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FOREWORD

This review is a reprint of two Chapters dealing with the fundamentals
and current state of technology in turbopropulsion combustion. These
Chapters, Chapter 15 and 20, were expressiy prepared as part of a Com-
prehensive Study of Aircraft Gas Turbine Engines, edited by G. C. Oates,
Professor of the University of Washington. This propulsion textbook will
be published by the Air Force Aero-Propulsion Laboratory in 1977. The
Combustion Chapters reprinted herein were authored by Dr. William S.
Blazowski,* Fuels Branch, Fuels and Lubrication Division, and Mr. Robert
E. Henderson, Components Branch, Turbine Engine Division,Air Force Aero-
Propulsion Laboratory, Air Force Wright Aeronautical Laboratories, Wright-
Patterson Air Force Base, Ohio.

The work reported herein was assembled and written during the period
March 1975 to December 1976 under the direction of the authors, Dr. Wiiliam
Blazowski (AFAPL/SFF) and Mr. Robert Henderson (AFAPL/TBC). The Chapters
were released by the authors for textbook publication in January 1977.

The authors wish to thank Mr. Frank J. Verkamp of Detroit Diesel Allison,
General Motors Corporation; Mr. Donald W. Bahr of the General Electric
Company., Advanced Engine Group; and Dr. Joseph Faucher of Pratt and Whitney
Rircraft, Commercial Products Division, for their assistance and technical
contributions given during the preparation and review of these combustion
chapters.

* Currently at Exxon Research and Engineering Company, Linden, New Jersey,
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"PART I

FUNDAMENTALS OF COMBUSTION

Chapter 15 of A Comprehensive Study of Aircraft Gas
Turbine Engines, edited by G. C. Uates

by:

William S. Blazowski®
AF Aero Propulsion Laboratory
AF Wright Aeronautical Laboratories
Wright-Patterson AFB, Ohio 45433

% Currently at Exzon Research and Engineering Company, Linden, New Jersey.
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CHAPTER 135

FUNDAMENTALS OF COMBUSTION

15.0 TINTRODUCTION

Backeround information necessary to the under-
standing of airerzft turbinoe engine combustion
systems is distinctly different from that applying
to diffusers, rotatiog mechinery, or nozzles and a
separate discussion of fundamentals is warranted.
The purpose of this chapter is to review the
fundamepntal concepts important to aeropropulsion
combustion. Two additional chapters will consider
the practical application of this informatiom to
mainburners (Chapter 20) and afterburners (Chapter
21).

While large volumes can be written on the sub-
ject of aeropropulsion combustion, the scope of
this chapter is limited to highlighting key infor-
mation. The difficult task of deciding which

The information to be presented in this
chapter is organized into five further sectioms.
As might be expected, the first three consider
chemistry, thermodynamics, and gas dynamics. The
fourth invelves discussion of combustion
parameters of importance to the combustor
designer. Finally, the combustion properties of
jet fuels are briefly described.

15.1 CHEMISTRY

Three combustion chemistry topics will be
discussed in this section. The first, chemical
reaction rate, addresses fundamental concepts
vital to all of chemical kinetics. Important
dependencies of reaction rate on thermodynmamic

information to include was accomplished by adhering
to the objective that the reader be provided that addressed. The second topic, chemical equilibrium,
materizl necessary for understanding the combustion is of importance in relation to the understanding
system's operating principles, performance parameters, of and ability to analyze high temperature com—
and limitations. The reader contemplating aero~ bustion systems. Finally, the current under—
propulsion combustion as an area of specialization standing of practical hydrocarbon fuel combustion
should develop a more thorough background and is chemistry will be reviewed. Understanding of the
referred to a number of readily available texts sequence of chemical processes leading to Hy0 and
listed din the hihliography to this chapter (Section CO; production allows the explanation of many
15.7.1). practical combustion characteristics.

conditions, especially temperature, will be

Studies of combustion invelve interdisciplinary
investigations requiring consideration of three
normally separate topics: chemistry, thermo—
dynzmics, and gas dynamics. Interrelationships
between these areas, showm schematically in
Figure 15.0.1, require combustion engineers and
selentists to develop a fundamental understanding
of each topic. A pumber of sub-topics in each of
these areas have been listed to further describe
the broad scape of subject matter involved. Each
of these subjects will be addressed in this chapter.

15.1.1° Reaction Rate

One of the most basic concepts of
chemistry involves the law of mass action which
relates the rate of a reaction, or the time rate
of change of the reactant species concentration,
to the concentrations of reactive species. This
can be illustrated with the use of the following
generalized chemical reaction:

aA + bB + ¢C + db (15.1.1)
In this example, a moles of molecule A combine
with b moles of molecule B tec form ¢ and d moles
of products C and D. The reactant stoichiometric
coefficients of the atomic balance equation (a
and b) are also called the reaction "molecularity”.
The law of mass action states that the rate of
reaction is expected to be proportional to the
product of the concentrations of reactant species
raised to their respective stoichiometric coeffi-
cients. For this example, the rate of forward
reaction, rf, would be:

e = k[£1°[8]°

The brackets, [ |, correspond to the molar
concentration (moles/volume) of the molecular
species indicated. kf is the rate coefficient for
the forward reaction.

CHEMISTRY

Racetion Ratas
Exuilibrivm Efacts
Fual/Q Chemistry,

Energy Relause
Fiocms Temperaturas

COMBUSTION
TECHMNOLOGY

(15.1.2)

GAS DYNAMICS

Leminer Flomas
Diffusicn Cenrel
Turbulenca

Stirrsd Racsier

Note that the rate of forward rezctioum,
rg, could be representative of either rate of
disappearance of the reactants A and B or the rate
of formation of products C and D. These four
rates are interrelated by the stoichoimetric
coefficients a, b, ¢, and d. TFor exsmple, if T¢e
were representative of the rate of disappearance
of A, the following relationships would be valid:

Figure 15.0.1 The Interdisciplinary Nature
of Combustion Technology.
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dat (15.1.3)

The variable t represents time.

There is analytical justification for the ob-
served reactant concentration dependencies of the
law of mass action. An analysis based on the
assumption that product formation can only occur
after collision of reactant molecules predicts
the same concentration dependencies as described
in Equation 15.1.2. The rate coefficient in
Equation 15.1.2, kg, appropriately converts the
results of collision theory to yield the units of
reaction rate. In addition, kg accounts for
reaction rate dependencies due to variations in
molecular energy levels and in the geometrical
orientation of colliding molecules.

For many reactions of importance to combustion
systems, kg is a strong function of temperature.
The temperature dependence of the molecular colli-
sion rate is minor (T1 2) and has only a small
influence on kf. The predominant temperature
dependeuce is a result of the necessity for molec-
ular collisions to occur with sufficient "force"
to overcome any energy barrier necessary for
reactant molecules to undergo conversion to pro-
ducts. Physically, the formation of an activated
complex is assumed to be necessary for successful
conversion of colliding reactants to products.

The height of the energy barrier, the energy
necessary to form the activated complex, is often
termed the activation energy, E;. Not all of the
colliding reactant molecules will have sufficient
energy and only a fraction of the collisions will
be successful. Since molecular energy distribution
can be described by Boltzman statistics, the
fraction of collisions which are successful is
exp(~Ea§/RT) where R is the universal gas constant
and the subscript refers to the forward reaction.

The geometrical misalignment of reactant
molecules during collision can also prevent con-
version to products; only a fraction of the
collisions occurring with sufficient energy will be
successful. Consideration of the “steric factor"
is a final necessary aspect in analysis of the
reaction rate coefficient. This factor can be
thought of as a means of compensating for colli-
sional inefficiencies due to the peculiarities of
geometrical alignment necessary for successful
reaction.

An important expression for reaction rate is
obtained by combining the reaction rate coefficient
dependencies discussed above with Equation 15.1.2.
The forward rate of the general reaction described
in Equation 15,1.1 is:

- d [a]
YT Tac

"

[al® [&1° Cf(T)%exp(—Eaf/RT) (15.1.4)
where C; includes the steric factor and the
necessary constants to convert collision rate to
reaction rate. The strong exponential nature of
the reaction rate dependence on temperature was
first recognized by Arrhenius. Equation 15.1.4

15-2

with the pre-exponential factor taken as tempera-
ture independent (i.e., not including the T2
dependence) is called the Arrhenius equation.
Equation 15.1.4 itself is said to be the modified
Arrhenius relationship.

It should be noted that the rate dependency
given by Equation 15.1.4 is only correct in cases
where the written stoichiometric equation
represents the entire sequence of events leading
to product formation. As will be discussed in
Section 15.1.3, combustion of a practical hydro-
carbon fuel involves many complex chemical reac-
tion steps before formation of final products, CO;
and H;0. 1In cases where the stoichiometric
equation does not describe the entire reaction
sequence, the dependencies of the reaction rate on
reactant concentration may not correspond to the
molecularity and even fractional "reaction orders"
may be observed. Nevertheless, the form of
Equation 15.1.4 is valid for each individual
reaction step of the complex sequence.

15.1.2 Chemical Equilibrium

As a reaction like that described in
Equation 15.1.1 proceeds, changes of concentration
with time occur as illustrated in Figure 15.1.1.
When the concentrations of products C and D
become significant, backward or reverse reaction
(i.e., conversion of products back to reactants)
can become important. The rate of backward
reaction, ry, may be analyzed in the same manner
as in the case of forward reaction (Equation 15.1.2)
to yield the following relation:

ry = k,[cI® [n)¢ (15.1.5)

— A
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Figure 15.1.1 Concentration Variations During the

Course of a Reaction.

In recognition of the existence of both
forward and reverse reactions, the more
appropriate convention for expressing the general
chemical system described in Equation 15.1.1 is:

kg
N

aA + bB ~ ¢C + dD
38

(15.1.6)



Because reverse reactions always exist to some
extent, concentrations of A and B will eventually
decrease to some finite, non-zero values such that
rates of forward and reverse reactions are equal.
These equilibrium concentrations are the asymp-
totes of Figure 13.1.1. Note that the more

general case where the reactants concentrations

are not in exact stoichiometric proportioms has
been illustrated in Figure 15.1.1 which corresponds
ta the situation of a large excess of reactant A.

The equilibrium concentrations can be
determined from Equations 15.1.2 and 15.1.5. At
equilibrium, the rate of disappearance of reactant
(Equation 15.1.2) will be entirely balanced by the
reactant formation rate (Equatiom 15.1.5). Con-
sequently, the equilibrium condition is rg = rp Or:

k [a1°[B1° = 1 [cI°[n]® (15.1.7)

Rearranging vields the following useful expression:

e [el® (o1t
5 [al® [51°

(15.1.8)

Becanse kf and kp are functions of temperature
only, Equation 13.1.8 provides a convenient means
of relating equilibrium comcentration to mixture
temperatore. The ratic kg/ky is known as the
equilibrium constant based on concentration, Ke.
An additional equilibrium constant based on mole
fractions, Ky, can also be developed.

An even more familiar means of character-
izing equilibrium involves the partial pressure
equilibrium constant, K,. Partial pressure is a
concept in which the total mixture pressure is
envisioned as a sum of pressure contributions
from each of the mixture constituents. The partial
pressure of each comstituent is the fraction of
the total pressure corresponding to the mole
fraction of that compound. The equilibrium con-
stant defined in terms of partial pressure is:

[ d
BANCS

= (15.1.9)
i a b
(e %)

K

where Py, Py, Pg, and Pp are the partial pressures
of each constituent. By coovention, these pres-—
sures are always expressed in atmospheres when
used in equilibrium chemistry calculations.

Boch K. and Kp are functions of temperature
anly. The temperaturs dependencies can be deduced
from Equationsg 15.1.% and 15,1.7:

[A]a [B]h Cg T%exp(—Eaf/RT) =

[cI® [0]* ¢, Tiexp (-Egy/RT)  (15.1.10)
which can be reduced to:
2. =-E
. . l"ah af)
Ko oor K, e“p(——jff__—— (15.1.11)

Consequently, the equilibrium constant may have a
strong, exwvonential temperature dependency.

In hydrocarbon-air combustion applications,
two equilibrium relations are of paramount impor-—
tinee. They are the dissociations of COp and Hy0:
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€0 + 1/2 0, ¥ co, (15.1.12)

Hy + 1/2 0, ¥ Hy0 (15.1.13)
Mathematical treatment of these equilibrium
relationships is often simplified by the use of
the water gas reaction:

CO + Hy0 > Hy + €O, (15.1.14)
It should be noted that this is not a third
independent relationship but a linesr combination
of Equations 15.1.12 and 15.1.13. Partial
pressure equilibrium constants for each of these
three reactions are illustrated in Figure 15.1.2
(data from Reference 15.1 have been utilized).
Note the relative temperature insensitivity of
the water gas equilibrium constant.

1

-
ou
)

CO+Y%0,= €O,

-t
o
1

C02+H3’=FE04-CO

EQUILIBRIUM CONSTANT
=
1

1 L] 1 L L] L]

1800 2000 2200 2400 2600 2800 3000
TEMPERATURE (°K)

Figure 15.1.2 Equilibrium Constants for Tmportent
Dissociation Reactdions.

Since the maximum chemical energy is
released from a hydrocarbon fuel upon conversion
to COp and Hp0, dissociation of either of these
products results in a decrease of emergy
released. As will be shown in Section 15.2,
equilibrium flame temperature is strongly
influenced by dissociation. Because of the temper-
ature sensitivity of the equilibrium constants,
dissociation is more pronounced at higher flame
temperatures. Figure 15.1.3 illustrates the
effect of final mixture temperature on dissociation
using the example of stoichiometric combustion of
a CpHyn type fuel with air at one atmosphere. The
influence of final mixture temperature on GO and
Hp concentration in the combustion product is
pronounced.

15.1.3 Hydrocarbon Chemistry

The sequence of events occurring during
combustion of a practical hydrocarbom fuel is
extremely complex and not understood in detail.
Major aspects of hydrocarbon combustion chemistry
involve hydrocarbon pyrolysis and partial oxida-~
tion to Hy and CO, chain branching reactions
resulting in H, consumption, and CO oxidation by
radicals generated during chain branching. Each
of these reaction steps is schematically illustra- .
ted in Figure 15.1.4. Note that the chronology of

_ these processes is schematically indicated by the



flow of mass through the reaction steps. Each
process is individually described below.
40.
20.+
10.+
) 6t co
B \
2 4t
5]
£
o I Hy
v \
° 1.0
o
T 6
A
2r
-‘ 1 3 1 L i
1800 2000 2200 2400 2600 2800 3000
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Figure 15.1.3 Equilibrium CO and H; Concentration
Dependence on Temperature

CHAIN
BRANCHING

Figure 15.1.4 Hydrocarbon Combustion Chemistry
Schematic.

Pyrolysis is the term given to the process
by which fuel molecules are broken intc smaller
fragments due to excessive temperature and partial
oxidation. This molecular destruction is accom-~
plished during the first phase of the combustion
process. The predominant resulting products are
hydrogen and carbon monoxide. Little detailed
information is available concerning the chemistry
of these processes for practical fuels--large
hydrocarbons with molecular weights of 50 to 200.
It is well-recognized that hydrocarbon structure
and its influence on the pyrolysis chemistry
affects the combustion process. For example, low
fuel hydrogen concentration leads to excessive car-
bon particle formation in the early stages of
combustion.

Edelman (Ref. 15.2) has developed a single-
step quasi-global model to characterize the pyroly-
sis and partial oxidation of any practical hydro-
carbon fuel. His approach is to characterize the
kinetics of the numerous complex chemical reactions
resulting in production of H; and CO by a single
reaction step. An Arrhenius type expression has
been fitted to experimental data involving varia-
tions in temperature and pressure as well as fuel

15-4

and oxygen concentration. Edelman's result is:

- 8
) d[:cn-H_J“ iz x 10°T fcu )% -
dt P .825
[0;]exp(-24,400/RT) (15.1.15)

where concentrations are expressed in moles/cc,

T in K, and P in atmospheres. The activation
energy of 24,400 is in the units cal/g mole®K.
Although this expression has proven to be useful
in some combustion models, additional effort is
required to determine chemical kinetic differences
between hvdrocarbon fuel types and to study
pvrolysis mechanisms in mixtures. Further, the
interface between fuel pyrolysis and carbon
particulate formation requires additional study.

The products of pyrolysis are reduced
state compounds (RSC). Oxidation of these species
is better understood than their formation. The
important oxidation reactions for the reduced-
state compounds are of the general form:

RSC + OR = OSC + RR (15.1.16)
where RSC = reduced-state compound

OR = oxidizing radical

0SC = oxidized-state compound
RR = reducing radical.

The rate of oxidation of the RSC may be assumed
to be given by the appropriate Arrhenius controlled
mechanism.

While reactions of the nature described by
Equation 15.1.16 play a role in consuming the H;
formed during the pyrolysis process, many gross
characteristics of hydrocarbon combustion are a
result of other chemical reactions which involve
"chain branching." This type of reaction
sequence involves the production of additional
radical species during the process. 1In the case
of the Hp oxidation process, the important
chain branching reactions are:

Hp + 0 >~ H + OH (15.1.17)

H=-~ 0, -0H+ 0 (15.1.18)
Note that in either reaction a single radical (0
or H) results in the production of two radicals
(H+ OH or O + 0). This type of reaction has

the potential of producing large quantities of
radical species. In portions of the combustion
zone having high H; concentration, radical species
can reach levels far in excess of equilibrium.
During this process, OH radicals also participate
in RSC reactions (Equation 15.1.16) to produce

Hy0 from H».

Carbon monoxide consumption is controlled
by the following RSC reaction:

CO+ OH - CO; + H (15.1.19)
Since the activation energy of the reaction
indicated by Equation 15.1.19 is generally low
(only a few kcal/g-mole) the carbon monoxide
oxidation rate is predominantly influenced by OH
concentration. As previously noted, this quantity
is controlled by the chain branching mechanism.
Nevertheless, a common method of approximating
radical concentration in a RSC reaction involves




assuming local or partial equilibrium. This type
of approach has been used in CO oxidation studies
by Howard et al. (Ref 15.3). Because the fume-
tional relationship between equilibrium OH concen—
tration and temperature is exponential (Equation
15.1.11), an Arrhenius like dependence can be
written for a quasi-global O; + CO reaction in

the presence of H;0. Howard, et al. determined:

-30,000
- dleo] =  [colf0.1" [,01% (@ BT (15.1.20)
dt

whaera k_ is a constant = 1.3 x 1014 ce/mole sec.
This assumption is not necessarily in conflict
with the knowledge that higher-than-equilibrium
free radical concentrations may be produced by
the reactions of Equations 15.1.7 and 15.1.18.
CO oxidation is much slower tham Hy; consumption
and, in non-recirculating systems, occurs pre-
dominantly after the chain branching Hy
reactions are largely complete. However, gas
turbine combustion systems do employ recirculation
and the suitability of this assumption for that
application is uot straightforward.

The production of Hy0 and especially €O,
through the RSC reactions described sbove results
in rhe release of a great deal of emergy. Con—
sequently, the rate of consumption of CO and the
predominant energy release rate are strongly
connected. Experience has shown that combustion
characteristics influenced by the principal heat
release processes (e.g. flame propagation) are
correlated by vonsiderations of Equations 15.1.19
and 15.1.20. On the other hand, those character—
istics dependent on fuel breakdown/pyrolysis (e.g.,
ignition delay) are better correlated by considera-
tion of Equation 15.1.15.

The above discussion provides only a
simplified description of the complex chemistry
of hydrocarbon combustion. Additional detailed
treatment has recently been undertaken in efforts
to predict pollutant emissions from combustion
systems. Table 153.1.1 illustrates omne of the
more complex schemes which has been utilized in
Reference 15.4.

