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SUMMARY

It h3s beer established from earlier studies that aircraft engine
pollutant emissions are becoming a more significant factor in regional
pollutant levels and are already of concern in the communities adjacent
to the major air terminals. The pollutant ciasses to be confended with
have been shown to be carbon monox:de, the hydrocarbons, nitrogen ox-
ides {NOx), and particulates. Of these, the only pollutant class for
which,conirol ¢riteria do not exist are the nitrogen oxides, and the
object of this siudy was to produce such criteria as might apply to the
range of aircra’t gas turbine engines that are in use, or in (he plan-
ning phase today.

_Thevmethod of apprcacn .dopted to develop the design criteria :n-
volved four separate studies with the following objectives:

a. The development of a computerized mathematical model of NOx

emission from aircraft engine combustors.

b. A parametric anzlysis; using the model, o determine the

sensitivity of NOx emission to variations of model paramaters

a2nd engine design variables.

O

Evaluation of critical model paraveters by means of experi-
mental measurements.

d. The incorporation of the model into existing cormdustor desian
methods to provide guidelines for minimizirg NOx emission
while maintaining other performance characteristics at satis-
factory levels

The mathematicai model presented is based upon a relatively simple

approach to the probler and its validity rests upon two maip assunptions:
firstly, that the combustion nrocess i< mixing controlle. and therefo-e,
that equilibrium conditions occur for the main species of nterest in
the nitric oxide formation process; and secondlv, that the degre. of i~-
perfect mixing in the hot zones of the combustor can be representad
statisticaily by a Gaussian distribution in fuel-2ir ratio. Based on
these assumptions, the model predicts distribution characteristics and

the mass average values of nitric oxid_ concentrations, temperatlure,
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fuel concenirations, and residence times at all regions thrcoughout the
combustor.

The computer model was first tested w:th a parametric study and
it involved both a model sensitivity analysis, which estailished the
rzlative importance of certain parameters such as the mixing parameters
which are internat to the computing procedure, and then a design
sensitivity analysis. This latter analysic chiefly established the
importance of the combustor operating conditions and showed that the
engine compressor pressure ratio {or combustor inlet. temperature) has
the greatest influence upon the nitric oxide emission levels for a
given a‘rcraft operating condition. Of the variables under the control
of the designer, the mass mean equivalence ratio and the degree of hono-
geneity of combustion within the hot primary zone of the combustor were
established tc be the most significant to control, with minimum emis-
sion levels corresponding to the lowest equivalence ratio and best
mixed condition.

The predictions of the computer model were then tested against
new experimental data collected during this study. The results pre-
sented are for two current aircraft engine combust.rs, designed by
different design teams, that were operated at conditions which simulated
those experienced in flight operation. The conditions applied to each
combustor were made to overlap so that their nitric oxide emission charac-
teristics could be compared. Significant differences can be observed
between these combustors, and the results are found tc correlate very
well with the model predictions for certain prescribed values of the homo-
geneity of combustion in the arimary zone. The homogeneity parameter is
found not to dominate the predictions and the predicted results are found
to be influenced more by the other combustor operating conditions.

Based on the results of these studies and predictions made by the
mathema* ica! model, a design technique is estab:ished which may be used
to mirimize future a'rcraft gas turbine engine emissions of nitric oxide.
Gap areas irn krow'ledge sbout -ombustor operatirg phenomera currently
limit the usefuiness of the technique, but it has been applied to one
of the combustors tested to estimate the potential reduction in nitric

oxide emissions that might be attainred if the technique were employed.




Alternative methods ¢, nitric oxide control are considered and the
potential effectiveness of each control method is evaluated in certain
cases. The alterrative control methods considered are water injection,

variable geometry, and staged combustion.

On the basis of the results of this study, the following conclu-

sions have been formulated:

0 R i g P 1 K e
[y

a. NCx enission rate can be related to fundamental combustor
design parameters which also influence other major combustion

: performance factors. This interrelationship between NOx

WE

emissions and other combusticn performance factors provides
a3 basis for quantitative d0Ox emission control criteria.
b. NOx emission rates from conventional combustors can be reduced
by modification of fuel distribution parameters. However,
NOx reduction may be accompanied by significant reductions
in other performance factors such as combustion efficiency
and reignition altitude. These performance losses are more
severe in 3 modifizd-combustor design procedure where com-
bustor size is fized than in a new-combustor design procedure.
c. Water injection is effective in reducing NOx emissions from

conventional combustors. Emission rate reductions of approxi-

i g o 0, T4

mately 50 per cent at high powe:s levels can be obtained with

water injection rates equal to fuel injection rates. Increased
control may be obtained with increased water injection rates,
or by localizing injection of water into the combustion zone.
d. Advanced combustor design concepts, such as variable geometry
or steged combustion, show oromise of effective NOx emission
control for future engines. The degree of NOx emission control
attainable using either of these concepts is estimated to be
of the same order as that attained by water injection.
A'l the results of this study are presented in Volumes 1, 2, and
3 of this report. Volume 1 describes the complete program, but precise
de*ails of the mathematical model and the computer programs developed
from the model are presented in the other volumes. Volume 2 describes
the theory and computer program for determining nitric oxide formation
rates, and Volume 3 the corresponding information for the flow model used

to determine the nitric oxide emission level.




The rates of poliutant emission by aircraft are increasing with
time as a result of increases in aircraft activity and certain changes
in equinment, including size, engine iLype, and performance characteris-
tics. Thus, aircraft emissions are becoming a more important factor
in regionai pollution leveis. Tnis trend will continue until criteria
are developed for reducing emissions, and standards are set to limit
emission rates.

Design methods exist today for minimizing emissions of. carbon
monoxide and nydrocarions (Ref i4). The successful application of these
methods at medium and high power operation conditions has resulted in
high efficiency and low emission rates during aircraft flight operations.
The application of these design methods to low power conditions should
reduce emissions of €0, hydrocarbons, and possibly odor by aircraft
engines during ground operations. Hethods of reducing these "'low
power emissions'' are being developed currently by the Pratt & Whitney
Aircraft Division of the United Aircraft Corporation for the Air
Force Aero Propulsion Laboratory.

Design methods of an empirical nature exist for reducing the
emission of particulates by aircrafr turbire engines. These methods
have been utilized in the past in the development of combustion
chambers in order to achieve maximum chamber durability and to reduce
carbon deposition throughout the engine. More stringent applications
of these same methods are cerving to reduce visible smoke emission from
contemporary engines.

The only pollutants for which contro! criteria do not exist are
the nitrogen oxides. Because of this lack of NOx control criteria,
it is not possible to predict accurately the effects ¢f engine design
changes on rates of NOx emission. However, it is clear that current
trends toward increased engine power levels and operating temperatures
wiil result in higher NOx emission rates unless control criteria are

-developed.

PROGRAM OBJECTIVE

The objective of this study was to develop criteria which may be
used during the design of aircraft gas turbine combustion chambers to

minimize the emissions of nitrogen oxides.
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To be useful, design criteria for NOx contro! must provide
quantitative relationships between design variables and emission rates.
Such criteria can be developed by empirical analysis of large quantities

of enjine design and emission data, or by theoretical analysis of com-

brstor performance supported by limited experimental data. The method

adopted for this program is based on the latter approach, since it is

considered to be a more effective and economical approach to this

particular problem.
Having selected the theoretical analysis approach, two alterna-

tives present themselves. A highly accurate and comprehensive model

of NOx emission might be selected as the program goal, in which case
complete achievement of the goal in the initial program could not be

assured. Alternatively, one might set out to develop a simpler but

still valid NOx emission model and then to evolve design criteria

based upon this model. This latter alternative was selected as a goal

which could be achieved with a reasonable amount of effort.

Thus, the problem to which this study was addressed is the devel-
opment of criteria for relating NOx emissions to engine design and per-
formance characteristics, and the method of approach adopted involved

four separate studies with the following objectives:

a. The development of a computerized mathematical model of NOx

emission from aircraft engine combustors.
b. A parametric analysis, using the model, to determine the
sensitivity of NOx emission to variations of model parameters

and engine design variables.
Evaluation of critical model parameters by means of experi-

mental measurements.

d. The incorporation of the model into existing combustor
design methods to provide guidelines for minimizing NOx
emission while maintaining other performance and emission
characteristics.

Volume 1 of this report describes the methods used to satisfy

these objectives and aiso the results obtained from all four tasks

described above. Details of the mathematical model and the computer

program developed from the model are fully described in Volumes 2

and 3.
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3.1

THE EMISSIONS MODEL

Calculations based upon NOx kinetics clearly show that for mea-
surable concentrations of nitric oxide to be formed during the short
time it takes the gases to pass through an aircraft gas turbine engine,
the temperature must exceed 2000 deg K. Such high temperatures only
exist within the combustor, and only then for a limited time, so
clearly, nitric oxide concentrations in the exhausts of aircraft
engines are sclely dependent upon the flow behavior and the chemical
processes occurring within the combustion chamber and it is these
features that need to be adequately represented in tha2 model. The
important chemical reactions and their reaction rates must be known
and a rate equation for nitric oxide formation derived from these
data. A flow model also has to be developed to predict the thermo-
dynamic states of the gases inside the combustor iiner. The gas tem-
perature, density, and concentrations of species important in the
nitric oxide formation process must then be deterrined and the rate
equation integrated through this sequence of thermodynamic states.

Conveniently, the two parts can be separated for two reasons-
Firstly, nitric oxide concentrations are sufficiently low so that
changes in concentration have a negligible effect upon the gas tem-
perature. Secondly, the nitric oxide formation process proceeds more
slowly than fuel combustion processes so that most nitric oxide ir
formed after concentrations of other combustion produ:zts have reached
equilibrium levels. The nitric oxide formation process and combustor

flow processes are considered separately below.

THE NITRIC OXIDE FORMATION PROCESS

Engine exhaust em:ssions are often expressed as nitrogen oxides
(NOx), or as nitrogen dioxide (NOZ). However, at the high power
conditions, the pollutant present in the exhaust gas as it leaves the
engine is almost completely nitric oxide (NO, with only a few per cent
of NOZ (Ref 5). At low engine power ievels, the percentage of N02
present can increase significantlv but at these conditions the total

NOx concentration is very low, hence, the N02 contribution is not
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significant when compared to levels of total HOx emissions which are
of interest today. The conversion to NOx or NOZ is made because many
of the early techniques used to measure nitric oxide reguired first
that it be oxidized to nitrogen dioxide. Thus, inside the engine,
the important oxide of nitrogen to consider is nitric oxide, NO.
There are many reactions schemes proposed in tha .iterature for
nitric oxide formation (Refs 5-8) and they are reviewed in Volume 2,
Section 2 of this report and in Reference §. The reaction scheme
employed in these studies and incorporated into the flow model is as

shown below:

N+N0&——;N21—0 {1

N+oz—‘—-—,N0+o (2)

N+ OH === NO +H (3)

d+Nzo‘=-5‘ N, + OH (4)

0+NOS=5 N, + 0 (5)
2 2" Y2

o+nzo——-.-‘—— NO + NO (6)

Each of the six reactions proceeds a+ a different reacticn rate

which can be defined by a general rate term of the form

k, = Air“i exp {-E./RT) (7)
where ki is the reaction rate constant for the eguation i

T is temperature

R is the universal gas constant
and A, n, and E are empirical constants which need to be determired
by experiment. Many values are given for these constants in the
literature and these too are reviewed in Volume 2, Sectien 2, and
four different sets of data are isolated.

in general, one can show that not a2il of the above resactions
contribute significantly to the formation of nitric oxide over the
conditions encountered in the aircraft gas turbine engine. The

contributions by the first two reactisns (Equations 1 and 2), often
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referred to as the Zeldovich chain mechanism, are by far the

most significant. The third reaction can become imporiant under

particuiar operating conditions, such as when parts of the fuel

charge burn in the presence of an insufficient quantity of

1 air, but simple calculations show that reactions L, 5, and 6
E do not contribute greatly to the nitric oxide formation rate.
However, in the interest of completeness, all reactions have

been included in the computerized model and their individual

== contributions studied as part of the second phase of this program

A ,ﬁ“ul"\:l

(see Section L.1).

i

g

in order to apply this reaction scheme to gas turbine
combustors, it is necessary to be able to predict the concen-
tration levels of all species active in the set of six reactions
specified above at all thermodynamic s:ates typical of the com-
busior. At the pressure and temperaturé levels tha® exist in such
combustors during high thrust, low altitude operation, the hydro-
carbon oxidation reactions go rapidly to completion compared with
the nitric oxide formation processes. In order to predict these
specie concentrations therefore, the following assumptions are
made:

a. Combustion is mixing controiled and not reaction rate-

limited, and therefore, that in the combustor, Nz, 02,

0, OH, H, and H, concentrations are the equilibrium con-

centrations corfesponding to the combustor inlet tempera-
ture and pressure, and to the equivalence ratio. This
assumption limits the usefulness of the model to high
pressure, high temperature operating conditions, but it
is precisely these conditions at which most pitric oxide
is produced and are therefore of most interest to this
study.

b. N and H.0 concentrations are given by the steady-state

2
assumption; that these concentrations are not in equilib~

rium but are in steady-state with NO can be shown by
deriving rate equations for N and NZO which have relax-

ation times short compared with the NO rate equation.
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3.2

If these sssumptions are applied to tquations ! through 7, then
the change in totat! nitric oxide per unit time per unit vi.lume that
results from chemical reaction over a fixed element can be expressed
as a function sclely of the local nitric oxide concentration and the
local pressure, temperature, and chemica! specie compositions {see
Equation 8, Volume 2, Section 2). If a flow model is now develuped
which can predict values of these latter variables throughout the gas
turbine engine, then the generation of nitric oxide can be calculated

by integration of the chemical rate function.

