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Abstract—In this paper two aspects of can and annular combustor primary zone flows are considered in detail.
Firstly, pollutant production and transportin the primary zone are described by a 3-dim. mathematical model.
Secondly, the mechanical and thermodynamicstate of the flow at the primary zone exitis described by a I-dim.
mathematical model. The general system function of a connection in series of the two models provides
the NO emission from the primary zone in terms of engine operating parameters such as fuel injection rate and
water injection rate. The modelling method shows an important effect of the ratio of the cooling air inflow to
the combustion air inflow on NO emission. Also, the influence of dissociation on the flow at the primary zone
exit is analyzed.

NOMENCLATURE

A, total inflow of air into the primary zone;

B, combustion air inflow into the primary
zone;

¢, mass fraction of species i;

Cpr specific heat at constant pressure of the
exhaust gas;

Coir specific heat at constant pressure of
species i;

CNyp» mass fraction of N,, equation (23);

e, emission rate of pollutant i from the
primary zone;

E, area of & ;

F, fuel injection rate;

g, N,/air ratio, equation (4);

h;, cnthalpy of species i;

T outflow of species i, equation (3);

K, equilibrium constant of the rth reaction;

M, Mach number;

M, (1), total amount of pollutant i, defined by
equation (13);

n, number of species ;

P, pressure;

P, probability density, equation (12);

t time;

T, temperature;

v, flow velocity;

W, molecular weight of the exhaust gas;

¥, molecular weight of species i;

W, molecular weight of the fuel ;

X, position vector.

Greck symbols

I density;

Dion average density, equation (12);

@, fuel/Q,; ratio;

@, equivalence ratio, equation (42);

Y, H,0/0, ratio;

v, H,0/dry air ratio;

g, N,/O, ratio;

Q, number of surface elements of 2;
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v, Vi, ¥, stoichiometric coefficients, equations (6)

and (42);
s O, /air ratio;
Tds O,/dry air ratio;
K, ratio of specific heats;
L Ar/N, ratio.
Other symbols
P, part of the inner zone surface; -
Z, primary zone exit (i.c. a cross section).
Subscripts
t, reservoir conditions;
e, unconstrained equilibrium;
E, primary zone exit;
w, surface element of 2;
(o» composition at low temperature where
dissociation is negligible.
Superscripts
-, particular composition, equations (28)
and (29);
, ensemble average.

INTRODUCTION

FIGURE 1 shows the mean flow pattern in a typical
combustor (flame tube). It can be divided roughly into
two parts, a primary and a secondary zone. In the
primary zone, one fraction of the air enters the
combustor through swirlers around the fuel spray
nozzle. In the walls of the combustor body are a sclected
number ofholes through which a further fraction passes
into the primary zone. The air from the swirl vanes
interacts with that from the primary air holes and
createsaregion of low velocity recirculation. This takes
the form of a toroidal vortex, and has the effect of
stabilizing and anchoring the combustion process. The
remainder of the primary air enters the primary zone
through slots and is used to film-cool the walls of the
combustor. Dilferent divisions of a gas turbine
combustor into zones have been proposed. Some
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Fi1G. 1. Cross section of a typical combustor liner : upper half shows flow through combustion air and diluting
air holes; lower half shows film-cooling air.

authors distinguish three zones [1]: a primary zone in
which fuel is injected into a recirculating airstream and
where most of the burning takes place, followed by an
intermediate zone in which combustion proceeds to
completion. Downstream of this zoneis a dilution zone
where further air is injected to cool the gas down to the
turbine inlet temperature. The term secondary zone as
used by other authors [2] comprises the intermediate
and secondary zone outlined above. Some authors
denote the upstream part of the combustor in which the
total burning takes place as primary zone followed by a
secondary zone where further air is injected to cool the
gas down to the turbine inlet temperature [3].

There are three main types of conventional
combustion chambers at present in use for gas turbine
aeroengines. These are the multiple chamber, the
annular chamber and the tubo-annular chamber.

Multiple combustion chamber. The chambers are
disposed around the engine and compressor delivery
air is directed by ducts to pass into the individual
chambers. Each chamber has an inner flame tube (can
combustor) around which there is an air casing. The air
passes through the flame tube and also between the
tube and the outer air casing.

Annular combustion chamber. The flame tube in this
instance forms an annulus around the engine, open at
one end to the compressor and at the other end to the
turbine nozzles. An inner and outer air casing contains
the flame tube. Holes in the flame tube allow air to enter
the tube from the annular space between the tube and
the inner air casing and also from the annular space
between the tube and the outer air casing.

Tubo-annular combustion chamber. This type is a
combination of the previous types. A number of flame
tubes (can combustors) are fitted inside a common air
casing.

Figure | applies to a can combustor of conventional
tubo-annular or of multiple combustion chambers and
to conventional annular chambers.

In early work on combustor modelling for
calculating pollutant emission, the primary zone flow is
represented either as a plug flow or as a well-stirred
reactor [2]. In the latter model, gases flow steadily
through and react within the reaction vessel. Turbulent
mixing is assumed to be much more rapid than
chemical reaction and sufficiently intense to maintain
the time-averages of the following quantities constant
throughout the reaction vessel of volume V:
temperature T, pressure p, partial densities p;, mass
fractions ¢; of allspecies and the mass production rate of
species i per unit volume in the rth reaction, T;.
Therefore, if all parts of the gas flow are assumed to
remain in the reaction vessel for a time equal to the
mean residence time
pv

Tg = —;
m

where m and p are, respectively, the mass flow rate
through the vessel and the mass density, and the
overbar denotes a time-average, then the change in
mass fraction of species i on passing through the vessel
is simply

R
P —Go) =% X, Ty
r=1
The quantities ¢;4 and ¢&; are the mass fractions of the
incoming and outgoing stream, respectively.
Conventionally, the effects of fluctuations on I, arc
ignored and it is evaluated from the expression for I';,
withT=T,p=pandc;=¢;(j=1,...,n), where nis
the number of species. (R is the number of reactions.)
The pollutant emission from the primary zone
depends on chemical reactions and on fluid mechanical
processes, which involve the mixing of the various
species. The simple-reactor model briefly outlined
before can describe the influence of reaction kinetics.
However, it cannot take sufficient account of the fluid
mechanical processes.
Two concepts have been proposed to overcome this
shortcoming:
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(1) The primary zone is treated as a statistical series
of well-stirred reactors, with a distribution of
equivalence ratios and a distribution of residence times
[4]. The determination of these distributions relies on
experiments on an appropriate physical model.