15.2 THERMODYNAMIGCS

This section is intended to describe the
thermodynamic relationships of importance in
evaluating the effect of chemical energy release
in combustion systems. The first subsection high—
lights epplication of the first law of thermo-
dynamics, offers straightforward evaluations of
flame temperature dependencies, and describes
methadology wsed in caleulating flame temperature.
The second addressas important flame temperature
dependencies in the practical situation of jet
fuel/air combustion.

15.2.1 Energy Belease and Flame Temperature

The first law of thermodynamics, energy
conzervation, is an important factor in any
andlysis of combustion systems. Adiabatic,
flowing, constant pressure combustion systems,
appraximated by both mein bwrners and after—
burners of gas turbines, can be analyzed using
congervation of total enthalpy. In this case,
total enthalpy includes sensible (or thermal),
chemical, and kipetic contributions.

TABLE 15.1.1:
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Hydrocarbon Oxidation Kinetics

Scheme (From Reference 15.4)
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h, = total enthalpy (Kcal/kg)
s = sensible enthalpy (Kcal/kg)

mass ratio of fuel to air

flow velocity (m/sec)

4186 Jdoule
Kcal

(15.2.1)

chemical energy (Keal/kg fuel)

mechanical equivalent of heat =

Most frequently, standard heats of forma-
tion are used to determine the chemical emergy

standard heat of formation, he, represents the
energy addition necessary for constant pressure
formation of a compound from its elements in

their natural state at 259C.

The energy required

to accomplish any reaction can be calculated by
algebraically summing the heat of formation

contributions of products minus reactants.



(8h ) ys0c = Ixjlhe)y ij(hf)j (15.2.2)
where: Ahp = heat of reaction at 25°C
xi{ = stoichiometric coefficients

of product compounds

¥, = stoichiometric coefficients
of reactant compounds.

If Equation 15.2.2 is applied to a complete oxida-
tion process of a hydrocarbon where all fuel
hydrogen is converted to H,0 and all fuel carbon
is converted to C0,, the heat of combustion, Ahg,
will be calculated. Note that this result is
normally a large negative value (i.e. the reaction
is strongly exothermic).

The amount of heat required to accomplish
a reaction, Ahp, 1s a function of reaction tempera-
ture. Heat required at temperature T,, rather
than 25°C would be: :

(hr) g = (Bh)p50c .

(h__ - h_) - (h

sp srlrg sp (15.2.3)

" ) asec
where hgp and hgy are the product and reactant
sensible enthalpies. Heats of combustion are
generally greater (i.e. less energy is released)
as temperature is increased.

With the important exception of the after-
burner nozzle, the kinetic contribution to total
enthalpy in gas turbine combustion systems is
relatively small. In such a case, the relation-
ship between the energy released due to combustion
and the final flame temperature is:

“(ohe) = (hep) = (hsp)

T2

/ ¢ ar
T, P

1

(15.2.4)

where Cp is the temperature-dependent specific heat
of the combustion products and the heat of combus-
ticn at temperature T} is calculated using
Equation 15.2.3. 1In this flame temperature
calculation, the heat generated in forming combus-
tion products at temperature T} can be envisioned
as an energy source for constant pressure heating
of the combustion preducts from Tp to Tjp.

The term ¥ in Equation 15.2.1 is a tempera-
ture Invariant representation of a fuel's chemical
energy. It may be calculated using the following
relationship:

¥ o) p50c * (hSP g asec

(15.2.5)
The concept of chemical energy in conjunction with
Equation 15.2.1 provides a second method for
determining final flame temperature (Ref. 15.1).
Conservation of total enthalpy, for the case
where kinetic contributions are negligible,
results in the following expression:

f/a w
(hsr)Tl +(l + f/a> ¥ = (hsp)Tz (15.2.6)

It can be shown that the solutions for Equations
15.2.5 and 15.2.6 and Equations 15.2.3 and 15.2.4
are identical.

The case where a hydrocarbon fuel is
completelv reacted to CQ; and H;0 results in the
maximum achievable flame temperature, as the
maximum erergy is released upon formation of these
products. Note that this can only be achieved for
a lean mixture (i.e., more oxygen necessary than
required for stoichiometric reaction). Conversion
to H.0, CO;, and CO is often assumed for rich
mixtures, as the conversion of H; to H;0 is much
more rapid than CO oxidation (see Section 15.1.3).
The temperature that would result if the reaction
wvere complete is defined as the "theoretical
flame temperature.' Because of incomplete
combustion, energy losses, and the effects of
€O, and H,0 dissociation, the theoretical flame
temperature is never achieved in real combustion
systems. Nevertheless, consideration of this
simplified flame temperature concept reveals
important trends dictated by the first law of
thermodynamics.

Equations 15.2.4 and 15.2.6 relate tempera-
ture rise to heat release due to combustion. For
a given amount of energy release it is apparent
that the final flame temperature will increase
with initial temperature. Secondly, since for
lean mixtures the heat released will be propor-
tional to the amount of fuel burned per mass of
mixture, it is implied that T2 will increase
directly with fuel-air ratio. However, when the
mixture ratio exceeds stoichiometric CO, and
possibly H: and unburned fuel, will be present in
the exhaust products and a decreasing flame
temperature trend will result. Consequently,
this analysis indicates a maximum flame tempera-
ture for stoichiometric conditions. These trends
are illustrated in Figure 15.2.1. Rather than
considering fuel-air ratio, the equivalence
ratio, #, has been used in this illustration.
Equivalence ratio is the fuel-air ratio of con-
sideration divided by the stoichiometric fuel-air
ratio:

4 - Ha_ (15.2.7)

(f/a)stoichiometric

Values of ¢ less than unity correspond to lean
operation while those greater than unity correspond
to rich combustion.

Accurate flame temperature prediction
requires consideration of dissociation effects and
variable specific heats. Iterative solution of
at least four simultaneous equations is involved.
The equations are:

a) stoichiometric chemical equation (mass
and atomic conservation)

b) energy conservation
¢) COp dissociation

d) H,p0 dissociation.

Additional equilibrium relationships may be added
to improve accuracy and predict concentrations of
NO, NO», O, H, OH, N, etc. Note further that the
water gas equilibrium equation is usually sub-
stituted for either c¢) or d) to simplify
mathematical procedures (see Section 15.1.2).
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Figure 15.2.1: Theoretical Flame Temperature

Dependence on Equivalence Ratio.

A number of methods of solving these
equations are practical. Ome technique involves
assuming a flame temperature and calculating
species concentrations using the equilibrium
ralationships. The values are then used to check
for balance of the energy equation. Additiomal
guesses and iterations are made till a temperature
is determined such that the conservation of enmergy
is satisfied within acceptable limits.

Because of the involved nature of these
caleulations, detailed tabulated results and
computer programs have been established to assist
combustion scilentists and engineers. Some of the
early tabulated calculations are the subject of
Reference 15.5 while the wost popular of currently
avzilable computer programs for this purpose is
described in Reference 15.6.

Tmportant Flame Temperature Dependencies

This sub-section presents calculated
tlame temperature results of practical importance
to turbine emgine combustion. ITmportant variables
ta ba evamined are fuel-air ratio, initial
pressure 2nd temperature, and mixture inert
concentration.

The simplified relationship between
caleulated constant pressure adiabatic flame
temperatura god mixture ratio shown im Figure
15.2.1 is significantly altered when the detailed
effects of dissociation and specific heat varia—
tions are included. This is illustrated in
Figure 15.2.2 which shows results for combustion
of Jer A with air at 8009K and 25 atm (representa—
tive of modern combustor inlet conditions at 100%
pawer operation). The difference between theoreti-
cal and actual flame temperature as the mixture
rvatio zpproaches stoichiometric is due to the
presence of significant CO and Hy concentrations
at the higher temperatures (see Figure 15.1.3).
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In addition, note that dissociation causes the
peak flame temperature to occur at slightly rich
conditions.
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Figure 15.2.2: Effect of Equivalence Ratio on

Adiabatic Flame Temperature.

An understanding of the influences of
initial pressure and temperature on flame
temperature is important to the combustion
engineer, as testing is frequently accomplished
at scaled operating conditions. Figure 15.2.3
illustrates the relationship between stoichio-
metric flame temperature and inlet temperature at
a pressure of 25 atmospheres using Jet A fuel.
Note that only one-half of an increase in inlet
temperature is translated to flame temperature at
these conditions. Agein, the non-linearity is
primarily due to the strong temperature dependence
of the equilibrium constants for €O, and Hy0
dissociation. The effect of pressure is illustrated
in Figure 15.2.4. An increase in pressure at
constant initial temperature results in an increase
in flame temperature. This dependence can be
explained by examining the form of the Hy0 and CO,
dissociation equations. In both cases, dissocia—
tion requires an increase in the total mumber of
moles of product. The physics of the equilibrium
process, as embodied in Equations 15.1.8 and
15.1.9, cause an increase in pressure to result
in a shift to less total moles of product —— in
this case less dissociation. The increased
amounts of Hp0 and CO, in the combustion products
result in greater flame temperature.

Consideration of main combustor exit
temperatures can be somewhat simplified from the
complexities of the foregoing discussion. Most of
the variations discussed with respect to Figures
15.2.2 - 15.2.4 agccur at the highest values of
flame temperature. Since main burmer exit
temperatures are gemerally below 1750°K, the inlet
temperature aud pressure effects of dissociation
are far less pronounced. Figure 15.2.5 illustrates
the relationship between fuel-air ratio and total




temperature which may be used for any pressure at
flame temperatures less than 1750°K.
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Figure 15.2.5 Combustor Exit Total Temperature
for Jet A Fuel and Arbitrary
3000 Pressure (Working Chart).

Another important factor influencing
flame temperature is oxygen concentration. Two
very important instances of combustion with an 0;
concentration less than that of air are vital to

= the combustion engineer. While a gas turbine
2600+ engine main burner encounters air with approximately
21% O, in actual operation (preheating being

accomplished by the compressor), testing is
sometimes conducted using vitiated air -- inlet
temperature requirements are satisfied by pre-
combustion rather than compression or indirect
heating using a heat exchanger. The other very
2200 L J 1 i — important example of vitiated combustion is, of
1 5 10 15 20 25 course, the afterburner. In this case, some of
the energy previously added by the compressor and
PRESSURE (“tm') main burner combustion hac been extracted by the
turbine. Consequently, temperatures in stoichio-
metric zones of the main combustor significantly
Figure 15.2.4 Effect of Pressure on Stoichiometric exceed maximum achievable temperatures within
Flame Temperature. the afterburner.

2800

2400

FLAME TEMPERATURE (°K)

A means of evaluating the effect of
vitiation on flame temperature is to consider
oxygen availability. Vitiated combustion is
characterized by abnormally high Hy0 and CO, con-
centrations and lower O; concentrations.
Therefore, the effect of vitiation is to reduce
the amount of fuel per mass of mixture which can



be stoichiometrically burned; reduced final flame
temperature would be predicted by Equations
15.2.4 and 15.2.6. Figure 15.2.6 illustrates the
effect of reduced oxygen concentration as a func-—
tiun of the degree of vitiation. These calcula-
tions were performed with combustor inlet
conditions of 900°K and one atmosphere pressure,
values typical of turbine exit conditions. The
results include the effects of dissociation.
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Figure 15.2.6 Effect of Vitiation om Stoichiometric
Flame Temperature.

15.3 CAS DYNAMTCS AND DIFFUSION PROCESSES

Tne influences of gas dynamics and diffusion
af species and heat on combustion are extremely
complex. Rather than treat these involved _
processas in detail, this section intends to
explain the impact of these phenomenon in turbo—
propulsion combustion and to outline the general
appradches utilized to model these processes in
turbine engine combustion systems. The topics of
consideration include premixed laminar f£lame
propagation, diffusion-controlled combustion,
effects of turbulence on combustion processes, and
the perfectly stirrsd reactor.
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15.3.1 Premixed Laminar Flames

The simplest situation involving
simultaneous treatment of combustion and gas
dynamics is the premixed laminar flame. In this
case, a reaction front proceeds through a
uniform mixture of gaseous fuel and air with a
constant propagation speed. Am analysis of the
mass, momentum, and energy conservation equations
governing this case (called the Rapkine-

Hugoniot analysis) predicts two types of solutions.
First, the reaction front can proceed into the
unburned gases supersonically. The velocity of
the burned gases with respect to the reaction
front can be either subsonic (the detonation case)
or supersonic (the supersonic combustion case).
Secondly, the reaction froat can proceed into

the unburned gases subsonically. In this case,
the burned gases must also be subsonic, as the
supersonic case would violate the second law of
thermodynamics. Subsonic flame propagation is
also called deflagration.

While the Rankine~Hugoniot equations
predict the existence of deflagration and relation-—
ships between the properties of burned and
unburned gases, the analysis does mot allow
caleulation of the propagation velocity, St.
Prediction of Sy requires consideration of heat
conduction and species diffusion across the
reaction front. The basic thermal theory of
Mallard and LeChatelier first proposed in 1883
results in the following important temperature
dependence:

S. N exp(—Ea/ZRTf) (15.3.1)

L

This temperature relationship is similar to that
for reaction rate (Equation 15.1.4) except for the
factor of 2 in the exponential denominator.
Equation 15.3.1 is consistent with empirical
flame propagation dependencies on fuel air ratio
as shown in Figure 15.3.1; the highest propaga—
tion velocity is at approximately ¢ = 1, where

T¢ is at its maximum value.

Variations in flame propagation rate with
the hydrocarbon types of practical interest to
turbopropulsion combustion are mot substantial
(Ref. 15.8). Practical jet fuels would be
expected to behave in 2 manner similar to that of
the fuels described in Figure 15.3.1. The
pressure dependence of flame propagation is not
straightforward. In mixtures with burning
velocities below 50 cm/sec, 81, decreases with
increasing pressure. Between 50 and 100 cm/sec
81, remains approximately constant. Above
100 cm/sec Sy, increases with increasing pressure
(Ref 15.8).

Across the reaction front a substantial
decrease in gas densities occurs. Consequently,
mass conservation requires a substantial increase
in velocity. This acceleration results at the
expense of some pressure drop across the front.
The pressure drop is:

(15.3.2)

where y is the ratio of initial gas specific
heats, Ty is the initial temperature and a is the
speed of sound in the initial mixture.
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Figure 15.3.1 Flame Velocitjes of Paraffin-Oxygen
Mixtures at One Atmosphere Pressure

and Room Temperature.

This quantity
(usually less
experience in
release.

represents the minimum pressure drop
than 17) a combustion system can
order to accomplish a given energy

Values of laminar flame propagation are
usually no greater than 5 m/sec. Since reference
velocities in modern combustion turbine engine
systems are generally greater than 25 m/sec, lami-
nar flame propagation is not considered a predomi-
nant mode of combustion. Other modes of combustion
involving diffusion control, turbulent mixing, and
the establishment of zones approaching perfectly
stirred reactors are necessary.

15.3.2 Diffusion Controlled Combustion

In many practical devices the fuel and air
are not entirely premixed prior to combustion. In
these cases, reactions take place in flame zones
where the influx of oxygen and fuel occur at a rate
corresponding to the stoichiometric ratio. 1In
laminar flows, the mechanism for transport of fuel
and oxygen into these zones is molecular diffusion

and these types of systems are called diffusion
flames.

Common examples of laminar diffusion flames
are the candle, a kerosene lamp, or a match; in
each case the fuel and 0, do not premix prior to the
flame. An appreciation for the nature of diffusion
flames may be gained by exanining the early work of
Burke and Schumann (Ref. 15.9) which was published
in 1928. Experimentally, they utilized a system
Fuel

similar to that shown in Figure 15.3.2a.
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enters the combustion zone through a central tube.
A laminar diffusion flame, the shape of which is
governed by the ratio of fuel to air flow, is
established in the combustion zone.

a. Experiment

FLAME SURFACE

LOCATIONS
o AT o

RADIAL POSITION

b. Important Profiles at
Plane A: 0, Oxygen Concentration,
F, Fuel Concentration, T, Temperature.

Figure 15.3.2 Diffusion Flame Characteristics.

Burke and Schumann's analysis constituted
the first successful treatment of laminar diffu-
sion flames, and it continues to represent the
approach taken in modern work. They modeled the
flame as an infinitely thin sheet into which fuel
and oxygen flow in stoichiometric proportions.
All heat release from chemical reaction occurs at
this surface. This approach is equivalent to the
assumption that the chemical reactions are
infinitely fast compared to the diffusion processes
which, therefore, control the burning rate. 1In
order to mathematically prohibit an infinite
gradient of fuel or oxygen at the flame surface
(which would indicate infinite flux into the
surface) it is necessary to require both fuel and
oxygen concentrations to be zero at the surface.
This concept of concentration and temperature
profiles is illustrated in Figure 15.3.2b.

Impertant differences between premixed and
diffusicn flames center around the existence of
the flame sheet. 1In the case of the premixed
flame with no flame sheet, temperatures achieved
correspond to that for contant pressure combustion
at the premixture fuel-air ratio and the burning
rate is controlled by the chemical kinetic rate
and flame temperature (Equation 15.3.1). However,
in the case of laminar diffusion flames, combustion
always occurs at stoichiometric conditions at the
flame sheet and the burning rate is controlled by



molecular diffusion., Moreover, the temperature at
the flame does not generally correspond to the
premixed constaunt pressure stoichiometric flame
temperature. The thermodynamiecs at the flame sheet
are strongly influenced by the rates of heat and
mass transfer near the flame (i.e., mass and
temperature gradients) and are not calculable
through the use of a simple energy balance.

The simplifying assumption of an infinite
chemical reaction rate can be eliminated through
the utilizatiom of a much more sophisticated analy-
sis. The primary effects of including finite
reaction rates are prediction of z flame of finite
thickness, lesser gradients of comcentration and
temperature at the flame, and lower peak f£lame
temperatures. UWhile more accurate prediction of
near-flame characteristics is achieved by the more
sophisticeted analysis, many important properties,
natzbly burning rate, zre predicted mearly as well
with the less elaborate approach.

The instance im which the classical thin-
flame theory of diffusion flames is of importance
to turbine combustion systems involves fuel droplet
burning. While many combustion engineers question
whether droplet combustion occurs under the high
temperature and turbulent conditioms characteristic
of high pover operation, it would be likely during
starting and idle operation. 1In this case, vapori-
zation is caused by heat transfer from a flame
surrounding the liquid droplet, assumed to be at
its boiling temperature. The gaseous fuel proceeds
to the flame and stoichiometrically reacts with
oxyvgen diffusing radially imward from the surround—
ings. Analysis of this situation, similar to the
Burke and Schumann analysis discussed above, results
in the following burning rate prediction:

it

2
d= = dy" - kt (15.3.3)
where d is the fuel droplet diameter at time t, dp is
d act & =0, and k is a constant. This relationship,

lmaown at Godsave's law, predicts fuel efforts through
variations in k (Ref. 15.10). The influence of

convective velocity, air temperature, and oxygen
concentration can also be included in determination
of the value of k. Note that this relatiouship is
also applicable to droplet evaporation without
combustion, the difference being a smaller value

af k.

The foregoing discussion addresses the
simplified concept of fuel droplet combustion
wherein the process of each individual droplet is
assumed to be independent and the fuel is comprised
of a single hydrocarbon component. In reality,
the situstion is far more complex; droplet interac-
tions and complications of multi-component fuels
cauge gignificant departures from the simplified
cage discussed above (Ref. 15.11 aund 15.12), The
combustion engineer should utilize empirical
information when available. Recent data are
progsented in Reference 15.12.

Diffusion-controlled combustion will also
oceur in the cases where fuel droplets have vapor—
ized but wot mixed with surrounding air, thus
Lorming fuel-rich pockets, or where the gases from
2 rich primary zone wmix with secondary air. Many
of the performznce characteristics of present day
combustors confirm the existence and importance of
such processes. Howaver, the diffusion controlled
reactions in practical gas turbine combustion
systems camnot be simply treated by classical laminar
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diffusion flame theory; turbulence effects are
extremely important and the effects of turbuleat
diffusivity must be included. These will be
discussed in the following subsection.