THE FLOW MODEL

The flow model under consideration has to be applied to both
canannular and annular combustors and to take into aczount the two
distinct functions performed in their operation. These are the rapid
mixing between fuel and air, flame stabilization, and combustion pro-
cesses occurring in the primary zone, and the combusticih gas cooling
by mixing with dilution air before entry into the turbine in the
secondary zones. Figure la is a schematic of the mz2an flow pattern
illustrating these two functions. The flow characteristics in each
zone are significantly different.

In the primary zone, a mesn fiow pattern with recirculation approxi-
mately as shown in Figure 13 can be defined. However, substantial tur-
bulent fluctuations about this mean occur, resulting in wide variations
in residence time and composition within the zone. The fuel, air, and
combustion products are not uniformly mixed, and parts of the flow are
significantly leaner and parts are richer than the mean fuel-air ratio.
One result of this incomplete mixing is that some unreacted fuc! leaves
the primary zone. ¢&Even at full power, low altitude, operaticn when the
kinetics of the hydrocarbon oxidation process are not important, less

than 90 per cent of the fuel fed to the primary zone is burned there.

The term “burn'' is used throughcut this report to represent the
processes of ignition and reaction of fuel-air mixtures to form com-
bustion products of equilibrium composition (except for NO). Burning
is assumed to occur instantaneously upon mixing of fuel and air
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In the rest of the combustor, the remaining fuel is burned, and
diluting air is mixed with the primary zone products. While turbuient
fluctiaticns are significant, the flow is primarily un directional.
Typicaliy, diiution air is added both throuvsh large holes in the line:
so that air jets penetrate to the core of the combustion piroducts flow,
through smaller holes so that mixing occurs at intermed‘ate radii, anc
along the walls for film cooling. Thus, at combustor exit, the gases
are sufficiently well mixed to obtain the desired temperature profile
across the flow before entry to tie turbine. Separate flow models

are required for these different parts of the combustor. Figure }

illustrates the division of the liner into three zones and the model

v

used in each zone. These models are described qualitatively below

and full mathematical detaiis are presented in Volume 3, Section 2, of

U L LR T 1
Y T

N

=~
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this report.
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3.2.1 Primary Zone fcdel

.-The hottest zone in a gas turbine combustor is normally the
primary zone. It is the zone where fuel and air are injected at an
approximately stoichiometric mixture strength and where most of the
combustion takes place. The fuel is sprayed from an atomizing fuei
nozzle and strategically located jets cause the incoming air to
generate a recirculating flow of the type shown schematically in
Figure la. It is a region of intense turbulent combustion and the
process is so complex that it is not possible to produce a complete
analytical (i.e., mathematical) description of the time sequence of
events.

One analytical approach used to represent reacting systems such
as that above is to adcpt the concept of a perfectly stirred reactor.
That is to assume that the reactants mix instantaneously to the

- perfectly mixed state before reaction proceeds. It is clear that
such a reactor is an ideal concept that can only be approached in

. practical systems since mixing develops at a finite rate. The appli-
cation of this concept to the problem under study can be anticipated

to be totally inadequate since:
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a. The mixirg process, invelving reactants in different phases,
takes a long time relative to the combustion process and
causes combustion to take place between imperfectly mixed
reactants.

b. Primary zone equivalence ratios are typically about unity.
Distributions in the fuel-air ratio about this mean value
substantially change the concentrations of the major chemical
species and temperatures, and can be shown (from Equations |1
through 7) to drastically influence nitric oxide formation
rates.

Hence, the effect of imperfect mixing must be taken properly into

account.

in addition to the caiculation of nitric oxide formation rate, it

is also necessary to determine the time the reactants spend in the pri
mary zone, that is the residence time. For the perfectly stirred
reactor, this presents no problem as one can show mathematically that
there must be a distribution of residence times in 2n exponential form
related to the volumetric flow rate and the volume of the reactor (see
Yolume 3, Section 2). This same distribution of residence times will
be assumed to be applicable as it has been shown that most practical
systems do in fact exhibit this property.
The probiem in developing an adequate model for the combustion
in the primary zone, therefore becomes one of accounting for the
nonuniformities in concentration that exist at the onset of combustion.
It is assumed here that the flow into the primary zone rapidly mixes
to a scale small compared with combustor dimensions, but not complete
onn @ moiecular scale, such that there exist discrete eddies of different
mixtures which burn and retain their identity throughout their passage
through the primary zone. As the scale of mixing is assumed small, it
is consistent to assume that the nonuniformi*~ies in concentiration can
be reprecented by a Gaussian distribution function as shown in Figure lc.
The ‘'mixedness’ of the primary zone can then be characterized by
the single dimensionless parameter So = 0z / EP where G~ in statis-
tical terms is called the standard deviation and represents the degree

of distribution of F about ?: so that the quaiity of mixing decreases
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as thes parwmeter Sg increases. {1t chould be poted that So = 0
corresponcs to the perfectly mixed case, i.e., to the perfectiy
stirred reactor.) At the present, the value of Sc can only be esti-
mated, but clearly it is related to the energy supplied to the

primary zone by the air and fue! jets. 1Its value together with those
of other design variables, is first treated paranetrically in the
initial computer znalysis presented in Section 4, and cne of the ob-
jectives of the experimental program described in Section 5 is to
isolate its value for the two combustor tests.

As previously discussed, not all the fuel supplied to the primary
zone actually burns in the zone. Account is taken of this fact simpiy
by modifying the mass-mean mixiure ratio Ep’ calculated from the fuel
and airflow rates intc the 2cne. The fraction of fuel burned, repre-
sented by the symboiﬁg s i5 caloulated from the correlation shown in
Figure 9, taken from Reference i5. This correlation is based upon mea-
sured primary zone combustion efficiency {Tlcp). Since combustinn
efficiency is reduced both by nonburning and partial-turning of fuel,
the use of this correlation to calculate the fraction of fuel burned
introduces an error into the analysis. The effects of partial-burning
of fuel are introduced through the mixture ratio distribution factors
Ep and So since partial-burning results primarily from the use of
rich mixtures or poor mixing. Therefore, 8 shouid be evaluated on
the basis of nonbuined fuel only. However, data on nonburned fuel at
the primary zone exit,; as distinguished from primary zone efficiency,

re not available. Hence, the efficiency correiazior is used to cal-
culate B and the error thus intreduced is noted; that is, gqualitatively,
8 shoull be somewhat higher than ?{CD. The unburied fuel is assumed
to burn in the intermediate zone in 2 ﬁanner as described below.

Combustion dimensions, airflow distribution characteristics, oper-
ating conditions, and a prescribed value of the mixedness paramzster are

all that are needed to calculate the mass average nitric oxide concen-

tration at the exit from the primary zonse,
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3.2.2 The Intermediate Zone

The intermediate zone represents a tramsition between the primary
and dilution zones as shown in Figure la. Hixing occurs in this zone
between the heterogeneous products from tha primary zone and the .
entering secondary ccmbustion air which, in practice, is usually added
sufficiently slowly to ailow recombination of the dissociated combustion .
products and burn-up of the remaining unburned fuel to occur. The hasic
assumption made in modeling the Tlow is that in the prescribed length,

L, complete mixing cccurs between ail elements leaving the primary zone,
secondary air added tc the zone, and all fuel not burned in the primery
zone. Entry conditions to this zone correspond to timeraverage primary
zone exit conditions; at zone exit the fliow is homogeneous and the flow
velocity is assumed tc be one-dimensional. It shouid be noted that

the value of L can be greater than the length of the combustor, in
which case complete mixing will not occur within the system.

The mixing conditions in this zont can be represented schemati-
cally as shown in Figure 1b. The mass-average mixture ratio usually
decreases from that at the primary zone exit due to the addition of
more air through holes in the liner wall and the degree of unmixedness
steadily decreases. In order to fcllow the change in nitric oxide con-
centration along the zone, the following assumptions are made concerning
the mixing behavior {see Volume 3, Tection 2):

a. That the rate of mixing tc the homogeneous state is propor-
ticnal to the square root of the distance traveled from the
primary zone exit.

b. That the unburned fuel leaving the primary zone follows the
same mixing law as for (2} and is inctantaneously burned at

the time of mixing.

hat air entering the intermediate z2ore through the liner

is distributed emong 2ll flow elements in proportion to .
the masses of the elements, and that w-ixing of this air crcurs
at a finite rate according to the same mixing law as for {a).

d. That intermiring occurs between elements of different nitric
oxide concentration, and the rate of mass flow from an element

due 1o intermixing is proportiona! to the mass of the element.
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Justification for the first two 3assumptions rests with the fact
that the mixing rate is known to be proportional to V' £, i.e., is
approximately proportional to VX and it is this type of mixing which
is finalily of importance in the reacting process. The latter two
assumptions stem from the concept of combustor aerodynamics employed
in this study in which the flow system is envisaged as a multitude
of eddies each of which retains its identity unti}! mixing is complete.
All eddies are assumed to be similar in size (or mass) and to exchange
mass with other eddies through mixing processes at similar rates. A

flow giement includes all eddies with fuei-air ratios within a specified

range. Hence, it follows that the rete of exchange of mass among ele-
ments is proportional to the masses of the elements. The sensitivity
of the results to this assumed mixing behavior is explored in Section 4

of this report.

3.2.3 The Dilution Zone

in *he dilution zone, the flow is assumed to be one-dimensional :
with tt  gases uniformly mixed across each cross section. Only the
mean mixture ratio need be ccnsidered, and this only changes as the
remaining compressor air is mixed in. The nitric oxide mass .fraction
changes through chemical reaction, and through dilution as additional
air is mixed with the bulk fiow within the combustor liner and both
factors can be taken properly into account by the method presented in
Volume 3, Saction 2. The exit conditions from the intermediate zone
start the calculations for this zone and integration of the nitric
oxide rate equation can be performed to the end of the combustor.

In practice, the state of unifcrm mixing as idealized above is
rarely accomplished, but as the nitric oxide formation rate is re-
ducing rapidly in this zone of the comhustor, it was anticipated that
the assumption would have littie significance upon the levels of nitric

oxide predicted to exist in the combustor exhaust.

MODEL INPUT REQUIREMENTS

In order to obtain a prediction of the nitric oxide emissions
levei from the model described above, the following data must be speci-
fied:
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a. Kinetic Constants: The reaction scheme for nitric oxide

formation rate described in Section 3.1 has six intermediate

d>p - Mass mean equivalence ratio in the primary Zone

%% stéps. Each step, of cuurse, has its own characteristic

%@ values for A, r, and E and these must-ba specified in the’ ’ .
gﬁ -inpat data (see Table 2 for vealues of these parameters).

%% b. Combustor Operating Conditions: : ‘ . .
% T - - Inlet temperature

%ﬁ P - Operating pressure

E

!

AT R B ey

c. Combustor Dimensions:
) - Volume of the primary zone '
X, . - Length of the intermediate zone (from the exit of

the primary)

1 X - Distance from the primary zone exit to the exit from
combustor liner

R ~ Radius of the liner at position X for all positions

downstream of the primary zone exit (for annular

combuscors the inner and outer radii must be specified)

d. Mixing and Combusticia Parameters for the Primary Zone:
§° = Deg-ee of mixedness in the primary zone
8 - Fraction of fuel which burns in primary zone
. Air Distribution:
M - The fraction of the total mass flow rate of air mixed

with the combustor.fiow stream at axial'position X

(caizulation method given in Volume, 3, Appendix XVi)

ARV R

éf : . f. Mixing Parameters for the intermediate Zone:
CN - A parameter specifying the rate of intermixing between
flow elements j.. the intermediate zone (see Volume 3,
! Section 2)
A] - Defines the rate at which-:r; coi!aﬁses in the inter-’ -

: ; medtate zone according to the relationship. CT; =
A
G, {1 - (x/x)™) .
AZ,A - Define the .ate at which unburned fuel, Mfu,'is burned
. . - 3A
. = 3 4 - 2
in the intermediate zone by Mfu "fuo‘] A3(X/XL) )
Values of the three A parameters can be estimated from

1

AT AR B A G

ﬂ
'.'
)




M i A A e S g g

COR AT NS LR NIV SAR A LR LA AN M 30k o
RN AR o i b 3 « Vo g
. g

3

(T RIS LT

N3

.% I
=3
=:

o

oy i g

e 4"‘5 ‘W”yw "

17

turbulent mixing phenomena {see Volume 3, Section 2) to he

given by
A} = J.5
A2 = 0.5
A = lh\l
3

The value of CN needs to be determined, but a2s will be shcwn
in Section 4, nitric oxide predictions are very insensitive
to the value prescribed and a value of 5 is taken as the
ncminal value. The effects of changes in values for Al’ AZ’
and A3 are also deterTi?ed in Section 4.

Except for the variables q>p, Hax’ and So’ these input parameters
can be determined directly for the case(s) of interest. The methods
of calculating the first two variables are described in Volume 3,
Appendix XVi. The value of So must be determined independently for each
combustor design to be asnalyzed. At the present time, So cannot ke
evaluated directly from combustor design characteristics, but must be
estimated indirectly through comparisons cf predicted and measured NO

amission rates. By this means, the value of So has been found to lie
within the range

0.3« 5040.7

for combustors of conventionsl design.