(2) The primary zoneis treated as an arrangement of
well-stirred reactors. The influence of fluid mechanical

. processes on pollutant production is built into this
system using information from a ‘flow field model’

(5, 61.

In the former approach the difficult problem of
constructing a physical model with a known similarity
between prototype and l[aboratory model must be fixed.

- Thelatter approach entails the solution of an extremely
difficult closure problem associated with a non-
isotropic turbulence model (ref. [7], p. 90) and a
tremendous amount of numerical work. Furthermore,
the method of combining the flow field model with an
arrangement of well-stirred reactors is not straight-
forward, perhaps because an arrangement of well-
stirred reactors is too rigid to have the fluid
mechanical processes built into it in an appropriate
way.

The two modelling concepts have in common the
gross structure illustrated in Fig. 2. Broken and solid
lines indicate input and output, respectively.
Unspecified system properties of an arrangement of
well-stirred reactors A are specified by output
information fromelement B. Inconcept 2element Bisa
mathematical model (flow field model). In concept 1
element B comprises a suitable physical model (model
combustor) and a mathematical model connected in
series. The system function of the mathematical partisa
similarity relation between the model combustor and
the prototype.

The mathematical model for calculating pollutant
emission from the primary zone presented in this paper
is tailored to take appropriate account of both fluid
mechanical processes and chemical processes. This
model utilizes modern trends in combustor design (e.g.
increase of combustor inlet air pressure and
temperature). The use of the present model requires a
comparatively small amount of numerical work which
is in reasonable proportion to the attainable output.

—_—————]

FIG. 2. Gross structure of the two modelling concepts.

Also, the present modelling method provides the flow
velocity and the thermodynamic quantities at the
primary zone exit which constitute the starting base for
the secondary zone modelling envisaged.

MODELLING CONCEPTS

General experience as a guide to model design

The conventional combustor can be divided into two
parts, a primary and a secondary zone. Within the
primary zone the total burning takes place. Embedded
in this zone is a region of low velocity recirculation
which has the effect of stabilizing the combustion
process. Inthe secondaryzonedilution air is mixed with
the gas stream from the primary zone to cool it to the
temperature required at the turbine inlet. A combustor
has various devices for metering the distribution of the
total airflow along the chamber. This distribution is
illustrated in Fig. 1. One fraction of the total airflow is
used in the primary zone for combustion and wall
cooling. Itentersthe primary zone through swirlers and
holes, and slots, respectively, in the combustor wall.
The remainingfraction isintroduced progressively into
the secondary zone through holes and slots in the
combustor wall. The foregoing brief account of
combustors applies to most types over a wide operating
range, although the design of a combustor and the
method ofaddingthe fuelmay vary considerably. These
generalizations are substantiated by extensive ex-
perience pertinent to gas turbine combustor modelling.

Turbulent combustion in gas turbine combustors is
far from being fully understood [7-9] and a
breakthrough towards a satisfactory clarification does
not seem to be in sight. It is a noteworthy feature of the
literature pertinent to turbulent combustion that many
authors, making assumptions which contradict
assumptions made by others, still find experimental
evidence in support of their hypotheses. This is
presumably partly because turbulent combustion is a
most complex phenomenon having many possible
structures. More important, in the opinion of several
authors [8, 9], is the lack of comprehensive and
accurate experimental data with which to test the
various hypotheses. The structures of turbulent
combustion which have been reported in liquid-fueled
conventional combustors can be grouped into two
categories:

(1) Combustion localized in the narrow sheet of a
flame.
(2) Combustion distributed over a volume.

Intheformercategory the flamefrontislocated at the
periphery of the spray sheath and the combustion of the
spray is similar to that of a gaseous turbulent diffusion
flame (ref. [10], p. 27-20 and ref. [ 7], p. 192). The latter
category comprises the model of laminar diffusion
flames around individual droplets (ref. [11], p. 52)
and the model of burning turbulent eddies (ref. [12],
p. 21-3). In this model the fuel droplets vaporize, then
fuel vapour and air mix to form turbulent eddies of
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combustible mixture. As each eddy ignites, either a thin
flame front will propagate through the cddy or envelop
and consume the eddy, depending on the local fuel-air
ratio and the eddy size.

General modelling philosophy

It is evident from the foregoing brief state-of-the-art
report that acomprehensive quantitative description of
the liquid-fueled primary zone of a conventional gas
turbine combustor is beyond reach. But a mathema-
tical model is feasible whose system function provides
partial information (say the pollutant emission from
the primary zone exit (output)) in terms of engine-
operating parameters relevant to pollutant emission
from the primary zone exit (input). This is because this
type of model requires much less information about the
complex processes in the primary zone than a
comprehensive quantitative description.

Gross structure of the present model

The mathematical model A is tailored to account for
the influence of the fluid mechanical processes on the
pollutant emission from the primary zone. Built into A
is a thermodynamic system whose unspecified
properties concerning chemical conversion are speci-
fied by output information from the chemical model C.
The chemical model is essentially a chemical reaction
mechanism which may be approximate or exact.

Design of the fluid mechanical model

The design is based on the general experience
described at the beginning of this section and must be in
accord with this experience. ,

Consider a conventional liquid-fueled combustor in
a steady operating state. Steady state means all
probability densities pertinent to the primary zone flow
are independent of time ¢ or time origin. The primary
zone can be divided into an outer zone whose outer
surface coincides with the primary zone surface, and A
separate inner zones z; (2 = 1,...,A = 1) which are
surrounded by the outer zone and where most of the
burning takes place.

The pollutants at the primary zone exit are
pollutants contained in elements of burnt fluid. Each of
these elements originates from an inner zone, passes
through the surface of this zone and then moves
towards the primary zone exit within the outer zone
while retaining its identity. (Therefore molecular
diffusion across the surface of the fluid element is
negligible.) When such an element of burnt fluid is
leaving the inner zone from which it originates, the
combustion in it may be complete or incomplete* at a
fuel to molecular oxygen (O,) ratio @ between fuel-rich
and fuel-lean, at a water vapour to O, ratio ¥ and at a
molecular nitrogen (N,) to O, ratio £ The ratios ¢ and
Y may deviate from the corresponding values of the air

*The thermodynamic equilibrium in it may be un-
constrained or constrained.
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at the primary zone inlet. The uncertainty inth, s and \p
is strongly influenced by the action of turbulence ang
molecular diffusion.