15.3.3 Turbulence Effects

Previous discussions of both premixed and
diffusion controlled combustion have concentrated
on laminar systems. In practice, however, the
presence of turbulence has an extremely important
influence on both premixed and diffusion controlled
combustion.

The rate of flame propagation in a premized
system is greatly enhanced by turbulence. Most
available information on this subject has been
developed to improve the understanding of turbulent
flame propagation in afterburners. However,
turbulent flame propagation information is currently
of additional importance, as low emission combustors
employ a highly turbulent fuel-air mizing and
vaporization zone prior to combustion (see Chapter
20). An important consideration in such systems
is the possibility of "£lashback" or turbulent
flame propagation upstream to the fuel injection
point.

Lefebvre and Reid (Ref. 15.13) have
reviewed important turbulent flame propagation
literature. The relationships shown in Table
15.3.1 have been cited as representative of the
understanding of turbulence effects. The
important parameters influencing turbulent f£lame
propagation, St are:

' = the fluctuating component of gas

u
velocity.
: ‘5 = parameter describing free stream znd
flame generated turbulence intensity.
%2 = turbulence length scale.

Generally speaking, the turbulent flame velocity
can be the order of the turbulent velocity, u',
far exceeding Sp.

Turbulence also causes increased burning
rates in diffusion flames (Ref. 15.18). Analyses
for turbulent diffusion flames are similar to the
laminar case but use an artificially high
diffusivity constant. Physically, the increased
fuel/air mixing is explained as due to forced
mixing of small fuel lean or fuel rich elements of
gas by turbulent forces. These smzll elements of
gas dre called eddies. The amalytical adjustment,
called eddy diffusivity, accounts for the enhanced
mixing at the reaction front. This approach is
taken as a convenience and is based on empirical
correlations rather than fundamentzl principles.

The importance of turbulence on many
practical aspects of turbine engine combustion has
recently been highlighted by Mellor (Ref. 15.19).
He proposes a simplified model for main burner
combustion in which important processes are assumed
to occur in a highly turbulent diffusion flame
stabilized by a recirculation zome behind a bluff
body (see Figure 15.3.3). His analysis, based on
characteristic times for turbulent mixing and
chemical reaction and focusing on the shear layer
mizing zone, has been shown to be successful in
correlating a number of combustion characteristics
ranging from exhaust poliutants to stability.



TAELE 15.3.1:

Turbulent Flame Theories (From Reference 15.13).

Investigator Relationships

Conclusions

Damkohler (Ref. 15.14) ST = 8§ + u' St is independent of turbulence
At high velocities this scale. At high velocities St 1is
approaches St = u' determined solely by turbulent

velocity.

Shchelkin (Ref. 15.13) Sy = SL[] + (u',/SL)ZJ'J In agreemnt with Damkohler.

— \]
ST = u

At high velocities this approaches

kKarlovitz (Ref. 15.16)

For strong turbulence:

For weak turbulence S; = Sy + u’

[ SR

ST is independent of turbulence
scale.

- .5 Laminar flame speed is most
Sp = Sy + (28puh) important parameter.
Where:
S &
u' = 2o
73\
Scurlock (Ref. 15.17) S+ = S1[1+¢C (;72)2]'5 ST is dependent on laminar flame
T L 3 T
_ speed and turbulence scale.
Where: vy is dependent on approach

5

constant.

stream and flame generated turbulence;
1 is the turbulence scale; C3 is a

/
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Figure 15.3.3: Simplified Representation of a

Turbine Combustion System.

A final aspect of turbulence to be discussed
here involves its effect on chemical reactions.
During fuel-air mixing as well as in the reaction
zone, the individual turbulent eddies can have
widely differing values of fuel-air ratio and
temperature. Because reaction rates are very sensi-
tive to these variables (Equation 15.1.4) the
turbulence characteristics can strongly influence
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the rates and end products of the combustion process.
Gouldin (Ref. 15.20) has performed an analysis

which indicates that turbulence is of importance

to chemical reactions when turbulent temperatur®
fluctuations T' are such that:

-2
1 2
HCAPh >(J¥;> (15.3.4)
(- RT
where the bars indicate average values. Table

15.3.2 indicates (Ea/RT)™? for different values of
E, and T. Turbulence can be expected to play a
significant role in all cases except those
involving low activation energies (<20 Kcal/g mole)
and high temperatures (»2500°K). Because of the
obvious difficulties in accomplishing temperature
or concentration measurements on the time and
length scales of interest to this subject, only
limited empirical information is available to
provide further explanation of this complex
phenomena.

15.3.4 Perfectly Stirred Reactor

The perfectly stirred reactor (PSR) is
defined as a combustion region in which reactant
and product concentrations as well as temperature
are completely homogeneous (Ref. 15.21, 15.22).

The fuel-air mixture entering the reactor is
assumed to be instantaneously mixed with the com-
bustion products. In principle, this immediately
increases the temperature of the entering reactants
far beyond the initial state and provides a
substantial and continuous supply ¢f chain carriers



TABLE 13.3.2: Importance of Turbulence to Chemical

Reactions — Values of (Ealﬁf)‘z

. (Kcal ) _ T(°K)

a\z-mole 1560 2000 7500
10 .09 .16 .25
20 L0225 .04 .0625
40 .0052 .01 .0156
60 .0025 0044 . 00694
80 .0014 .0025 .0039

which are of paramount importance to hydrocarbon
combustion (See Sectionm 15.1.3).

Reaction rates per unit volume are maximized
in the PSR. Stabilization characteristics of
practical systems -- primary zones of main com~—
bustors and regions behind flameholders of after-
burners -- are often modeled using PSR analyses.

A simplified version of the analysis presented in
Refercnce 15.22 results in the following dependence
of the reaction rate on key parameters:

n
(IF - TR)
n—-1

(TR - Tu)

exp(—Ea/RTR) (15.3.3)

= reactor volume
m = mass flow rate into the reactor
n = total reaction order

= adiabatic flame temperature for complete
reaction

Tg = PSR temperature

T, = initial temperature of entering
(unburned) mizture.

Figure 15.3.4 illustrates the relationship between
mass burniag rate and reactor temperature. These
results correspond to a case where n = 2, B3 = 40
Keal/g mole and stoichiometric combustion of a fuel
yielding Ty valuss of 2530, 2500 and 24009K for

Ty values of 1000, 800, and 600°K. Equation 15.3.5
yields thres solutions for any value of m/vpn -
only the two highest Tp solutions are indicated in
Figure 15.3.4, as the lowest TR solution, while
stabls, is not of practical interest here. The
mwid-Tgy solution is also of academic importance,

as it is unstable. Considering only the highest
Tp solution, the analysis indicates that the
adiabztic flame temparature for complete reaction
is only achieved at flow rates approaching zero.
rurther, a maximm value of m/VP" is indicated and
blow out is espected if a further increase is
attempted. Typically, this PSR blow out point is
imminent when the temperature rise above inlet
conditions is 75% of that corresponding to
complete combustion.

The exponentizl nature of reaction rates
(Eguation 15.1.4) is directly reflected in
Equation 15.3.5., TFor this reason, perfectly stirred
reactors have been extensively utilized for high
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Figure 15.3.4 Perfectly Stirred Reactor Operating
Conditions.

temperature chemical kinetic studies. Equation
15.3.5 also indicates the beneficial effect of
higher values of TR on stabilization. This can
pe achieved by higher initial mixture temperature
(as shown in Figure 15.3.4) and/or an equivalence
ratio closer to unity. TFigure 15.3.5 illustrates
the dependence of the well-stirred reactor
stability region on egquivalence ratio. Consequently,
combustor designers strive to create primary zomes
which promote stabilization with an approximately
stoichiometric fuel-air mixture ratio.
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Figure 15.3.5 Stirred Reactor Stability
Dependence on Equivalence Ratio.



Equation 15.3.5 can be rearranged and
simplified while maintaining the most important
temperature characteristics to yield the following
relationship:

~E, /RT
— "~ exp
vpl

(15.3.86)

This relatiomship provides some guidance in
developing a parameter with which the volumetric
heat release of practical combustion systems may
be judged. Following the units of Equation 15.3.6
a specific heat release rate parameter, SHRR, has
been established for aircraft gas turbine com-
bustors with the units of energy/time-pressure-

volume. This topic is discussed further in Chapter
20.

15.4 COMBUSTION PARAMETERS

Three important combustion parameters will
be discussed in this section. Descriptions of
combustion efficiency, flame stabilization, and
ignition phenomena are included.

15.4.1 Combustion Efficiency

Perhaps the most fundamental of all com-~
bustion performance characteristics is the
combustion efficiency, ng. This parameter is
defined as the fraction of the maximum possible
energy which has been released during a combustion
process. For the case of constant pressure
combustion, n. can be expressed as:

(hep)y, = (hsp)y

(h_Jp - (h_ )
Sp 2 ideal

(15.4.1)

An excellent approximation of r. can be
made by assuming that the product specific heat
is independent of temperature:

(TZ B Tl)actual

0=
'c (T, - 1))

(15.4.2)
ideal

In cases where significant acceleration occurs
during the combustion process, total enthalpy or
temperature must be used in Equations 15.4.1 and
15.4.2. Further, the ideal value of Ty in
Equation 15.4.2 or (hgp)y, in Equation 15.4.1 is
that corresponding to the calculated equilibrium
flame temperature. Consequently, the considera-
tion of dissociation effects is vital when
temperatures are in excess of 1650°K.

In cases where the temperature is below
16509K, combustion efficiency can be related to
operating and fuel parameters as follows:

C (T, - T,)
q =22 _lLactual (15.4.3)

c ( £/a_ \(aho),
1+ f/a

where C, 1s an average specific heat and (Ahc)f
is the %uel heat of combustion.

In practice, Ne can be determined by
measuring the actual Tp. This method, however,

presents some difficulty in cases where com-
bustion efficiencies are above 90%.

The objective
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of such testing usually involves reduction of the
remaining combustion inefficiency and relatively
small temperature measurement errors can cause
large uncertainties in the determined inefficiency.
Consequently, exhaust gas analysis has received
wide acceptance as a means of more accurately
determining combustion inefficiency. Exhaust
concentrations of species containing chemical
energy (predominantly carbon monoxide, unburned
hydrocarbons, and hydrogen) must be determined.
Inefficiency may then be calculated using the
following equation.

Xoo(Bhed gy + Kye(Bhedye + Xy (8ho)y

l~-n_ =
c
f/a

1+ t/a (Ahc)f

(15.4.4)

where Xj is the mass fraction of species i, and
(4he)j is the heat of combustion of species i. The
numerator of this expression represents the unused
chemical energy per mass of exhaust while the
denominator represents the chemical energy per

mass of the initial fuel-air mixture.

Another common means of expressing Equation
15.4.4 involves the use of the emission index,
EI, which represents the mass of CO, hydrocarbons,
or H, in the exhaust per 1000 mass units of fuel.
In this case the equation reduces to:

1-n_ =107

+ 2.76 EIHZ)

232
(.232 EICO + EIHC

(15.4.5)

Note that in cases where the combustion
temperature exceeds 16509K, Equation 15.4.4 and
15.4.5 must be modified to account for the amounts
of CO, hydrocarbons, or H; which are present due
to equilibrium dissociation. The calculated
combustion inefficiency should correspond only
to that CO, hvdrocarbon, or H; which is present at
concentrations levels in excess of equilibrium.

15.4.2 Flame Stabilization

Not uall fuel-air mixtures are capable of
supporting sustained combustion. The equilivalence
ratio, temperature, and pressure conditions
within which combustion can be sustained in a
quiescent, gas-phase system are defined as the
flammability limits. Figure 15.4.1 illustrates
the existence of both fuel lean and fuel rich
limits for a kerosene-air system. While these
limits are dependent on pressure, experimental
configuration, and the existence of a quiescent
system, the fundamental concept of flammability
limits is invaluable as it defines the widest
possible regimes of combustion. Flammability
limit data for some typical hydrocarbons are
indicated in Table 15.4.1. It is noted that
variations in the limiting equivalence ratio are
not substantial for the lean limit, that of
primary practical importance to the combustor
designer.

Flammability limits are sensitive to
mixture temperature. Correlations have indicated
the following approximate relationships between
the mixture equivalence ratios for the lean and
rich limits (41 and ¢r) and initial mixture
temperature (Ref. 15.23):

$L(Ty) - éL(T) = -9.2 x 1075(T, - 1)) (15.4.6)

6r(T2) - dg(TP) = 25 x 107°(Ty - Tp) (15.4.7)
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Figure 15.4.1: Flammability Characteristics for a
Kerosene-Type Fuel in Air at
Atmaospheric Pressure.

TABLE 15.4.1: Flammability Limits in Air at
Atmospheric Pressure and Room
Temperature (From Ref. 15.23).

Equivalence Ratio

Fuel Lean Limit Rich Limit

n=-FParaffins

Methane .53 1.56
Prapane .53 2.51
Butane .60 2.88
Pantans .58 3.23
Hexane .55 3.68
Heptans , .63 3.78
Octane .60 —
Lzoparafins
2,2=Dimethylpropane .54 2.01
2=Methylpentane . .55 3.42
2,2,4-Trimechylpentane .66 -—
2,2,3,3~Tetramethylpentane .53 3.45
Olefias
Ethens 43 6.76
Propene .52 2.47
1-Bukens 46 2.94
Aromatice
Benzene .50 2.75
Taluenea .61 ——
Ethylbenzene .50 —

Substantial pressure differences may also be observed
if the test containmer is sufficiently small for wall
quench rezctions to he of importance.

Often @ flowing system will not be capable
of sustzined stable combustion under temperature,
pressure, and equivalence ratio conditioms within
the flammebility limits. In practical systems, the
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limits within which combustion will be stzable are
dependent on design details. An example of the
onset of instability in a premixed fuel-zir
system is found in the stabilization process for
a turbulent flame at the tip of a bumsen burner.
The blow off characteristics of such a system
have been successfully related to the velocity
gradient mear the bumsen burmer rim.

To reduce the possibility of instabilities
in flowing premized systems, flameholders and
primary zones are often used. In either case,
the stability of the system is achieved by
creating a region of violent recirculation and
thorough mixing. Such a zone approximates the
perfectly stirred reactor (PSR) which provides
maximum stability for a flowing system. Fuel
and air flow distributions are intended to
provide z near-stoichiometric equivalence ratio
in this region to maximize stability. In mzuy
cases, especially the flameholder, the portiom of
the flow intercepted by the recirculation zomne
is small and the predominant heat réleasing com-
bustion mechanism involves reactions within the
shear laver which bomnds the recirculation zome
(see Figure 15.4.2). The PSR portion of the flow
can be thought of as providing a continuous pilot
to sustain the shear layer combustion regiom.

FI.AMEHOLDER

STIRR ED ——

FUEL + AIR REACTOR
zoNE -—

Figure 15.4.2 Physical Processes in Flameholding

Blow out of these systems can be
envisioned as occurring in two phases (Refs. 15.24
and 15.25). First the less stable shear layer
becomes unable to sustain itself as flow is
increased and will extinguish. As previously
implied, this results in the elimination of the
predominant heat transfer source and causes the
combustion efficiency to drop to nearly zero.
The recirculation zome, being more stable, will
continue to operate until (m/VPM),. is reached
(see Figures 15.3.4 and 15.3.5) at which time
this region will also blow out. Since it
represents a minor heat release factor, this
final blow out point is of secondary interest.

15.4.3 Ignition

By definition, ignition is possibly only
for those fuel-air mixture conditions within
the flammsbility limits. The entire region
within the flammability limits must be further



divided into two sub-regions separated by the
spontaneous ignition temperature (SIT). This
parameter is usually determined using a standardized
test procedure where a liquid fuel is dropped into
an open air container heated to a known temperature.
The spontanecus ignition temperature 1s defined as
the lowest temperature at which visible or audible
evidence of combustion is observed. Typical

values of SIT are listed in Table 15.4.2. Note

the trend towards reduced SIT as the length of a
n-paraffin chain is extended. Further the impact
of side methyl groups in the case of iso-octane is
to increase SIT to a level consistent with an
n-paraffin of much lower molecular weight. Because
these data are specific to a particular experiment,
direct usage of these data as hazard criteria is
not advisable. Most importantly from the combustor
designer's standpoint, SIT variations due to
pressure are significant. SIT decreases rapidly
until approximately 2 atmospheres with apparently
small changes above this pressure (15.20).

TABLE 15.4.2: Spontaneous Ignition Temperatures

(From Reference 15.20).

Fuel S.I.T. (°K)
Propane 767
Butane 678
Pentane 558
Hexane 534
Heptane 496
Octane 491
Nonane 479
Decane 481
Hexadecane 478
Iso-octane 691
Kerosene (JP-8 or Jet A) 501
JE-3 511
JP-4 515
JP-5 506

Above the spontaneous ignition temperature
the key combustion characteristic is the ignition
delay time. This parameter is defined as the time
lag for a given fuel-air mixture to achieve
significant reaction. Zero time may be defined as
the incidence of initial mixing (as in a flow
reactor) or of near instantaneous heating (as in a
shock tube). While there are many ways to define
the onset of significant reaction (dT/dt, AT/ATgaxs
etc.), the important point is that the ignition
delay is exponentially related to initial tempera-
ture, Ty:

tign " exp (Ea/RTl) (15.4.8)

Because the ignition mechanism is not dependent on
final flame temperature, tjgn is not strongly
dependent on mixture ratic within the flammability
limits. However, a strong dependence on pressure
is usually observed. Ignition delay times for
typical fuels are illustrated in Figure 15.4.3.

Below the spontaneous ignition temperature,
an additional heat source must be utilized to
allow temperatures to locally exceed the SIT.

The most common method of achieving this is the
spark discharge. 7The necessary amount of energy

release to achieve ignition is called the minimum
ignition energy (MIE}.

The quantity varies very
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significantly with equivalence ratio as shown in
Figure 15.4.4 for the case of vapor fuel-air
mixtures. It is important to note that the
minimum condition is not always at a stoichiometric
mixture ratio. For heavy fuels the minimum occurs
closer to ¢ = 2. Other important variables
include initial mixture temperature and pressure.
Finally, in the more practical case of liquid fuel
spray-ignition, the extent of fuel vaporization is
vital to ignition characteristics. Rao and
Lefebvre (15.27) have shown that liquid fuel
droplet diameter has a powerful influence on
minimum ignition energy.
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Figure 15.4.4 Minimum Ignition Energies



15.5 JET FUELS

-

15.5.1 Cowmbustion Characteristics

The most fundamental of all fuel charac~-
teristics is the heat of combustion or heating
value. This empirically-determined parameter
represents the energy released per mass of fuel
upon complete combustion when both initial and
final temperatures are nearly 25°C. The actual
experiment involves a combustion bomb pressurized
with pure oxygen immersed in a well insulated
water bath. The temperature rise of the water
(usually only a few %C) is determined and the energy
necessary te cause this increase for the entire
systen 15 determined. This value, which is
caleulated as negative for exothermic combustion
reactions, is the constant volume higher heating
value.

Since the experiment is performed at 259C,
condensed water from the combustion products
within the bomb provides additional energy
relezse which is included in the constant volume
higher heating value. The measurement can be
corrected to yield the comstant volume lower
heating value (&b.)y which corresponds to the
energy which would have been released if the water
in the cambustion products had remained in the
vapar phase. The counstant pressure lower heating
value (4hg), which has been previously discussed
in Section 15,2,1, can then be calculated:

- &L
B = () = (mp = np)y

T

(15.5.1)

where and np are the number of moles of gaseous
products and reactant, T is initial or fimal
tenperature (approximately 2989K), and J is the
mechanical equivalent of heat. Values of Ah, and
hests of formztion for typical hydrocarbons and
jet fuels are shouwn in Table 15.5.1.

