting
the same CO trends with regard to ambient temperature and
humidity changes, is evident in this figure.

'Combinéd results for‘both the analytical models are
given in Fig. 20, which has the carbon monoxide mdle

fraction plotted against dilution zone temperature, for

the following seguences:



£/a) By £/a) b, t/a), . t/aly
'0.090 —— _ 0.035‘ 0.015
0.080 - 0.030" 0.010
0.060 0.030 0.015. 0.007

The points in the figure are 'in_ groups, one for each
dilution sequence and the effects of ambient temperature
and humidity can be seen to be similar for each sequence
and agree with measurements.. Care has been taken to
couple richer primary zones with richer subsequent zones
and vice versa. Once again, richer zones produce less
carbon monoxide levels. These combinations fit in well
With‘experimentall§ determined values of fuel/air.ratio.

The analytical models have been applied over a wide
range of operating conditions and have been reasonably
successful in predicting carbon monoxide emission levels
both as far as order of magnitude and trends with ambient.

‘cenditions are concerned. In a manner similar to the
experimental results, these analytical results may be
summarized as follows:

As regards the carbon monoxide (mole fraction)
emissioﬁ Ievel: '

(i) For typical combustor conditions represented in the
analytical model, the calculated carbon monoxide mole

. fraction (converted to ppm) and the measured values are
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roughly the same because the rate constant for the carbon
monoxide oxidation reaction was modified to produce.
these results.

(ii) For a fixed set of ambient conditions, increasing
the secondary zone fuel/air ratio (and hence the dilution
zone fuel/air ratio) results in a decrease in CO level.
(iii) Por a fixed fuel/air ratio sequence, and zero
humidity, increasing the ambient temperature causes the
CO mcle fraction at combustor exit to decrease.

{iv) For a fixed fuel/alr ratio sequence and ambient
temperature, an increase in the humidity leads to an

increase in the CO emission level.

8X
(v) The slope ( €0, increases with decreasing
Ty "RrE=0.0
dilution zone fuel/air ratio for any (f/a)p and (f/a)s.
BXCO -
{vi) The slope (ET—_) generally increases with
4 RH=1.0

decreasing dilution zone fuel/air ratio, for any if/a)P

and (f/a)s.
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ANALYTICAL AND EXPERIMENTAL COMPARISONS

From the results of the experimental and analftical
program, it may be seen that, indeed, plug-flow reactor
modelling of the gas turbine combustor can be reasonably
successful in predicting both carbon monoxide emission
levels - with the aid of a reduced rate constant for the
carbon monoxide oxidation’ reaction ~ and the effects of
ambient temperature and humidity on carbon monoxide
emission, with the ald of the large temperature dependence
in the same rate constant.

Figure 11 presents the experimentally measured and
calculated carbon monoxide emission levels (ppm) for similar

combustor discharge conditions. It cén be seen-that_
‘the amounts of carbon monoxide calcﬁlated and measured are
roughly the same, over a fairly wide range of conditions.

Figures 21, 22 and 23 present measured and calculéted
carbon moncxide emission levels in terms of the cérrect;on
factor against ambient temperature for—relative humidities
of 0, 50'and 100 percent, and for various overall fuel/air
. ratios, which correspond to the dilutiOﬁ zone fuel/air
ratio in the calculations. It must be kept-in mind,
however, that in the analytical model, each dilution zone
fuel/air ratio is associated with secondary and prima?y _
zone fuel/air ratios also. These values are given in

the figures.
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In all these figures, the similarity in the CFCO
curves is striking. At zero humidity, these curves have
a positive slope, in all three figures, indicating that
the carbon monoxide levels decrease with increasing
ambient temperature. The slopes of these curves for both
analytical and experimental results are about the same.

However, at relative humidities other than zero,
(for 50 and 100 percent), the curves obtained from the
analytical program do not indicate as large an increase in
carbon monoxide production as produced during the
experimental measurements. The analytical model somewhat
underpredicts the effect of humidity on carbon monoxide,
but is, at least, successful in predicting similar +trends.