SUMMARY OF MODEL OUTPUT

The model described above has been programmed for solutior by digi-
tal computer (see Volume 3) and the results from a typical test case
have the following general form:

a. In the primary zone the flow is considered as a series of
elements each bounded by discrete steps in equivalence ratio
over a range of values from 0.0 to approximately 3.0. The
results specify the mass fraction and time-average nitric
oxide concentration for each element at the primary zone exit
together with the total mass average values of nitric oxide,

temperature, and density. The characteristic residence time
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and mass average equilibrium values of carbon moroxide,
carbon, and hydrocarbons are also computed.

The intermediate zone results are identical to those com-
puted for the primary zone and are calculated at discrete
steps taken downstream of the primary zone exit. The com-
putations continue until the rate of production of nitric
oxide becomes insignificant when compared to the earlier
formation rates. |If this occurs in the intermediate zon=,
one final computation is made *to determine the conditions at
the exit of the combustor; otherwise the computation cuntinues
into the dilution zone where only mass average values are
computed due to the assumption that all gases are well-mixed

in this zone.




19

PARAMETRIC STUDY

Those parameters which describe the combustor dimensions and
operating conditions, groups b and c in Section 3.3, are reasonably

well defined for any given combustor, but the groups, a, d, e, and

.f contain parameters that are not only less-well defined, but also

are essentialiy internal to the computing procedure. A division
was made between them therefore, and the parametric study was first
concerned with the latter four groups in what is termed a ''model
sensitivity analysis', The objectives of this sensitivity analysis
were:

a. To determine how significant a role these parameters played

in predicting NOx emissions.

b. To determine the best values to use for these parameters

during the testing of the group b and c variables.

The second phase of the analysis.is termed the ''design sensi=-
tivity analysis' and is concerned with more practical aspects such
as the effect of the size of the primary zone, the mean equivalence
ratio in the primary zone, and the engine pressure ratio upon
the levels of nitric oxide emission. Predictions obtained from
this second study are compared with experimental data published

soon after the study was conducted.

MODEL SENSITIVITY ANALYSIS

Ir order to make full use of the results obtained from the
model sensitivity analysis, the selected combustor dimensions and
operating conditions corresgonded t.o those of one of the two com=-
bustors tested experimentally in the following phase of this study
(see Table 1).

Nominal values were chosen for the mixing paraneters and each
was varied systematically to at least one value higher and one value
lower than nominai while all other variables were maintained corstant;

thus, A, nominal was set equal to 0.5, but calculations were also made

1
with values equal to 0.2 and 1.0. Values assumed for the other mixing
parameters are listed in Table 1, together with those values used to

represent the combustor and its operating conditions.
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Four sets of data were selected for the kinetic rate constants.
The sources of these data are discussed in Volume 2, Section 2, and
in Reference 9. Two sets of data were arbitrarily selected as those
which would predict the lowest and highest emissions of nitric oxide.
The third set was used in Reference 10 for piston engine emission

work. The fourth set was selected because it was the result of a

comprehensive search of the literature (Ref 11). All four sets of

v
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values for the reaction rate data are given in Table 2. Additional

ol
L

calculations were nade to determine the importance of reactions 4 to
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v

6 (see Section 3.1) by setting their rate terms all equal to zero for

R

g ‘each of the four sets of data.
The results cobtained from this sensitivity analysis are summarized

graphically in Figures 2, 3, and. 4 and Table 3, are discussed below.

_y‘
BT

L4.1.1 Mixedness of the Primary Zone, So

Model predictions (see Figure 2, lower figure) show that for the

combustor under consideration, the value assumed for the mixing condi-

tions in the primary zone does not play a very significant role in the

ROV

g
g

level of NO produced. Also shown in Figure 2 however, are other results

nta

obtained from a more detailed study of the effgs} of the mixedness.
From this latter data, it can be observed that ¢E** = 0.8 represents
a2 low sensitivity operating condition, whereas at (-55 = 1.0, large
reductions in NO emissions are predicted as So increases. This varia-
tion in sensitivity may be explained by a careful consideration of the

physical significance of So and the nature of the NO kinetics.

*

These results were produced during the model development phase of the
program and were described in Reference 9. The combustor geometry and
operating conditions used were somewhat different than those used in
the parametric analysis.

otat,

- 6 E represents the effective mass mean equivalence ratio in the primary
zZone when account is taken of the actual fraction of fuel burned in the
zone (B ). This parameter will be the one discussed in this section,
rather than as » the mass mean equivalence ratio in the primary zone cal-
culated on the"assumption that all fuel is burned in the zone (B = 1},

relates more directly to the nitric oxide formation characteristics.
The two are simply related according to the equation ¢ c = ,6 f p’
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Mixing in the primary zone is never complete at the time of com-
bustion and consequently, elements burn with different equivalence
ratios. The value of So represents this ''spread' in equivalence ratios
relative to the mass mean value, and So = 0 corresponds to the perfectly
mixed case. Clearly, as SC increases, the fraction of the gases in the
primary zone that burn at the mass mean equivalence ratio decreases.

If this mass mean value corresponds to that at which the nitric oxide
formation rate is maximum, then the total nitric oxide formed will
decrease. On the other hand, if the formation rate is very low at the
mass mean value, then as mixing quality decreases (So increases), some
elements of mass will burn to produce a higher rate of formation of
nitric oxide and the emission levels will increase.

Computed results show that essentially all nitric oxide is formed
within the range 0.75& 55 £ 1.25 for th= combustor inlet conditions
studied (see Table 1), and that the maximum formation rate for nitric
oxide corresponds to an effective equivalence ratio between 0.95 and
1.0. The formation rates are found to decrease rapid'y as a; £ decreases
or increases from the 0.95 value. it is not surprising, therefore, that
the variation in sensitivity of NO emission levels to changes in primary
zone mixing characteristics and the effectivzs mass mean equivalence
ratio are as shown in Figure ~. These results are highly significant,
because they demonstrate that at mixedness values greater than 0.3,
the NO emissions become almost independento{’&;E for the range of

5 E examined. Thus, large reductions in emissions will only occur with
changes in primary zone equivalence ratio if the primary zone conditions
are almost hocmogeneous. The results of this study clearly indicate
the futility of attempting to predict nitric oxide emission levels
unless some account be taken for the inhomogeneities that are present

in all gas turbine combustors.

%#.1.2 Primary Zone Fuel-Burning Fraction, A?

The fraction of fuel burned in the arimary zone,ﬁg , was computed
from the primary zone combustion efficiency correlation in Figure G-

The nominal vaiue for the combustor conditions studied is 0.8, and
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values of 8 from 0.6 to 1.0 were used in the model sensiiivity analy-
sis. As shown in Figure 3a, variations in /3 have a strong effect on
NO emissions, and a reversal in the ﬁ?- sensitivity occurs in the range
covered. The strong effect of ﬁ? i+ attributable to its effect on mean
primary zone temperature which, in turn, has a strong effect on the
rates of KO formation. The reversal in the 3B- sensitivity curve was
not expiored in detail, but is suspected to result from increases in

temperature and NO formation in the intermediate zone as ﬁg decreases.

4.1.3 Air Distribution Characteristics

The air distribution characteristics are essentially defined by

specifying the function,

Ha = Ha(x)
where Ma is taken to be not the total air within the liner, but rather,
the air that is fully mixed with the main corbustor flow stream. The
method used to calculate thuse distribution characteristics is based
upon the mixing laws discussed in Section 3.2.2 and is described in
Volume 3, Appendix XVI. Variation in mixing rates may have signifi-
cant effects upon the levels of nitric oxide predicted by tn. -odel,
and were evaluated as follows.

The computer results showed that, for the combustor conditions
simulated, the nitric oxide fcrmation process was essentially frozen
in less than one radius distanre downstream of the primary 2o0ne exit.
This behavior reflects, of co rse, the drop in temperature in the com-
bustor that occurs duc 1o the additior of air at the liner wall. Over
the one radius cravel, the rate of air addition, dHa/dX, was nearly
constant, so the effect of mixing rate upon the nitric oxide emission
predictions was determined by selecting two other higher values for
dMa/dX (the upper value approaching the instant-mixing assumption),

and predicting new values for the emission levels. The results, shown

'in Figure 3b, indicate that the nitric oxide level predicted can vary

by approximately 20 per cent beiow the value caiculated by the mixing
law.
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L.1.4 Mixing-Parameters of the Intermediate Zone

MixIng of the primary zone combustion products, the unburned fuel,
and the additional air entering at the liner walls is assumed in the
model to follow turbusent mixing laws and to be approximately propor-
tional tr the zquare root of the fractional distance traveled deown tke
intermediate zone. The sensitivity of the model to this assumption
was checked by varying the exponent to values above and below the value
of one-haif and the results are considered below.

The exponent A] represents the mixing characteristic for the com-
bustion products and the results given in Figure 4 show the effect of
changing its value about the nominal value of one-half. Nitric oxide
levels are shown to increase from -10 ta +10 per cent about this
nominal value as A] increases from 9.2 to a high value of 1.0. An
increase in the value of A, corresponds to a decrease in the mixing
rate and, thus, a decrease in the rate of reduction of mass in the flow
elements with near-stoichiometric mixture 1atios. Hence, a reduced
mixing rate is accompanied by ar increase in total NO formation for
a system where 352 < 1.0. The 20 per cent variation in NO actualiy
represents a much larger fraction of the NO formed in the intermediate
zone.

The exponent AZ and coefficient A3 together define the rate of
burn-bp of the fuel which leaves the primary zone unburned (see Fig 4).
These parameters =ffectively determine the average axial temperature
profile in the early stages of the intermediate zong in a manner which
is also related to the local rate of addition of air at the liner walls.
For the nominal case.Eﬁ £~ n.8 and 8 = 0.8, an increase in the rate
of fuel burning (A2 smaller, A3 larger) results in the maintaining of

a high temperature condition in the early stages of the zone. As z':own
in Figure 4, however, the NO emission rate for this case does not vary
greatly-- only from -10 to +20 per cent of the nominal value. However,
as with the effect of Al’ this 30 per cent variation of the total NO
emission rate represents a large fraction of the NO formed in the inter-
mediate zone.

The final mixing parameter CN’ introduced for this zone defines

the rate of intermixing between the elements of various equivalence
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ratios and nitric oxide concentrations. It specifies the amount of
mass that leaves an element due tc intermixing during an incremental
step down the..zone to the total mass flow rate through the element
(see Volume 3, Section 2). The greater the value of CN’ the more
vigorous the mixing between the elements. Its main effect is to
modify the nitric oxide concentration and so influence the local
formation rate. The net result of all mixing is to change element
concentrations towards the average value, thus certain elements will
increase in concentration and others reduce in concentration. An
increase in concentration will reduce the nitric oxide formaticn rate
and vice versa. It is not surprising therefore, to find that the model
predicts that nitric oxide emissions are also quite insensitive to the
value given this parameter (see Fig 4), as the effects are self-com-

-

pensating.

4.1.5 Kinetic Rate Date

The results obtained by using the alternative sources of reaction
rate data described previously, are summarized in Table 3. Nitric
oxide emission levels can be observed to vary by a factor greater than
two, depending upon the set of data used. This '‘parameter' is shown
to exert the greatest influence upon the model predictions. The
lresu]ts also show that reactions 4, 5, and 6 exert a negligible

influence upon the results for all cases tested.

4.1.6 Conclusions

As stated earlier, the purpose of the model sensitivity analysis
was to evaluate the sensitivity of the model predictions to variations
in model parameters (as distinguished from design parameters). With
this purpose in mird, the following conclusions can be drawn from the
model sensitivity analysis for the case tested:

a. The degree of mixedness, Sc’ and the fuel-burned fraction, /3

assigned to the primary zone have significant effects upon the

predicted nitric oxide emissions.
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b. Mixing rates in the intermediate zone affect the amount of
NO formed in this zone to a substantial degree. This effect
is most pronounced with the rates of mixing of elements of
differing fuel fraction; and mixing of unburned fuel and
secondary air. For the combustor design and operating condi-
tions investigated, most NO is formed in the primary zone.
Therefone, inteimediate zone mixing effects are considered to
be of secondary importance with respect to total NO emission
rate.

c. The predicted NO emission rate is very sensitive to the
reaction rate constants used in the NO formation model. It
is shown that, depending on the data selected, predicted
nitric oxide levels can vary by a factor of greater than
two. Some variation in predicted NO emissions was expected
since a wide selection of rate constants was used. However,
as indicated in Table 3, the greatest discrepancy occurs be-
tween the twc sets of constants which were considered to be

most reliable for this application (ICODE's 1 and 2).

4.2 DESIGN SENSITIVITY ANALYSES

Conditions simulated in the design sensitivity analysis were
those experienced by a combustor when operating under conditions
corresponding to the idle, take-off, cruise, and approach modes of a
mode.n airliner. The three variables considered to be the most signi-
ficant and studied in detail were as follows:

a. The mean residence time ‘n the primary zone, 77 .
b. The mean equivalence ratio in the primary zone, Eﬁ o’
c. The engine pressure ratio, EPR.

Throughout this analysis, the condition was imposed that the
thrust level be constant for each operating mode despite changes in

these p-ime variables.

4.2.1 Mean Primary Zone Residence Tire

if all conditions are constant, then the primary zone residence

time is directly proportional to the volume of the primary zone, Vp.
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The effect of residence time upon NO emission characteristics was

determined at each of the four operating modes simply by assuming
that:

v
p

v
P

n

0.7 x Nominal Value

n

1.3 x Nominal Vaite
The results are given in Ficure 5. Ail show a strikingly similar
variation in nitric oxide emicsion levels with the level increasing
by approximately 1.2 1bs NO/1000 lbs of fuel for all modes except
the idle inode.