While heat of combustion differences among
bydrocarbons are relatively small, changes in
velztility are substantial. Fuels can range from
methane (boiling point of -1619C) to heavy liquid
hydrocarbons containing napthalene (boiling point
af 2110C). In pon-aireraft turbine applicatioms,
future Fuel candidates include even residual oils
(which have unon~volatile components). Common
airveraft turhine fuels, however, are a blend of
many hydrocarbons and their volatility is usually
characterized by a distillation curve as shown in
Figure 15.53.1.

The chemical composition of common jet
fuels is extremely complex. The hundreds of
hydrocarbon types present are often categorized
imgto three proups, paraffins, olefims, and
aromatics. Paratffins are the straight chain or
cyclic saturated wolacules like propane, butane,
or cyclobexane. Thess are generally very clean
burning fuels (low soot formation). Olefins are
characterized by the presence of a carbon-carbon
double bond ag occurs in ethylene. These compounds
are suspected of causing gum and stability problems
in jet fuels. Aromatics are molecules containing
unsaturated ring structures. These may be single
ring (e.g. benzens) or polycyclic (e.g. napthalene)
in pature. The combustion of aromatic fuels is
likely to cause problems assoeiated with carbon
particle formation, flame radiation and exhaust
smake.
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Figure 15.5.1 Distillation Characteristics of
Common Jet Fuels.

A final important fuel characteristic from the
handling, crash hazard, and tactical vulnerability
standpoints is the flash point. This parameter is
empirically determined using a controlled tempera-
ture container partially filled with fuel. A
small flame is passed over the fuel/air mixture.
The minimum temperature at which some evidence
of ignition is observed is defined as the flash
point. Xt has been demonstrated that this
temperature corresponds .to conditions where the
equilibriun vapor/air mixture above the liquid
fuel is at the lean flammability Iimit. This
characteristic is illustrated in Figure 15.4.1.
15.5.2 Common Jet Fuels
Three jet fuel types are in wide use
throughout the free world. JP—4 is the fuel used
by the air forces of NATO, including the United
States. Jet B, a fuel nearly identical to JP-%,
is used by Canadian commercial airlimes. These
fuels can be grossly represented as a blend of
kerosene and gasoline. The high volatility of
JP-4 results in a vapor prassure of about 0.17 atm
(2.5 psia) at 310°K (1009F), and a flash point of
approximately —-259C.

Jet A is the kerosene-based fuel used by
most of the world's commercial airlines, including
the United States. It has a much lower volatility
than JP-4 resulting in a f£lash point of about
520C. Because of the reduced probability of
past crash fires and the reduction of combat
vulnerability, the NATO nation air forces are

considering conversion to JP-8. This fuel is near—~
ly identical to Jet A~1, a commercial fuel similar
to Jet A in all respects except freeze point (-50°C
versus —40°9C for Jet A). The combustion character—
istics of JP-8, Jet A, and Jet A-1 are virtnally
identical.

The unique problems associated with ship-
board jet fuel use cause the U.S. Navy to use a
third fuel type, JP-5, which has an even higher
flash point (>63°C).



TABLE 15.5.1:

Heats of Combustion and Formation

(From Reference 15.1)

Mole~- -4dhe Ahg

cular Constant Pressure Lower Heat of Formation
Kanme Formula Weight Heating Value (cal/gm) (cal/gm)
Methane CHy 16.04 11,946 1115
Ethane CoHg 30.07 11,342 739
Propane CaHg 44.09 11,072 563
n-Butane C4Hyp 58.12 10,925 513
Isobutane C4H1p 58.12 10,897 541
n-Fentane CsHy2 72.15 10,744 573
n-Hexane CeHi4 86.17 10,685 551
n-Heptane C7H1¢ 100.20 10,643 535
n-Octane CgHig 114.22 10,611 523
2,2,4-Trimethylpentane CgH1s 114.22 10,592 542
n-Nonane CoHag 128.25 10,587
n-Decane C1pH22 142.28 10,567
n-Tetradecane C14H30 198.38 10,515
n-Hexadecane C16H3y 226.43 10,499
n~Pentatriacontane C3sHy2 492.93 10,573
Ethylene CoHy 28.05 11,264 -445
Propylene C3Hg 42.08 10,935 -116
Isobutene C4Hg 56.10 10,759 60
Octene CgHig 112.21 10,556
Cyclopentane CsHig 70.13 10,458
Cyclohexane CeHyg 84.16 10,376
Benzene Celg 78.11 9,588 -150
Toluene C7Hg 92.13 9,680 -31
a~Xylene CgH1g 106.16 9,748 -55
Methyl alcohol CH40H 32.0 4,802
Ethyl alcohol CoHs50H 46.0 6,447
Propyl alcohol C3H70H 60.0 7,388
Butyl alcohol C4H9OH 74.1 7,936
Acetylene CoH2 26.04 11,518 -2,080
Hydrogen Hp 2.016 28,651 0
Carbon (solid, graphite) o 12.01 7.826 0
Carbon (coke) to COp c 12.01 8,077 0
Carbon (coke) to CO C 12.01 2,467 0
Carbon Monoxide co 28.01 2,413
JP-4 CHz g2 10,389 476
Jp-5 CHy .92 10,277 458
JP-8/Jet A/Jet A-1 CH) g4 10,333 428

The physical and chemical properties of
these fuels are illustrated in Table 15.5.2.
Yearly consumption figures for 1974 have also been
shown.

15.6 SUMMARY

This chapter has reviewed fundamental
concepts necessary for the understanding of aero-
propulsion combustion. Two additional chapters
will consider the practical application of this
information to mainburners (Chapter 20) and after-
burners (Chapter 21). Much of this chapter has
reflected the theme that the subject of combustion
involves interdisciplinary study of chemistry,
thermodynamics, and gas dynamics.

Key topics to the study of combustion
chemistry are reaction rates, equilibrium considera-
tions, and the mechanisms of hydrocarbon-air
combustion. The Arrhenius relationship, which

describes the basic dependencies of reaction rate
on pressure, temperature, and concentration, has

been highlighted and
systems has been described.

its impact on combustion

€Oy and Hy0 dissociation
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and the water gas relationship are the primary
equilibrium considerations. Current understanding
of hydrocarbon combustion has been reviewed.

This complex process can be envisioned as a
sequence of events involving hydrocarbon pyrolysis
and partial oxidation to H; and CO, chain branching
reaction resulting in H, consumption, and CO
oxidation by OH radicals generated during chain
branching.

Combustion thermodynamics Iinvolves relating
energv release from fuel consumption to combustion
product effects. For constant pressure systems, the
first law of thermodynamics implies conservation
of total enthalpy across the reacting system.

Using this relationship, definitions and methods

of calculating flame temperature have been offered.
Theoretical flame temperature, calculated assuming
no dissociation, has been used to explain the
effects of initial temperature, fuel-air ratio,
fuel type, and extent of vitiation. Methods of
more accuratec flame temperature calculation,
including dissociation effects, have been presented
and the above-described effects were illustrated.



TABLE 15.5.2: Important Jet Fuel Properties
JP~4 JP-8 (Jet A-1) JP-5
Spec Typical Spec Typical Spec Typical
Property Regm't Value Reqm't Value Reqm't Value
Vapor Pressure (atm) A3 - .2 .18 - .007 —— .003
@ 38°C (100°F)
Inirial Boiling Point - 60. - 169. - 182.
(G 9]
End Foint (“C) - 246 288 265 288 260
Flash Point (°C) — -25 >49 52 >63 65
Aromatic Comtent (% Vol) <25 12 <20 16 <25 16
Olefinic Content (% Vol) <5 1 - 1 _— i
Saturates Content — 87 - 83 —-— 83
(% vol)
Net Heat of Combustion >10,222 10,388 >10,222 10,333 >10,166 10,277
(cal/gm)
Specific Gravity 0.751 - 0.802 .758 0.755 - 0.830 0.810 0.788 -~ Q0.845 0.818
U.8. Yearly Consumption 5 12 1

(109 gal)

Gas dynarmics and diffusion processes
affecting combustion have been described. Premixed
laminar flames have been discussed and the dependence
of propagation rate on temperature and especially
fuel-air ratio have heen highlighted. In the case
where fuel and air are not initially mixed, rates
of fuel and oxygen diffusion into the flame region
control the burning rate. Key properties of
diffusion flames and methods of amalyzing laminar
systems have been reviewed. The impact of
turbulence on premixed and diffusion flames has
been discussed. TIn the case of premixed systems,
flame propapgation rates are enhanced. In the case
of diffusion flamas, combustion zone miwing rates
are increased, resulting in greater burning rates.
Finally, model of rhe ultimate turbulent system,
the perfectly stirred reactor, has been offered.

In this system, mixing rates are instantaneous
relztive to chemical kinetic effects and uniform
temperature and species councentration exist
throughout the reactor. This perfectly stirred
reactoy analysis has indicated important dependencies
of such a system on temperature, mixture ratio, and
combustion kinetics.

=

Combustion parameters of importance to aero-
propulsiaon have been reviewed and explained using
the fundamental informetion regarding chemistry,
thermodynamies, and gas dynamics presented in
earlier sections. Parameters which have been
revieved are combustion efficiency, flame stabiliza-
tion, and ignition. Combustion efficiency has been
defined and related to both exhaust temperature and
species concentration. Flame stabilizatiom has
been discussed relative to the definition of
flammability (which applies to a quiescent system),
as wall as to the basic processes occurring in
£lameholder or primary zone regions. In the latter
cage, the roles of the recirculation and shear
layer zones have been highlighted. Tgnition has
besn discussed in terms of spontaneous ignition
temparzrure, ignition delay time, and minimum
ignition energy.

Finally, the important combustion characteristics
of jet fuals have been defined and discussed. These
include the heats of combustion and formatiom,
volatility and distillation characteristics, and

flash point, The properties of current jet fuels,
JP-4 (or Jet B), JP-8 (similar to Jet A), and
JP~5, have been tabulated. ;
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CHAPTER 20

TURBOFROPULSION COMBUSTION

20.0 INTRODUCTION

The evolution of aireraft gas turbine combustor
technology over the past forty years has been ax—
tremaly impressive. VWhile the corbustion system was
the primary limitation in development of the first
azirerzft gas turbine in 1939 (Ref 20.1), the com~
plexity snd hardware costs associabed with current
rotating engine components (compressor end turbine)
now fzr sxceed that of the combustion system. Re-
cent developments, however, have once again caused
significant shifts in development emphasis toward
combustion technology. WNew concepts and technology
improvements will be necessary to satisfy recently
legisgliated exhaust pollubtant regulations. Horeover,
future emphzsis on engines which can ubilize fuels
with & brozder range of characteristies are expected
to reguire zdditionzl combustor technology develop~
ment .

Beyond these externally imposed requirements are
the combustion system performance improvements
necessary to keep pace with new engine developments.
Further reductions in combustor physical size and
welght are expected o contimue as firm require-
merts. FPerformance improvements, especially with
respeet to engine thrust/weight ratio and specifie
fuel consumption, will require higher combustor
temperature rise, greater average turbine inleb
temperatures, and closer adherence to the design
temperzture profile at the turbine inlet, High
performznce designs must also permit greater Mach
number operation within and sround the combustor to
reducs pressure drop and minimize the physical size
of compressor exit diffuser hardware. Costs (both
initial and operating) must be minimized, as recent
exveriences with high temperature engines have con-
Tirmed the necessity to consider relisbility and
mzintenzoee aspects of life cyele cost as well as
rerformence and fuel coasumption.

The purpase of this chapter is to introduce the
reader 0 the hardware aspects of aireraft gas tur~
bine mzin burners; furdemental aspects have been
addressed din Chapher 15, and afterburners are to be
discussed in Chapter Z1. A pumber of reference texts
(Ref 20.2 — 20.6) have been published which address
various aspects of turbopropulsion combustion in =
detailed mznner. In particular, reference 20.6 cites
mone than TO0 reports =nd techniezl articles on the
topie of turbopropulsion combustion. The balance of
this chzgpter will digcuss the following four topies:
z) deseription of verious hardware types and defini-~
tion of 211 ferms of importance, b) review of param-
eters vertinent to performznece, e¢) discussion of
toals available to the combustor designer, and d)
review of the future regquirements of exhaust emis—
sion reduction, achievement of grezter fuel flex—
ibility. end advancement of burner performance.

20.1 COMBUSTION SYSTFEM DESCRIFTION/DEFINITIONS

In order to fully appreciazte and comprehend
contermorsry turbopropulsion combustor design
thilosophy, = number of general design and per-
formance terms must be understood. The purpose of
this section is to acouaint the reader with common-
ly used combustion nomenelature which will be uti~
lized throughout this chapter. A brief description
end/or definition of combustion system types, sizes,

contigurstions, znd flow-path terminology is given in
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the following subsections.

20.1.1 Types

Turbine engine combustors have undergone
continuing development over the past 40 yesrs re—
sulting in the evolubion of & variety of basic
combustor configurations. Contemporary combustion
systems may be broadly classified into one of the
three types schematically illustrated in Figure
20.1.1.

Figure 20.1.1 Combustor Types

a., Can: A can combustion system consists
of one or more cylindrical combustors each contained
in a combustor case. In the smzll T-63 turboshaft
engine of Figure 20.1.2, 2 single combustor can is
used while larger propulsion systems use & multi-
can assembly in an arrangement designed to provide
a continuous annular ges flow to the turbine
section. The combustion system of the J33 engine
ilTustrated in Figure 20.1.3 is representetive of
sueh multican systems.

T63 Turboprop Engine With Can
Combustor

Figure 20.1.2



Figure 20,1.3 J33 Turbojet Engine With Can

Combustors
b Gannular: Tris combustion system

consists of a series of cylindrical-combustors
aerranged within a common annulus--hence, the
cannular name. This combustor type is the most
comnon in the current aircraft turbine engine
pooulation, but is rapidly being replaced with

the annular type as more modern engines comprise
larger portions of the fleet. The JT9 turbojet
engine mein combustor, illustrated in Figure 20.1.k,
exemplifies cannular systems.

Figure 20.1.4 JT79 Cannular Combustor

c. Annular: Most modern combustion
systexs employ the annular design wherein a single
combustor having an annular cross-section supplies
gas to the turbine. An example of this combustor
type, the TF39, is illustrated in Figure 20.1.5.
The improved combustion zone uniformity, design
simplicity, reduced liner surface area, and shorter
system lengtn provided by the common combustion
annulus has made the annular combustor the leading
contender for all future propulsion systems.

Figure 20.1.5 TF39 Annular Combustor

20.1.2 Bize

Contemporary combustion systems may come
in & variety of sizes ranging from the smell 2.3 Kg/
sec (5 lbm/sec) annular burner of the WR-19 engine
(Figure 20.1.6) to the large 110 Kg/sec (242 1bm/sec)
annular combustor of the JTYD engine (Figure 20.1.7).
The WR-19 combustor is approximately 25.4 cm (10 in)
in diemeter and intended principally for missile
and remotely-piloted vehicle engine application
while the JT9D combustor is approximately 91 cm
(36 in) in diameter and is used in engines to power
the wide~body T47 and DC-10 class aireraft.

RADIAL OUTFLOW COMBUSION




20.1.3 Combtustar Coriigurations

Combustion system configuraztion may azlso be

a. Axizl Thru~Fiow: The most common con-
figurstion is ths axizl thru-flow design where com-
bustion zir flows = direction spproximately
parallal to the exis of the engine. The JTOD
annular burner illustrated In Figure 20.1.7 is
typiezel of an axizl Hhru-~-flow configuration.

b. BHRevarse-Flow, Folded: Engines with
centrifugal compressors often employ compact, re—
verse flow combustors. In these combustion systems,
ailr is passed along the oubside of the burner and
then tuwrned to flow throusgh the combushtion chamber.
Tne combustion gasss are then turned once again to
pess through the turbine. Hence, the air is re-
quired to make two 190° reversals in moving from
the comnressor to the turbine. The reverse flow
configuration is often employed to minimize engine
lepgih, especially in small turboshaft and turbo-
fan engines where propulsion system length is an
important design factor. Figure 20.1.8 illustrates
the TFE-T31 combustor, a typleal reverse flow con~
figuration.

20.1.8 TFE 731 Turbofan Engine with
Roverse-Flow Combustor

Figure

c. Radizl-Tn®low or Rzdial-Outflow:
The radial-inflow and radial-ocutflow combustor con~
figurations sre zlso well suifed to centrifugal
compressor propulsion systems. The radial-inflow
combushor has an outward-oriented donme or head-
plate with combustlon gas flow directed toward
the engive centerline, while the radial-outflow
configurstion has en inward-oriented dome with
the primary flow direction being sway from the
engine centearline. For exsuple, the WR-19 combustor
illustrated in Figure 20.1.6 is typical of compact
redini-outflow desigus.

20.1.h  Flowpathk Terminolozy

This subsectlion will identify and briefly
deseribe bagic zairilow distribution terminology
for & conventional combustor. Distribution of air
in, arsund, and through the combustor results in
the four basic zirflow regions illustrated in
Figura 20.1.9. Effsctive control of this air
digtribution is vital to the attainment of complete
combuztion, stable operation, correct combustor exit
temperature profile, and acceptzble liner temper-
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atures for long life.

Cacling Air Dilutien Air
/ Pt %
s N
!, L2
Primery Air \ ,’ N

Intermedicta Air

Primary Air
Figure 20.1.9 Main Combustor Ajirflow Distribution

a. Primary Air: This is the combustion =zir
introduced through the dome or headplate of the com-—
bustor and through the first row of liner eir holes.
This air mixes with incoming fuel producing the
approximately stoichiometric mixture necessary for
optimum fleme stabilization and operation (see
discussion on combustion stabilization in Section
15.k of Chapter 15).

b. Intermediate Air: To complete the
reaction process and consume the high levels of
primary zone CO, H_,, and unburned fuel, intermediate
air is introduced %h.rough a second row of liner
holes. The reduced temperature and excess alr cause
CO and Hz concentrations to decrease (see the
chemical kinetic and equilibrium relationships
presented in Section 15.1 of Chapter 15).

c. Dilution Air: In contemporary systems,
a large quantity of dilution air is introduced &t
the rear of the combustor to cool the bhigh tempera-
ture gases to levels consistent with turbine design
limitations. The air is carefully used to teilor
exit temperature radial profile to ensure accepteble
turbine dursbility and performence. This requires
minimm temperatures at the turbine root (where
stresses are highest) and at the turbine tip (%o
protect seal materials). However, modern and fubture
combustor exit temperature requirements are necessi-
tating increased combustion eir in the primary and
intermediate zones; thus, dilution zope air flow is
necessarily reduced or eliminated to permit these
increases.

d. Cooling Air: Cooling air must be used
to protect the combustor liner and dome from the
high radiative and convective heat loads produced
within the combustor. This air is normally intro-
duced through the liner such that a protective
blanket or film of air is formed between the com-
bustion gases and the liner hardware. Consequently,
this airflow should not directly affect the com-
bustion process. A detailed discussion of the
various design techniques employed to cool the
combustor liner is given in 20.2.2.3.

20.2 COMPONENT CONSIDERATIONS

20.2.1 Combustion System Demands

During the past several years, significant
engine performance gains have required advancements
in turbopropulsion combustion. Advanced strategic



aircraft propulsion systems utilize
with the operatiocr flexib ty to
vzrigaticns in compresscr discharge

exit temperature profile with minimum
and near-perfect combustion efficiency.
u =, heat release rates and combustor tem-
perature rise capabilities have significantly in-
reased and will continue to progress toward sioi-

i temperature conditions.

z1 ¢f combustion system per-

igr. objectives Is reguired cf all
] as they en+er development. Although
can te quite lengthy, the more important
requirements, some of which were alluded to above,
are given telow:

Performance Objectives

AN
0

orustion efficiency ( 200
ing condivions.