We assume that the elements of burnt fluid under
consideration exhibit unconstrained thermodynamic
equilibriumat pressure p = prandtemperature T = T,
when they pass across the primary zone exit. pgand 7;,
are an average pressure and an average temperature at
the primary zonc exit, respectively. Laboratory
experiments(ref. [11], p. 62) and estimates [2] based on

primary zone conditions, typical for engine designs '

which were widely used in the early 1970s, indicate that
the NO mass fraction at the primary zone exit deviates
from its equilibrium value at local pressure,
temperature and equivalence ratio. This deviation

proves to be very temperature sensitive, so that it will .

become negligible when any design change leads to a

relatively smallincrease of the flame temperature in the
primary zone. Inmodern engine technology the trend s

towards higher combustor inlet air temperature and
pressure so that the above assumption will be
appropriate for future advanced engines over a wide
range of operating states (e.g. ref. [12], p. 21-15) at
least for the purpose of calculating the NO emission
from the primary zone.

We denote by A, B, C and Cg the ensemble averages
of the following quantities : total inflow of air into the
primary zone; combustion air inflow into the primary
zone; cooling air inflow into the primary zone and the
outflow of air, not involved in combustion, across the
primary zone exit (i.e. the interface between primary
and secondary zone). The following balance equations
then apply

C+B=A4 1

and

C=Cs 19))]

Let i, be the ensemble-averaged outflow of species i in
the above described elements of burnt fluid on passing
across the surface element w of the inner zone. We then
have, in the absence of chemical conversion within the
elements of burnt fluid,

where (i, )gis the ensemble-averaged outflow of speciesi
in the elements burnt fluid on passing across the
primary zone exit on their path downstream from
surface element . The part 2 of the surface of the inner
zone where i, > 0, is subdivided into Q elements such
that

. B
o =40

o @

where i refers to molecular nitrogen. (g is the molecular
nitrogen to air ratio of the air at the primary zone inlet.)

Thermodynamic and chemical model
The thermodynamic model is allocated to the
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clements of burat fluid described above. It is described
by Gibbs’ equation
du  p I\ *Jp—n ‘
ds=—+d{- )~ ¥ “de 5
T T (P) s; T ‘ )
where 5 is the enthropy per unit mass, u is the internal
energy per unit mass and y; is the chemical potential of
species i. The chemical reactions within the elements of
burnt fluid can be written as
\':-,S,- 5 Z V:-’,S,', r= 17-- . ’R (6)

1 i=1

p

where S; denotes a species i particle and v}, and v},
denote stoichiometric coefficients for reaction r.
Formula (6) formally represents the chemical model.
Let I < n be the maximum number of independent
reactions among the R reactions. I mass fractions ¢;can
then be varied independently. We can number them
suchthatc,,...,c; areindependent mass fractions. The
remaining mass fractions depend linearly on cy,...,¢;

I
de;= Y lude, i> L 0
k=1

Thecoefficients{;, are determined by the stoichiometric
coefficients of the independent reactions and the
molecular weights ¥ of the species i (i =1,...,n).
Substituting equation (7} into Gibbs® equation gives
du 1 ! A
ds=—+ L d (;) +

Zi de.
=+ ¥ 5 de ®

where

A= -(u.-+ 5 {m) ©)

k=1+1

is the affinity of species i.

DETERMINATION OF THE SYSTEM FUNCTION

General formula

Consider a small spherical vicinity 5 of a position
X = xg at the primary zone exit. x denotes the position
vector. The diameter of this vicinity is sufficiently small
sothat theensemble-averaged density of pollutantidue
to the elements of burnt fluid from the surface element
, Pra(x), can be considered as independent of position
in this vicinity. The characteristic dimensions of the
elements of burnt fluid in this vicinity of volume V can
be assumed to be very small compared to the diameter
of #.

Let N, be the number of elements of burnt fluid
whichleave theinner zone across won 2 duringa small
timeinterval ¢, € 3 < . 31sa time variable, ¢, a lower
bound and ¢, an upper bound. The number N, and the
surface 2 are considercd not to vary in the ensemble of
realizations including the prototype over which the
ensemble average is taken. Let us define (for the
ensemble)

Ptv(xD l’ Xeo tc) = V—l (10)

if the marked element of burnt fluid which was at
positionx = X, onwattimes ¢ liesin 7 attimet > ¢,
otherwise

Pu(xEv L X ’t) = 0

(11

We can think of the ensemble mean P (x, !, X, 1) as
the probability density of finding, at time r and position
X, the marked element of burnt fluid which was at
positionx ,attimet.. Wedenote by m,, (1) theamount of
pollutant i in any of the N, fluid elements-at time .
Without lossin generality m; (t) can be considered to be
equal for all N, fluid elements at time ¢, in this way
utilizinig the freedom of subdivision of the burnt fluid in
the outer zone into elements. m, (1} (but not N_) may
vary from realization to realization.

The ensemble-averaged density of pollutant i at Xg, ¢
due to the N, elements under consideration can be
written as

Pio(Xp t) = M (1) Poy(Xg, 1, X0 te), (12)
assuming (first ‘closure assumption’)
M, (t
20y« I, M) =Noma(0).  (13)
Ali(a(t)

M, (t)denotes the total amount of pollutant iinthe N,
fluid clements at time ¢.