It is interesting to observe that the nitric oxiJe emissions
do not increase in direct proportion to the primary~ioae residence
time particularly at the operating conditions which correspond to the
high levels of emission. This result can be attributed to the fact
that; in the combustor studied, a significant fraction of the tetal
NO formed is found in the intermediate zone. In the analysis, the
intermediate zone conditions were not changed so that the NO fraction
formed there also did not change. The NO fraction formed in the primary
zone varies almost in direct proportion to primary zone residence time,

JZFP. Thus, the total NO emission level does not vary in direct pro-

portion to 7 P’

4.2.2 Mean Primary Zone Equivalence Ratio

A change in the primary zone equivalence ratio will charge the
residence time if the primary zone volume is kept constant and will
also produce a change in the over-all equivalence ratio (hence, thrust
level) unless the airflow characteristics are modified. For che oper-
ating conditions simulated in this study, residence time was specified
as constant for each mode and equal to the nominal value. The constant
thrust condition imposed at the onset of the calculations was assumed
to be satisfied if the total mass flow rates of the fuel and air were
ﬁaintained constant. For richer primary zones, therefore, less air
was assumed to enteyr the primary zone, and the air distribution char-
acteristics were modified such that the total airflow at the exit
remained constant for each mode.

The following simnle relationship was
used:




R

.
(!

i R

ey e e 2T e oy Ehe e B e S TR S e B MY TR B T e i S R AR T SRS s

<3 £ < YT s = ¥ Sl S
e e R L R L RN RS T R =

27

X . X
Wy =H, b= (1= R) )
nominal E

where Ha = total airflow rate
R = the ratio of the tested equivalence ratio to the nominal
value
X =

the axial position corresponding to the value of Ma

XE = the end of the combustor.
This method was used to determine the effect that the primary zone
equivalence ratio has upon NO emission levels at the values of the
ratio other than the nominal one. These correspondgd to

:7] (ﬁp)nome.B
( &P)nom x 1.2

]

P
®p
and all four operating modes wers tested. The results are shown in
Figure 6.

As could be anticipated, in those cases in which the change results
in a; P values away from the stoic*iometric condition, NO emissions
reduce, whereas when a;F)moves toward this condition, the NO emissions
increase. This effect is most significant for the cruise and approach
operating modes, where for the test cases, NO emissions are shown to
increase by a factor of three over the range of primary zone equiva-
lence ratios considered. Special note must be made, however, of the
influence of the assumed value of the primary zone mixedness parameter,
So. The nominal value used in these calculations corresponded to a
value of 0.2 (Table 1). The sensitivity of these results to the value

of So as shown in Figure 2.

4.2.3 Pressure Ratio

For the nominal test case, the engine pressure ratio was equal to
16.7:1 at the take-off mode. Operating conditions were simulated for
the

EPR (take-off) = 12:1 and

EPR (take-off) = 25:1

and their nitric oxide emissions were predicted at all four modes of

]

aircraft operation.
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gg Pressure levels within the combustor ai off-design cenditions
:z were assumed to be proportional to the EPR and were computed based
%% upon the data for the nominal case. Ccmbustor inlet temperatures

§§ were determined from data supplied in Hodge (Fig 104, Ref i2).

=

In order to maintain operating thrust, primary zone mean resi-

)
N,

dence time and equivalence ratic all constant, and at the same time
vary the EPR, new combustor dimensions had to be defined for the
cases of EPR = 12:1 and 25:1. The method used assumed the following:

B

AR

a. That the combustors operated with the same reference velo-

z city, Vs @S for the nominal combustor, where:

v, =M/ £ A and
M = total airfiow rate

P

air density at inlet

ittt g i

B A = cress-sectional area of liner

g% If, as an approximation, the density is assumed to be pro-

é% portional to pressure, P, and if the votal mass flow is Tixed,
%% then this criterion implies that the prodact PA is constant.

The value of the product was known for the nominal combustor,

so the values of the liner area could be computed for the

two combustors operaiing at other pressure levels.

b. That the volumes of the primary zone of the new combustors
were such that the residence times were equal to that of
the nominal combustor. This, of course, is an artificial
constraint upon the combustor dimensions, but it was applied
so that the effect of pressure ratio upon nitric oxide emis~

sions could be evaluated in isolation from the other prime

Ty B

variables. Checks were made to ensure that the combustors
sized by this approach woculd have an a2dequate combustion
efficiency by methods detailed in Reference 4. The methods
showed that for the EPR values tested, ali three combustors
would perform with the same efficiency.
The effect of EPR upon nitric oxide emissions rests not so much
upon the zbsolute pressure level that results, as upon the fact that

the inlet tempercture to the combustor and flame temperature increase
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with the EPR. At high inlet temperatures of, say, greater than

800 deg K, changes of the order of 50 deg K have significant effects
upon the predicted nitric oxide emission level. The results given

in Figure 7 show that the engine compressor pressure ratio ha; a far
greater effect upon emission level of nitric oxide than all other
variables studied; that is to say that the inlet temperature to the
combustor tends to exert the greater influence upon emission charac-
teristics. This applies for all operating modes (except idle), and
it is predicted that as the EPR progresses from 12 to 16.7 (the nominal
value) and to 25, er “ssion levels at all modes increase approximatel}
in the ratios 1:2:4.5. In practice, this dependence is not so large,
as other factors must be considered when the value of EPR is changed

and a discussion of these factors follows.

L4,2.L4 Pressure Ratio Effects, Specific Fuel
Consumption, Specific Thrust and Emissions

A change in EPR will result in a change in both the thermo-
dynamic efficiency of the engine and a change in the specific thrust,
i.e., the lbs thrust per 1b of air per sec that flows through the
engine. In general, the specific thrust is relatively insensitive
to EPR at the conditions tested above (i.e., a fixed exit temperatufe
from tie combustor), and upon this observation is based the assumption
stated earlier that constant thrust corresponds to a fixed mass flow
rate. But clearly, any improvement in the thermcdynamic efficiency
must result in less fuel being burred per unit time to achieve the
same thrust level, and hence less nitric oxide being generated. Some
credit shouid be allocated to the higher EPR engines for this fact.
For the pressure range and op=rating conditions tested above, however,
this credit is within #0.05 of the nominal value and can therefore
be ignored.

The considarable improvemernt in engine performance that can be
obtaine ' by resorting to higher EPR values is only realized if the"
maximur, cycle temperature, ?m (that is, the mean temperature at the

exit of the combustor), is also increased. Such a change does furiher
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imprové specific fuel consumption, but has a much greater effect

upon the specific thrust as is shown below:

—

Tm Speci}ic Ove--All
. Deg KX Thrust Ratio’ (Approx)
1273 1.0 , 0.17 ,
1473 ’ 125 ! : "0.27
']673. 1.45 0.37
\ T ;373. ©1.60 : " 0.47

where specific thrust rat:on:s the thrust at T divided by that at

T equal to 1273 deg K, which corresponds approxnmately wuth the
nom:nal operating point. These results indjcate that the same thrust
level can be deli»er;d for' a lower mass flow rate of air. It is .
‘interesting to ndte also that the required over-all fuel-to-air ratio'
As all nitric

never exceeds one half of the stoichiometric requirement.
oxide formation reactions are essentially frozen at ratios less than

= six tenths the stcichiometric value, this impliés that, to a first i
approx:mataon, the nitric oxide concentratnonq at the combastor exit

need not be changeo at all by the increase in the maximum cycle tem-
. perature.

oy

T T
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Hence some credit is due to the combustor with the higher

it

= specific thrust as the total nitric oxide emitted per unit time is '
:? decreased. The maximum cycle temperature that is currently in common
=

el
1l

practice'corresponds to a specific thrust ratic of about 1.5. If this

b i
i) e

correction is -applied to the emission ratios given 8t the end of the

ML
X

m

- previous section, then the predicted nitric oxide emission rates are

approximately increased by 1:2:3 as the EPR progresses from 12 to
16.7 to 25.

T
T TARA

" 4.2.5 Experimental Data

In Fi igure 8, measured NOx emission data are plo ted in the same

manner as the theoret:ca! predictions 'in anur° 7- :he data have been

taken from Reference 13, and each point in the fiqure is an average
measurement for several different engines of the ‘same model or frmily.

A coaparison of Figures 7 and 8 indicates that the effects of encine
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pressure ratio on NO emission rate as predicted by the model are
substantially confirmed by the measured data. The main discrepancy
occurs at the idle condition where the model predicts essentially

zero emissions.

4.2.6 Conclusions

The following conclusions can be made from the results obtained
in the design sensitivity analysis:
a. The model does predict nitric oxide emissions which are in
accord with measured values.

b. The dominating influence upon emissions level is the engine

e R v S ey
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pressure ratio, but large reductions in nitric oxide emis-

i

sions appear to be feasible for any given operating pressure

by modifying the primary zone operating conditions.
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= 5.  THE EXPERIMENTAL PROGRAM

S.1 TEST OBJECTIVES

SRR

< The results described in the previous sectiors indicate that,

I

although the present computer mod2l does predict nitric oxide emissior.

X)
i

e T Ty

levels that are in reasonable accord with experimental values, there
is some question concerning the accuracy in calculation, or assumed
value, of some-of the parameters used in the computation. The main
objective of the experimental test program was to determine the nitric
oxide emiss}on levels from some gas turbine combustors under closely
controllec test conditions so that the relevance of these questions
could be resolved and confidence in the model increased.

At the same time it was planned to collect emission levels of

other pollutant species as they varied with the test operating conditions

and so define the emission characteristics for these speécies. This
data could then be used to indicate the effect that nitric-oxide

reducing changes in comhustor design might have uron the levels of

thase emissions.

PR

5.2 TEST PLAN

It is concluded from the foregoing analysis that for a fixed combustor
and operating condition the following parameters are the most significant
in terms of their effect upon nitric oxide emission levels:

a. The fuel-burning fraction in the primary zone,ﬁ?i
b. The effect of imperfect m xing in the primary zone, S .

c. The air distribution characteristics, dMa/dx- °
d. The kinetic rate constant:.
0f these four parameters, only three are variables as there can

be only one accurate set of kinetic data. Due to

re
M
D

p-esent uncerteirty
1

in the relative accuracy of the dati availabie in the iterature,

~r

however, the correct one must be se ected based upon the experimental

results. Clearly, the test plan mu;t aim to produce conditions for
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which significant variations in the three variables occur. The test
plan adopted, therefore, was to test two combustors developed by
different design criteria (i.e., different manufacturers) and the

following tests were made.

5.2.1 Test Series 1 ~ Combustor A

Exhaust concentrations only were measured in the first test series.
Concentrations of nitsic oxide, carbon monoxide, and unburned hydro-
carbons were recorded as the operating conditions of the combustor were
systematically varied to cover the following ranges of operating condi-
tions; where P = inlet pressure in psia, T = inlet temperature in deg K,

AFR = air-fuel ratio.

p T AFR Comments
a. 85 600 70 Residence time

85 700 50 to 140 varied for

85 800 60 same test conditions
b. 115 600 55 to 140 Residence time

115 700 50 to 120 at design

115 850 50 to 90 values
c. Lo 400 L0 to 80 Residence time

at design value

5.2.2 Test Series 2 - Combustor B

In the second series, measurements were taken both at the exit

piane of the combustor and at axia} stations.within the combustor a3t

the following conditions:

P T ATR Comments

a. 85 600 60 to 130 Exhaust concentrations
85 700 55 to 130 only, residence time
85 800 65 to 115 at design value

. 70 600 88 Internal probing

Measurements were taken, within the combustor of radial
profiles of nitric oxide, carbon monoxide, temperature, and
pressure at two axial stations located approximately 0.5
diameters and 1.0 diameters downstream OF the primary

zZone exit.
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5.3 EXPERIMENTAL EQUIPMENT

5.3.1 The Combustor Testing Facility

The experimental test arrangement employed is shown schematically
in Figure 10 and photographically in Figure 11. |t comprised an air
supply, an air preheater in the form of a pebble-bed heat exchanger,
an air mixer, a water-cooled tailpipe, and a high temperature regula-
ting valve. Control was effected remotely in a test room located
about 15 ft from the combustor (see Fig 12). Airflow rates for most
tests were within the range of 4 to 7 Ibs per second and combustor
inlet temperature was adjusted by diverting different percentages of
air through the pebble-bed. Temperature traverse quality at the exit
of the mixer was within #!5 deg K of the nominal value, and the com-
bustor entrance was located just downstream of the mixer exit. Casings
were manufactured to the dimensions experienced by the combustors
during in-flight conditions to ensure that the air distribution charac-

teristics in operation during testing matched design conditions.

5.3.2 Samplina Methods

Two sampling methods were employed. The first system, shown
in detail in Figure 13, collected exhaust gases from the exit plane
of the combustor through a diametral probe. The probe contained nine
holes of 0.040 inches in diameter spaced to give equal area sampling.
The probe itself was water-cooled, but the 20 ft of sample line from
the probe to the instrumentation room was heated to about 470 deg K
to prevent condensation of the hydrocarbons. After hydrocarbon sampling,
the gases passed through a series of coolers, traps, and filters to
remcve the water and the carbon.

The other probe system employed was used for probing the interior
of the second combustor tested. A stainless-steel probe was water-
cooled with a high pressure water supply system and entered the covbuster
normal tc the direction of the gas flow. The probe tip consisted of a
short length of right-angled silica tube which was inserted well into

the metal body of the probe. Silica was used to lirit the possibility




35

of obtaining erroneous reazings for nitric oxide concentration levels
if the sampling region probed were to be fuel-rich (see Ref 14). The
exit of the probe was then connected to the sampie-conditioning train

used for the exhaust probe (see Fig 13).