) at all

system total pressure 1loss.

. Stable combustion at zll operating
conditions.

. Felizble grcund-level igrition ard
altitude relight capability.

1imum size, weight, and cost.

. Combustor exit temperature profile
consicstert with turbine desigr require-
ment

. Effective hot parts cocling for long
1

. Good maintainability and reliability.

ssions consistent
ied limitaticns

“hese demards will be discussed in
ir. the fcllowing subsecticns.

A numoer of
mere detail

20.2.1.1 Corwustion Zfficiency: In that
fon system fue. consumption has a direct
ect aircraft system rarge, payload and operat-
ing cost, it is imperative that desigr poeint com-
bustor efficiency be as close to 1007 as possible.
Combusticn efficiency 2zt the nigh power/high fuel

T tions of take-off ard cruise is
rear 1007 {usuzlly greater than 99.57).
cff-gecigr effliciency, particulariy a:
car. be in the low niretles. With the advent
cf chemical emission controls and limitations,
tnis parameter becomes of particular significarce
during low vcwer operatiorn. For example, combustion
efTiciencies at off-design corditions, such as idle,

ef?

th

exhaust caroon moroxide end unbwrned hydrocartons.

sed in Cnapter 15, combustion
defined in a number of equation

efficiency
forns:

nthalpy Rise N ) ( -
N = Znthalpy Rise (Actual) _ (k) hBl'& (20.2.3
¢ Enthalpy Rise (Ideal)
(), - k)
L CSt
b veture Ri . ) (7, -
. lemgersture Rise (Actual) _ (T T3l s (20.20)
Temperzture Rise (Ideal) - -
(T, - ¢1) .
L 30 :
where Sutseript L represents the ccmbustor exit

condi<ion

Fubseript 5
entrance

represents the combustor
condition

Combustion efficiency {n_) car alsc be determined
Trom the concentration iévels of the various ex-
haust products. A descriptiorn of the combustion
efficiency calculazion based on exhaust product

chemistry is given in Section 15.% of Crhapter 15.

Comvustion efficiency can be empirically
correlated with several aerothermodynamic parameters
such as systel pressure, temperature, reference
velocity (V:)*, and temperature rise. Two examples

of szuck zorrelations wiil be discussed in 20.3.1.1.

Oversll Pressure Loss: The com-
busticn otal pressure loss from the com-
presscr

ischarge to the turbire inlet is rormally
expressed as a percent of compressor discharge
pressure. osses of 5 - 8% are typically encoun-
tered in contemperary systems. Combustion system
oressure lcss is recogrnized as necessary to achieve
certain desigrn objectives (pattern factor, effective
cocling, c¢zc.), and can elsc provide a stabilizing
effect on combus*cr zercdynamics. However, pressure
loss alsc impacts engine thrust and specific fuel
consurptior.. A 17 irncrease in pressure loss will
result in approximately a 1% decrease in thrust and
a .5 - .7°% increase in specific fuel consumption.
Consequently, design goals fer pressure loss repre-
sent a corpromise among the abeve factors.

e

Overall pressure loss is the sum
of inlet Iiffuser loss, combustor dome and liner
loss, and morenturn loss resulting from combustor
®lew acceleraticn atiendant with increased gas
temperzture (see Chapter 15, Section 15.3). Since
rany aspects of combustor performance are dependent
on airflow turbulence generated within the com-
bustor (which ir turn depends or. liner pressure
drop), repid ard complete burning of the fuel and
air is strongly influenced by the extent of pres-
sure drop exrerienced as z2ir is introduced into
the combustion zore.

Combusticn system pressure drop

can be expressed In terms of three different lcss
parameters: fr : loss, iniet

actlional pressure
5T

velocity rezd lo and reference velocity nead loss.

* That the reference plane, or plane
of maxim oross section, within the combustor

urer Tlow conditicnsg cerresvending to T. Values
of reference ve.ccity range from 15-30 réers ver
second for cortemvorary combustor designs.




#. Iractiopmal Loss——Overall com-
bustor/diffuser pressure loss is most commonly ex—
pressed as toe fractionzl loss defined as:

il
o]
)
t
]

(20.2.3)

Frl‘l:f
1}

(A ]
o

P3 - Ph = Pressure Drop

P, = Compressor discharge total pressure
3
Py = Turbine nozzle inlet or combustor

exit total pressure

This los: generally increases with the square of
toe diffuser inlet Mzch numker.

b. Inlet Veloeity Head Toss—
Tois loss eoefficient is given in terms of inlet
veloelty he=ad. It expresses losses in a manner
whick accounts for the zdditional difficulties in
designing for minimum pressure loss as iniet
veloeities are increased. ZInlet velocity head
Tosz is d=fined az:

P F. -
E&—_ = Es =B (20.2.4)
- q
3 15
whers: P3 = Compressor discharge total
Trassure
Ph = C(Corbustor exit total pressure
4, = Dynzmic pressure at the compres-—
= sor discharge
i ¢. Heference Velocity Head loss—-—
Toig loss coefficient is expressed in terms of

e 53
reference velocity. TIf represents a measure of

the pressure loss nmormelized by a term which
aecgunts Tor difficuliies associzted with high
combustor volumetrie flow rates. Reference
veloeity head loss is defined as:
AP r. =%
A . =8 (20.2.5)
a q
s “r
where: P3 = (Conpressor discharge total
prassure
¥, = Conbustor exit total pressure
9, = Dynamic pressure corresponding
to V.
R

The relabionship between frac-
o2

(or overall pressure loss) and
=ad loss is shown in Figure
of reference Mach number.
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Refsrance Velocity Head Lass:AP/qr
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Overall Prossure Loss, %

3
012

Reference Mach Number

Figure 20.2.1 Pressure Loss Correlation

20.2.1.3 FExit Temperature Profile: 4
third performance parameter relates to the tempers-
ture uniformity of the combustion gases as they
enter the turbine. In order to ensure thet the
proper temperature profile has been esteblished
at the combustor exit, combustion gas temperztures
are often measured by means of high temperzture
thermocouples or vis gas sampling technigues em—
Ployed at the combustor exit plane. A4 detziled
description of the thermsl field entering the
turbine both radizlly and cireumferentially can be
determined from this data. A simplified expression
called pattern factor or pezk temperature factor
may be caleulated from this exit temperaturs dztz.
Pattern factor is defined as:

Pattern Factor = Tmax Te.vg (20.2.6)
T - T,
avg in
where: T = = Maximum measured exit
temperature (loecal)
T = Average of-all temperatures at
avg .
exit plane
Tin = Compressor discharge average

temperature

Contemporary combustors exhibit
pattern factors ranging from 0.25 to 0.45. Pzttern
factor goals are based primarily on the design re-
quirements of the turbine first-stage vane which
requires low gas temperatures at both the hub and
©ip of the turbine - areas where high stresses
and protective seals require cooler gzs temperatures.
Consequently, a pattern factor of 0.0 is not re-
quired. Dursbility considerstioms require high
temperature rise combustors to provide combustor
exit temperature profiles corresponding to pattern
factors in the 0.15 to 0.25 range. One will note
that zlthough pattern factor is an important com-
bustor design parameter, it describes the possible
thermal impact on the turbine and is an important
factor in metching the combustor and turbine com-
ponents.

Although pattern factor defines
the peak turbine vane inlet gas temperabure, the
shape of the combustor exit temperature radial
profile is the criticel factor combtrolling turbine
blade life. Figure 20.2.2 illustrates typical



radial profile characteristics and their attendant
relationsnhip with pattern factor. By proper con-
trcl of dilution air, the combustor exit tempera-
ture field is tailored to give the design pattern
factor and radial profile consistent with turbine
requirements.

Max Allowable Average
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100
1
-
g Average L/__MTCX Individual
= Profile emperatures
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007! os 09 1.0 11 1.2 1.3
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Figure 20.2.2 Radial Temperazture Profile at
Combustor Exit

20.2.1.4 Combustion Stability: Combustion

stabilitv is defined as the ability of the com-
bustion process tc sustain itself in & continucus
marner. table, efficient combustion can be upset
by the fuel-zir mixture becomirg too lean such
that temperatures and reaction rates drop below the
level necessery to effectively heat and vaporize
the incoming fuel and air. Such a situation causes
blowout of the combustion process. An illustration
of stability sensitivity to mass flow, velocity
ard pressure charecteristics as a function of
eguivalence ratio is given in Figure 20.2.3. These
trends can be correlated with the perfectly stirred
reactor tneory described in Section 15.3 of Chapter
15.

25

EQUIVALENCE RATIO

Loading Parometer. , fd/VFz

Figure 20.2.3 Combustior. Stability Character-

isties
20.2.1.5 Ignition: Ignition of & fuel-

air mixture in e turbine engine combustor requires
inlet mir and fuel conditions within flammability
limits, sufficient residence time of the potential-
1y burnable mixture, and the location of an ef-
fective ignition source in the vicinity of the
burnable mixture. Each of these factors has been
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discussed from a fundamental standpcint in Section
15.L of Chapter 15. Reliable ignition inthe com-
bustion svstem is requireé during ground-level
startup and for relighting during altitude wind-
milling. The broad range of combustor inlet ter-
verature and pressurc conditions encompassed by

a typicel ignition/relight envelope is illustrated
in Figure 20.2.4. It is well known that ignition
performance is improved by increases in combustor
pressure, temperature, fuel-air ratio, and ignition-
source energy. In general, ignition is impaired
by increases in reference velocity, poor fuel
atomizaticn, and lcw fuel volatility. A more ex-
tensive discussion of the ignition source itself
is deferred to 20.2.2.5.
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Figure 20.2.% Ignition/Relight Envelope

20.2.1.6 Size, Weight, Cost: The main
combustor of a turbine engine, like all other main
components must be designed withirn ccnstraints of
size, weight, ard cost. The combustor diameter is
ustally dictated by the engine casing envelope
provided between the compressor and turbine and is
never aliowed to exceed the limiting diameter "de-
fined for the engine. Minimization of combustor
length allows reduction of engine beering require-
ments and permits substantial reductions in weight
and cost. Advancemenis in desigrn technology have
vermitted mejor reducticns in combustor length.
With the adven* cf the annular combustor design,
length has been reduced by at least SO% when com-
pared to contemporary cannular systems.

Wrile reductions in voth size
and weight have been realized in recent combustor
developments, “hec reguirement for higher operating
temperatures has demanded the use ol stronger,
higher temperature and more costly combustor
materials (tc be discussed in 20.2.2.6). Never-
theless, the cost of contemporary combustion systems
including ignition and fuel inlection assemblies
remains at approximetely 2 - L percent of the
total engine cost. A tazbulatiorn of the approximate
size, weight, andé capacity of some contermporary
combustion systems is given in Table 20.2.1.

cos?®
te



Haturaily, the finsl cost of any component is sig-
uificantly affected by the level of production.
TABLE 20.2.1 Contemporary Combustor Size, Weight, and Cost
T30 TELL J79 JT9D T63
Tvoe Annular Cannular Cannular Anmaisr Can
Mass Flow (Design Poinig)
Air Flow, Ib/sce 178. 135. 162. 2ha, 3.3
Kg/see 81. 61. Th. 110. 1.5 -
Fuel Flow, ib/ar 12,850. 9,965. 8,350. 16,100. 235.
Eg/br 5,829. 4,520. 3.788. 7,303. 107.
Sioe
Length, in 20.7 16.6 . 19.0 17.3 9.5
cm 52.6 k2.2 8.3 43.9 ok, 1
Dizmeter, in 33.3 5.3/2k.1% 6.5/32.0% 38.0 5.4
om 8h.6 13.5/61.2 16.5/81.3 96.5 13.7
Yeight, ib 202. 6L, 92. 217. 2.2
ke 92. 29. L2, 98. 1.0
Cost, &2 k2 .000. 17,000. 11,300. 80,000. Ti0.

¥ Can Dizrpeter/fnnulus Dizmeter

20.2.1.7 purability, Meinbainability, Re-
1izbility: A principzl combustor
design objective 15 to provide & system with suf-
ficient durability to permit continuous operation
until = scheduled mzjor ensine overhaul, at which
vims it bocomes cost effective to mz=ke nscessary
repairs and/or replzcements. In the case of the
mzin burner, durabllity is predominantly related

to the structurzl aad thermal integrity of the

doms apd liner. Tas combustor must exhibit good
oxidotiion resistancs and low stress levels at all
operatipz conditions if dursbility is to be achieved.

A maintainable component is one
zecaessible, repairable and/or re—
eable with a minimom of +time, cost, and labor.
ot combustor liners can be weld repzired,
cmared or burned, turbine removal is reguired
replacement of combustors in meny cases. Con-
uently, 2 burner 1ife consistent with the
vlanned engine overhaul schedule is z primary
objective. Combustor cases and diffuser sections
require minimal meintenance and fuel nozzles and
iroitors can generslly be replaced and/or cleaned
with minimal edffort.

o
=t
oy

= a
T
=)

3 O
>
1)

Ezliability can be defined as the
& system or subsystem will per-
form satisfactorily betwesn scheduled maintenance
and overbzul periods. Component religbility is
nighly depsndent on the aircraft mission, geo-~
graphiezl Jocation, and pilot operation since these
factars strongly zffect the zeotual combustor
temperature-prassure environmant and eyelic history
of the components. In that the combustor has vir-
tuelly na moving parts, its relisbility is strongly
relzfed to fusl nozzle and ignitor performance.
Waile Foulifs =nd ezrboning of these subeomponents
zreg corron czuses for engine rejection, these
provlems are relafively easy to correect throusgh
normal inspect and replace field maintenance pro-
cadureas.

probability thet
T
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20.2.1.8 FExhzust Fmissions: With the
advent of envirommental regulations for aircraft
propulsion systems, the levels of carbon monoxide,
unburned hydrocarbons. oxides of nitrogen., and
smoke in the engine exhaust become important.
Waturally, the environmental constraints directly
impact the combustion system—-the principal source
of nearly all pollutants emitted by the engine.
Major changes to combustor design philosophy heve
evolved in recent years to provide cleaner opers—
tion at 8ll conditions without serious compromise
to engine performance. A detailed discussion of
the exhaust emissions area is offered in Section
20.k.1.

20.2.2 Design Factors

The turbine engine combustion system con-
gists of three principal elements—the inlet dif-
fuser, the dome and snmout, and the inner and outer
liners. In addition, two Important subcomponents
are pecessary—the fuel injector and the ignitor.
These elements are illustrated in Figure 20.2.5.
This section will describe each of these items and
will conclude with z materials summary.

Ignitor Qutar Case

_y

Fusl Injactor 70"

inlet Diffuser

Iener Cote

Intermediste Holes
Frimary

Alr Switler
Cooling Hola:

Primary Holes

Figure 20.2.5 Component Identification



20.2.2.1 1Inlet Diffuser:
the combustor inlet diffuser is to reduce the mean
velocity of the air exiting the compressor and de-
iiver it to the combustion chamber as a stable, uni-
form flow field recovering as much of the dynamic

The purpose of

pressure as possible. Compressor discharge air
velocities range from 90-180 meters per second; con-
sequently, before this high velocity air is allowed
to enter the combustor, it must be diffused to levels
consistent with the stable, low pressure loss, high
efficiency requirements of contemporary combustors.
Additionelly, this resulting flow field must be intro-
duced in a relatively non-distorted manner to ensure
uniform flow distribution to the combustion chamber,
The diffuser must accomplish this by effectively con-
trolling boundary layer growth and avoiding flow
separation along the diffuser walls while minimizing
length and overall size. A balance must be found
between (a) designs with increased size and com-
plexity and their attendant performance penalties,
and (b) short-length, rapid divergence designs which
have inherent flow non-uniformity and separation
problems. Hence, the inlet diffuser represents &
design and performsnce compromise relative to re-
quired compactness, low pressure loss and good flow
uniformity.

A number of performance parameters
are commonly used to describe a diffuser and its
operation.

a. Pressure Recovery Coefficient
(Cp)--This is a measure of
the pressure recovery efficiency of the diffuser
reflecting its ability to recover dynamic pressure.
The coefficient is defined as the ratio of static
pressure rise to inlet dynamic head:

—= (20.2.7)

#

Where: PS2 Exit static pressure

d
[}

s1 Inlet static pressure

2
1
le

EE_ Inlet dynamic pressure

For the ideal flow situation; i.e., full dynamic
pressure recovery, CD can be expressed in terms

of area ratio: *
- 2
% T 1 A (20.2.8)
A’W
where: Al = 1Inlet cross sectional area
A2 = Exit cross sectional area

b. Pressure Recovery Effective-
ness——This parameter describes
the ability of a diffuser design to achieve ideal
recovery characteristics., Hence, it is the ratio
of the actual to the ideal pressure-recovery co-
efficient:

20-8

(20.2.9)

c. Kinetic Energy Distortion
Factor (a)--This factor is
a measure of the radiel non-uniformity of the axial
flow velocity profile. The distortion fector is
defined as:

a = ;(u2/2)updA (20.2.10)
2
(V=/2)VoA
where: V = Mean flow velocity
u = Local axial velocity
p = Density
A = Cross-sectional area of duct

A factor of 1.0 is equivalent to a flat omne-
dimensional velocity profile (i.e. plug flow);
turbulent pipe flow has a factor of approximately
1.1.

In addition, a number of design
parameters are often utilized to predict diffuser
performance.

a. Area Ratio (A§)——This is the
ratio of the exit to inlet areas of the diffuser
and defines the degree of area change for a
particular design.

b. Length-to-Height Ratio (L/H)--
This is the ratio of diffuser length (entrance to
exit) to the entrance or throat height and serves
as a sizing parameter.

c. Divergence Half-Angle (6)--
This is equivalent to one-half the equivalent cone
angle of the diffuser and describes the geometric
divergence characteristics of the diffuser walls.

Figure 20.2.6 relates sarea ratio, length-to-height
ratio and divergence half-angle to pressure re-
covery effectiveness.

v!/‘
70 ' 80 e0 30 20

2

Eftectiveness

——————— e A

Figure 20.2.6 Diffuser Design and Performance
Characteristics



Ezrly inlet diffuser designs
were af of ths smootn La-veu wall or contoured
wzll designs. ZBeczuse of the wide variations in
Tlow-Tield enzracteristics exiting the compressor,
gowever, the curved wall diffuser cannot always
provide wniform, non-separated flow at all operating
conditions. This czn bscome a eritical problem in
the short length diffusers required of many current
systems. Conseguently, = trend toward dump or

combination curved wall and dump diffuser designs
is occurring. Although this design results in
somewhat higher pressure losses, it provides a
nown and constant point of flow separation, the
dump plans, wnich prevents stalled operation at
all diffuser entrance conditions. Figure 20.2.7
illustrates tnese contemporary designs.

