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Employing the lemma given in Ref. 14 and defining
Q" & E[we_y wiy"] (BS)
Eq. (B4) becomes
Uy = HEIF f- OPee i FT & )+ Qi+ G THT(R)+ R,
(B6)
Comparing Eqgs. (39) and (B6) yields
Mkf :F(jk—l)PkflFT(gk-1)+Ck—1+Qk—11‘ (B7)
Comparing Eq. (B7) to the unforced second-order filtering
relation given in Eq. (31), one can see that the prior state error
covariance matrix M,’ contains the forcing matrix Q,_," while
in Eq. (31) the forcing matrix is missing. One may observe that
if the same state estimate value of X,_, is used for both
methods, when the unknown thrusting is applied in the interval
[k—1,k], the rapid estimation scheme provides the correct state
error covariance matrix while the second order filtering relation

given in Eq. (31) provides an inaccurate estimate due to the
presence of the unknown thrusting.
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An analytical model has been developed for predicting the influence of combustor geometry and operating
conditions on nitric oxide emissions. The principal elements of the analysis are a three-zone internal flowfield
model, a fuel droplet burning model incorporating either equilibrium or kinetic rate-limited hydrocarbon thermo-
chemistry, and a treatment of the kinetics of nitric oxide formation. The postulated controlling mechanisms are
incorporated using a numerical integration procedure coupled to the combustor flowfield. It is concluded that the
assumption of equilibrium hydrocarbon chemistry is adequate for predicting nitric oxide concentration. Parametric
results are presented indicating the influence of variation in primary zone equivalence ratio, combustor residence
time, and initial fuel droplet size. The influence of a particular combustor modification is directly relatable to
changes in the vapor-phase fuel-air distribution within the combustor.
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Nomenclature

= swirler flow area

= fuel droplet drag coefficient

= specific heat of ambient gas

= swirler discharge coefficient

= fuel droplet diameter

= air mass flow rate through first combustion hole row

= stoichiometric oxygen-fuel weight ratio

= fraction of air upstream of the combustion holes entering the
recirculation zone (referred to g)

= fraction of combustion hole air entering the recirculation zone
(referred to g)

K, = ratio of one way equilibrium rate to net reaction rate

k, = reaction rate constant

L = heat of vaporization of the fuel
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M, = axial flux of angular momentum leaving the swirler

1, = rate of mass vaporization from droplet

Pr = Prandtl number

Q = heat of combustion of the fuel

Re = Reynolds number

R, = one-way equilibrium rate

R, =ratio of recirculation zone boundary radius to combustor
radius

r, = swirler inner radius

r, = swirler outer radius

r, = radius of combustor

T = ambient gas temperature

T?n = entry air jet temperature

T, = droplet surface temperature

T,. = average primary zone temperature
U, = absolute gas velocity
U, = droplet velocity
V' = axial volumetric flow rate
v = airflow entering swirler (referred to g)
Y,, = weight fraction of oxygen in ambient gas
o = ratio of kinetic to equilibrium NO concentrations
B, = angle of jet entry
0 = swirler vane turning angle
4, = thermal conductivity of ambient gas
, = viscosity of the ambient gas

u
pr fuel liquid density
p = ambient gas density

Introduction

LTHOUGH it is recognized that exhaust emissions from
aircraft gas turbines constitute a relatively minor source of
atmospheric pollution,! work is in progress to investigate possible
means for reducing emission levels. The earliest work concerned
itself with visible emissions and resulted in the development of
combustor design techniques for reducing exhaust smoke
emission below the level of visibility.? More recent efforts have
been directed towards reducing high-power nitrogen oxide emis-
sions, particularly from ground-based industrial engines. These
emissions are produced at the high combustion temperature
required for maximum engine power, and are potentially the most
difficult of the emissions to control. The most obvious means of
control is to reduce the peak combustion temperature. To accom-
plish this while satisfying other engine requirements will require
significant combustion chamber modification and may incur a
penalty in engine performance. In an effort to simultaneously
consider the competing high performance and low emissions
requirements, and to reduce the amount of testing required,
emphasis has been given to the development of an analytical
model for nitric oxide formation in a gas turbine combustion
chamber.