Truncating the Taylor expansion of 3, (£)/Af;,(t,)
with respect to 1,—1, after the first term, we obtain

M;,(1)
All'm(tb)
Steady operating state implies that the first term ;. as

well as the probability density P_, cannot depend on ¢
and 1, separately but on the combination t—1,, only,

= Qi,lt—1y). (14)

Po(Xg,Xonty) = Py (g X t=1). (19)
Combining equations (12), (14), (15) and
Miolty) = io(ty—1,) (16)
gives
PiaX 1) = Qua(t —to)P (X X oo t — )ity — 1) (17)

The interval —oo < 8 <t is divided into equal sub-
intervals. The interval t, € 9 < 1, can be considered to
be any of these sub-intervals. The ensemble-averaged
density of pollutant i at position x; due to the clements
of burnt fluid from surface element w, g;,(xg), can be
represented as a sum of contributions which are of the
type of the term on the RHS of equation (17). Hence,

/Tw(xl-:) = lu Jw in(r)ﬁ)(xfﬂ‘;u’ T) dT (18)
0

where 1 is an integration variable. Denoting by v the
axial component (in the downstream direction) of the
ensemble-averaged flow velocity, multiplying cquation
(18) by v, and then integrating over the primary zone
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exit Z (i.e. a cross section) gives

«L
(il;J)E = ic) J‘ Qic)(T)J‘ UE(XE’ Xew T) dE d‘[, (19)
o 5
if molecular and turbulent diffusion of spccies i across
Z in the longitudinal direction is negligible in
comparison to the convective transport of species i
across Z in longitudinal direction. dE is an element of
area of .

Let us consider the case that the formation of NO in
the elements of burnt fluid from wisfrozen asthey move
through the outer zone towards the primary zone exit.
The effect of this inhibition on the velocity field will be
negligible. Hence, in the frozen case under consider-
ation equation (19) takes the form, if i refers to NO,

1= J j vP (X, X,,, 1) dE dt. (20)
o Js

The integral

J\ UP_a)(xE’ X I) dE
F

multiplied by a sufficiently small time interval describes
the probability of finding the marked element of burnt
fluid, which was at x ,at time t —,in a thin disk at # at
time ¢. Also, this integral can be expected to attain a
sharp maximum at, say, T = 1,,,,, 50 that equation (19)
can be written as

(ia)E = ic)in(Tmax) (21)

to a good approximation. For Q;(t..,) we obtain,
using equations (13), (14) and the foregoing modelling
concept,

Cie(pE’ 7;£a (Dy &, \P)

Qio(Tmax) = cD,&,'\Y)

(22)
The numerator denotes the equilibrium mass fraction
of pollutant iin the elements of burnt fluid from & when
passing across the primary zone exit. The denominator
denotes the mass fraction of pollutant i in the elements
of burnt fluid under consideration when passing across
w. i, can be expressed as follows using equation (4) for
N, and assumption (13) for N, and pollutant i
ci(d,e,Y) B 2

o= @690 23)
where ¢y, (¢, €, ') denotes the mass fraction of N, in the
elements of burnt fluid under consideration when
passing across w. Substituting equations (22) and (23)
into equation (21) gives

cie(pE’ TE’ (D’ 2 l{l) B

Z, 24
o @,5®) Q 24)

(iw)E =
The ensemble-averaged outflow of pollutant i across
the primary zone exit, ¢; (i.e. the emission rate of
pollutant i from the primary zone exit) is equal to the
sum of all (i,,)g

4]
= Z (ica)E'

oa=1

(25)
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The values of the ratios @, ,' in the various terms (j,_ e
can be considered as the valucs taken on at the same
time on the corresponding elements w of 2. Note that
0.., does not depend on ¢ and ¢, separately but on the
combination t—t, only.

If we consider Q to be very large, equation (25) can
then be rewritten in a good approximation to give

©=0 Je=0 J¥=0

Cie(pE’ TE’ ('D’ &, \P)

(D, e, V)dd d
@5 P) w(d, e, V) e d¥

(26)
where
J w(D, &, V)dd de dV¥
#

is the probability that @,¢,'¥ of an element w of %
chosen at random (trial of an experiment) lies in the
region & of the @, ¢,'Y-space (sample space), all trials
being carried through on the prototype at the same
time.

Second ‘closure assumption’
The density w(d,¢ V) is a narrow, high spike
attaining a sharp maximum at

=D e=¢ Y=V

27)

so that the integral on the RHS of equation (26) can be
written as approximately

j J‘ J cle(pE’ TE, (I) & ‘P)

©=0 J:=0 J¥=0 CN,(‘I’ & 'Y)

cie(pE’ TEv &)’ é’ \P)
CN;(&), é, \:P)

&, ¢and P are the overall primary zone fuel to O, ratio,

the N, to O, ratio and the water vapour to O, ratio of

the air at the primary zone inlet, respectively.
By definition

x w(®D, e, ¥)dD de d¥ = (28)

. F
O=— 29
yB
where F is the ensemble-averaged fuel injection rate
intothe primaryzone.ydenotesthe O, toairratio of the
air at the primary zone inlet.

Determination of py and Ty

The determination of pg and T is based on a 1-dim.
flow model at the primary zone exit. Turbulence and
molecular transport in the primary zone are built into
this model through the pressure and the total pressure
at the primary zone exit. These pressures are to be
interpreted as time averages, averaged over the cross
section, which are determined experimentally. The
conservation of mass in the primary zone and the
equation of state at the primary zone exit can then be
written

prE=A+F (30)
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and

p €2))

=wrT
where pg = p, Tz = T by definition and v, E, R and W
denote, respectively, theflow velocity, the arca of &, the
universal gas constant and the molecular weight of the
gas. The gas mixture at the primary zone exit can be
approximately treated as an ideal gas of molecular
weight 1 and constant specific heat at constant
pressure, c,, in a steady inviscid equilibrium flow
towards a reservoir indicated by the subscript t. This is
because the Mach number

D
M=-
a
where
R
2 _ '—T,
a ’\W
CP
¢ = 32
K ) R (32)
Py

can be considered to be much smaller than one in the
equilibrium flow towards the reservoir. The following
relations hold for the flow towards the reservoir:

T, 1
T . k—1_

1+ a2

T
. -1 —Kjix=1)
‘;—‘ = <1 + "T 1\12> . (33)
[§

The following relationship between A and p,, T; will be
employed:

A+F [TR[c,—(R/W] '
Ep, We,

k—1 —(x+ 12— 1)]
=M1+ TAlz

= M+O[M?3]. (34)

Wand ¢, arc expressed in terms of p, and T; as follows:

L= z": Cj(’I:’px)
W o W

(33)

where W;is themolecular weight of species j,and ¢(T, p)
denotes the equilibrium mass fraction of j.

a
=37 jz c/T, p)h(T)

=1

(36)

where ij(T)is the enthalpy of species j per unit mass of j.
The partial derivative on the RHS of equation (36) has
to be evaluated at T =T, p = p,. If the influence of
dissociation on W and ¢, is negligible we have

L= zs: (Cj)o
[ Hf,’

5
Cp= j;l (e))ocp (TD. 37
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¢,;(T) denotes the specific heat at constant pressure of
species j. () pertains to the composition at low
temperatures where dissociation is negligible. The
values (c;)o are determined by means ofequations (44)-
(46). The species involved in relation (37) arc compiled
in Table 1. The subsequent calculation of ¢, and IV and
T, concerns the case in which the influence of
dissociation on I and c, is not ncgligible. The species
and chemical reactions taken into account are
compiledin Tables I and 2, respectively. Computations
assuming that the NO concentration is controlled by
the reaction N,+ O, 5 2NO should be discounted
because it is now belicved that this reaction does not
proceed directly (ref. [2], p. 843).