ﬂ/
_\_

CURVED WALL DIFFUSER

T
\__

DUMP DIFFUSER

}m\

Tigure 20.2.T7 Contemporary Diffuser Designs

The design procedures commonly
employed to develop a zpeeific diffuser configura-—
tion involve the usz of a combinstion of experi-
mentally generated performance maps, empirical
zauations, and anzlytical modsls. Most available
Derformence mips wars generated for two ~dimensional

wzll and conical diffussrs, the most
; ins the work of Klein and his
53 taa ( 20.7 Until recent years,
empiricezl resultz such as those illustrated in
Figure 20.2.6 have bszen used in the development of
zrmiidsxe diffuser However, with the advent of

imoraved numerical methods and high speed computers,
a number of Improved two-dimensional and three—
dimenzionzl znalytical models are now being de-
oned which more accurately desceribe the flow—
icld chzructeristies of the annula:r dlffuser

f bt

need for high performance in
takes on increasing im-

rie operating conditions
vere. An advanced compact

rovides improved boundary
er pressure recqgvery is

20.2.2.2 Dom2 and Snowk-—At the front of
the combustion chamher is the snout and dome where
l ars initially introduced. The snout

a Torwzrd extension to the dome dividing
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the incoming air into two streams-—one directly
entering the primary zone of the combustor throuch
air passages in the dome. the other entering the

rannulus around the combustor. The smout also

improves diffusion by streamlining the combustor
dome, permitting a larger diffuser divergence angle
and providing reduced overall diffuser length. The
dome plate contains provisions for receiving the
fuel injector and maintains its alignment during
operation. Combustor domes are of two basic types—-
bluff-body and swirl stebilized as illustrated

in Figure 20.2.8. Early combustors like the JT9
(Figure 20.1.%) generally fall into the bluff-body
class wherein the high blockage dome plate estab-
lishes a strong wake region providing primary zone
recireulation. In effect, the bluff-body dome inter-
acts with the first row of primary zone air holes

to establish this strong recirculation region. Most
contemporary combustors, however, utilize the swirl-
stabilized dome. With this design, the fuel-injector
is surrounded by & primery air swirler. The air
swirler sets up & strong swirling flow field around
the fuel nozzle generating a centralized low pres—
sure zone which draws or recirculates hot combustion
products into the dome region. As & result, an ares
of high turbulence and flow shear is estzblished in
the vieinity of the fuel nozzle finely ztomizing

the fuel spray and promoting rapid fuel-air mixing.

Bluff-Body
Stabilized

Swirl
Stabilized

Figure 20.2.8 Combustor Dome Types

20.2.2.3 Liner: The liner provides
containment of the combustion process and allows
introduction of intermediate and dilution air
flow. Contemporary liners are typically of sheet-
metal braze and welded construction. The liner is
mounted to the combustor dome and generally sus-
pended by & support and seal system at the turbine
nozzle entrance plane. Its surface is often a
system of holes of varying sizes which direct



primaery, intermediate, dilution, and liner coocling
air into the combustion chamber. While combustion
gas temperatures may be in excess of 2500°K, the
liner is protected by a cor<tinuous flow of cool

air (at zpproximately compressor exit temperature
levels) and m2intzined 2t termperatures less than
1200°K.

The liner nus*t be designed with
high structural integrity to support forces result-
ing from pressure ¢érop and must have high thermal
resistance capadble of continuous and cyclic high
terperasture operation. This is accomplished
througn utilization of nigh strengtn., high tempera-
ture oxidation-resistant materials and effective
use of rcooling air. Depending upon the temperature
rise reguirements of the combustor, 20-50 percent
of the inlet airfliow may be utilized in liner
cooling. A number of cooling techniques are
illustrated in Figure 20.2.9.
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Combustor Cooling Techniques

z. Louver Coolirg--Many of the
early Jet engine combustors used a louver cooling
technique ia whicn the liner was fabricated into

2 nurnber of cylindrical panels. When assembled,
the liner contained a series of annular air passages
at the panel intergection points, the gap neights
cof which were maintained by simple wiggle-strip
louvers. This permitted a film of air to be in-
jected along tne hot side of each panel wall pro-
viding a proteective thermal barrier. Subsequent
injection downstream through remaining panels
permitted revlenishment of this cooling air bound-
ary layer. Unforturately, the louver cooling tech-

ing air which resulted in considerable cooling
flow nonuniformity with attendant veriations in

<

corbustor exit profiles and severe metal tempera-

ture gradients alcng the liner.

b. Film Ccoling--This technique
is an extension of the louver cooling technique but
with machined injection holes instead of louvers.
Conzequently, airflow metering is more accurate

end uniforr. throughout tre combustion chamber.

Most curreant combustors use this cooling technigue.
However, increzsed operating gas temperatures of
future combustors will result in less air for cool-
ing and more advanced cooling technicues/materials
will be required.

nigue did not provide accurate metering of the cocl-

z. Cecnvection/Film Cocling--"his
relatively new tecrnigue® permits much reduced
cooling air flow {15 - 235 percent) while providing

peratures. 1% ic particularly suited to high
temperature rise combustion systems where cooiing
air is a* a premium. The coavection/film ccooled

liner takez advartage of simple but conirolied con-
vection cozling erhanced by roughened wa.lls while
providing tne protective bourndary layer of cool air
at each cooling panel discharge plane. Although
somewhat similar in appeararce to the louver cooled
liner, *the confecticn/film ccolant passage is sev-
eral times greater; more accurate coolant metering
is proviéded ard & riore stable coclant Film is
es*tablishel at the panel exit. Principal disad-
vantages of this design are somewhat hezver con-
struction, increased manufacturing complexizy
and repairsbilizy difficulties.

d. Inpingement/Film Cooling--This
cooling technigue is also well suited to high
tempersture rise combustors. When combined with
the additicnel film cooling feeture, impingement
cooling provides for excellent thermal protection
of a high temperature liner. Its disadvantages,
however, are similar to those of the film/convection
liner--heavier constructicn, manufacturing com-
plexity and repairability difficulties.

e. Transpiration Ccoling-- Tnis
is the mos* advarced cooling scheme avallable and
is particularly well-suited to future high tem-
perature applications. Cooling air flows througn
a porcus liner material, uniformly rercving neat
from the liners while providing an excellent thermal
barrier to high combustion gas temperstures. Both
perous (regimesh and porolloy) and fabricated
porous transpiring materials (Lamilloy**) have beer
examined experimentally. Fabricated porous materials
tend to alleviate plugging and conterinazior prob-
lems, inherent Jlsadvantages of the more convention-
al porous matcrials.

Figure 20.2.10 shows the axi
trermal gradient characteristics of each of the
liner desig Jiscussed above as a functicr. of
relative liner length. As can be seen, transpira-
tion cooling Ters better temperature contrcl
and uniformity tnan any other cooling tecanique.

20.2.2.4 TFuel Injection--Basically four
methods of fuel introduction are currertly used or
proposed feor fuiure use. These techrniques--pres-
sure atomizing, ai: blast, vaporizing, ancd premix/
prevaporizing--zre discussed below in increasing
order of complexity. Each of these is illustrated
in Figure 20.2.11,

a. Pressure Atomizing--Mos. con-
temporary cormbustion systems use pressure ztomizing
fuel injectcors. They are relatively simple in corn-
struction, provide = brcaé flow range ard can provide
excellent fuel atomization when fuel sysiem pres-
sures are hizh. A typical pressure atomizing fuel
injector is illustratecd in Figure 20.2.12. At least
five different design concepts or variations are
included in this category: simplex, duplex, dual

# Patent Pending--Patent Application Numbers SN
87€,26% & St 298,L34, titled "Combustion Liner"
*¥*¥Developed by Detrcit Diesel Allison, Div
Patent Numver 3,584,072, titled "Laminated
Materizl,” 1S June 1971.

of GMC,
Porous



orifies, variaole zrea, snd slinger. These devices
typieaily utilize high fuel yressure (about 500

psi above combustor pressure) to achieve fine fuel
stomization. Ths silingsr design, although z pres-
sure atomizing type, is very different from the con-
ventional Tuel nozzle in that the fuel is injected
through small holes in the rotating turbine shaft.
The high centrifugal forces imparted to the fuel
provide atomization. Slinger systems are used in
several smzll engine combustors—-the WR1Q of

Figure 20.1.0 is ome suca system. The primeipal
diszdvantages of the pressure abomizing systems are
the propensity for fuel system leaks due to the
inherently nigh fuel pressures required, potential
nlugeing of the small Fuel orifices by contaminants
antrzined in the fuel, and inereased difficulty in
achieving low smoke levels when fuel system pres—
sures ars low.

LOUVER COOLING CONVECTION/FILM COOLING
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Figure 20.2.10 Liner Cooling Characteristies

b. Airblast--A number of modern
combustor designs achieve fuel atomization and
mixing through use of primary zone air momentum.
Strong swirling motion, often accompanied by a
gzcond counter swirl, causes high gas dynamice
gzr Torces to atomine liquid fuel and promote
dxing. Low fuel injection pressures {50 - 200
zbove combustor rressure) are utilized in
sa schemes. Rizkalla and Lefebvre (Ref 20.8,
g) 3 ik irblast stomizer spray character-—
tic i zir and 1iquid property in-
ition, the development of a

atomizer for gas turbine applica-

in Refersnce 20.10.
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Yaporizing: A number of
ecbion systems have been de-

= mwost common is the “candy-
this design, fuel and air
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the combustion zone. During operation, the heat
transferred from the combustion region partially
vaporizes the incoming fuel, while the liquid/vapor
fuel within the tube provides thermal protection

for the tube. It is generally.agreed, however, that
fuel vaporization is very much incomplete in this
type vaporizer and is considered by many to be merely
an extension of the airblast principles described
sbove. This design is simple in coustruction, in-
expensive, and can operate witkh low fuel injection
pressures. The resultant fuel-air mixture burns
with low flame radiation reducing liner heat lozds.
This design, however, has certain serious shori-
comings: poor ignition and lean blowout cheracter-
isties, vaporizer tube durability problems during
low fuel flows, and slow system response time.

—
PRESSURE ATOMIZING )@
-

AR-BLAST ATOMIZING ~
\\

VAPCORIZING

Figure 20.2.11 Fuel Injection Methods

Figure 20.2.12 Pressure Atomizing Fuel Injector



d. Prenmix/Prevaporizing--The
advent of gas turbine emissicr regulations has re-
sulted in increased interes* in premix/prevaporizing
fuel injection. In this technigue, fuel is intro-
duceé and premixed with the incoming air prior to
introduction to the corbustior zone. The design
intent is to provide 2 unifcrm, low eguivalence
ratia, full xed fielé of veporized fuel In the
compustion regier.., As & result, low smoke arnd
cheriical emissions, low flame radiation, improved
fuel-air uniformity in the combustion region and
virtual eliminaztion of hot-spot burring occurs.
Potential problem areas with this system include
incorplete fuel vapo atior, danger of flashback
thrcouga or suto Ignition of the fuel-air pre-
mixture upstream of thne combustor dome plate with
resulting darmage to the corbustor hardware, poor
lean blowout characteristics, and difficulty with
ignition and 2ltitude relight. Staged combustion,
utilizing a pilot zone with a relatively conven-
tional stoichiometric design, is often proposed as
a method of overcoming stability and ignition dif-
ficulties.

3.2.2.5 Igaition: Ignition of the cold
flowing fuel-air mixture can be a major combustor
cdesigr. probler:. Nearly all conventional combustors
are igrnited by a simple spark-type Igriter similar
to the automotive spvark plug. Turbine engine ig-
to 12 joules with
plug tip. Figure
spark type igniter.
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Spark Igniter

Zzen combustion system is
generally fitted with twe spark igniters to pro-

vide system redlundancy. Potential ignition
syster problems include spark plug fouling with
carbon or fuel, plug tip burn-coff, electrode

erosion with time and corona-discharge losses
along the ignition system transmission lines under
high altitude, low pressure conditions.

During engine start-up, the flame
must propagate from can-to-can in & cannular com-
bustion system via cross-fire or inter-connector
tubes lccated near the dome of each car. The
large cross-fire ports of the J79 are readily
visible in Figure 20.1.4. Tne cross-fire region
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nited. Thiz conditicn of poor flame propagation
can zlsc czcur in annular combustors. In either
case, severe local gas temperatures {nigh pattern
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the turtine.
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Although the sparx igniter is the
most corror ignition source in use today, a number
of other ignition or ignition-assis®t techniques have
beer. emploved: the torch igniter, oxygen injection,
end the use of pyrophoric fuels. The torch ignitor,
a device combining the functions of fuel inlection
and spark ignition, is extremely reliable ard per-
mits a wide Ignition onvelopve. However, i% is
more comnlex and cestly and increases naintaina-
bility prctl ve to conventional igrition
systems. Oxygen injection assists ignition by
lewering rminimum igrizion energy reguirements. It
is especially applicable to facilitating altitude
re’_ight. The use of pyrophoric fuels provides per-
haps the most positive ignition source available.
Pyrophorics will react spontanecusly in the presence
of oxygen and provide excellent altitude relight
capability. Unfortunately, pyrophoric fuels are
extremely toxic and create special handling and
logistics provlems. Conseguertly, these factors
have limited its use sz 2 viable ignition technique.

20.2.2.6 Msterials: The selecticn of
proper materials is a cri<iczsl element irn combustion
system desien for corponent structural integrity.
Vaterials which possess high stress tolerance, goodé
oxidation and corrosion resistance, and the aniiit
to witnstand the btrcad cyclic aero-thermal loads im-
pcsed oy the engine during its operaticn are re-
guired. Several high strength alloyv materials are
used in comtustors tocay, the selection of which
is generally besed on the projected operating er-
vironment oI the propulsion system. This secticn
will highlignt a few of the more common ccmbustor
materials in use today.

a. Hestelloy X--Hastelloy X is
a rickel-base alloy strergthened in solid sclutica
by chromium zrnd melvbdenum. It is the mest common
combustor liner material in use today.
formabiliity is good, its machinability is difficult
but not impractical and its weldability and brazing
characteristics are gocd. Hastelloy X exhibits
good strengtn arnd cxidetion properties in the
10L2°K to 11LCPK metal temperature range. Most
combusicrs with Hastelloy X liners are designed to
operzte at metal terperatures of 1090°X te 1120°K.

t. Heynes 188: Haynes Alloy 188
is a wrought solid, solutior strengthened, cobalt-
base ziloy applicable to static parts operating at
temperatures up tc 137TC°K. It car be realily
formed and welded, its cxidation resistance is
gcood although protective cocatings are reguireé for
applications above 1250°K, end like Hastelloy X,
its machinebility is difficult but not impractical.
It is finding increased epplicebility in the newer
combustion systems where liner metal temperatures
o® 11L0°F to 1230°K are necessary.

c. T3 Nickel:
is & non-heat-treat
ened by dispersion of
nickel mztrix. This &zlloy maintains useful
strengths at terperatures up tc 1420°K. Tts
oxidation-erosion recsistance is inferior to

This super allcy
e, high nickel alloy strength-
fine ThO,_ particles in a




Hastelloy X or Haynes 182 and requires protective involves a selection of the appropriate design and

coztings for zpplicaticns zbove 1220°K. Tis aerothermodynamic parameters which have been
machinzbility and Sormzbility are good. Fusion and empirically found to influence the performence (e.g.,
regigtancs welding of this material can be diffieult; combustion efficiency) of a particular combustor
however, 1ts brazeability is considered good. TD design. Each of the non-dimensionalized parameters
Wickel offers considerable promise in future high or ratios are acted upon by appropriaste "influence”
temparaturs linsr applications where metal tem— coefficients or exponents, the value of which re-
peratures greater thar 1250°K may be common. Cur— flects the degree of importance of a particuler
rent paterlsl costs and the need for protective coat- parameter. Since these infiuence terms are usuzlly
i however, have generally precluded serious derived from test data obtained from combustors
derzticr aof ID Mickal in contemporary com- which generally represent the same basic design
bustion systems. Further, advanced liner cooling family, =z major change in design philosophy can
tachuigues have succeeded in maintaining metal require the definition of a new set of influence
temperatures at levels consistent with the Hastelloy factors. Consequently, this modeling approach
X¥/Beynes 185 materisl capazbilities. works well on specific combustor designs for
which there is a broad base of technical dztz. Un—
Significant advencements in fortunately, it cannot be arbitrarily used as a
super alloy technology dare required to meet future general design tool. One example of an empiricel
nigh temperzture rise combustor requirements. Iew correlation model is illustrated in Figure 20.3.1.
materizis well bBeyond the capability of TD Nickel In this model, combustion system efficiency is de-
will b2 necessary. Improved coztings may provide fined as a function of the more importent com-~
vart of the solution if developed with long life bustor design and performance parameters. As can
and imoraved aigh and low eycle fatigue cepabilities. be seen, the model is written in generzl form end
Ceramics and advanced thermal barrier and coating a tabulated listing of appropriate coefficients
materizls may alse find a role in future combustor and exponents is provided to permit the computahion
design. of combustion efficiency. Again, these influence

terms are empirically based and were derived from
& bank of combustor data representative of a

20.3 DFSIGN ToOoLs particular class of combustors.

The complexity of the aerothermodynamic and B = C, ("3”’5“)“ (_"5_)“ ( _Ar_)c (%ZC)D (=F/QE)E (MéAa)F (Hl/w-:)‘? (&)"
chemipel processes cccurring simultaneously in the 4.3 1909/ \1g60, 10 1 .5 6
combustor prevent a purely analytical approach to
component design and performance pz:ediction. DETERMINE: - 1
Insufficient ecapabdility to sccomplish measurements
of importance within the combustor has precluded AT: 6009 70 1EM°F ST 16009 To 2500%F
211 but the most beszic undsrstanding of practical c
g2z turbine combustion processes. As a result, - 3:33 3:713
ane hzs bhad LLttls choice but 4o formulate new B 0,22 0,04
dezipgns lerrely on the basis of personal or : gi—}} -ggé
organicefional experience. Continuation of this e 007 o
approach o combustor design for high temperature z :g.% 9.9
sopnilsts ed systeoms under development today and a s g:g‘
in the future would bz extremely costly and time
consuiing. Taoe fTurbice engine industry can no . . A .

Lm;lr ord to condust component development Figure 20.3.1 Empirical Combustion Efficiency
sebivitics on o generally empirvieal basis. - Hence, Correlation
=iymiticant RE&D procrams ere now being directed
toward developing improved analytical design pro- . A
cedures reinforeed by more powerful measurement 4 second empirical correla.’c:r_oz}
dimsnostics : employed by some combustor designers today defines
RZAOSLLCS . a reaction rate parameter (0) bzsed on the "burning
N velocity" theory of Lefebvre (Ref 20.11). The 6-
- <o stor Modelipe ; r . : -
#0.3.% Costustor Hodelin parameter is given in Figure 20.3.2. The resulting
Tee princivel objective of the combustion correlation establishes the relationship between
te princigsl o N Do
- mm;:fw P enazlytically describe and combustor efficiency, operating condition and geo-
syaten model iz t =3 N A A @
p‘rm;ir*t the performince characteristics of = metric size. One can see thet efficlency is not
svesiric system desien based on definable aero- only a funetion of airflow, :..nlef pressure, and
dirnﬁ i, chemiczl, and thermodynamic parameters. inlet temperature, but also is strongly dependent
Vamy medelime c‘—;;-ca:‘qes describing the flow on combustion zone fuel-zir ratio. Herbert (Ref
;;jl nd charactoricties of a particulsr com 20.12) estimated the effect of equivelence ratio
21 feaall < ae Lol Ll w — . '] .
bustion system have evolved over the past on reaction rate by the following eguation:
twe Ezrly models were ealmost entirely
@ the neawest modsls currently under _ 5
2 ment are bosed more on fundamentel prin- b = 220 (¥2 fin $/1.03), (30'3'1)
cipl compub 2ilability and . R } R
P oLl ;ro Izlnﬁ; egfficielnt g&merical where ¢ is primary zome equivalence ratio. 4
Wad = sifnificant imcact on graphic illustration of the zbove expression
- oy pormitting the more com- (Figure 20.3.3) describes the variation of b with
‘n;se a -:pprgﬁ ches +o be con— primary zone equivalence ratio. Hence, to azchieve

maximum efficiency, & primary zone fuel-zir ratio
of 0.067 (¢ = 1) should be used.