Experimental values of exhaust gas nitric oxide concentration
are available for a variety of gas turbine engines.*~* By com-
paring these measurements with equilibrium levels corresponding
to local gas temperatures, Marteney,’ Heywood et al.,” and others
have shown that the nitric oxide formation reactions do not
proceed to equilibrium. Nitric oxide formation is kinetic rate
limited in the high-temperature regions of the combustion
chamber, with the reactions being frozen by the addition of dilu-
tion air before equilibrium is reached, Once formed, the nitric
oxide concentration is reduced only by dilution. Essentially the
same conclusion was reached by Sawyer et al.® from examination
of probing data taken in a laboratory combustor.

A
SECTION B-B

SECTION A-A

Fig. 1 Primary zone flow pattern observed in a can-type combustion
chamber.®
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Thus, to accurately predict the rate of nitric oxide emission
from a gas turbine engine, it is necessary to take into account
the principal physical and chemical mechanisms which influence
its formation. These mechanisms are influenced by combustor -
gas temperature, chemical species concentrations, and residence
time as primary variables. These variables are in turn influenced
by engine operating conditions, details of the combustor internal
flowfield, fuel spray characteristics, and the rate of air addition.

Approach to Combustor Modeling

The approach taken in this study is to develop mathematical
treatments for postulated physical and chemical rate-controlling
mechanisms and to integrate these mechanisms through a
sequence of thermodynamic states obtained from the coupling
between these mechanisms and the physical combustor flowfield.
The simultaneous solution of the combustion rate mechanisms
and the fluid dynamics provides the gas temperature, flow
velocity, and chemical species concentrations as a function of
position within the combustor. These flow conditions and species
concentrations influence nitric oxide concentration through the
mechanism for its formation. The principal elements of the
analysis are a combustor internal flowfield model, a fuel droplet
dynamics and vaporization model, a combustion heat release
model, and a treatment of finite-rate nitrogen-oxygen kinetics.

Since a primary objective of the model is to assist in the
development of a reduced nitric oxide combustor configuration,
the analysis must include sufficient detail such that a correspon-
dence can be drawn between nitric oxide emissions and com-
bustor geometry, fuel injection characteristics, and engine
operating conditions. The treatment of individual submodels
allows a reasonable amount of detail to be incorporated in a
tractable mathematical analysis. The scope of this study has been
confined to conventional swirl-stabilized combustor designs with
axial injection of liquid fuel. Since the model employs a com-
bination of one-dimensional flow analyses and places principal
emphasis on the primary combustion zone, it may be applied
equally well to a can-type combustor or a single-swirler sector
of an annular combustor.

Description of Combustor Model
Internal Flowfield Model

The combustor flowfield model, with input quantities of
chamber area vs axial distance, inlet air temperature, chamber
pressure, and axial location of air entry holes, provides the
physical quantities upon which the gas dynamic and chemical
rate calculations are based. The experimentally determined
internal flowfield for a conventional can-type combustor is shown
in Fig. 1. The flowfield is divided into a region of highly turbulent
recirculating flow in the front of the chamber followed by a region
of relatively uniform downstream flow. The forward reversed flow
region is designated the primary zone and the downstream region
the secondary or dilution zone. The division occurs at the first row
of liner penetration jet holes. The primary zone serves the
purpose of stabilizing the combustion process. The liquid fuel is

COOLING

DILUTION  oupnEr

REGION H
cﬂMBAUI:TIOH \ AIR LINER
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|
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Fig. 2 Schematic of internal flowfield model.
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conditioned for burning and combustion is largely completed in
this zone. The mixture of high-temperature combustion products
and reactants leaving the primary zone is burned to completion
and subsequently mixed with dilution air in the secondary zone
to provide a suitable temperature level and profile for entrance to
the turbine. _