The reactions of Table 2 are independent. Hence, five
linear relations of type (7) exist. These are

¢1 = (c1)os (38)

and the three equations expressing the conservation of
oxygen, hydrogen and carbon atoms:

¢z =(c3)o

1 1 1
'—2”/7 c;+ MCB'*' ﬁ(‘.z = m(c.t)o, (39)
1 + 1 + 1 +l + 1
— st = Cet = Cit ——C3+ ——c
TR Y R T T T T
1 1

= W;(CS)O + Eﬁ,:(ca)o + E(Cs)on (40)

Loty = o (c) 41)

W, Ce W Cs = W, (cs)o- (

The mass fractions (c;)o,j = 1,..., 5 can be expressed in
terms of F/(y4A), £, the Ar/N, ratio of the dry air at the
primaryzoneinlet, y, the H,O-vapour todry air ratio of
theair atthe primary zone exit, i, the mean equivalence
ratio at the primary zone exit,

_ F v,
T yad VW

T (1+¢), (42)
and (W,va)/(vstWs) where v, vy, vi, vi are the
stoichiometric coefficients of the overall combustion

process

Wi+ v30, = viH,0+v;CO,. 43)

Table 1. Species of the fuel-lean exhaust gas at the primary
zone exit

i 1t 2 3 4 5 6 1 8
N, Ar 0O, H,0 CO, CO OH H,

Table 2. Model reaction scheme for gaseous

dissociation and recombination reactions

at the primary zone exit in the temperature

range 2000-3000 K, pressure range 5-30
atm (ref. [13], p. 317)

2C0+0, 5 2CO, )
2H,+0, 5 2H,0 @
H,+20H % 2H,0 3
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fstands for a fuel molecule, y,4is the O, to air ratio of the
dryairat the primary zoneinlet,and W;is the molecular
weight of the fuel. A simple calculation gives

{c1)o = écop  (C2)o = ExCop  (c3)o = (1—9)co, (44)

AlA
(cs)o = {»’/[l_+é(l +1)]co, + “w }(Cs)o, (45)
5
) 1—[1+&(1+7)—¢]co,
(es)o = 1+ [0 Wa Ve Wsl+ W1 461+ 7)) co, 46
where, for brevity,
: @)

€0 = {IF /e AN+ L1 +é(1 + 001 + 901

Equations (38)(41) are supplemented by the laws of
mass action associated with the chemical reactions of
Table 2 :

cdey _ WEWAK\(T)  ciey _ WRWAK(T)
e Wip, Wi,
2 VZ AT
Csi7 _ Wsl 721\3( ] (48)
Lot Win
where K,(T) is the equilibrium constant of the rth
reaction of Tables 2 and 4. The calculation of K(T)
starts with cquation (76). The solution ¢;, i = 1,...,8 of

the system of equations (38)-(41) and (48) in terms of
(c)o, i=1,...,5; p,and K(T), r = 1,2,3 is found by
trial and error. From this system it follows that the
components ¢;, i # 1,2, 5 of the solution vector can be

expressed interms of ¢s, (¢)o (i = 3,...,5), p,and K(T)
(r =1,2,3) as follows:
W
¢6 = 5y, Ueso—es]) (49)
3K (T
cy =

plles)o —cs)?’

1 WK (Tl
772 T DR ERAT)
K TCI/Z 1/2
+ 1) - 1/2 31(/zl)r3 172
Wy%p *Ky(T)

- 1 1/2
[ g +4l’]l} (50)

”/llzpllsz(rI;)llz
where
(4o 2

B= W, + W [(esdo—cs]+ A [cado—csl, (5D

ey =(csdo+ ”, [(Cs)o ¢s]

21¥, W,

+ —”,—;‘ [(c3)o~c31— ';—Vicw (52
e 8 53
Cg = W, - Leao— 2w, Cq (53)

Equations (49)-(53)are supplemented by equation (38).
The calculation of the components ¢;, i # 1, 2, of the

solution vector procecds as follows : in the first step T,
and p, arc fixed estimates. The solution (49)+(53) for an
estimated ¢s is checked against the compatibility
relationsc; = 0(i = 1,...,8)and equation (48)forr = 7
and 3, which are satisfied if the choice of ¢5 was correct,
In the second step p, becomes a variable estimate. The
correct solution associated with the cstimates p,and T,
is checked against the ‘compatibility relation’
p. = (p,RT)/W where p, is given and W is formed using
the correct solution associated with the estimates p,
and 7. Ifthe latter compatibility relationis satisfied the
correct solution associated with the estimates p, and
T, is then checked (in a third step) against the
‘compatibility relation® (33) for the pressure ratio.
The LHS of this compatibility relation is given. The
evaluation of its RHS relies on the estimated reservoir
temperature 7; and employs equation (34). If the com-
patibility relation (33) is satisfied the equilibrium mass
fractions inserted into this relation constitute the
solution sought, and the estimate for T; proves to be
the reservoir temperature sought. Otherwise, the
described procedure must be repeated using an
improved estimate for 7. The calculation of ¢,
involves partial derivatives of equilibrium mass
fractions with respect to temperature at constant
pressure. These derivatives are expressed in terms
of the corresponding equilibrium mass fractions (at
p = p, T= T)as follows:

écy  Ocy
ek RSpht Y |
ar T (54)
LaLf+ ! ef’ L%:O, (59)
W, oT ' 2W, 6T W, éT
1 2 1
1 des 1 s (56)
Ws 6T Wy 0T
1 863 1 écy 1_6&
W, 0T ' 2W, 0T = W, éT
1 éeq o
4 ——=0, (57
Yow ot Taw, ot -0 ©7)
2 (7c4 2 0cs 2 6c6 2 ccs
c4 T cs T ¢4 oT cy T
1T
= Mf Z(ZT') _an ‘(z '), (58)
RT; RT,
1 0c; 2 804 20cs 2 (c6 2 607
c3; 0T ¢, oT cs 0T g aT c7 T
1 Ceg AI!_‘,SZ;)_AIAII(Z;), (59)
¢s 8T  RT, RT,
1 W\édcy W lcy 2¢,c5 2 Ccq
c; Wi 0T W, dT c¢50T  cg 0T
Wi W ALM
W, 0T W, OT RT?