£0.3.1.1 TImpirical: The empirical model
utilires ¢ lergs body of experimental data to
=yelop rrelation often using multiple—

tazchniques. Such an approach
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Figure 20.3.2 Prediction of Combustion Efficiency
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Figure 20.3.3 Effect of Prirmary Zone ¢ on Inlet

Temperature Factor

20.3.1.2 Combined Pmpirical/Theoretical:
More corplex theoretical descriptions of combustion
must be incorporated into corbustor models to allcw
predictions based on hardware design details.
Physical models of important combustion processes
(i.e., a "perfectly stirred reactor" primary zone)
combined with available empirical analyses result
in hybrid models. A nurber of two-dimensional
models have been developed in recent years ranging
from the perfectly-stirred reactor plug flow models
(Ref 20.13) to the more complex axisymmetric com-
bustor flow-field calculations which account for
heat, mass, and momentum transfer between fluid
streams and include chemical reaction kinetic
effects (Ref 20.1L, 20.15). One such axisymmetric
stream tube model was developed by Pratt & Whitney
Aircraft in support of an Air Force-sponscred com-
bustor program (Ref 20.16). Figure 20.3.4 is the
flow chart of computational steps for this analytical
medel illustrzting the increased complexity cf this
procedure wherein both theory and experiment have
been integrated. It 1s currently being used as an
engineering tool for both current and advenced
combustor design and exhaust emission analyses.

Another mcre recently developed
model leans even more heavily on combustion theory
and advanced numerical procedures. Anasoulis e® al
(Ref 20.17) developed a two-dimensional computa-
tional procedure for calculating the coupled flow
and chemistry within both cannular and annular
ccmbustors. A field relaxation method is used to
solve the time-average Navier-Stokes eguations with
coupled chemistry including the effects of turbu-
lence, droplet vaporization and burning. Extensions
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to the three-dimensional case are also under
development permitting more accurate descriptions
of the recirculztion and mixing zones of the com-
bustor.
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23.3.1.3 Theoretical: While Reference
20.17 represents a significant advancement, the
fully theoretical computerized design procedure has
not vet evolved. A building block approach, how-
ever, hag veen ervisioned wherein a number of sub-
models {e.g., chemisiry, turbulerce, droplet vapor-
ization, mixing, eic.) are developed inacependently,
verified experimenta’ly and then coupled with the
other submedels. ZETach couplecd submodel set would
undergo an experimental validation process before
the next submcdel is added to the overall analytical
procedure. Tre ultimete is a fully theoretical
description of all reacting flow processes enabling
prediction of overall combustor performarnce as a
function ¢f tasic design parameters. Hence, pricr
to any haréware fabricaticn, the model wiil serve
to evaluate the proposed combustion syster desigrn
such that desired objectives will be met with a
minimum of subsequen:i hardware iterations and fine
tuning.

20.3.2 Combustion Diagnostics

Development of valid combustor models is
nampered by difficulty in acquiring data for use
in comparing and refining analytical solutions.
Different types of measuremenis are required to
validate various aspects of the importan® sudbmedels;
i.e., drople- size distribution, turbulence in-
tensity, etc. 1In addition, improved instrumentation
will be required tc aid the combustor development
process. Such equipment would provide the informa-
tion on which the engineer will base subsequent
design imorovements and eventually the final version.

Tne rapicly growing field of combustion
diagnostics will play zn increasingly important
role in setisfying the =zbove objectives. Con-
ventional thermocouple and sampling problems have
been previously utilized to study combustion pro-
cesses In practical systems. However, additional
application anrd technique refinements are



necessary. Further, new, laser-based combustion
diagnostic measurement equipment can be expected
ta play an important role in the future. Tech-
nigues such a3 laser Raman scabisring and co-
nerent anti-3tokes Baman sceftering hold new
nromise for fundamentsl studies of combustlo§
orocesses reguiring real-time "point" (=1 mm
mezgiurements of temperature, concentration, and
veloeity. Other simpler methods mzy find applica-
tion in measurement of combustor exit temperature
profiles during combustion system develorment.

20.L  FUTURT REQUIREMENTS

The gero-propulsion combustion community is
currently confronted with two new and difficult
challenges: reduction of exhaust pollubtant
emissions and accommodation of new fuels which will
reduce cost while inecreasing availability. The
firat two of the following thres subsections sum-
mzrize the problems and eurrent state-of-the~art in
ezch of thesa two areas. Further, projected
engine technology reguirements necessitate advance-
ments in combusticn system design techniques and
performznce . Secktion 20.4.3 addresses the com—
bustion engineer's task in this area.

20.b.1 Exhaust Emigsions

20.4.1.1 Ercblem Definition: In recent
yaers, increazsed citizen concern over enviraommental
issues coupled with the obvious visible smoke
emissions from jet aireraft has brought substantial
public =ttention to alreraft-contributed pollution.
As airport treffic inereased, it became evident

that £t least the possibility existed that pollutant

emissions, when concentrated in the local airport
enviroment, could result in embient levels which
exceed allowzble Limits. Conesrn within the
Uanited States eulminated in the inclusion of ex-
haust emissionz from aireraft engines in the con-
ziderziionz of the Clean Air Act Amendwents of
1970 (Ref 20.18). This legislation requires that
the Envirommentsl Frotection Agency (EPA) assess
the extent to which aireraft emissions affect

air guality, determine the technological feasibility

af controlling suck =missions and estzblish air-
craft emissions standards, If necessary.

The resulting EPA assessment
(Ref 20.19) hes ipdicated the necessity to regu-
lats commercizl zircraft emissions. Currently,
EPA standards (Ref 20.20) apply to commercizl and
meneral aviation but not to military aircraft. The
following excerpt from EPA's discussion accompany-
ing the final anuouncement of the aireraft emis-
sions standards (Ref 20.20) summarizes this policy.

In judsing the need for the
reguletions, ke Adninistrator has determined:

(1) that the public health and welfare is en-
dangered in geveral air quality control
reglions by violation of one or more of the
national ambiernt air quality sbandards for
carvon monoxide, bydrocarbons, nitrogen oxides,
and ohotoclomical oxidants, and that the
public welfzrs iz likely to be endangered by
smoke emizsions; (2) that airports and air-
eraft are now, or are projected to be sigpif-
ieant sources of emissions of carbon monoxide,
nydrocarvons, and nitrogen oxides in some of
the air quality control regions in which the
nztionel amoient air quality standards ave
being violated, as well as being significant
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sources of emoke, and therefore (3) that mein-
tenance of the national ambient air quality
standards and reduced impact of smoke emissions
requires that aircraft end aircraft engines be
subject to a program of conbrol compatible with
their significance as pollution sources. Ac-
cordingly, the Administrator has determined that
emissions from aircraft and aircraft engines
should be reduced to the extent practiceble with
present and developing technology. The stand-
ards proposed herein are not quantitatively
derived from the air quality considerations ...
but, instead, reflect EPA's judgment as to what
reduced emission levels are or will be practi-
cable +to achieve for turbine and piston engines.

Current EPA regnlations are based
on reducing aircraft engine emissions during their
operation below 3000 feet. However, an additionzl
potential problem has been associated with air-
craft--the possible environmentzl impact of high
altitude emissions (Ref 20.21). There are many
mechanisms by which this might arise: (z) emission
of waber vapor and carbon dioxide into the strato-
sphere may cause a "greenhouse effect.” (b) sul-
phur compound emissions can cause perticulate
formation whick would cause solar radiation to be
diverted away from the eerth's surface reducing
the equilibrium atmospheric temperature, and (c)
increased concentrations of water vapor and oxides
of nitrogen due to emissions into the stratosphere
might deplete the ozone layer and allow increased
penetration of solar ultraviolet radistion. Po-
tential problem (z) has been shown.mat to be sig~
nificant. Much more investigation is needed con-
cerning (b) and (c), however, before the extent of
potential stratospheric environmental problems can
be suitably defined.

The discussion which follows
defines the exheust gas content, presents engine
emission characteristics, and reviews emissions
control technology.

20.4.1.2 Exhaust Content: Aireraft epgine
exhaust constituents usuzlly considered to be pol-
lutents are smoke, carbon monoxide (CO), hydro-
carbons (HC), and oxides of nitrogen (NO_)¥. The
magnitude of emissions depends on operating mode
and engine type. The combustion products are
conveniently organized into five groups, as listed
in Table 20.k.1. More than 99 percent of the ex—
haust products are in the first two categories,
which include those species not generally con~
sidered to be objectiongble. The last three cate-
gories contain small quantities of constituents
and are dominated by the principal pollutants:
hydrocarbons (HC), cerbon monoxide (CO), oxides
of nitrogen (MO _), and smoke. Because emissions
characteristics™at engine idle, nonzfterburning
high power, and afterburning operation very sub-
stantially, columns listing composition for each
of these operating modes are given. TNote thet
levels given in Tzble 20.4.1 correspond to the
turbojet case or to the core flow only in the
case of a turbofan.

# Exhaust nitrogen oxides asre in the form of both
TO and NOZ. Collectively, they are expressed as
o

X



TABLE

Low Pewer (Idle)

20.4.1 Engine Combustion Products

Approximate Concentration
High-Power (non AB)

Cruise (With After-

Grour Type Species Concerntration Concentration burner) Concen‘ration
1. Air N2 7% T 73-767%
O? 17.3-19% 13-16.37 0~13%
Ar .9% .99 9%
2. Products of Com=- 0 -2.L% 2-5% 5-13%
P— gt
plete Corbustion o 2.4 Ry 513
[
3. Products of Ineom—- CO 50-2000 ppmv 1-5C opmv 100-2000 ppmv
plete Combustion .. 1 e 50-1000 ppmC 1-20 pp=C 106-1502 ppmC
Partially 25~500 ppmC 1-20 pprc 7
Oxidized HC
H2 5=-50 ppmv 5-1C0 ppmv 100-10C0 popmv
Soot .5-25 ppmw .5-50 pomw .50-50 ppmw
L. Non-hydrocarbon 502, 803 1-5 ppmw 1-10 opmw 1-30 ppmw
Fuel Comporents Metals, 5-20 ppbw 5-20 pobw 5-20 ppbw
Metal Oxides
5. Oxides of Nitrogen NO, N02 5-50 ppmv 50-500 ppmv 100-600 ppmv

a. Group 1, Air: These species
pass through the engine unaffected by the com-
bustion process and unchanged in chemical com-
position, except for oxygen depletion due to fuel
oxidation. Argon is cleerly inert. Although
molecular nitrogen is nearly inert, the less than
0.0l percen* thz* undargoes "fixation" to its oxide
form (Grour 5) is, of course, extremely important.

©. Group 2, Products of Com-
plete Combustion: Water and carbon dioxide are
the dominant combustion products and the fully
oxidized forms of primary fuel elements, nydrogen
and cardbon. It is the formation of these species
that releases maximum energy from the fuel. EO
and CO_ are not generally considered to be air
pollutants.

c. Group 3, Products of In-
complete Combustion: Hydrogen and carbon not con-
verted to water or carbon dioxide are found in
compounds categorized as products of incomplete
corbustion. The important species in this group
are carbon monoxide, unburned ard partially
oxidized hydrocarbons, molecular hydrogen. and
soot.

CO and HC emissions contain the
largest portion of unused chemical energy within
the exhaust during idle ovperation. Combustion
efficiency at this operating condition mey be
calculated from exhaust CO and HC concentration
data. At higher power settings, especially with
afterburner operation, E_ levels may alsc sig-
nificantly contribute to inefficiency. Exhaust

hydrocarbons ere usually measured as total aydro-
carbons as specified by +the SAE ARP 1256 (Ref 20.
Although it is well known that the toxicological
and smog-producing potential of differen* hydro-
carbon types varies widely,little work has been
done to characterize the distribution of hydro-

22).

Components:

carbon types in the exhaust.* Presently availatle
analytical techniques to accomplish such a character-
izaticn are complex, time consuming, expensive, and
of unconfirmed accuracy.

A similar problem exists in
quantifying soot emissions. The measurement tech-
nique that has evolved, ARP 1179 (Ref 20.23), does
not directly relate to exhaust visibility or soot
concentration. However, Champagne (Ref 20.2L) has
developed a correlation between measured ARP 1179
smoke number (SN} dry and particulate emissions.
Efferts to measure and characterize particulate
emissions directly are currently in progress.
Complications have developed because the contribu-
tion of condensed hydrocarbons in the exhaust to
the particulate measurement varies greatly with
sampling conditions. Although a technigue to
determine exhaust soot concentrations may eventually
be developed, characterization of size distribution
appears to require 2 longer range effort.

d. Group b, Non-Hydrocarbon Fuel
The elemental composition of petroleunm-
based fuel is predominantly hydrogen and carbon.
Of its trace components, sulfur is the most abundant.
Most of the sulfur in the exhaust is in an oxidized
form, probably as sulfur dioxide. Giovanni and Hilt
(Ref 20.3C) and Slusher (Ref 20.31) have found that
the ratio of S0_ to SO. is from 0.03 to 0.14 in the
case of heavy—déty stationary and aircreft gas
turbines. The total amcunt of sulfur in.exhaust
compounds is directly related to, and calculable
from, fuel sul”7ur content. The second most abundant

*Existing da*a can be found in Bogdon and McAdams
(Ref 20.25), Sroth and Robertson (Ref 20.26), Kendall
and Levins (Ref 20.27), Butze and Kerdall (Ref 20.28),
and Katzmar and Lioby (Ref 20.29).
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trace component af non-hydrocarbon fuel in~

volves metals. Tt iz expected that these elements,
whiech may be either natural components of the fuel
or additions to it, appear in the exhaust as meteal
oxides. Furthesr, it is generally expected that
toese species arc particulates and often found with
ths soot. ’

s, Croup 5, Oxides of Hitrogen:
Elthough tne ratio of NO to WO, emitted by aircraft
ras turbines may shift with operating conditions, NO
willl eventually ve coaverted to N0, in the atmosphere
and subsequently participate in smég formation
chemistry. Some attention, howsver, must be paid to
the influence of time delay required for atmospheric
U0, Formztion znd the subsequent effect on smog

To¥mation. Stratostheric NO and NO, emissions are
generzlly thought to have equally detrimental ef-

Teaps.

-
pia]

Lz stated sbove, product species
Are usuzlly mezsured in terms of their volume
(or sometimes mass, espscizlly for condensed phases)
Fraction in the product sample. Occasionally, the
iz "dry" or "wet" is zppended, according to
&
.-

(D

uf
whetnsr or not the water is removed before analysis.
more nseful z2nd unambisguous method of reporting
exbanst emissions from gas turbines has proved to
e the use of an emission index which represents
the ratio of the pollutant mass to the fuel con-
sumption. A commonly used dimension is grams of
pollutant per kilogram of fuel. Conversion of
valurs Trastion measurements to emission indices
raquires azssignwent of molecwlar weights, which
iz pot difficult for a single compound category,
but mzy lead to cenfusion for categories consisting
ot more than ons compound. Tt is conventional to
report oxides orf pniftrogen (HO.) ag though they were
entirely 10.. Similarly, the oxides of sulfur
(SO?) zre uduzlly rsported a2z 80,. Hydrocarbon
meafurenents usuzlly lead to 2 volumetric fraction
reloted ta a2 singls hydrocarbon coumpound; e.g.,
varts per million eanivalent hexane (or methane,
prorans, caerbon atom, ete.). In reducing these
mezsurements to an smission index, a hydrogen~
carbon ratio of two is usually assumed.

b=

20.%.1.3 ¥Engine FEmissions Chracteristics:
Frorcesses that influence pollubant formation occur
within both ths m=in burner snd afterburner. Con-
ditian: under which combustion occurs in these two

&. lain Burner Emissiouns:
Czron manoxide and hydrocarion emissions are a
5

+ of engine power sebting. As thrust
is sad, th: combustion system experiences
e inlet temperature and pressure, as well

fuel-zir ratio. The increased fuel
flow resulds in lmproved fuel atomization and higher
combustor inlet temperature provides more rapid
vaparizztion. Chamical reaction rates responsible
ror €0 and HC consumption are sharply increased by
flzms tempsratures resulting from the great-—
i-air ratio (Bee Section 15.1 of Chapter 15).
¥ thezs cheuges tends to decrease the rates

=1
of
=i which BC znd CQ0 are emithed. Consequently, the
relationship betwesn an engine's emission of BC and
€0 {or combustion inefficiency) and power setting
indieztes a sharply decreasing trend. Idle CO

and HC emissions far execesd that at other engine
caonditions. A correlation of idle CO and hydro-
carpsn emissions for 2 numbsr of engines can be
estzblizhed by plotting these values as a funetion
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of combustor inlet temperature. Figure 20.L.1
illustrates the trends that can be obtained.
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Figure 20.4.1 €O and HC Idle Emissions

As discussed in Chapter 15,
combustion efficiency can be related to exhanst
content. In the case of idle operation, the in-
efficiency is predominantly due to CO and HG.
The idle CO and HC emission index values cen
be related to combustion inefficiency by the
following equation:

= -3
L-my, [0.232 (E:c)co + (EI)HC] x 10
(20.k.1)
wvhere: Ny = Combustion efficiency
1- ny = Combustion inefficiency
(ET). = Emission index of species i.

Oxides of nitrogen emission
levels are greatest at high-power operating con-
ditions. The predominant NO forming chemical
reaction is:

H,+0~+~N0+X (20.k%.2)

2

It is usually assumed that N0 formation takes
place in regions of the combustor where oxygen
atoms are present at their equilibrium concentra-
tion. Reaction 20.k.2 and the oxygen atom con-
centration are extremely temperature sensitive;
MO is produced only in the highest temperature
(near-stoichiometric) combustion zones. Since
the stoichiometric flame tempersture is dependent
on combustor inlet temperature (2 function of
compressor pressure ratio and flight speed) oxide
of nitrogen emissions can be expected to increase
substantially with power setting.

An excellent correlation of
NO_ emissions from a large number of engines hes
beSn established by Lipfert (Ref 20.32). This
correlation, reproduced in Figure 20.k4.2, relates
O emission index to combustor inlet temperature.
liote the strong temperature dependence previcusly
discussed. Moreover, the fact that combustor



desigr. has little apparent effect on NO_ emission

is noteworthy. Tkis implies that mixing and
quenching processes within combustors operating with
rich (#>1.0) primary zones are strikingly similar;
the temperature effect alone controls the NO_ emis-
sion rate. HNo strong fuel effects are apparent
from existing data. However, it has been shown
that fuel-bound nitroger is readily converted

(50 to 100 percent) to NO in both stationary

and aircraft turbine comblistors (Ref 20.33 - 20.36).
Stould aircraft fuel-bound nitrogen levels be in-
crezsed in the future because of changing fuel re-
quirements, fuel-hound nitrogen cculd become a
significant proolem (See Section 20.4.2).
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Figure 20.L.2 Correlation of Current Engine NO
Emissions with Combustor Irnlet

Terperature

The dependerce of NO. emission
on combustor inlet temperature is reflected in &
strong relationsnip with cycle pressure ra*ic at
sea level conditions and with cycle pressure ratioc
and flight Mech number at altitude. Figure 20.L.3
illustrates the relationship between NO emission
and cycle pressure rztic st ses level sfatic
conditions. Figure 20.4.L presents the dependence
of KO emission on cycle pressure ratic and flight
Mach nurmber. Since the optimum pressure ratio
for each flight Mach nurher changes with calendar
time as technology developments allow higher
temperature operation, & band of logicel operatirg
conditions at the 1970 technology level has been
indicated in Figure 20.L.L,

Smoke formetion is favored by
nigh fuel-air ratio and pressure. Upon injection
into the combustor, the heavy molecular weight
fuel molecules are subjected to intense heating
ard rolecular breakdown or pyrolysis occurs.