The combustor flowfield model employed inthe present analysis
is shown schematically in Fig. 2. The primary zone consists of a
central recirculation zone (region I), characterized by reversed
flow and high levels of turbulence and temperature, and an outer
streamtube of reacting flow (region I1). The dilution zone (region
I11) is modeled as a single streamtube in which chemical reaction
may occur. By considering the primary zone to be divided into
two parailel flow paths, a combination of one-dimensional
analyses is used to represent the salient two-dimensional features.
The airflow distribution to the swirler, primary and secondary
combustor holes, and cooling holes is determined by means of a
calculation procedure similar to that reported in Ref. 10. This
calculation procedure is capable of treating effects due to heat
addition, variation in the discharge coefficient of air entry holes,
and axial variation of liner pressure drop. In keeping with the
one-dimensional nature of the flowfield treatment, air added to
the combustor through liner holes is assumed to mix instan-
taneously with the internal flow.

The recirculation zone boundary is determined by use of the
semiempirical correlation of Ref. 11

The functional relationship of Eq. (1) has been developed in
Ref. 11 (see Fig. 3). The independent parameter M, r, /o, V2
may be expressed in terms of geometric parameters as tollows:

ang rw/pg V2 = (2nrw/3As vsw
Once the recirculation region has been defined, the area between
its boundary and the chamber wall defines the streamtube region
(region II).

" Itis assumed that unburned air enters the recirculation region
(region I) only by entrainment from the combustion-air jets at
the downstream boundary of the primary zone. The quantity of
air entering the upstream flow region is determined through
application of an empirical correlation!? derived primarily from
the experimental results of Rosenthal.!* With reference to the
flow model of Fig. 4, the fraction of combustion jet air (k) enter-
ing the recirculation zone is given by

k=05 [Tm/"l;,z]”2 cos B, (3)
An additional quantity of upstream fuel-air-combustion product
mixture enters region I from region IL. Entrainment in the com-

bustion air jets is the principal mechanism for this recirculation.
This quantity of flow, designated j.g in Fig. 4, is assumed to be

ytan6[r,>—r*] Q) -
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equal in magnitude to the recirculation flow from the combustion
holes k.g. All flow recirculating upstream in region I is assumed
to enter reg1on II at the swirler face. The combustion products
from’ reglon [ are assumed to mix instantaneously with the
unburned air entering region II. Other than these discrete input
flow adjustments to account for mass transfer between regions,
there is no interaction between the primary zone flow regions.

Fuel Droplet Vaporization

The total combustor fuel flow is divided between regions I and
11 in the ratio of the recirculation region gas flow, j.g, to the total
region II flow, on the assumption that similar entrainment
mechanisms are responsible. The flow in region I is highly
turbulent with a residence time which is long compared to the
hydrocarbon chemical relaxation time. Fuel which enters region
1 is assumed to be fully vaporized and perfectly mixed with the
region I airflow. The combustion of fuel is also assumed to be
instantaneous in this region. The rate-controlled nitric oxide
chemistry then proceeds at the final flame temperature for a
residence time equal to the volume of region I divided by the
volumetric flow rate. The flow in region II is modeled as a one-
dimensional reacting streamtube with the combustion process
governed by the rate of fuel droplet vaporization in the presence
of diffusive burning. It is assumed that the fuel spray is uniformly
distributed across the region II streamtube, that interaction
between burning droplets is insignificant, that vaporized fuel
mixes instantaneously with the surrounding gas phase mixture,
and that the spray can be adequately characterized by a single
value of Sauter Mean Diameter (SMD).

The fuel droplet vaporization rate in region II is calculated
from the following expression due to Wood, Lorell, Rosser, and
Wise!#:13;

t, = 2nDA,JC,)In [1+ QYo /Li—(C,/L)(—T)] ()
Equation (4) is based on assumptions of spherlcal symmetry,
steady-state conditions, transport properties are not temperature
or composition dependent, and negligible radiation effects. An
analysis, employing the model developed in Ref. 16, has shown
that for typical gas turbine engine operatlng conditions  the
droplet transient temperature period is negligible compared to
the steady-state burning period. Therefore, the liquid surface
temperature is assumed equal to the boiling point. Equation (4)
was developed for a droplet burning in a quiescent atmosphere,
and therefore does not take into account the effects of convective
mass transport. Equation (4) is multiplied by