The derivatives in the system of equations (54)-(60)
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must be evaluated under reservoir conditions. The
RHS of equations (58)-(60) have beecn obtained
utilizing van’t Hofl’s equations

din K, AH,

== r=123 61
ar _rT? T (61)
where
. . RT
I\pr = I\r(’r)p—.q,v (62)
and
. 8
AR, =Y (4 —vih(T) (63)
i=3

is the heat of reaction of the rth dissociation reaction. R
denotes the universal gas constant permoleand p* isa
reference pressure (p* =1 atm in the numerical
calculations). The enthalpy of species i per mole of i,
fi(T), can be written in the form

T
rx,('r)=ﬁ§°’+_[ e dT, i=1,..,8 (64)

To
where ¢,; and H© are, respectively, the specific heat of
species i per mole of i at constant pressure and the
enthalpy of formation of species i per mole of i at
temperature T, (T, =298.15 K in the numerical
calculations). The superscript (0) denotes the standard
state condition of 1 atm.

Statistical mechanics gives (ref. [15], p. 136)

[T 0/27) T
ép(T) = R{z +[m] } “

for a pure diatomic gas i whose molecules behave as
rigid rotators, simple harmonic vibrators, and exist
only in their electronic ground state. ©; denotes the
characteristic vibrational temperature of the diatomic
species i. The corresponding formulae for gascous CO,
and gaseous H,O are, respectively (ref. [16], pp. 74-76
and pp. 79-80)

o T AT egen T
épl(T) = R{E +3 [gn W)’)] } 0

and

6 dT) = R{‘“E, [sin 1;(95‘./(217)} } “

©;, denotes the characteristic vibrational temperature
of the vth vibrational mode of the triatomic species 1. It
should be noted that CO, is a linear molecule, whilst
H,O is a nonlinear molecule, and linear triatomic

Table 3. Characteristic vibrational temperatures [K] (ref.
[14], p. 615 and chapter 63)

) o, e e} O, )

1 6 7 11
3352 2228 3080 4895 5995 2700.6
9y (O O3 0;, Qs 053 = Og,4
5258 5400 2293 1924 3379 961

molecules have one degenerate bending vibration.
Statistical mechanics gives simply

épi(n = iﬁ

for a pure monatomic gas i whose atoms exist only in
their electronic ground state.

(68)

Calculation of NO emission from the primary zone
The gencral formula, equations (26) and (28), gives

eny(®,6,'9) (69)

€11 =9
The thermodynamic and the chemical model to be
associated with the mass fractions c¢;,, and cy, in
formula (69)* agree with the thermodynamic and the
chemical part, respectively, of the 1-dim. flow model at
the primary zone exit in the absence of the NO
formation reactions compiled in Table 4. However, the
composition of the unburnt mixture underlying ¢,
and ¢y, in equation (69) differs from the corresponding
composition employed in the 1-dim. flow model at the
primary zone exit by the value of ®. This can be seen
fromequations(29)and (42). Thedeviationin ®issmall.
This is because (4 — B)/A can be considered to be small.
Thedeviation of W in theequation ofstate (31) from the
mean molecular weight associated with the elcments of
burnt fluid under consideration when passing across
the primary zone exit can be neglected in the
temperature range 2000-3000 K, pressure range 5-30
atm. This is evident from extensive numerical
calculations.

For brevity, we denote by ¢; the mass fraction of
species i in an eclement of burnt fluid under
consideration when passing across the primary zone
exit. The Jaws of mass action associated with the
reaction scheme of Table 4 give

co=cll2 K (Tp)'"* W, con=cll2 Ks(TE)UZWLo
R NI 7T e WP A |
C1y = (Clca)llz[Kc(TE)K7(n)]”2“’11(”'1‘VJ)_ ",

(70)

Conservation of mass in the model reaction scheme of
Table 4 yields

citc3tcgtcyoteyy =(cy+e3) (71)

where ( ); pertains to the case of frozen NO formation
reactions of Table 4in the elements of burnt fluid under

Table 4. Model reaction scheme for NO
formation. The reactions (6) and (7)
constitute the Zeldovich mechanism

N, % 2N “)

0,520 )
0+N,5 N+NO ()
N+0,5 O+NO o

*ie.the lhermbdynamic and thechemical modelassociated
with elements of burnt fluid for which® = O, ¥ =Y, ¢ = ¢.
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Table 5. Species involved in the model
reaction scheme of Table 4

i 9 10 1 1 3
N O NO N, O,

consideration.(c,);,(c3) are thecomponentscy,c3 ofthe
solution of equations (38)-(41) and (48) for p, = pg,
T, =Te & =[F(1+y)]/(y4B). Dissociation of N,
is small in the elements of burnt fluid under consider-
ation so that we can substitute

PP é
¢y =(c1) = e, (P, ) = l+£+/8+¢+(V/7d) (72)

in equations (70) and (71). From equations (70}72) it
follows that

2 = {[-P+(P*—-4Q)'"] (73)
where
p o KT (iR (T K AT W,
201" UAALE ’
(74)

(e )i K (T2 w2
(2p'?)
The calculation of the equilibrium constants K(7),

r=1,...,7 starts with the integration of the van’t
Holff equation. This first step gives

Q= —(c3) (75)

e P\
1\,(7)=1\‘,,(TB)(R—T—) "D r=1,...,7 (76)
where
a,=1 for r=1,...,5; a6=a7=0,l
T AH,(9)
I(T)= 70 d9. 77
AT) L., e {( )