£.3.2 Instrumentation

-

Measurements of airflow rate, pressure, temperature, and velocity
were all made using conventional instrumentation techniques. Pollutant
specie concentrations were measured as follows:

a. Nitric Oxide. Four techniques were used for measuring nitric
oxide concentrations but only one was used consistently through-
out the course of the test program. This was a nondispersive
infrared method which employed a Grubb Parsons SB2 instrument
with @ 20 cm cell and a specially-develooed, integral, filter
system to minimize the response to water and hydrocarbons. [t
was found, however, that the measurements taken using this
method were invalidated due to any water in the sampled gas.
The problem was eliminated by use of an additional drying tube
packed with calcium sulphate. The system sensitivity to any
unburned hydrocarbons in the sample gas was always suspect
until it was checked against a Thermo Electron chemiluminescent

analyzer. This analyzer was employed continuously over the

last one-third of the test program and showed that excellent

i‘ agreement cculd be obtained between the two techniques for

% all nitric oxide levels greater than about 15 ppmV nitric

3 oxide. These emission levels corresponded to simulated idle
? conditions in the engine which also had very high levels of
ks unburned hydrocarbons (greater than 100 ppmV). Even under

I

these conditions, the chemiluminescent analyzer gave readings
which were no lower than 10 ppmV below the NDIR readings. In

operation, both methods were calibrated with pre-calibrated

gases of 200 and 100 ppmV NO in nitrogen and linearity was
'f checked by con:irolled dilution of these gases. Linearity was

found tc be better than required in both cases (52 ppmV NC).

a1 i a2 5 ol A A B A T
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Measurements were also using the standard Saltzman
and Phenol Disulphonic Acid techniques but these were
restricted mostiy to test conditions corresponding to the
idle mode and before the chemiluminescent instrument
became available for use.

b. Carbon Monoxide.

Carbon monoxide was also measured using
the NDIR method by means of a Grubb Parsons SBl analyzer.

This analyzer had a 30 cm cell with a carbon dioxide filter
attached.

c. Unburned Hydrocarbons. A Perkin-Elmer FIl flame ionization

gas chromatograph was used to measure unburned hydrccarbons

and the instrument was calibrated with hexane.

5.4 SUMMARY OF RESULTS

A summary of all test resul”s obtained is given in Tables &

and 5 and these will be presented in graphical form in the next

; section where thev are compared with the model predictions.
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6.

6.1

COMPARISON BETWEEN MODEL PREDICTIONS AND EXPERIMENTAL RESULTS

MODEL INPUT DATA

The required input data for the model were first
determined for each of the two combustors tested experimentally

and according to the f-inciples described in Sections 3 and 4.

6.1.1 Combustor Characteristics

The greater part of this calculation invoived the determina-
tion of thea air distribution characteristics throughout each com-
bustor and, in both cases, the distribution characteristics were
based upon measured data supplied by the manufacturers. These
data specified the percentage of the total air supplied to the
combustor that entered at each hole in the combustor liner, and the
objective of the calculations was to take account of the finite
distance lag that must exist before the entering air gets entrained
by the combustion products formed in the upstream sections of the
combustor. The method used is detailed in Volume 3, Appendix XVI,
and the results are shown graphically in Figure 14. The combustor
dimensions are given in the table below, and, iike the air distribu~
tion characteristics, the vaiues were considered invariant with

combustor operating conditions:

Combustor Geometry

Combuster

A B
Voiume of Primary Zone (Vp) in3 38.0 88.5
Length of Intermediate Zone (XL) in 7-0 7.0
Length of Intermediate and Dilution Zone (XEND) in 14.0 12.8
Combustor Radius (R) in 2.63  3.25

6.1.2 Combustor Operating Tonditions

Five variables are sufficient to describe the combustor oper-

ating conditions:

gy
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a. T =~ inlet temperature
Eé b. f‘ - Operating pressure
Eé Ce Qpp - Mass mean equivalence ratio in the primary zone (for/(?= 1)
g d. l'l"’) - Fraction of fuel entering the primary zone which

burps in the zone
e. Max - The total mass airfiow rate intc the combustor.
Conditions a, b, ¢, and e were made to match the conditions
tested experimentally and the value offgiwas calculated from the
correlation given in Reference 15 and also shown for convenience
in Figure 9. The value of the primary zone equivalence ratio is
simply related to the over-all air-fuel ratio in a manner dictated

by the fraction of air that enters the primary zone, and for

il A R Tl e S

o

R e

g

the two combuséors tésted, this relationship is shown in Fig~

ure 15. Also shown in this figure is the effective primary

zone equivalence ratio chat exists when account is taken of the
primar-y zone fuel-burning fraction,}é?, for one particular

operating pressure. It can be observed from this figure that the
operating conditions in the primary zones vary significantly for the
two combustors tested experimentally. Combustor A is calculated
always to operate at conditions below the stoichiometric condition,
whereas Combustor B is shown to operate fuel-rich Tor air-fuel ratios
less than 65.

6.1.3 Primary Zone Mixing Parameter

e

This parameter, So’ describes the degree oi mixedness in the

A

primary zone (see Section 3.2.1). Practically, this parameter

can have a range of values from perhaps near zero, corresponding

to near perfect mixing, to about one, very poor mixing, and for the
P g Y g

Lt

3 purpose of comparing the model predictions with the experimental

results, it was considered to be a matching parameter. That is to

say, its prescribed value was varied parametrically and the effects

it

B

of so doing observed in the predicted results and compared with the

experimental results.




39

6.1.4 Kinetic Constants

The reaction scheme for nitric oxide formation rate described

earlier has six intermediate stepc, each with the general form,
k = AT" exp(~E/RT)

where k is the reaction rate constart. Each step, of course, has
its own characteristic values for A, n, and € and these must be
specified in the input data. Four sets of such data are presented
in Table 2 and are referenced as ICODE = | to 4.

At the start of this study, the first set of data was thought
to be the most useful as it had been successfully used to correlate
piston engine nitric oxide emissions (Ref 10). The second set of
data (iCODE = 2) was considered the most accurate as it is the
product of an extensive study of all the available nitric oxide
kinetic data (Ref 11). Results obtained with the latter data
predicted higher values of nitric oxide emissions than the former
and this set of data has been used to obtain the prédicted results
presented in.this section. Results obtained with the first sat of
data were found not to matcn the measured results as well as with

the second set.

Measured First NO Predictions*
Value Kinetic Data (ICODE)
1 2
ppmV ppmV ppmV
132 70 145

Some typical results are shown in the above table. It is recommended

that the data referenced by the code ICODE = 2 be used with the model

presented in this report.

*
See Table 2. ICODE = 1 corresponds to data used to match results for
piston engine and ICODE = 2 co~responds to the data selected in a
comprehensive survey of the data as being the most reliable (see Ref 11).
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6.2 MODEL VERIFICATION
The two combustors empfoyed in the test program were operated
at a common test condition, where P = 8C psia, T = 700 deg K, and

AFR varied from 50 to 156, and were found to exhibit significantly .

different nitric oxide emission characteristics. At the lowest

AFR value their emission levels were comparable, but as the AFR
increased, the emissions from Combustor A decreacscd much more -
rapidly. This was considered a convenient point to start the

comparisons between the model! przadictions and the measured data,

e AT

as it would clearly provide a good test for the model.
The first calculations were made, therefore, fer this

test condition and the range of the mixedness parameter SO was

varied between 0.3 and 0.7 for both cases. The results,

compared in Figure 16, show a good agreement with experimental

data particularly for Combustor B when So = 0.7 where the predic-
tions are approximately only 20 per cent high over the whole band
For Combustor A, the agreement is not so successful,

R C R

i

LR L

of AFR tested.
particularly at the cne point where the air-fuel ratio is approxi-

mately 140. An acceptable level of agreement is obtrained for the

case of So = 0.7, but the predicted gradient of nitric oxide emis-
sions with AFR is much lower than measured, whereas at So = 0.3,

the gradient is matched almost perf-.tly over the range 5C < AFR<90,
but predicted values are lower than the measured values. ®efore

discussing reasons for these discrepancies, it is worthwhile to

it

compare the calculated results for these two cases in more detail.

In Sections 6.1.1 and 6.1.2 it ~as shown that the two combustors
under stuay have significantly different design characteristics.
Combustor A has & small primary zore with a high fuel-ioad factor,

hence low efficiency, atd operstes very iean compared tc Combustor B,

wnen oparated at the same AFR vaiue. This iatter combustor burns

relatively efficiently in the primary zone, but with a richer com-

bustion mixture. Calculated predictions of the internal details of
mass average temperature, equivalence ratio, residence times, and

nitric oxide levels are shown in Figure 17 for AFR values ~  about §0.
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The comparisons are striking. Combustor A is predicted io have a
top mass average temperature approximately 275 deg K lower than :
Combustor B and also a significantly shorter residence time to the
time of freezing of the nitric oxide formation process, (4 msecs
versus 8 msecs). Another difference predicted by the model is that
for Combustor A nearly 60 per cent of the total NO emitted at the
exhaust is formed in the primary zone, whereas for Combustor B,
only 30 per cent has this zone as its origin. This of course,

reflects the difference in operating equivalence ratio conditions.

6.2.1 Comp_ __.in with Combustor A

The disparity between the predicted and measured values obtained
for Combustor A and shown in Figure 16 can be improved. It appears
that a value of the mixedness parameter So of 0.3 is preferable as it
matches the slope of the measured points very well. The observation
presented above, that for this ccmbustor the primary zone is ‘he
active center for N0 production, suggests that a better agreement could
be obtained if the primary zone fuel-burning fraction, ﬁ? , were gireater
than that indicated by the combustion efficiency correlation. As
noted previously, the use of this ccrreiation tends to ''under-predict"
ﬁ? . Therefore, more compdter runs were conducted, leaving all con-
ditions constant except for an increase in ﬁ? to a value of 1.15 ﬂEP.
Results calculated on this basis show a marked improvement (see Fig i8),
and now become quite acceptable for AFR values less than about 90. At
values greater than this number, the mean effective equivalence ratio
in the primary zone soon drops lower thaa 0.5 (see Fig 15) and due to
the limit imposed in the model that & __ =28 (see Volume 3,
Section 2), a region is soon reachad where no nitric oxide wiil be
predicted (as it is necessary fcr some mass to have d) value greater
than about 0.85 for NO to be formedj. Practically, combustion tecomes
difficult to sustain at these low values in equivalence ratic and thz
difficulty is overcome by the use of a pilot flame which operates from
its own fuel supply system. 1t 1s clear, therafore, that in the experi-

mental tests, most of the nitric oxide formed uader these conditions wiil
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have its origin at the pilot flame as the pilot region is normally
designed to operate around stoichiometric at these high AFR values
for they correspond to the idle Jperating conditions in aircraft gas
turbine engines. The model clearly has its limitations for such test
cases, but it is a problem that can readily be modified by accounting
for the pilot and main flows separately. As the nitric oxide levels
under discussion are only about 20 ppmV, .t is not considered to be

a serious limitation at this stage.

Further calculations were made to compare predictions with the
experimental results obtained at higher pressure, P = 120 psia, and
again the mixedness parameter was set equal to 0.3 and the fuel-
burning fraction set equal to 1.15 Nep - The results of these com-
parisons, shown in Figure 19, indicate fair agreement between mea-
sured and predicted emission rates at AFR values less than G0. However,
the model appears to overemphasize the effect of inlet air temperature
co thar agreement is not achieved simultaneously at all temperature
levels. 1t is expected that more favorable agreement could be achieved

through further comparisons with variations in other model paramzters.

6.2.2 Comparison with Combustor B

a. Exhaust tmission Data. Figure 16 shows a good agreement be-

tween predicted and measured nitric oxide emissions for Com-
.bustor B when the primary zone mixedness is assumed to equal
0.7. As for the case of Combustor A, it too can be improved,
but for this cumbustor, as most nitric oxide is formed in the
intermadiate zcne, an improved agreement can best be obtained
by modifying the air distribution characteristicz. The limit
to this modification clearly corresponds to the essumption

that the air entering the casing holes .ixes. ! nstantaneously
with the upstream products. This is not real’istic. but coes
serve to show the sensitivity of the predic:.ions to the method
of calculation. Therefore, ca.culations were made for the cal-
cuisted distribution and the lir ". this distribuf:on can attain,

and the results are shown in Figure 20.
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Two observations can be made about these results:

i- A much better agreement is obtained at the high AFR
test points than was the case for the previous com-
bustor rigure 15 shows that for Combustor B at AFR
of 120, close to the highest value tested experimentally,
primary zone effective equivalence ratio is as aigh as
0.6 and thus it is not surprising that the model limi-
tations described . 6.2.1 do not asply to these test

conditions.

-
-
.

Good agreement between predicted and measured results is
obtained at one inlei temperature condition (700 deg K),
but agraement is less satisfactory at other temperatures.
A different variation in model parameters is required to
reduce the predicted sensitivity to inlet temperature.

b. internal Probe Test Results. The objective of the internal

probe tests was to attempt to determine the mass average
concentrations of nitric oxide and carbon monoxide as they
varied with axial position. The basic data are given in

Tabies 5b and 5¢ and are summarized in the table below, where
total pollutant mass flows are given to be equal to the product

of concentration and local product flow rates:

Measured Data Predicted Dataw
€0 co NO NG NO NO
X conc. total conc. total conc. total
i 1 1 ) j J
in ppmV ppmV x Max ppmV ppmV x Pax ppmvV ppmV x Max
Q.0 - - - -~ 195 268
3.0 3000+ 4800+ 210 33¢ 182 290
7-0 425 1289 120 360 a6 250
Exit 120 710 58 34 49 230

Concentration values change with axial positicn due to both chemi-
cal reaction and dilution by the additional air which enters the com-
bustor liner. {f there is no chemical reaction, then the total mass

flow rate of the spacies concerned should remain constant along the

-t
Predicted data indicate that the nitric ovide reaction rate is
essentially zero at X = 2.9 inches.