1.0+0.276 Re'/? pr!/3
where the Reynolds number is given by
Re=|U,—U,Dp/u,
and the Prandt! number by
Pr= pr “y/ '19
to account for convection.'”
Since the droplet velocity typically differs from that of the gas,
acceleration or deceleration of the droplet due to viscous drag

must be included. This is accomplished by including a drag force
term in the droplet momentum equation. The resulting differential

equation for droplet velocity is

dU dt = (3Cy p,/4Dp ) |Uy= U (U= U,) )
The drag coefficient is calculated from one of the following
equations, depending on Reynolds number!®

Bg

Fig.4 Combustor
primary zone airflow
distribution.
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Table 1 Hydrocarbon oxidation kinetics system

NITRIC OXIDE FORMATION IN A GAS TURBINE COMBUSTOR 823

Table 2 Nitric oxide formation kinetics”

Forward rate constant,

Reaction 3
o cm?/mole-sec

Forward rate constant,

Reaction : 3
cm®/mole-sec

CgH,s+0, = 2C,H,0 ky=5x107 T1S 79001 ()

2C,H,0+30, =8CO+8H,  k,=1x1011T%5 (@)
O +H,0 =20H ky = 5.75 x 1013 g~ 9000/T (b)
2H+M =H,+M k, =2x 1018 T~ (©
20+M =0,+M kg =1x107 77! (d)
OH+H+M =H,0+M ko =7x10° T (€)
H+0, =0H+0 k, = 2.24 x 1014 ¢~ 840017 ()
O+H, =OH+H ky = 1.74 x 1013 ¢=4730/7 (b)
CO+OH =CO,+H ky = 5.6x 1011 5407 (b)

H+H,0 = OH+H, kio =841 x 1013100507 (p)

“ These are arbltrary global rates adjusted to fit experimental 1gnmon delay data following
the approach taken in Ref. 23.

b Ref. 24.

‘ Ref. 23.

4 Average of rates presented in Refs. 26 and 27, adjusted for a T~! temperature
dependency as given in Ref. 25.

¢ Average of rates presented in Refs. 23 and 24, adjusted for a T~ temperature
dependency as given in Ref. 25.

Cp=2TRe™®%  (O<Re<80 ©
Cp,=0271Re*?"" 80 <Re<10*; C,=20 10*<Re
The initial conditions of mean drop size and injection velocity
are a function of nozzle characteristics. The SMD is employed
to describe the coarseness of the fuel spray and is calculated
from empirical correlations for the type of nozzle employed.
Consistent with the assuniption of a single droplet diameter, a
uniform droplet injection velocity is estimated using the orifice

discharge equation. The droplet velocity is assumed to be parallel

to the region II streamtube axis. Values of surface tension, heat
of vaporization, viscosity, spec1ﬁc gravity and heat of combustion
for JP-5 fuel are taken from Ref. 19: The liquid drop tem-
perature, T, is taken to be the ASTM 509 .distillation point
in accordance with the conclusions reached in Ref. 15 for multi-
component fuel blends. '

Hydrocarbon Thermochemlstry

The quantity of fuel vapor obtained from Eq. (4) in an incre-
ment of burner length, when mixed with the pre- existing vapor
fuel-air-combustion product mixture at that axial station, is avail-
able for combustion, Chemical reaction of the hydrocarbon fuel
and air determmes ‘the gas temperature and concentration of
active combustion species. In developing an analysis of nitric
oxide formation there is good basis for assuming that the hydro-
carbon chemistry may be decoupled from the nitric oxide
chemistry. This is due to the fact that the nitrogen-oxygen
chemistry is slow compared to the hydrocarbon combustion rate,
as shown by Marteney.® This assumption permiits the use of an
equilibrium hydrocarbon thermochemlstry model. Application
of this model results in instantaneous combustion of the vapor-
phase fuel-air mixture and provides. equilibrium ‘concentrations
of O, OH, N, etc;, as input to the nitric oxide formation
kinetics. However, Bowmar’x"-_0 has pointed out that under some
circumstances, O-atom and N-atom concentrations can over-
shoot the e’qililibrium values by significant amounts. The validity
of the decoupling assumption was investigated in the present
study by including a simultaneous treatment of hydrocarbon
oxidation kinetics- with the nitric oxide formation kinetics.
Results obtained from this calculation are. compared with the
corresponding uncoupled-equilibrium heat release case. The