Results from other experimental programs, such as
those presented by Blazowski et al.(s) include carbon
monoxide correction factors‘for ambient temperature for
two different fuels JP, and JP8 and for two design wvaria-
tions of a T-56 combustor, emploging a stoichiometric .and
a lean primary zone., These results are plotted in Figure
24 as thg correction factor against ambient temperature.
- "Least squares" curve fits to these data, employing
linear interpolation resulted in eguations for these
correction factors, given in Table VI. The curve fitting
was done using the BMD programs package(32). The egquations

give the correction factor in terms of. the pressure ratio
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and ambient temperature. The effect of humidity was not
investigated here, but some confidence can be gained by
comparing the siopes of the zero humidity correction factor
curves in Figures 21, 22 and 23 with the curves in Figure

24, The slopes and the shapes of the curves are surprisingly

similar.
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CONCLUSTONS

From the foregoing discussion of the experimental
and analytical results, the following conclusions may
be made:

1. The analytical models presented can, with limited

" success, predict carbon monoxide emission levels from
idling gas turbine combustors. Predicted and measured
levels are roughly the same. This agreement was forced
by modifying the rate constant for the carbon monoxide
oxidation reaction. ‘

2. As regards prediction of the -effects of anbient
temparature and humidity on carbon monoxide emissions,
the analytical model is able to predict the measured trends,
ﬁut is unable %o exactly match the slopes of these trendé,
in the sense, the model underpredicts the.effect of
humidity on carbon monoxide emissions. The effects of
temperature, however, are in reasonable agreement.

3. For zero humidity, the correction factors for
both the JT8D-1l7 and the T=56 combustor are similar; so it
may be possible to have a general -eguation for coxrection
factors for ambient temperature for both engines. It is -
one of the goals of this research effort to examine such a'

gpassibility, to help ease the regulatory task of developing

N
corrections for nonstandard inlet conditions.
H
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4. With simple plug-flow combustor modelling
these resulis have been possible - one of the goals of
this research effort was simplicity, which has been
retained in the modelling.

5. The results indicate that carbon monoxide pro-
duction in guantity is due to guenching of the primarf
zone producté by lean secondary zones, resulting in
"super-eguilibrium" carbon monoxide emission levels.
Gentle dilution of the primary zone will help burn-up
of the carbon monoxide to a larger extent and thus result
in lowered emissions. This is in agreement with results

of Palmer and Seery(3l).
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TABLE I

IDLE JT8D - 17 COMBUSTOR CONDITIONS

Nominal Operation:

Total Inlet Pressure
Total Inlet Tempefatﬁre
Air Flow

Fuel Flow

Fuel/Air Ratio
Test Conditions:

Compresééx Efficiency
Compressor Pressure Ratio
Compressor Inlet Pressure
Compressor Inlet Temperature
Compressor Inlet Relative

Humidity
Pusl/Air Ratio

Constant Compressor Discharge
Mach Number

Constant Reference Velocity

2,47 atm.
383 K

1.37. kg/sec
L0161 kg/é&c

L0117

0.8
2, 3, 4, 5
1l atm.

244, 289, 322 X

0, 56, 100 %
.015, .0LL, .007

0.42, or,

15.2 m/sec
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Constants:
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= CHy +

= c02 -
= O +
= H 4
O =DH =
0 =H, +
£ M =
+ M o=
+ M =
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= NO +
= NO +
= NO +
=Co +

4
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54

k.
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units:

= Aa T

A

0.20E18

0.20E14
0.69E14
0.20E11
0.10E15

C.10ELS

0.40E18
0.53E16
0.64E10
0.14E15

0.40E14

0.19E14

—AE

-1.0
-1.0

cm.; mole, sec.