S eI T e




combustor length. The predicted nitric oxide emission data

! indicate: that this occurs within the first 3 inches of travel

. !from'the‘primary'zone. The meagured data for nitric oxide levels

alsq indicate the same behavior if one makes allowances for the

! errors involved inithe determination of the mass average
concentration. This is clearly not the case for the carbon
monoxide oxidation’reaction as the experimental results
shov that tgere is at least a sevenfold reduct}on in total
carbon monoxide levels as the combustion products travel

from the 3-inch station to the exit.

6.2.3 Comparison at Low Power {ldling) Conditions

Experimental tests were also carried out on both combustors
at operating conditions which correspond to those encountered

in the engine idle modé. It is known that significant amounts of

nitrogen dioxide (NOZ) can be present in the sampled exhzust gases
:unden these conditions so tests were made Lsing both wet-chemistry
tgchniques:(phenol—disulphonic*acid method and Séltzman) and tﬂe
chemi luminescent analyzer (see Section 5.3.3) for the quantity of
of-NOz present. The results are given in Figure 21 and are also
compared with predictions made by the model.
The following observations can be made from this figure:
a. Totai NOx levzls as measured b; the Saltzman technique
are significantly highef than the nitric oxide ]eQels
measured: by either the NDIR or chemiiuminescent techniques.
.b. Total NOx as measared by Saltzman and the chemi luminescent
analyzer whiFh incorporated an NO2 to NO converter do not
agree. ' The converter efficiency of the analyzer was checked

by passing known concentrations of NO, through the converter

and found to vary between 30 and 60 pir cent. The discrep-
ancy, therefore, appears to be due to‘tre difficulty in
conversion of the NOZ present.

c. Nirric oxide levels measured by the NDiR technigue are-

higher than those measured.with the chemiluminescent
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analyzer, particularly at the high values of AFR. The
measurements made by the two, however, tend to come closer
as the AFR reduces, that is, as the combustor temperatures
in:i.rease. No noticeable discrepancy occurs when the com-
bustors operate at an inlet temperature higher than the
L4oo deg K that applies here. The discrepancy is -hought
to be due to the high level of unburned hydrocarbons
(greater than 100 ppmV as methane) that exist in the com-
bustor exhaust at this condition as it is known that the
NDIR technique does respond to hydrocarbons.

The model predictions for nitric oxide emissions agree
satisfactorily with the nitric oxide measurement: made by

the chemiluminescent method.

6.3 CONCLUSIONS

The following conciusions are made based upon the results pre-

sented in this section:

The model presented in Section 3 adequately predicts nitric
oxide emission characteristics at high-power regions for

the two combustors tested, if one ignores operating condi-
tions which produce nitric oxide emissions of less than

30 ppmV.

limproved accuracy in prediction of nitric oxice emissions
will depend as much upon the accuracy of determination of
the primary zone mixedness and fuel-burning fraction, the
air distribution characteristics within the combustor liner,
and the kinetic data as upon improvements to the proposed
flow models.

The model requires refinement if it is to satisfactorily
predict nitric oxide emissions av low power level conditions
(basically defined by T being less than 500 deg K and primary
zone equivalence ratio dropping below 0.5). Consideration
must also be given to nitrogen dioxide (NOZ) emissions which
constitute a substantial fraction of total NOx emissions at

low power leve's (Ref 13).
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DESIGN CRITERIA

THE COMBUSTOR DESIGN PROBLEM

7.1.1° Performance Requirements

in the design of a gas turbine combustion chamber, several dis-
tinct performance requirements must be met. These requirements can

be classified as follows:

Aerodynamic Performance
a. Total pressure loss.
b. Outlet temperature profile.

c. Wall temperature distributior.

Combustion Performance
a. Combustion efficiency.
b. Corbustion stability.
c. lgnitability.
d. CO and HC emissions.
e. Particulate emissions and smoke.

f. HNOx emissions.

Mechanical Performance

a- Weight.

b. Durability.

c. Cost.
This methed of classification groups requirements which are most
closely related. Aerodynamic performance requirements are primarily
related to the airflow anc velecity distributions in the combustor.
Combustion performance requirements zre related to the detailed de-
signs of the primary and intermediate zones and the :uel iajection
systems. Mechanical perforinance requirements are related to the
mechanical design techniques and materia:s used ia the combustor.
These performance groups are, ¢f course, highiy interrelated.

In meeting the MOX emission control requirement, we must be

concerned with its interactions with =11 the other combustion
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requirements and we find that certain aerodyanmic requirements are
indirectly affected by NOx emission control techniques. Therefore,
we are concerned with those parameters which represent both the com-
bustion and aerodynamic performance of the ccmbustion chamber when
we design for controlled NOx emissions. Mechanical performance re-
quirements, however, generally are not significantly affected by
combustor design modifications considered for NOx emission control

and, therefore, will not be included in this discussion.

7-1.2 Design Procedures

The ccmplete combustor design procedure is lengthy and complex.
An outline of the procadure is presented here to identify the prin-
cipal design parameters which the designer has under his control.
This discussion applies to combustors of either can or annular
configuration. For convenience, tarminology applicable to can con-
fiqurations will be used.

in designing a combustor, the following categcries of independ-
ent design variables ere involved:

a. Combustor diareter.

b. Combustor length.

c. Fuel nozzle characteristics.

d. Effective air holc area.

e. Confiquiation and location of air holes.

The. ultimate objective of the design process is the specification of
these quantities. When these design variables have been specified,
the ''aerodynamic’® design of the combustor is essentially complete.
and the mechanical design process can be initiated-

7o devzlop a set of dgsign variables which w-11 resuit in
sayisfunte. ) combustor performance, the designer actoually works with
& szt of incermediate design parameters which are more closzly re-
ia*ed tw .hc ohysical processes occurring in the combustor. ODiffer-
enxt combustor designers work with different sets of intarmediate
parametors, Liwt the set listed below is representative of current

prasIsces
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a. Pressure loss factor.

ke *
Mg

b. Combustion loading parameter.
¢c. Combustion zone fuel=-air ratio.
d. Fuel nozzle performance factors.

e. Combustion zone length (or volume).

f. Dilution zone length (or volume).
The pressure loss factor is essentially a combustor drag coef-
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ficient and is defined as follows:
-1

2
p_ 2p ﬂ_ufe@“]
9t P L ZRT

where 8P = pressure drop across thz combustor
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{g Aref = maximum combustor casing cross-sectional area
% %}—*-’ = pressure loss fraction

= d

The pressure loss factor usually is assigned a value which has been
shown from experience to be consistent with satisfactory combustor

aerodynamic performance. When the value of this factor is specified,

the combustor diameter and pressure loss fraction are uniguely related

for each operating condition.
The combustion loading parameter indicates directly or indirectly
Various forms

release rate occurring in the combustion zone.

the heat
The form used by NREC

of this parameter have been defined (Ref 15).
was developed at Rolls-Royce Ltd. {Ref 16) and is defined as follows:

.5 Y AY
ia [RS D"L‘
o= B fuk Dk onp (3,/1)

where D = maximuin combustor casing diameter
constant (function of combustor fuel-air ratio).

o
]
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The combustion loading parameter is assigned a value consistent
with satisfactory combustion performance, including combustion sta-

E bility and efficiency, and ignitability at maximum altitude. It
E . should be noted that both the pressure loss factor and combustion

loading parameter &re related to combustor diameter so that the com-

bustor must be sized to mzet both criteria.

Two fuel-air ratios characterize the combustion zone~- that in

the primary zcne and that in the intermediate zone. Both quantities

must be specified in order to fix the combustor airfiow distribution.

L

0

The performance of conventionai fuel nozzles can be specified

directiy by means of spray characteristics=-- spray angle, velccity,
and droplet size distribution. However, with the advent of car-

= bureting fuel injection systems, these characteristics no longer
suffice since the fuel introduction process is affected by the de-
sign of the combustor as well as the nozzle. A requirement exists
for a fuel injection performance parameter, such as the primary
zone mixedness parameter (So) defined in this program, which indi-
cates the distribution of fuel in the airflow and can be related
to combustor and nozzle design variables. At present, the So
parameter meets the first requirement, but not the second. Thus,
S° cannot be specified quantitatively at present. However, mini-
mizing 50 is considered to be an effective qualitative criterion
for meeting certain combustion performance requirements-- notably

smoke and NOx emission control.

The combustinn zone length is the sum of the primary zone and

intermediate zone lenaths. The former is essentially fixed by the
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combustor diameter since the recirculatory flow pattern of the

¥

primary zone requires a ''square'’ profile. That is, the primary
zone length must be of the-same order as the combustor radius.
However, the desianer is free to specify the iength of tke inter=-
mediate zone consistent with the attainment of satisfactory com=
bustion efficiency, and CO and HC emission rates.

The dilution zone lenath mainly affects the outlet temperature

profile. Thus, this factor is primarily related to combustor sero-

dynemic performance rather than combustion performance.
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By specifying the values of these intermediate parameters, the
designer establishes the gross characteristics of the combustor and
most of the factors which determine aeéodynamic and combustion per-
formance. The remaining tasks consist of detailed design of flow
passages, and specification of location and configuration of cooling
air passages.

The performance ard design parameters have been defined here as
they are encountered in the development of a new combustor. in this

develcpment problem which we refer to as the new combustor develop-

ment_procedure, the performance factors are specified a priori as

well as the combustor operating conditiors. The design parameters
then are specified so that the performance requirements will be
achieved.

A somewhat different procedure is requ.red when an existing
combustor is to be modified. 1in this development problem, which we

refer to as the modified combustor development procedure, certain

design variables, such as length and diameter, are apt to be fixed
as well as combustor operating conditions. Under these conditions,
the constraints on certain performance parameters must be relaxed,
and an improvement in one performance factor generally is accom-
panied by a degradation of some other aspect of combustor perfor-

mance.

7-1.3 NOx Emission Control

The theoretical analysis of NOx emission conducted in this pro-
gram has indicated the dependence of NOx emission rate on engine pres-
sure ratio, combustion zone residence time, and fuel distribution.
(The term ''fuel distribution' is used to include both the mean fuel-
air ratio and the fuel-air ratio distribution in the primary combus-
tion zone.) Of these three factors, modification of fuel distribu-
tion is the only effective approach to controlling NOx emissions by
combustor design procedures. The engine pressure ratio strongly
affects NOx emission rate, but is independent of combustor design

characteristics. On the other hand, the combustion zone residence
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time is determined entirely b& combustor design charactzaristics,
but its effect on NOx emission rate is relatively smal’. Thus, it
is through fuel distribution that the designer can most effectively
cont-ol NOx emissions.

The fuel distribution in the combustion zone can be character-
ized adequately by design parameters which are, or could be, in-
volved ir the combustor design process. These parameters are the
fuel=air ratios in the primary and intermediate zones, and the pri-
mary zone mixedness parameter, So' These quantities, therefore,
are the design parameters which must be specified properly in order
to control NOx emissions. Since these parameters also affect other
combustor performance requirements, they provide a basis for relating
NOx emission rate to other combustor performance characteristics.
This mutual dependence upon combustion zone fuel=-air ratio and mixed-

ness underlies the development of NOx emission control friteria.
CONVENTIOMAL COMBUSTORS

7-2.1 Performance Characteristics

it is possible to depict the combustion performance characteris-
tics ¢f a gas turbine combustor in a semi-quantitative manner by em-
ploying certain design parameters defined in the previous section.
The parameters affecting combustion performance most strongly are
the combustion loading parameter (6 ) and the primary zone fuel-air,
or equivalence, ratio ($P). Using these parameters, combustion
efficiency can be plotted as shown in Figure 22. The figure con-
stitutes a performance map for a particular type of combustor and
indicates combustica efficiency corresponding to each ez-c';:?operating
point. This type of perfo;mance map cannot be constructed nrecisely
for a given combustor design without the benefit of experimental
data. However, the map is characteristic of well-designed combus-
tors and is useful for discussion of design criteria.

It can be seen from Figure 22 that high combustion efficiency

is associated with high values of © and values of (?F’ near unity-
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With decreasing © and changes in (@P from this optimum value, com-
bustion efficiency is observed to decrease. The decrease is gradual
at first, bur becomes precipitous as the efficiency fslls toward

low ‘values and the blow-out limit. The blow-cut limit of the combus

tor, as a rather gross approximation, may also be considered to
represent the combustor ignition limit.

Superimposed on each operating point, the primary zone mixed-
ness parameter, So’ is shown as a vertical line. The height of this
line indicates the spread of equivalence ratios over which combus~
tion actually occiurs. 1t can be seen that if this spread is great,
portions of the fuel are burning in regions where combustion effi-
ciency is low or where smoke is formed, even though the mean equiva-
lence ratio is near its optimum condition.