calculation subroutine employed for the equilibrium hydrocarbon

thermochemistry is based on procedures due to Brinkley.?!-22
The kinetics of hydrocarbon fuel breakdown include cracking
reactions, peroxides forming reactions and radical-attack re-
actions. The number of reactions involved is éxtremely large, and
few have been mvestxgated with respect to their rates. It is, there-
fore, convenient to consider the fuel breakdown to elemental
species in a.single global step. The hydrocarbon kinetic system
employed in the present study is described in Table 1. It follows

N+NO =N,+0O
N+O, =NO+O
N+OH NO+H
H+N,O0 =N,+OH
O+N,0 = N +0,
O+N,0 = NO+NO

ky, =12x10"13

k12 =12x 1013 ~3575/T
K,y = 4.22 % 103

ky, = 301 x 1013 g~ 5438/T
k15 =361x 1013 e—12084/T
kp = 482x 10137120847

7 Ref. 28.

the pattern of the quasi-global system presented by Edelman and
Fortune.?® The referenced system was modified by introducing
the hypothetical aldehyde intermediate (C,H;0O) for reasons of
compatibility with the available chemical kinetics computer
program. Since it is a short-lived intermediate, the effect is a
negligible transitory one. In addition, the O +H recombination
reaction involving a general third body has been eliminated
since it was found to be of negligible importance. The rate con-
stants are taken from Refs. 23 to 27 as indicated in Table 1. The
global rates have been adjusted to fit experimental ignition delay
data following the outline of Ref. 23. JP-5 fuel is represented
by C.H,, although it is not meant to be an olefin. Its
thermodynamlc properties (specific heat, heat of formation) are
consistent with the fuel. The chemical kinetics computer program
employed in this study was developed by one of the authors and
later ysed by Marteney.®

The full kinetic system, including both hydrocarbon and nitric
oxide chemistry, is utilized only in regions II and III in con-
junction with the droplet vaporization equations. The nature of
the flow in region I is such that the assumptlon of instantaneous
equilibrium heat release is justified.

Nitric Oxide Formation

The:nitric oxide formation system described in Table 2 is due
to Lavoie et al.?® These six reactions are added to the hydro-
carbon oxidation reactions and are included in the simuitaneous
solution of the set of rate equations. The nitric oxide formation
reactions may thus be influenced by nonequlllbrlum levels of
active combustion species.

1In the case of the equilibrium heat release model, concentra-
tions of O, O,, H, OH, and N, are assumed to be the local
equ111br1um values This allows express1ons to be written for the
rate of change of the concentrations of NO, N, and N,O. A
farther assumption that the concentrations of N and N, O are at
steady state permlts the derlvatlon of the followmg rate equa-
t1on

d[NO]/dt =2(1—o®)[R, /A 1+ocK1)+R16/(1+K2)] )]
where
K;=R 1/(R12+R 3) Ky =R /(R +R;); « = [NO]/[NO],
R, is the one-way equilibrium rate of the ith reaction, for
exarnple, :
R, =k, [N],[NO],

Computational Procedures

The calculation is started by specifying the fuel and air flow
distributions. The external airflow addition rates are determined
from the .combustor geometry and liner pressure drop. The
internal airflow distribution is determined by application of the
entrainment calculation procedure described above. The fuel flow
is-divided among regions I and II in proportlon to the ratio of
recirculating region II gas flow to total reglon 11 flow..

The nitric oxide calculation begins with region I. The region I
equivalence ratio is obtained by algebraic manipulation of the
input fuel and airflow rates. The region I gas temperature
follows from the mixture ratio and the compressor discharge
temperature, pressure and fuel type. The concentration of nitric
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Fig. 5 Comparison of coupled hydrocarbon: nitric oxide kinetics and
uncoupled equilibrium hydrocarbon: nitric oxide kinetics systems,

oxide formed in region I is then calculated from Eq. (7), using
the equilibrium combustion species concentranons and the
region I mean residence time.