AR
B8332.5
4962.5
9210.4

11810.8

28584.0
éOD.D
~-13885.0
16554.8
9428.8
18004.0
20048.5
0.0

0.0

0.0
5518.3
6232.9
75231.5
0.0

54150.0



No.

22
23
24
25
26
27
28
29
30

31

=

o

4

0

s

Co

+ NO

¢ NO
+ WO

+ NO

TABLE II (continued)
Rezction A
02 = N <+ N02 00,2715
O2 = NO + Nb 0.42E15
NO = N 4+ N02 0.30E12
= N + 0 + M 2.27817
NO =+ M = N02 + M 1.05E15
= N +0, +M 6.00E14
= NO <+ 02 l.DDElS.
= NO <+ OE 7.25E14
Co, = CO <+ NO 2.00811
NO., = NO + CO  2.00E11

0.0
-0.5
-0.5

AR

120428.0
112100.0
0.0
148846.0
- "1g870.0
105200.0
600.0
1930.0
7950.0

4968.0



TABLE IT &

REACTION SCHEMES

Scheme: Reactions:

1 All reactions in Table II

except reaction 6.

2 The first 20 reactions in
Table II, with the first
given rate constant—for
reaction 9.

3 The first 20 reactions in
Table II, with the second
iven rate constant for
reaction 9.



TABRLE ITT

LOCAL FUEL/AIR RATIOS AND RESIDENCE TIMES

TYPICAL COMBUSTOR:

Primary
High Low

Fuel/2ir Ratio .G71 . 048
Residence Time 1,90 1.60
{milliseconds)
ANALYTICAL MODEL:

Primary
Funel/Air Ratio 07
Residence Time

5.0
(milliseconds) '

Secondary
High Low
.034 .018
4,47 3.54

Secondary
High Low
.035 .025

5.0 5.0

Dilution
High Low
012 011
2.62 2.45

Dilution
High Low -
.020 .010

5.0 5.0



JABLE IV

EQUILIBRIUM CARBON MONOXIDE MOLE FRACTION AND ADIABATIC FILAME TEMPERATURE DEG K

PR = 4 "METHANE FUEL
Equivalence Ratio 1.2 1.0 0.8 1.2 1.0 0.8
TO K RH % . quuilibrium Carbon Monoxide Adiabatic Flame Temperature
244 0 . 04548 . 00795 .00043 2196 2298 2059
244 50, - .04548 . 00794 .00042 ’ 2196 2298 2059
244 i00 .04547 .00793 .00042 2196 2298 2058
289 0 .04584 ;00904 . 00060 2238 2331 2103
289 50 + ,04563 ,00854 .00050 2221 2319 2083
289 100 L04541 - . .00807 -, 00042 2204 2307 2064
322 0 .06169 . 00991 : 00076 2269 2355 2136
322 50 . 04448 ;00662 . 00022 2151 2269 19098

322 100 .04268 .00440 | . .00006 2045 2190 1872



TABLE IV Conkt'd,

EQUILIBRIUM CARBON MONOXIDE MOLE FRACTION AND ADIABATIC FLAME TEMPERATURE

Equivalence Ratio 1.2

To

244
244
244

289
289
289
322

322
322

K RH

50
100

50
100

50
100

PR = 4 Jp 4

1.0 0.8

% Equilibrium Carbon Monoxide
,05948 s 01284 00091
.05948 .01283 . 00090
.05948 .01281 .00090
.05988 .01442 . 00125
.05972 : 01367 .00106
.05955 .01295 , 00089
.06022 .01567 .00156
. 05886 .01069 . 00047
.05722 .00725 00013

FUEL

Adiabatic Flame

2280
2280
2279

‘2322
2304
2287

2353
2229
2117

2354
2354
2354

2386
2373
2361

2409
2322
2241

0.8

Temperature

2118
2118
2117

2162
2141
2121

2194
2050
1918



RATE CONSTANTS FOR THE .CO + QH =.CO0., + H

T, Deg.