The operating line of a conventional (fixed geometry) combustor

Yo

is shown in the figure. The locations of the combustor operating
conditions are highly constrained by the requirement that the com-
bustor operate over a range of primary zone equivalence ratios of
approximately 2.5:1. This range is typical of the over-all fuel-air
ratio of aircraft turbine engine combustors, and with fixed geometry,
the primary zone equivalence ratio varies over a similar range. The
100 per cent power condition must be located near the §%>= 1 condi-
tion since excessive smoke is produced at higher values. The value
of &%,at 100 per cent power cannot be reduced substantially be-
cause the low power condition would move out of the stable combus~-
tion region. Some relief from this constraint is obtsined by in-
creasing © through increases in combustor volume. However, the
dependence on & is small in the normal operating regions so that
any gain in performance is small.

7-2.2 Des.aning for NOx Control

Using the results of the theoretical analysis of NOx emissions,
it is possible to construct combustor performance maps depicting NOx
emission rate. A different map must be constructed, however, for

the new-combustor and modified-combustor design proceduses.

~ The variable-geometry operating line, also shown, is discussed in
Section 7.3.2.
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In the following discussiog, an illustrative example will be given
of an approach to N0 emission control using the modified combustor
design procedure. Combustor B of the experimental test program will
be used as an example with the assumption that the over-all dimen-
sions of the combustor cannot be changed. Approaches to NOx emis-
sion reauction will be indicated along with the corresponding reduc-

tions in other performance factors.

It has been shown earlier that MOx emissions can be controlled
most effectively by variation of the fuel distribution parameters
&%,and So. Thus, an NOx emission map for design purposes might be
constructed using these parameters. However, since SO cannot be
evaluated during the design process, a different basis is required.
For this purpose, it has been assumed here that the primary zone
mixedness factor So is related to the pressure loss factor as fol-

lows:

(AP)-I

S ~v
o q

ref
The basis for this assumption is the recognition that the pressure
loss factor represents the ratio of air jet energy to the energy of
the main flow in the combustor. Thus, this factor is proportional
to the energy available for 'stirring' the primary zone, and an in-
crease in stirring produces an increase in mixedness, or a decrease
in So- The assumed relationship between So and b.P/qref is a8 major
approximation, but no better basis exists at present for evaluating
So' Support for this approximation, based upon turbulence theory,
is found in Reference 17 in which an approach to the question of im-
perfect mixing similar to the one adopted here has been used. It
has been shown that the decay in the factor So does, in fact, change
in proportion to the energy input via air jets located at the wall.
Since this discussion is intended only to be illustrative, this ap-
proximation will be useful. However, for actual combustor design
applications, a more accurate reiationship between So and combustor
design variables will be required.

Exhaust NOx concentrations are shown in Figure 23 for Combus-

tor B operating at the take-off condition with wide variations ef
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ESP and So' Using the approximate So: Z}P/qref relationship, these
results have been piotted against 1% andAP/qref in Figure . 24.
This figure can be regarded as an NOx emission performance map
for this combustor since it relates NOx emissions to well-defined
combustor design parameters. The map is applicable only to the
modified-combustor design procedure since it has been corstructed
with the assumption that over-all combustor geometry is fixed.

The design operating point for the combustor is indicated in
the figure. Also indicated is the direction in which the design
point might be moved in order to reduce NOx emissions. Since the de-
sign parameters a%, andA!"/qref are completely controlled by the de-
signer, he is Tree to move the design point aboui the map as he
chooses. He must, however, be aware. of the consequences cof his
modifications.

It is possible to relate three important combustor performance
parameters=- pressure loss f-action, ~ombustion efficiency, and ig-
nitability-- to the same design parameters=-- é} and AP/qref-- which
have been used here to map NOx emissions. These relationships will
vary with combustor type and design practice, and extensive amounts
of performance data would be required to define them precisely. How-
ever, for purposes of this discussion, these relationships can be de-
fined in a3 semi-quantitative manner from available combustor perfeor-
mance data.

The pressure loss fraction is defined (Section 7.1.2) as a func-
tion ofAP/qref and combustor size. Since size is assumed fixed in
this example, the variation of pressure loss fraction is readily ob-
served to be proportional to variations inZSP/qref.

Variations in combust:o.r efficiency can be taken from Figure 22.
With combustor size and operating conditions fixed, the loading parame-~
ter © remains fixed, and combustion efficiency will vary witn E)P
only.

To evaluate variations in ignition performance, an ignition
criterion developed by Lefebvre (Ref 18) can be used which states that

constant ignition performance corresponds to a constant value of the
following parameter:
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where El =
locity in the combustion zone. When considering variations in qDP s

55

= _F[ Ef?s?o-s_rz-s ]
Uret {AP/auer)

ignition energy and Uref is used to represent the air ve-

we can substitute the inverse of this parameter for uref since q;;, is
changed by varying the airflow rate in the combustion zone. Then,

assuming E‘ is constant, the ignition parameter can be redefined as

T _¢T POS T2 &
£ (&) ﬁL_ (67/gue)”*

The most difficult ignition requirement for an aircraft engine is re-

ignition at high altitude, and the combustor inlet pressure and tem-

perature at ignition are uniquely related to altitude. Thus, it is

possible by the above relationship to determine the variation in
Assuming that the engine can be re~-

+
s -

L%

titude reignition capability.
ignited at 35,000 ft altitude at present, reductions in this maxi-

mum ignition altitude can be calculated for changes in (p? and

AP/q_¢-
The design performance parameter relationships discusscd above

are presented graphically in Figure 25. This fiqure is of the same

format as the NOx emissions map for Combustor B.
operating condition.required to reduce NOx emissions is indicated,

The ¢ nge in

and the associated reductions in pressure loss fraction, combustion

efficiency, and reignition altitude are shown. Also shown is an es~

timate of the minimum 3%; for combustor cooling. This estimate is
based on the assumptions that 25 per cent of the total airflow is re-
quired for film cooling and 30 per cent is required for satisfactory
dilution zone performance, and that the latter requirement decreases
with increasinglLP/qref.

The performance map in Figure 25 indicates that substantial per-

formance losses would be associated with reducing NOx emissions by

variations in 6}, and Aplqref‘ The relationships shown in the figure

T s it T S




7.3

are approximate, but they are considered to be representative of the
performance changes associated with the modified-combustor désign
prccedure. With the new-combustor design procedure, where combustor
size is not fixed, the performance changes need not be so severe.

The performance map of Figure 25 indicates only the performance
losses at the 100 per cent power condition. Performance losses also
would occur at reduced power conditions, particularly at ic e power.
Because of the fixed relationship between the value of a;P at 100
per cent and idle power indicated in Figure 22, any reduvc ion in 559
tends to cause a rapid reduction in combustion efficiency at idie.
This loss is, of course, a2ccompanied by increszsed CO and HC emis-
sions. With the modified~combustor design procedure, th:: loss can
be alleviated somewhat bty increasing the idle power level, but it is
very likely that the idle condition performance will be a limiting
factor if NO emissions are to be controlled by reduction of a-;‘-,. .

As indicated earlier, this discussion is intended to illustrate
a method by which an existing combustor could be redesigned for low
NOx emissions. If, instead, a conbustor for a new engine were to be
designed, va-iations in combustor ceometry and fuel aozzle character-
isti~.s could >e employed to minimize NOx emissions. It is likely
that the primary zone mixedness parameter, So, is highly dependent
upon fuel nozzle characteristics. Thus, a greater range of design
conditions would be available and the combustor performance losses
associated with NOx emission control probably would not be as great

as for a modified combustor.
ALTERNATIVE APPROACHES TO NOx EMISSION CONTROL

7-3.1 Use of Water Injection

The dominant factor influencing the nitric oxide emission rate
is the peak temperature in the primary zone of the zombustor. This
temperature may be significantly recduced by the use of waier acdi-
tion into the combustion zone, and the water may be added either

at the compressor exit or directly into the primary zone. The latter
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agproach is more efficient in terms of the mass flow rate of water-

A

required as approximately only one guarter of the airflow passes

through tne primary zene.

R

i

With direct water addition to the primary zone, there is a greatef
possibility of a degradation of combustion performance than with up-
stream injection. Howevar, rec .t experience with direct vater injec-
tion {Ref 19) indicates that other combustion performance parameters
can be maintained while NOx emissions are reduced. The temperature‘
changes brought about by water injection reduce the nitric oxide

levels very significan.!y. Estimates have been made of this reduc-

UL R s G DGR

tion for the combustors tested in this program and the results are
shown in Figures 26 and 27. The figures apply to the case of water
injection into the campressor exit and are based upon the experimental
NOx emission data obtained by the methods described earlier. The esti-
mates have been made based upon the following assumptions:

a. That all the water injected vaporizes and mixes completely

with the compressor air before entry into the combustor.

An enthalpy balance then determines the reduction in com-

A TR NS S S e AL Y et A0 O PR D T

bustor inlet temperature that results from this action.
: b. That the change in nitric oxide emission level that results
from a reduction in temperature rise in the combustor (due

to the water), is related to the mass average flame teﬁpera-

ture at the primary zone exit. An enthalpy balance accounting

‘V

AL R

for the presence of the water vapor can determine the tempera-

ture reduction and the corresponding (higher) value of air-
fuel ratio which has the same flame temperature. Thus, if the
nitric oxide versus air-fuel ratic is known for the inlet tem-
peraturz defjned by assumption a, the nitric oxide emission
level may be estima:ed for a prescribed mass flow of water.
Clearly, these calculailions only produce estimates of the effect
of water injection but these estimates will be sufficiently accurate to
determine the effectiveness of the method. The results are encouraging
for both combustors tested (see Figs 26 and 27), particularly at the low-
er air-fuel ratios (less than 70) where a.water-to-fuel ratio of 1.0 gener-
ally reduces nitric oxide emissions by 50 per cent. The effect of water in-

jection is shown to diminish, however, as the air-fuel ratio increases.
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/-3.2 i Variable Geometry Combustor Desian

Another, potentially effective approacﬁ to NO emission control
is based on the use of combustors with variable geometry. . The pur-
pose of the variability is to maintain independent control of the

: primary zone fuel-air ratio as the over-all combustor fuel-air ratio

control of &% is accoﬁpl?shed by . .
total airflow entering.the primary

of ?’SP , the combustor can be oper-

changes with power level. This
contrglling the fraction of the

zone. With indépendenf control
ated:so that NOx emission rates are low over the entire power range.

T s

f

The most effective operating conditions for NOx control would be at

§ lean fuel=air ratios (@(1.0). A combustor operating line cor- ’
responding to this condition is shown in Figure 2Z. For this ap-

proach to be effective, a well-mixed primary zone (low So) is re-
‘quired so that very little fuel is burned near stoichiometric fuel-
air ratios. An additional requirement is an inerease in combustor
'size to maintain high combustion efficiency at the lower combustion
temperatures. - Because of this requirement, the appréach is not ap-

plicable to existing engines where combustor size is fixed. But

WmWWWWM”“W&WWWW{ TR,

variable geometry could be used in future engines as a means for

controlling NOx emissions with little or no loss in other perfor-
From the predicted effects of fuel distri-

i

L

mance characteristics.
buticn on NOx.emission rate, it is estimated that reductions of 50 :

R R T D

to 80 per cent can be achieved in NO emission rate at high

power conditions. The approach also would improve combustion ef-
ficiency and CO and HC emissions at low power, and w0u1d:improve ig-
nition performance. Thus, variable geometry is an attractive control

method, particularly from the standpoint of emission control effeciive-

S L L R i e w0 b e

ness.

7-3.3 . Staged Co%bustion

Another potential approach to NOx emission control is based on

the concept of staged combustion or staged fuel injection. This com-

TR

bustor design concept may take any of severai forms, but a typical

approach would involve the following features:
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a. A small primary combustion zone operating at a lean fuel-air
ratio (‘agpﬁﬁ 0.8) with well-mixed fuel injection. The primary
zone would provide all power required for idle operation, and
would act as a pilot for other combustion zones downstream.

b. One or more secondary combustion zones into which fuel is
injected directly, again in a well-mixed fashion. Fuel and
air would be distributed so that fuel-air ratios would be
lean throughout the combustion zone.

This approach is attractive in that it would not require variable

geometry. It probably would require a relatively long combustor and
a complex fuel control system. Control of MOx emissions would result
from the low combustion temperatures associated with lean fuel-air
ratios. The control effectiveness would increase with the number of
combustion zones utilized. However, tre fuel system complexity also
would increase. .

The concept of staged combustion has not been thoroughly evaluated

as an NOx emission control technique. Considerable effort will be

required to determine the merits of this approach.

7.4 CONCLUSIONS

The following conclusions have been formuiated concerning criteria

for NOx emission control:

a. NOx emission ratescrelate to fundamental combustor design
parameters which also influence other major combustion perfor-
mance factors. This interrelationship between NOx emissions
and other combustion performance factors establishes a sound
basis for quantite-ive NOx emission control criteria.

b. NOx emission rates from conventional combusters can be reduced

by modification of fuel distribution parameters. However, NOx

reduction may be accompanied by significant reductions in
other performance factors such as ccmbustion efficiency and
reignition altituce. These performince losces will probably
be more severe in a modified-combestor design procedure where

combustor size is fixed than in a new-combustor design procedure.
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Water injection is effectiv- in reducing NOx emission fran
conventions} combustors. Zmission rate redvecticns of 50

per cent at high power levels can be ouctained with water in-
jection rates comparabla to fiel flow rates. increased
contral muy be obtained with increased water injection rates,
or by locaiizing injectiun ¢{ water into the combustion zone.
Reductions in NOx comparable to thoase achievable by the use
of water injection can be obtained through the development of
ndvanced combustor ¢ -"-- <oncepls such as variable geometry
arc staged combustion. These concepts are, iowever, more

applicable tc new engine designs rather than etisting designs.
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A. Combustor Geometry and Cperating Conditions

COMBUSTOR CONDITIONS INVESTIGATED IN

TABLE 1

THE MODEL SENSITIVITY ANALYSIS

Volu..» of Primary Zone (Vp)

‘Length of Intermediate Zone (XL)

Length of Intermediate and Dilution Zone (XEND)

Primary Zone Mean Effective Equivalence Ratio (&E)

Combustor Inlet Pressure (%:)

Cembustor Inlet Temperature (Tp)

Total Airflow to the Combustor (M

B. Model Parameters

S C.1
o
A= 0.6
(dMa/dX)o -
CN% 2
ﬁ]* 0.2
* I
AZ 9.2
A« 0.5

<

For definition of variables, see Section 3.3.