The flow leaving region I is mixed instantaneously with the
region Il inlet airflow at the swirler face on an enthalpy basis. This
provides an initial concentration .of combustion products
{expressed as a previously reacted vapor-phase fuel-air ratio), and
an increased inlet temperature, which act to accelerate the
droplet vaporization and chemical reaction processes. The simul-
taneous droplet vaporization and chemical kinetics calculationis
initiated at this point and solved using an iterative technique. The
convergence criteria and step size necessary for accurate results
have been established through experience. The transition from
region II to region IIT is continuous. Any fuel which is
unvaporized or unburned will continue to react in the region III
streamtube. '

An initial nitrie oxide concentration of zero is presently used
to start the region I calculation. In reality, a quantity of nitric
oxide is entrained from region II. However, since the mixture in
region I is typically fuel-rich, this level will pass through the
region virtually unchanged. Likewise, in region II, once an
appreciable level of NO is obtained the rate of formation is

-3
10

104
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Flg 6 Comparlson of equilibrium and nonequilibrium oxygen atom
concentration.
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reduced and becomes O concentration limited. Thus the assump-
tion of zero initial nitric oxide concentration entering the recircu-
lation zone is adequate within the context of this model.

Results

The flowfield model and calculation procedures described in the
previous section have been programed for solution on a digital
computer. The calculation produces detailed information con-
cerning fuel droplet size, droplet velocity, gas velocity, vaporized
fuel-air ratio, gas temperature, hydrocarbon combustion product
species concentrations, and nitric oxide concentration as a
function of axial length. The program additionally provides the
fuel-air ratio, gas temperature and nitric oxide concentration
produced in region I, as well as the cumulative residence time
for regions 1, I, and IIL. The combustor dimensions, fuel spray
characteristics, and airflow distribution used in this study are
typical of can-type, single nozzle combustors currently in service.
Parametric variations about this baseline configuration were in-
vestigated to determine the sensitivity of nitric oxide formation
to particular combustor modifications. '

Results obtained from the coupled hydrocarbon-nitric oxide
kinetic system for a plug flow combustor burning liquid fuel are
shown in Fig. 5. A comparison is made with results obtained
from the uncoupled equilibrium heat release-nitric oxide kinetic
system. The temperature response and droplet vaporization
behavior predicted by the coupled system are in qualitative
agreement with available experimental results.® The equilibrium
and nonequilibrium oxygen atom concentrations are compared
in Fig. 6. It can be seen from Fig. 6 that the oxygen atom
concentration briefly exceeds the corresponding equilibrium
value in the region of peak heat release, by a considerable
amount. The kinetic flame temperature, however, remains below
the equilibrium values. The net effect of employing the full
kinetic system, as shown in Fig. 5, is to. predict nitric oxide
concentration a factor of two below. that obtained from the
equilibrium combustion system. There are significant differences
in the early part of the combustor attributable to ignition delay
time. These differences would be minimized when the products
of region I combustion preheat the region II input flow. It may
be concluded that the results obtained from the two calculation
schemes are essentially similar, and that the assumption of
equilibrium hydrocarbon chemistry is adequate for the present
model. Use of the equilibrium hydrocarbon system affords
considerable computational simplification.

The resuits which follow were obtained using the three-zone
combustor model with equilibrium heat release and nitric oxide
formation governed by Eq. (7). Figures 7-9 show predicted results
obtained from variation of several combustor design parameters.
These are primary zone fuel-air ratio, combustor residence time,
and initial fuel droplet size. In Fig. 7, axial distributions of
vapor-phase fuel-air ratio, gas temperature and nitric oxide con-
centration are.shown for the baseline combustor and two cases
where the primary zone air admission rate is 20, higher and
20% lower than the baseline. This airflow "variation produces
approximately the same variation in vapor-phase mixture con-
ditions. Nitric oxide formed in region I appears in Figs. 7-9 as an
1n1t1al concentration at the front of the combustor. Both airflow
variations result in a small decrease in nitric oxide concentra-
tion. Nitric oxide formation is quenched somewhat earlier in the
leaner primary zone and considerably later in the fucl- rich case.