Xelvin

500.00

600.00

700.00

800.00

900.00

1000.

1100

1200

1300,
1400,
1500,
1600,

1700.

0

.0

.0

0

0

0

-0

0

TABLE V

Large K

.22833E10
.12863E1l
L44221FE11
.11165El2
.22944E12
.40826E12
.65419E12
.96803E12
.13512E13
.17967EL3
.23000E13
.28548E13

.34546E13

2

Used KX

.78860E11
.27749E11
.1541%E11
.11249E11
.97043E10
".93214E1¢0
.96130EiO
.10401E1Ll

.11629E11

.13298E11

.15444E11
.18126E11

.21421E11

REACTION

Small K

.11892EI0
.30957E10
.61311E10
.10236E11

[15249E11

.20977ELL

~27230E11

.33844E11
.40680E1L"
.47629EL1
54604811
. 6154TELL

.68389E11



TABRT.E VI

CORRECTION FACTORS, CARBON MONOXIDE, T 56 COMBUSTOR

=

PR = Pressure Ratio T, = Ambient Temperature
Primary Zone Fuel ~Correction Factor
Std. Jp 4 .970772 - ,045481*PR

+ .OOlOS?*PR*TO

std. JP 8 1.031017 . 05713*PR

+ .000843*PR*T0

Lean . Jr 4 1.030849 - .059991*PR
+ .OOO961*PR*TO
Lean JpP 8 1.027965 -

. 050659*PR

+ .000737*PR*T0



S

APPENDIX 1

PROGRAM FDOR COMPUTING MASS FRACTIONS AT PRIMARY

ZONE—ENLEF—PRENTER—AND—PUNCHED—GUTPUT

Lo

IMPLYICIT REAL#8 (A=H,N,0=Z)
NAMEL IST/PRIMA/FBA,WS, RH, T
DB KRR L
READ(SPRTIMA]
WRITE (6 ,PRIMA)
——Ne&=O 7S50
D2=,2313D0
AR=_ 012700
AIR=Np2+02+AR+EOR
H2D=ATRx¥5xRH
—— FUEl=x LREFRA
SUM=AIR¥H2D+FUEL -
NZ=N2 /SUNM .
——— 02 = O A4S UM
AR=AR/5UM .
C02=cne/SumM
e HZ2BH=H30-£SHM
FUEL=FUEL/SUM
CHa=FyUEL
IF (DARS (RH=0,, 0D 03w EES 1 0 D=t 0 )—5 60— T8 2— o - e e
NRITE(o,100)IN2,02,AR,CU2,H20,CH4,T
WRETE(7,1002N2,02,AR,C02,H20,CHY, T
e 6 O P @11 . —
2 MRITE(6,200)N2,02,AR,C02,CH4,T
WRITE(7,200)N2,02,AR,C02,CH4,T
i DO—FUORMAT (X, 2 N22 , D145, 4, U2sr Dyt B - ARE L, D1 1, 54, 1 o e
11X, vcne=',D11.5,',H20=",011_5,1,CH4=",p11,5,%,T=",F6,1,
2! REND')
- 200-FORMAT (h-Xy N2t Db, 5y 1022, 011 5L pARSY L DL, S0t Ly A e
11X,tcp2=",D11,5,',CH4=",D11,5,!',T=',F6,1,' &END')
111 CONTINUE
e 8T OP e e - — . e e e
END



http:Cn2=',D11.5,',CH4&=',DII.5,,T',Fb.lI

APPENDIX 2

PRAGRAM FOR CUMPUTING MASS FRACTIONS AT SECONDARY
OR—PEEUTFON—TINEEY—P ROGRAN-GIFVES—BETFH-PRIN FED——

AND PUNCHED QUTPUT

- — 1 e -3 4 56 7 8 9 10
CH4 CH3 H o+ H20 g . He 02 HCO cao
s T T35 16

Loz N NO N2 AR nNO2

T s e TP T P REAL*E—Ghwtr Ny O~
DIMENSION COMPI(20),COMPD(20),cUMPT(20),CUMPEC20)
c ) INPUT CONDITIONS
e e s em e WA BT - S T TN PAR S REF PR OB FBOPST
M=15