D

)
Ator

Values Tested

Nominal+*

0.2
0.8
0.2
5

G.5
0.5
1.0

0.3
i.0

6L

88.5 in>
7-0 in
12.5 in
0.8

6.5 atm
706 deg K

7.56 1b/sec

0.4

0.7

Note: Only one variable was changed at a time.

Nomina) valuss for Al» Ay, and Ay are the snticipated values basec

upon the considerations jiven in Reference &.
C, are estimated.

Nominaj values for S
Nominal value for @ determined from Figure §,

and nominal value for (dM_/dX) determined as described in Voiume 3,
. 3 c
Appendix XVI.
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TABLE 2-

KINETIC DATA FOR THE NITRIC OXIDE REACT1ON SCHEME

i Reaction No. Ai(cm3/sec -m-mole (deg K)ni) n. Ei(kcallgm—mole)
i 1.2046 x 10'3 0.0 0.0
2 1.2056 x 10'7 0.0 7.1
3 5.2161 x 103 0.0 0.0
ICOLE = | 13
(rom Ref L 3.0115 x 10}3 0.0 10.8
10) 5 3.6138 x 10 0.0 24.0
6 5.818L x 103 0.0 25.0
1 3.1 x !0'3 0.0 0.334
2 6.4 x 10° 1.0 6.25
| 3 b1 x 1013 0.0 0.0
£ 1CODE = 2 . 13
_7 (from Ref l} 2-9513 X ‘0}3 0-0 ]0-77
1) < 3.8146 x 10 0.0 24.1
£ 6 5.5775 x 19°3 0.0 24.1
< 7 T3
;f 1 2.0717 x 10 0.0 0.33
Y 10
Sé‘ 2 1.3251 x 10 1.0 7.1
3 3 5.2161 x 10'3 2.9 0.0
2 fCODE = 3 4 2.9513 x 1013 0.0 10.77
ifrom Ref 13 )
o : 5 3.8146 x 10 0.0 24.1
& : 6 4.5775 x 10'° 6.0 2.1
% | i 1,020 x 163 0.0 0.0
B 2 3.7945 x 10'2 0.0 7.0
Eg'fi% : 3 51559 x 103 0.0 9.0
E ICODE = 5, L 13 7
from sef A 2.9513 x 1013 0.0 10. 77
% 9) i 5 3.814€ x 10 0.0 2b.1
. i ’ 3
i i, 13 . 24,1
§§ ; L & 5775 x 0.0
where

4
"

AiT"i exp(-Ei!RT)

Temperature in deg K

LMﬂWﬁV

1.987 x 1073 kcal/gm-mole deg X
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TABLE 3

CHANGES IN NITRIC OXIDE EMiSSION LEVELS PREDICTED

USING FOUR ALTERNATIVE SETS OF KINETIC DATA

66

Kinetic Data Reactions¥ Reactions**
1CODE* 1-6 1-3
i 1.00 0.98
2 2.22 2.21
3 2.05 2.04
L 0.86 0.85

et

'~

See Table 2.

Vslues are quoted relative to ICODE = | resuits, that is the reaction

data used in Reference 10.




TABLE La - SUMMARY_OF TEST DATA

COMBUSTOR A
Combustor Conditions Emission Levels
P T My  AFR MaT/P NO  CO BC (M)
psia deg K deg R 1b/sec ppmV ppmV ppmV
a 85 576 1037 5.00 72 34 46 480 -~ 1
81 707 1273 3.60 52 31 184 -- - ]
87 703 1265 4.i5 57 3k 137 245  -- 1
90 712 1282 3.67 58 29 160 206 0.8 1
79 728 1310 3.61 6h 33 134 250 -~ l
91 705 1269 L4.13 70 32 102 275 -- !
82 687 1237 3.43 71 29 100 3k0  -- 1
EE 84 700 1260 3.51 76 29 80 - - 1
=5 88 698 1256 4.00 79 32 58 -- -- i
89 713 1283 k.23 83 34 3 - - 1
EE 75 683 1229 3.85 143 35 21 25 -- 1
5 89 8.6 1469 3.1 63 29 192 170 -- 1
£ 83 688 1238 .74 59 23 136 125 --
-t 85 71 1280 5.03 5l 42 110 190 0.6
E:_%
2 L 119 579 1042 6.272 56 20 111 255  -- 1
-1 138 598 1076 6.31 67 32 83 - - 1
= 118 581 o6  5.61 71 28 58 290 1.3 1
= 123 578 1040 5.89 75 28 56 7233 1.3 1
= 116 590 1062 6.63 82 3k 56 380 -- )
4 114 585 1071  5.67 95 30 32 360 3-1 1
E 112 603 1085 6.16 153 33 19 200 3.1 1
g ] 123 675 1215 5.72 54 31 264 205 -- ]
-3 119 688 1238 5.% 59 32 228 195 -- 1
= 113 677 1218 5.02 64 30 122 182 -- 1
e 130 692 1245 5.64 67 30 122 255 2.0 1
= 131 698 1256 5.75 72 31} 04 265 2.0}
%f‘e 110 691 1243 bL.97 74 31 88 210 -- }
B 108 695 1251  5.27 104 24 53 ~-- 0-9 1
EE 102 695 1251 5.06 116 34 L 137 0.9 1
ZE Fusl: Aviaticn Kerosene

Calibrated as hexane

~~ Method of NO measurement: 1 = NDIR

Chemiluminescent




TABLE 4b - SUMMARY OF TEST DATA
COMBUSTOR A

Combustor Conditions Emission Levels

= P T My AFR MT/P NO Tu  HT (M)
;% psia deg K deg R Ib/sec ppm¥ ppmV ppmV
=

= 123 820 1476 4.09 53 27 376 120 1.z |
= 123 82 1533 L4.04 53 28 30 - 1.3 1
= 124 845 1521 L4.25 66 29 269 167 1.2 ]
= 119 874 1573 L4.15 66 30 254 174 i.3 1
= 35 855 1539 L4.11 68 30 213 - 1.3 ]
= 117 8z 1533 L4.25 83 3] 155 133 0.8 1
= c 36 B2 725 0.93 78 10 33 760 Sat. |
% L2 401 722 0.91 i g 73 1420 Sat. 1

I

Fuel: Aviation Kerosene

ERAAASR ALY

R A

e

*

Calibrated as hexane

.
e

) Methed of NO measurement: |
2

NDIR
Chemi luminescent

o
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TABLE 5a - SUMMARY OF TEST DATA
COMBUSTOR b

-
N

i Combustor Conditions Emission Levels
2 T My  AFR MaT/P NO CO HC (M)
- psia deg K Deg R 1b/sec ppmV  ppmV ppmV ¥
a 89.7 £4&3 1049 6.10 70 ko 81 120 1.0 1
89.7 583 10k9 6.10 75 ko 72 - == 2
87.2 576 1036 6.12 86 ko 69 €7 1.0 1
87.2 576 1036 6.10 87 kLo 65 - - 2
86.7 588 1058 6.16 92 k2 69 113 2.0 1
=5 86. 588 1058 6.16 92 k2 63 -~ @ -- 2
87.6 593 1067 5.80 113 39 57 93  -- ]
= 88 588 1058 5.97 126 40 3 13 -- 1
9l 683 1229 5.16 56 39 153 87 - 1
> 91 83 1229 5.16 56 39 148 - - 2
E- 86 687 1236 4.99 62 L0 152 100 -- i
5 86 687 1236 4.99 62 40 49 - - 2
e 83 703 1265 5.0 75 43 48 87  -- ]
83 703 1265 5.04 75 43 W - - 2
82 703 1265 5.09 96 L4 115 8  -- 1
7 82 703 1265 539 96 Lk M3 == - 2
= 80 708 1274 5.31 129 47 76 s&  -- 1
= 80 708 1274 5.31 129 &7 76 - -~z
82 797 1434 4.61 66 L5 235 100 1.0 1
82 797 1434 L6l 71 A4S 215 - - 2
= 85 797 1434 5.03 93 Ly 163 67 1.5 1
85 797 1434 5.03 100 47 150 -- -- 2
E- 82 827 1488 4.77 107 48 169 67 3.5 1
= 82 827 1488 .77 115 48 L -- - 2
E 37 393 707  3.66 127 30 1 652 ~-- 1
E 37 393 707 3.66 127 39 3 - -- 2
H 28 392 705 3.62 76 51 20 500 ~-- 1
28 392 705 3.62 76 51 16 - - 2
Fuel: Aviation Kerosene

Calibrated as hexane

ND IR
Chemi luminescent

e Method of NO measurement: |
2

nn




TABLE 5b - SUMMARY OF TEST DATA
COMBUSTOR B

Internal Probe Measurement, X = 3 inches

Combustcr Conditions Emission Levels

= #
= r p T My AFR M_T/P NO £o (M)
] inches psia deg K deg R 1b/sec ppmV  npmV =
£ Exit 71 595 1671 5.75 85 48 68 98 2
Wall 71 600 1080 5.8 88 50 133 1750 z
= 3.0 71 593 1067 5.81 88 49 143 2650 2
2.5 72 598 1676 5.91 83 49 150 2400 2
2.0 71 578 1040 5.85 89 48 156 3000+ 2
=3 1.5 70 594 1069 5.80 88 49 216 + 2
= Exit 65 588 1c58 5.83 88 50 56 -- 2
H Exit 66 600 1080 5.82 88 53 60 150 2
= 2.0 68 605 1089 5.99 90 53 162 2200 2
1.5 68 583 1049 5.94 89 51 205 + 2
e 1.0 67 581 1045 5.88 88 5l 278 + 2
0.5 68 583 10439 5.93 88 51 305 + 2
= 0.0 67 581 1045 5.78 86 50 350 + 2
E-it 68 595 1071 5.93 88 52 66 -- 2

Al MWW i St g
-
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Approximate values of mass average concentrations of pollutant species
calculated to be: NO = 211, CC = 7000+

Fuel: Aviation Kerosene
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“ Method of NO measurement: 1 = NDIR, 2 = Chemiluminescent
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Pistance from center line

Assume equilibrium values
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TABLE 5¢ - SUMMARY OF TEST DATA
COMBUSTOR B

Internal Probe Measurements, X = 7 inches

Combustor €onditions Emission Levels

#

r P T Ma AFR MaT/P NO co (M)
inches psia deg K deg R 1b/sec ppm¥Y ppmV ¥
Exit 73 599 1078 5.g4 87 43 59 120 2
Wall 71 593 1067 5.86 86 L9 33 340 2
3.0 71 595 1071 5.86 87 49 56 Loo 2
2.5 72 575 1935 5.98 89 L8 115 620 2
Exit 70 596 1072 5.85 87 50 54 146 2
2.0 KA 581 1045 5.95 89 L9 125 486 2
1.5 71 584 1051 5.98 90 ) 112 340 2
Exit 72 594 1069 5.98 90 49 54 142 2
1.0 71 592  106& 5.95 90 56 122 333 2
0.5 72 593 1067 6.03 9l 50 132 340 2
0.0 70 591 1063 6.03 92 51 -- 433 2

Approximate value of mass average_ concentrations of pollutant species
calculated to be: NO = 120 rpm, CO = 425 rpm

Fuel: Aviation Kerosene

Calibrated as hexane

= Method of NO measurement: 1 = NDIR, 2 = Chemiluminescent

#

Distance from center line
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(b) DISTRIBUTION of MIXTURE RATIO F,
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MASS FRACTION

lq

f(F)

F—>

(c) DISTRIBUTION of MASS AS A FUNCTION
of MIXTURE RATIT and POSITION

Figure 1 - ASSUMED FLOW AND DISTRIBUTION PATTERNS
THROUGHOUT COMBUSTOR LINER
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11. NOMENCLATURE

U4

ols | Description

Preexponential factor in Arthenus equation
Total cross-sectional area of combustor liner
Activiation energy

Mixture ratio (fuel mass/total mass)

Reaction rate constant

Mass flow rate in combustor liner

Pressure

Radius of combustor liner

Degree of mixedness in primary zone (= G;/FP)
Time

Temperature

Maximum cycle temperature

Velume

Axial distance

Length of intermediate zone

Distance from primary zone exit to the liner exit

Fraction of fuel burned in primary zone

Residence Time

Combustion efficiency parameter

Equivalence ratio in primary zone (iff8 = 1)
Effective equivalence ratio in primary zone (= 8 $P)

Maximum equivalence ratio

OO Q@ DG u'z"xr_x @ Hdl 4+ 0@ 0 xX X Tm> >
1~

%

Primary zone combustion efficiency

-~
n
8

- Subscrigt; ‘ Description
a . CAir
f Total frel
i ¥'th element in series

o Condition at entrance to intermcdiate zone
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Subscripts

X ©

Description

Condition in primary zone
Axial position
Condition at combustor inlet
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