Figure 8 presents results obtained by varying the combustor
residence time, Configurations having a 502/ longer primary zone
and a 50%, longer dilation zone are compared with the baseline.
These variations were obtained by aXIally expanding the baseline
airflow distribution. Increasing primary zone length has a
minimal effect on final nitic oxide concentration, largely due to
the fuel rich mixture conditions. Lengthening the dilution zone,
however, résults in a greater level of nitric oxide due to longer
residence time before quenching by dilution air addition.

Figure 9 shows the predicted effects due to changes in fuel
droplet size. Cases having twice and one-half the baseline SMD
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Fig. 7 Effect of primary zone fuel-air ratio.

are shown. Since vaporization rate is dependent on droplet
surface to volume ratio, changes in droplet size have a strong
influence on vapor-phase mixture conditions for a given airflow
distribution. As shown in the figure, both cases reduced the final
nitric oxide concentration. The smaller droplet vaporizes quickly
and produces a very rich primary zone mixture, while the larger
droplet vaporizes slowly and produces a quite lean fuel-air
distribution. » v

The absolute values of nitric oxide concentration predicted
by the model (100-200 ppmw) are in reasonable agreement
with available experimental data measured at the engine dis-
charge.® It can be seen from Figs. 7-9 that the extent to which a
particular configuration change affects nitric oxide concentration
depends directly on the corresponding change in local mixture
conditions. The results indicate that there are two principal sites
of nitric oxide formation in a conventional gas turbine combustor.
The first of these is the reversed-flow recirculation zone (region ).
Although mixture conditions are generally fuel rich, the residence
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Fig. 8 Effect of combustor residence time.
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Fig. 9 Effect of initial fuel droplet size.

time in this zone is relatively long. The second significant region
of nitric oxide formation is in the upstream end of region III,
whiete the local gas mixture passes from fuel-rich primary zone
conditions to fuel-lean dilution zone conditions. The quantity of
nitric oxide produced is proportional to the residence time at
peak temperature conditions. The formation of nitric oxide
abruptly ceases ds the gas temperature falls below 3600-3800°R.
From that point on, nitric oxide concentration is reduced only
by the addition of dilution air:

A number of cases presented in Figs. 7-9 show a net reduction
in nittic oxide concentraiion over the baseline. configuration.
Unfortunately, the real life situation is complicated by numerous
combustor performance requiremerts which are readily com-
promised by the type of modification discussed here. For
example, in Fig. 9 the smaller droplet burns out quickly but
produces a primary zone fuel-air mixture well in the range of
smoke formation. On the other hand, the larger droplet does not
burn out until near the end of the. combustor, presenting
potential turbine durability problerns. Thus the trends obtained
from a parametric investigation of the type presented here must
be considered only as potential directions to follow until all
combustor performance requirements can be simultaneously
satisfied. A general discussion of the characteristics required for
acceptable over-all combustor performance is beyond the intent
of this paper.

Conclusions

The three-zone combustor model developed in this study has
been shown to predict absolute levels of nitric oxide concen-
tration which are in general agreement with available experi-
mental data. In addition, the predicted nitric oxide concentra-
tion is sensitive to variations in combustor geometry, fuel injec-
tion characteristics aind engine operatmg conditions, in direct
relation to the vapor-phase fuel-air mixture distribution within
the combustor. For these reasons; it is concluded that the present
modeling approach provides a useful means of identifying the
significant features whieh influence nitric oxide formation in a gas
turbine combustion chamber and of assessing the nitric oxide
emission characteristics of proposed combustor configurations.

Comparison of the coupled and uncoupled hydrocarbon
thermochemistry systems for conditions typical of gas turbine
combustion chambers indicates that both systems predict essen-
tially the same final nitric oxide concentration. It is therefore,
concluded that the hydrocarbon chemistry can be decoupled
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from the kinetics of nitric oxide formation in the context of
the modeling approach employed in this study.
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