3 is an integration variable. Tp denotes a reference
temperature (T = 2500 K in the numerical calcu-
lations, the values K, (Tg), r = 1,...,7 are taken from
chapter 343 in ref. [14]). The integrals I(T) can be
calculated analytically to give:

o
1(T) = E3(T)+Eo(T)- 2[ESL<T)+ES(T)+ i

x(l—i +2| E (T)+E(T)+m 1.1
T, T bv 6 T, T/

(78)

0)
IT) = E5(T)+ E5(T)— 2[54.(T)+E4(T)+ﬂ‘

x (L —2)|+2| & (T)+1;(T)+m 21
TB T “8¢ 8 T-B T >

(79)

1,(T) = [E +E +h§°>1 !
A(T) = =2 E4(T)+EL(T) _ﬁ_rﬂ

]

1
+Eg(T)+ Eg(T)+—- (FB—7,>, (80)

o
[57.(T)+E7(T)+ (
Tp

1(T) = —E\(T)+2E4(T)—E(T)

20 ( 11
R A\T, 7>' @D
I5(Ty = —E3(T)+2E,(T)— E(T)
208711
R (i B _T")’ ®)
1(T) = —E\(T}+E,/(T)
R+ RY 1
TR (? - ?)' (83)
I3(T) = —E3(T)+ Eq,1(T)
i+ IR0 -1y 1
+ 7 75 - 7). (84)

The functions E;(T) and E{T) are defined by

e®Ts | 1 e, o
E(T) = ln(ee_,,_ 0 ) +<ce.-/ro + l) (7 Tn)

i=1,3,67811, (85
e®/Tn_ |
Eu(n Z ]n BJT + Z 94'
x| 1+ L L 1 (86)
Tt \T 1)
8 JTe_ 1
Es(T) = Z g + z o,
1 11
"(”W)(?‘i)‘ )
E(D) [ifori—910
{ I for i=1,3,5,6,7.38,
In(T/Tp)+(To/T) —(To/ Tp) l“ riea
(88)

The enthalpies of formation appearingin the analytical
expressionsfor K,(T)are takenfrom Table L inref.[17].
Equations (70), (72), (73}H75) and (29) lead to

c11elPes Trs &’, g \P) - Wn[K(’(TE)Kv('IZ)]”z
eny(®,6,9) 200, Wy 2 (c )2
x[—P+(P*—-4Q)'*] (89)
where
(c1)r = ‘
YT e+ g+ (L) (raB)T + (U /re)
p-FU+) Vv _g (90)
¥4B 7d
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_WPKA(T)'" | (Ko TOKA(TE] 2 Wa (et 91
21 (W, 17,)172 » O

(C )IIZK (T)l/2”/l/2
Q=" ek O

The equilibrium constants K (7T), r=4,5,6,7 are
specified as functions of T by equations (76), (77), (81)-
(85)and (88).(c) is specified (for a given fuel of the form
C,H,,0,) as a function of the variable quantities pg, T,
& and y.

The result for the system function providing the NO
emission from the primary zone exit in terms of engine-
operating parameters relevant to the NO emission from
the primary zone can now be expressed. Consider
the model Mo whose gross structure is illustrated in
Fig. 3. A, B, C denote, respectively, the fluid
mechanical model underlying the general equations
(26) and (28), the thermodynamic model underlying
cquation (89) (i.e. a mixture of thermally perfect gascs)
and the reaction scheme compiled in Tables 2 and 4.
The model Mo provides e,,/B in terms of the variable
quantities Ty, pg, F/B, ¢ and CH,,0,. The 1-dim. flow
model at the primary zone exit, Mo, specifies Trand pg
asfunctions of the variable quantities pg, p,, F/A, AJE,
and CH,,0,. Hence, a conncction in series of the two

models asillustrated in Fig. 4 providese,,/Bintermsof

the variable quantitics pg, p,, F/A, B/A, AJE, ¥ and
C/H,,0,. Figure4isin accord with Fig. 3. Note that the
thermodynamic and chemical part of Mo encompass
the corresponding parts of Mol and the fluid
mechanical model A in Fig. 3 can be considered to
encompass both the fluid mechanical part of Mo and
Mol.

The concept of modelling as illustrated in Fig. 4 may
be appropriate for the purpose of calculating the
emission of other pollutants: soot, CO, hydrocarbons.
Clearly, the thermodynamic and chemical part of Mo
has to be replaced by appropriate submodels for this
purpose. The present model whose gross structure is
shownin Fig. 4 is appropriate, for instance, for aircraft
zas turbine engine* operation at low altitude and

A

|

-

—_ | ————]

C

F1G. 3. Gross structure of the present model. A: Fluid
mechanical model. B: Thermodynamic model. C: Chemical
model.

*j.¢. conventional single- (or twin-) spool axial flow turbo-
jet engine with or without by-pass or front fan or aft fan; no
afterburning.
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A I F | 1F
_E_ IK:P;I P | I'B

: 4) }cIHmOn }

] | |

| ! :

B

- =

F1G. 4. Connection in series of the two models Mo and Mol.

maximum thrust associated with the following
conditions at the primary zone exit: pressure level 15-
30 atm, temperature level 2500-3000 K, (4/E) = 10.
The condition on the mass flow will be discussed in the
next section. F, ¢ and CH,O, can bc varied
independently on a spccific gas turbine engine. Under
static thrust conditiont pg, p,, A and B are particular
functions of F, ¢ and C/H,,0,, and the following
relation holds:
J _ '//_l//:
A—J  1+y,

where J and y, are, respectively, the watcrinjectionrate
and the water vapour/dry air ratio of the ambient air.

©3)

NUMERICAL RESULTS

Figure 5illustrates the general system function of the
mathematical model whose gross structure is shown in
Fig.4. Note that F/A can be expressed by equation (42)
in terms of the mean equivalence ratio at the primary
zone exit, ¢, and ¥, at a given fuel of the form C;H,,0,.
Figure 5 is based on the fuel C,H, and is subdivided
into three parts(1,2,3 fromleft toright) by the two lines
1 —(pg/p) = 1073 and 1072 The parameter values of
the curves in part n (i = 1,2, 3) are listed within part n.
All curves represented in Fig. 5 are practically straight
lines and are associated with the same Tg-interval:
2700 K < T; < 3040 K. Results for T and ¢,,/B are
marked as follows:

(1)

(2) x x}'h‘
Part 1:

3) O——0O B

we  of

Dp— b
partg; & A———A

7N o——~©0 B

@) + e

ti.e. aircraft at rest in still air of given thermodynamic state
at sea level.
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I
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3000 y I
§ = 0,0875 ¥ : ¢ = 095 I =095 0.02
T oK | I
%:10_29_ :A-m—ﬂ—- ! Acsg—8 s
(me sec L E - ol sec| ! £ m? sec B
2900 el |
py = 30 atm lI,l Py = 15 atm |? P,y = 30 atm I 0,015
1 h
B, i B ¢ = 0,0875
A ! %] | T ! IF
: ] §
26800 t
— =095 Il———¢= 0,0875 _ %:1 L 0,01
) ¥ ] . B .
X ¢=08 '+,A¢-0 ? °T'°9S
] I
2100 T e St 0,006
1 2 5 10 . 10 10?
[1—lp( /p')]‘IO
F1G. 5. Behaviour of the general system function of the combustor primary zone model.