C
ekl 15 ol I o o I 1010 SO . - —
READ (5, XINP)
DX0D=1,0D0/FBOQ
e = e QX P OO/ FBOP-
OXp=OY0=0XP
COMPUTE MASS FRACTIONS OF FRESH AIR WITH HUMIDITY
~—~c-wumwlNIT:ALIZEw—mﬂLt—~CUMPDNENTs—mmTU———zERD——MMmmmmvmwm-_
DO 111 I=1,M
11t COMPI€IX=0,0DO
- = - -COMPI(8)=,2313D0—: e
COMPI{t1)=,0005D0
COMPT (14)=,7555D0 .
e e COMPY (15,0 127D0 , oo i e i e s e e
COMPI(S)=RH*WS
ADD= CﬂﬂPI(5)+cUHPI(aJ+CDHPI(11)+CDHPI(IQ)+COHPI(153
re— e —--COMPT (SIECONP I-(5)-/ADD B s
COMPI(B)=COMPI(B)/ADD
COMPI (11)=COMPI(11)}/ADD
e e COMPT¢14)2COMPY (4 4)-/ADD—mmm e e e - = R ———
COMPT (1S)=COMPI(I5)/ADD




- COMPUTE~MA SSES—TIF—COMNPANENTS-TI-N—DTEUT-FON—AFR— COMPD (B}
PO 227 JJ=it,H
222 COMPDR(JJ)=COMPI (JJ)*0OXD

READ—HHHO 07 CCOMPTER ) Tt
PRINT 30000, (COMPTCI},I=1,M),T
DO 223 K=1,M
- 225 COMP TR = CEMP TR CBXP+150 D0
PO 333 K=1,M
333 COMPE (K} SCOMPD(K)+COMPT(K)
= e S U (s 0 06
DO 444 L=y, M
qag4 SUM=sUM+COMPE (L)
-~ ——-DO- S55—blenty M : .- p——
585 COMPE (LLI=COMPEC(LL) /SUM
WRITE(&, XINP)
-« —— PRINT—30000,COMPEET)-, I51M,F
WRITE(7,12345)(COMPE(T),Ix1,M),T
10000 FORMAY(7D11,5,3X)
123ﬂ5—‘DRMA¥LLi-*CH&-LrDJS 7 ¢ -rEH3 2 DES Frtp R, 015L¢TL,0HE—
*':DiS_T ',
lfflx,‘H20=';D1507r'rD=trD15.71'rH2=’r015w7r‘102='r0150
S ek T b g e e e
eHCo=* ,D15,7,1,C0=",015,7,',C02="',D15.7,* N =*,D15,7,
*I'/'1X,!ND=!

C - =3 D1G, 7t N2, U1, T, ARSE DG, Tyty—T sy FH a0t — - RENDL
20000 FORMAT(//,2%:s'CH4 = ',DIS,7,2%,'CH3 = ',DI15,7,2X,'H =?
*7015.7’2xp

-3 0H -2, D157, 2%, YH2E-24, D15 o7 /o g2 Xy H0-5, D15,7, 2%, “HE -
*x =t ,pD15,7,2X%,
2+02 —1,015 7:2X, tHCO =',D15,7,2X,'CO “',015 Tr//7s 2x,
s e— k02X L—Dls =7y - —- - - -
I2X, ' ,015 T,2%X,'Ng =1,015,7, 2x,fN2— ,DzS 7 ax.
* =‘,D1S 7,77, :
—m—-—~m"a2x,47~=~J;Fh.1,4¢% .- s e e o
11111 CONTINVE
sSToP

CEND e e et e — e e C e e e e