Part3: 9) ———— T} Itis readily secn from equations (33}-(36) and M « 1
umw o————0 5 that (p,—pg)/p, is proportional to A/E at fixed p,, T,
1y O 0 en/B. F/A, ¢ and C,1,,0,. The choice of (p,— pg)/p, as an

input quantity to be determined experimentally will be

Curves (2), (4), (8) and (11) arc plotted by two points
each which are associated with the Tg-values 2700 K
and 3040 K, respectively. = 0.0875 is the y-value of
saturated humid air at sea level, temperature 50°C and
pressure 1000 mbar. Part 3 of Fig. 5 shows a significant
effect of air flow distribution, described by B/4,on NO-
emission from the primary zone.

appropriate for sufficiently large A/E.

Figure 6 illustrates the effect of dissociation on the
flow at the primary zone exit, after the model Mol. All
graphs in Fig. 6 are associated with the same Tg-
interval: 2708 K < T¢ < 3050 K. ( ); pertains to the
case without dissociation (i.e. the reactions compiled in
Table 2 are inhibited).

0,05 y
M-, T
T
M - (M), " RIPERS
M ’,,/” %>
.-="7 p = 30atm, A = 50 —2
L~ P 3 g tm? sec
(T[)(' Tr.
Te @=095, ¢=00875
0,03 b 0,102
0,01 . 0,082
0,013 0,0138

002 4y /)

FiG. 6. Effect of dissociation on the flow at the primary zone exit.
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MODELISATION D'UNE CHAMBRE DE COMBUSTION DE TURBINE A GAZ POUR LE
CALCUL DES EMISSIONS DE POLLUANTS

Résumé —Deux aspects des écoulements de zone primaire dans les chambres de combustion—réservoir et
annulaire—sontconsidérés en détail. D'abord, la production de polluantsetletransport dans la zone primaire
sont décrits par un modéle mathématique a trois dimensions. Ensuite, I'état mécanique et thermodynamique
deI'écoulement a la sortie de I'écoulement primaire est décrit par un modéle mathématique & une dimension.
La fonction générale d’une connexion en série de deux modéles fournit I'émission NO de la zone primaire en
fonction des paramétres opératoires commele débit d'injection de fuel et le débit d'injection d'eau. La méthode
de modélisation montre un effet important du rapport entrée d'air de refroidissement/entrée d'air de
combustion surI'’émission de NO. On analyse aussil'influence de ladissociation sur I'écoulement dlasortie de
la zone primaire.

MODELLIERUNG VON GASTURBINENBRENNKAMMERN ZUR BERECHNUNG DER
SCHADSTOFFEMISSION

Zusammenfassung—Die Primarzonenstromung in Rohr- und Ringbrennkammern wird unter zwei
Gesichtspunkten betrachtet. Schadstoffproduktion und Transport in der Primarzone werden durch ein
dreidimensionales mathematisches Modell beschrieben. Der mechanische und thermodynamische Zustand
der Stromung am Primirzonenausgang wird durch ein eindimensionales mathematisches Modell
beschrieben. Die allgemeine Systemfunktion der Rethenschaltung aus den beiden Modellen liefert die NO-
Emission aus der Priméirzone in Abhingigkeit von BetriebsgroBen wie Brennstoffeinspritzrate und
Wasscreinspritzrate. Die Modelliecrung zeigt einen wesentlichen EinfluB des Verhaltnisses Kihlluft- zu
Verbrennungsluftdurchsatz auf die NO-Emission. Weiter wird EinfluB der Dissoziation auf die Stromungam
Primiarzonenaustritt gezeigt.

MOJENHPOBAHHE KAMEP CTOPAHHSA TA30BBIX TVPBHH AJI1 PACYETA
KOJIHYECTBA 3ATIPA3HAIOUWErO BEUIECTBA

Annorauus —IMoapoduo paccMOTpeHbl ABA aCHEKTA TeveHHii B HAYagbHOM 30HC KAMCP Cropanms.
Bo-nepssix, 06palosauite it TPAHCMOPTHPOBKA 3aTPAIHAIOLICIO BEWECTBA B HAYAILHOIT 30HE OMMCAHBI
€ MOMOLUBIO TpexMepHOiT MaTeMaTHuecKoii Moae1i. Bo-BTophIx, Mexanmyeckoe H TEPMOIHHAMHYECCKOC
COCTOSHHE NOTOKA HA BBIXOAE 13 HAYAJBLHOIT 30HBI OMMCAHO C MOMOLULIO OAHOMEPHOIT MaTeMaTHYECKOIT
Mo1eH. (DYHKUMSA COCTOSHHA BCEii CHCTEMLI, MOIyYeHHas ¢ MOMOLUBIO ITHX ABYX MOJE.IeH, ONHCLIBACT
oaiccitio NO 13 Ha4a1bHOI 30HB! ¢ MOMOUILIO Takux paboyHX napaMeTpoB annapaTta, kKak CKOPOCTH
BBOJa TOMIHBA M BOIbL. ITOT MCETOA MOICIHPOBANHS AMOUCTPHPYET GOILIIOE BANSHHE HA IMHCCHIO
NO ortuoweHis pacxola OXIaKk[awolIero BO3IAyXa K PACXOAy BO3AYXa, WAYWETO Ha CAUIAHHC
TOMTHBA. AHATHIHPYCTCA TAKAC BIMRHHC AHCCOLHAUMH HA MOTOK HA BHIXOIE 3 HAYAILHOIN 30HBL

RT 25:2-D