If this process occurs in the absence of sufficient
oxvger (i.e., high fuel-zir ratio), the small
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hydrogen fragments car form carbon particulates
wihich eventuelly result ir smoke emissicn. The
process by which carbon particulates are formed

is Xnown to be very pressure sensitive. Combustor
designers have been successful in tailoring +he
burner to avecid fuel-rich zones, thus substantially
reducing smcke levels. The current generation of
engines (JT9D, CFA, BB2ll) has nearly invisible ex-
haust trails. The techniques resulting ir these
improvements will be highlighted in 2 subseguent
subsection.

b. Afterburning Engines: Rela-
tively lit*le information is available regarding
emission during efterburner operation. GJeneral
trends in cxisting datas indicate pcssible signifi-
cant levele of CC and HC at the exhaus® plane,
especially at the lower afterburner pcwer settings
(Ref 20.37 - 20.41). However, Lyon (Ref 25.41) has
confirmed thatl, at sea level, much of the CO and
EC is chemically reacted to CO, and E_0O in the
exheust plume downstream cf the exhaus% plane.
These downstream reactions have been shown %o con-
sume up to 93% of the pcllutanis present ai the
exhaust plane. The extent of these plume reactions
at altitude is uncertain. Although lower ambient
pressures tend to reduce chemical reaction rates,
reduced viscous mixing and the exhaust plume shrck
field tend tc increase exhaust gas time abt high
temperature ard thus reduce the final erission of
incomplete combustion products.
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Dey NO_ Erissions on Compressor Pres-
sure Ratio of Current Engines

N2  emission during afterburner
operation expressed Or an EI basis is lower than
during non-af*erburning operation tecause of re-
duced peak flame temperatures in the afterburrer.
The value, under sea-level conditions, is approxi-
mately 2 - 5 g/kg Tuel (Ref 20.L2). At altitude,
it is expected that the emission index would be
3.0 or less. Duct burners are expected to have
an NO_EI of about 9.0 during altitude operation
(Ref 2C.42). Wnile the total NO emission is not
sigrificantly influenced by plumé reactions, there
is speculaticn that conversion of WO to NO. occurs
both within the afterburner and in the plufie
(Res 20.41).

Smoxe or carbon particle emissions
are reduced bty the use of an afterburner (Ref 2C.41).
Conditions within an afterburner are not corducive
to carbon particle formztior, but soot frcm the



maipn burcer may oe oxidized in the afterburner,
thus resulting in a net reduction.
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20.k.1.k Wipimization of Fmissioms:

Frovious discussions of emissions levels concerned
B g engines. Control technology may reduce

s from theses baseline levels by varying

3.  The fundsmentel means by which emissions
reduced zve discussed in this section.

z. Smoke Erission: Technology
%o control smoke emission iz well in hand and it
would zppear that futurs engines will continue to
e capgble of satizfying the futurs requirement
of exhaust invisibility. The main design approach
used is to reducse whe primary zZone equivalence
retio to a level where particulate formation will
be minimized. Taorough mixing must be accomplished
to prevent fusl-rich pockets which would otherwise
preserve the smoks problem, even with overall lean
primecy zone operation. This must be done while
maintzining other combustor performance character—
istics. Alrflow modification to allow leaner
operation and airblast fuel atomization and mixing
have been employsd to sccomplish these objectives.
Howsver. ignition snd flame stabilization are the
most sensitive parzsmeters affected by leaning the
primary zone aod must be closely observed during
the development of low smoks combustors.

b. HC 2nd CO BEmission: To
prevent smoke Tormation, the primary zone equiv~
alence ratio of canverntional combustors at higher
power opsration must not be much sbove stoichio-
metric—ithiz lezds fo much lower than stoichio-
metric operziion zt idle whsre overzll fuel-zir
rztios are roughly one-third of the full-power
valus. Inefficilent idle operation msy be improved
by nomcorous methods. The objectives in each
techniqus gre to provide 2 near-stoichiometric
. zone Tor maximum consumption of hydrocarbons
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while allowing sufficient time within the inter-
mediate zone (Where § = 0.5) to allow for CO
consumption.

To- achieve increased localized
fuel-zir ratio, dusl orifice nozzles are fre-
quently applied to modify fuel spray patterns at
idle. Attempts to improve fuel atomization elso
provide decreased idle HC and CO through more
rapid vaporization (Ref 20.43). Greazter locsl
fuel-air ratios at idle can also be achieved by
increased compressor air bleed or fuel nozzle
sectoring. In this Jlatter case, a limited number
of nozzles are fueled at a greater fuel flow rate.
Schemes where two 90° or one 180° sector is fueled
havihihom significant HC and CO reduction (Ref
20. .

Advanced spproaches make use of
staged combustion. The first stage, being the
only one fueled at idle, is designed for pezk
idle combustion efficiency. The second stage is
only utilized at higher power conditions. This
main combustion zone is designed with a primsry
motivation toward NO_ reduction. Significant HC
and 0 reductions hae been demonstrated using the
staged approach (Ref 20.45 - 20.50). An exemple
of such a design is shown in Figure 20.k.5.

ST=in o
CTE=H

Figure 20.4.5 Staged Premix Combustor, JTID
Engine

c. HO Emission: NO_ has been
the most difficult airerift engine pollitant to
reduce in an acceptable manner. Currently avail-
able technology for reducing HO  emissions con—
sists of two technigues discussid briefly below.

Viater injection into the com~
bustor primary zone has been found to reduce
oxide-of-nitrogen emissions significantly (up to
80%). Peak flame temperatures are substantially
reduced by the water injection resulting in a
sharp reduction in NO_ formation rate. Im a
number of cases where this technique has been
attempted, however, CO emissions have increased,
although not prohibitively. Figure 20.k.6 shows
the relation between water injection rete and HO,
reduction (Ref 20.51). This method is not feas-
ible for reducing cruise NO_ because the water
flow required to attain sigoificant abatement is
of the order of the fuel-flow rate. In addition,
there are difficulties with engine durability,
performance, logistiecs, and economic problems
associated with the cost of providing necessery
demineralized water. Conseguently, these factors
have czused this technigue to receive negstive
evaluation as an approach toward universal re-
duction of ground level ]!on.
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i second rethod that has been
used to reduce I'C_ emissions involves airblas*t
atonization ard rapid mixing c¢f the fuel with the
primary-zcne air flow. Much literature has been
generated on this technique (notably the NASA
swiri-cen technology, References 20.52 - 20.5L).
One engine, the F10l, used in the B-1 aircraft,
ernploys this principle. In the case of the F101,
the cverall combustor length was shortened from
typical designs tecause of improved fuel-air
mixture preparatior. As 2z result, this method re-
duced both ground-level and altitude NO_ emissions.
Reductions of approxirmately 50 percent below the
uncontreolled case (Figure 20.4.3) have been meas-
ured.

Advanced approaches to the re-
duction of WO can be divided into two levels of
sophistication. Tne first level involves staged
corbustors like that shown in Figure 20.4.5. 1In
this case, fuel is injected upstream of the main
combustion zcne, which may be stabilized by a
system of struts (or flameholders). Residence
time in the premixing zone is short (i.e., high
velocity and short length) because of the possibil-
ity of pre-ignitiorn or flare propagation upsiream.
It is known that these designs provide a fuel-air
mixture far fror ideal premix/prevaporization.

In fect, the turbulence and nonuniformity character-
istics of this system are probably not unlike those
of conventional combustors. However, since the
mixture ratio is only 0.6 stoichiometric, reduced

NO_  levels result. Reductions of up to & factor
of™3 nave been achieved (Ref 20.55 - 20.30).

Testing the zdvanced technigues
of the second level--combustors utilizing pre-
mixing and prevaporization operating at equivalence
ratics below 0.6--has aimed at ultra low NO_ emis-
sion levels. These fundamental studies havé been
motiviated by efforts to reduce autcmotive gas
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turbine emissions, ac well as thnose to reduce
siratcspheric aircraty gas turbine emissions--

the pressurc ratio of the automotive engine is low
with the zbsoclute pressure level being similar “o
the aircra’t case at eltitude. Nevertheless, inle*
temperaturcs are nhigh in the automctive case be-
cause of the use of regenerators. Ferri (Ref 27.55)
Verkamp,et at. (Ref 20.56), Ardersor (Ref 20.57),
Wade, et al. (Ref 20.58), Azelborn, er al. (Ref
20.59), Collman, et al. (Ref 20.60), and Rober:s,
et al. (Ref £0.61) nave published results +hat
indicate that levels below 1 g N0, /kg fuel car be
epprozcied. Anderscn's work Is particularly
thorough ir discusesing fundamental tradeoffs with
combustion efficiency. His results are shown in
Figure 20.%.7. Good agreement with analytical
mcdel results indicates that useful conclusions may
be drawn from the model predictions. These pre-
dictiors all indicate that an "emissions flcor" of
epproximately 0.3 to 0.5 g/kg fuel is the limit of
NOx emissions reduction.
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Figure 20.4.7 Effect of Residence Time ané 4 on
liitroger. Oxide Emissions

A rumber of difficulties asso-
ciated with the combustion cf premixed/prevaporized
lear mixtures car be glleviated by the use of a
solid catalyst in the reaction zone. 3ecent de-
velopments to ccnstruct catalytic coanverteors tc
eliminate automotive CC and IC emissions have in-
creased the temperature range within which such a
device might coperate. Test results have now been
published that apply the concept of catalytic
combustion to aircraft gas turbine combustors
(Ref 20.62 - 23.69). The presence of the catalyst
in the combustion region provides stability at
lower equivalence ratios than possible in gas~-phase
combustion. Tnis is due to the combined effect of



heterogeneaus chemical reactions and the thermal
inertia of the solid mzss within the combustion
zone. Tae thermal inertia of the catalytic com-—
bustor system has been caleulated to be more than
two orders of magnitude greater than in the gas-
vhzse combustion system. WO reductions up %o
factors af 100 seem to be poSsible using the cata-
lytiec combustor approach.

20.4.2 TFuture Jet Fuels

Between 1973 and 1976, the cost and avail-~
abllity of alreraft jet fuels have drastically
changed. Per-gallon jet fuel costs have more

than tripled for both commercisl and military con-
sumers. In addition, fuel procurement actions

heve encountered difficulties in obbaining de-
gired guantities of fusl, even though significantly
reduced from 1972 consumption levels. These de-
veloprents have encourzged initial examinations

of the fezszibility of producing jet fuels from non—
petroleun resources (Ref £0.70 - 20.72).

Although economies and supply are primarily
e s ¢ for this recent interest in new fuel
sourges, projections of aveilable world-wide petro-
leum resoirces zlso indicste the necessity for seek-
ing mew mezns of obtzining jet fuel. Regardless of
current problems, the dependence on petroleun as
the primiry source of jet fuel can be expected to
cezse sometime within the next half century (Ref
20.73).

I the general nature of future aireraft
(size, weight, flight speed, ete.) is to remain
similar to today's designs, liguid hydrocarbons can
be expected to coutinue as the primary propulsion
fuel. Liguified hydrogen and methane have been
extensively studied as alternatives but seem to be
vraetical only for very large aircraft, The basic
nap-petrolewm resources from which fubure liquid
bydroearbon fuels might be produced are numerous.
They range from the more familiar energy sources of
zozl, oil zhale, and tar sands to possible future
crganie materizls derived from energy farming. Some
of the basic synthetic crudes, especially those
oroduced {rom casl, will be apprecizbly different
then petrolsum erude. Bedueed fuel hydrogen content

zuse of the global nature of zireraft

ecs
s, Jet fuele of the fubure are likely to
uced from = combinabion of these basic sources.

g

lon of fuels from blends of synthetic crudes
In light

de varistions in meterials from which

e jet fuel vroduection can draw, it is antic-
at economics will dictate the azcceptance of
wels with properties other than those of

v used JP~U, JP-5, and Jet A. Much additional
techniezl informztion will be reguired to identify
the fuel charzeteristics which meet the following
objectivas:

z2) Allaw usage of key world-wide resources
w0 aszure zveilabkility.

) Minimize the total cost of zireraft
zysten opsration.

¢)  Avoid mzjor szerifice of engine per-
TormEncs, Tlight safety, or envirommental impact.

A complex program is necessary to establish
the informetion bzse from which future fuel specifica—
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tions can be derived. Figure 20.L4,8 depicts the
overall nature of the required effort. Fuel
processing technology will nsturally be of primary
importance to per gallon fuel costs, The impzct
of reduced levels of refining (lower fuel costs)
on all aircraft system components must be deter-
mined. These include fuel system (pumps, filters,
heat exchangers, seals, ete.), and zirframe (fuel
tank size and design, impact on range, etc.) con—
siderations as well as main burner and afterburner
impacts. In addition, handling difficulties (fuel
toxicity) and envirommental impact (exhaust emis—
sions) reguire evaluation. The overail progrem
must be integrated by a system optimization study
intended to identify the best solution to-the
stated objective.

20.4,2.1 Fuel Effects on Combustion
Systems: TFubure fuels mey zffect combustion system/
engine performance through changes in hydrogen con-
tent, volatility, viscosity, olefin content, fuel
nitrogen, sulfur, and trece metal content.

FUEL
PROCESSING

COMBUSTION
SYSTEMS

Figure 20.4.8 Overall Scheme for Alternate Jet
Fuel Development Program

Fuel bydrogen content is the
most important parameter anticipated to chenge
significantly with the use of alternate fuels.
In particular, fuels produced from cozl would
be expected to have significantly reduced hydro-
gen content. In most cases, reduction in fuel
hydrogen content would be due to increased con—
centrations of aromatic-type hydrocarbons in the
fuel. These may be either single ring or poly-
cyelie in structure. Experience has shown that
decreased hydrogen content significantly in-
fluences the fuel pyrolysis process in z manner
which results in increased rates of cerbon
particle formation. In addition to increzsed
smoke emission, the particulates are responsible
for formation of a luminous flame where black-
body radiation from the particles is a predominant
mode of heat transfer.

Significantly increased radiative
loading on combustor liners can result from de—
creased fuel hydrogen conbtent. Inereases in liner
temperature translate into decreases in hardware
life and durability. Figure 20.k.9 illustrates
the sensitivity of combustor liner temperztvure
‘to hydrogen content. The following non-dimensionsl
temperature parameter is used to correlate these
data (Ref 20.3%, 20.7hk - 20.77) representztive of
older engine designs.




The numerator of this expression represents the in-
crease in combustor liner temperature, T,, over
that obtained using the baseline fuel (lh.S% hydro-
gen JP~L), T__. This is normalized by the dif-
ference betwdén T__ and combustor inlet tempera-
ture, T.. It was“Tourd that data obtained using
different combustors could be correlated using this
parameter. It should also be noted that the
parameter is representative of the fractionzl in-
crease (over the baseline fuel) in heat transfer

to the comdbustor liner.
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Figure 20.4.9 Liner Temperature Correlation for

Many Combustor Types

Because combustor design differences
play &an important part in determining engine smoke
characteristics, differences in emission are not
correlatable in the same marner as combustor liner
temperature. However, results obtained using a T56
single combustor rig (Ref 20.3L) are illustrative
of the important trends (see Figure 20.L4.10). Sig-
nificantly increased smoke emission was determined
with decreesed hydrogen content for each condition
tested. Trends between smoke emission and hydrogen
content are similar for each combustion condition.
Increased absolute smoke emission between the 394°K
and 6LL°K combustor inlet terperature conditicns is
attrioutatle to increzsed pressure and fuel-air
ratio. Although & Turther small ircrease might be
expected for the TS6°K condition because of higher
pressure, the lower fuel-zir ratio required to main-
tein the 1200°K exhazust temperature results in a
lower absolute smoke emission.

Volatility effects the rate et
which liquid fuel introduced into the combustor can
vaporize. Since important neat release processes
do nct cecur until gas phase reactions take place,
reduction of volatility shortens the time fcr chern-
icel reaction within the combustion system. In the
aircraft engine this can result in difficulty in
ground or altitude ignition capability, reduced
combustor statility, increased emissions of carbon
monoxide (CO) and hydrocarvens (EC), and the
associated loss in compustion efficiency. Moreover,

carbon particle formation iz aided bty tne forma-
tion anrd maintenance of fuel-rich poczets ir the
hot combustion zone. Low veletility allows rich
pockets to persist because of the reduced vapor-
ization rate. Agair, ircreased particulates can
cause adaltional radiative loeding to combustor

liners an: more substantial smoke emissions.
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Figure 20.%.10 Smoke EZmission Dependence on

Hydrogen Content

Tne desired formatiorn of a firely
dispersed spray of small fuel droplets is ad-
versely affected by viscosity. Consequertly, the
shcrtened time for gas phase combustion reacticns
and prolonzing of fuel-rich pockets experienced
with low volatility can also occur with increased
viscosity. The ignition, stability, emissions,
and smoke protlems previcusly mentioned also in-
crease for nigher viscosity fuels.

Olefir content is known to in-
fluence fuel thrermal stability. Potential prob-
lems resulting from reduced thermal stability in-
clude fouling of oil-fuel heat exchargers and
filters, anid vlugging of fuel metering valves and
nozzles. No negative effect of fuel olefin con-
tent on gas phase combustion processes would be
expected.

The effezt of increased fuel-
ovound nitrogen is evaluated by determining the
additional IC_ eriseion occurring when nitrogen is
present in thd fuel and celculating the percent of
fuel nitrogen conversion tc NC_ necessary to cause
this increase. 7The baselire petroleur fuels used
in this study had near zero (<10 ppmw) fuel-bound
nitrogern. FKesults presented in Figure 25.L.11
indicete the importance of +two variables. First,
as combustor iniet temperature is increased, con-
version is reduced. Secondly, as fuel-bound
nitrogen concentrations are increased, conversion
decreases. This seczcnd trend is consistent with
avzilable results for cil shale JP-4 which had
less thar .03%7 nitroger. Synfuel resulis are
shown as a band in Tigure 20.4.11 because of dif-
ficulties in accurately measuring small NOX
ircreases.

Botn sulfur and trace metals are
at very low concentrations in current jet fuels.
Sulfar is typicalily less than 0.1%9 because the



petroleum fraction used for Jet fuel production is
nezrly void of sulfur-contzining compounds. Al-
though synerudes from coal or oil shale would be
expectsd to confein higher sulfur levels, it is

not likely that the current specification limit of
0.47 would be exeseded with the processed jet fuel.
Because of the way in which future jet fuels are
axnacted to be produced, trace metals are also
expected to continue to be present at low concentra-
tions (less then 1 ppmw). Should higher levels
appear possible, the serious corsequences (deleterious
effscts on turbine blades) would justify additional
expense for rsmoval.
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Fuzl-Bound Nitrogen Conversion to
M0 in an Aircraft Gas Turbine
Cofbustor '

Combustion System Design Tmpact:
zrly stages of assessment, it ap-

C future combustion system designs
will be signifiecsntly influenced by the changing
cherzetzr of fuel properties as alternate energy
sources ara tapped. Designs that accommodate lower
hydrogen content fusls with good combustor liner
durzoility and low smoke emission while maintaining
the customary level of combustion system performance
must be develooad.

Lean primary zone combustion
systems, which are much less sensitive to fuel
hydragen content, will comprise a major approach to
utilizing new fuels. Low smoke combustor designs
hzvs veen -shown to be much less sensitive to fuel
hydrogen content veriations. Figure 20.4.12 compares
the correlation for older designs (Figure 20.4.9)
with results for =z newer, smokeless combustor design,
the CFo (Ref 20.73). Current research on staged
combustion systems (See 20.h.1.4) will further con-
tribute howzrd achieving the goal of leaner burning
wiile mzintaining desired system performance. Some
of these desisgns have demonstrated very low sensitiv-
ity Yo fuel type (Ref 20.78). These extremely im-
fele;
£

of lowsr bhydrogen content can be accommodated

Decign ani Performance Advancements

The following subsection briefly addresses
thrae new design concepts currently under consider-
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tant developments provide encouragement that future

ation intended to address future burbopropulsion
performance requirements. The High Mach Com-
bustor (HMC) is an advanced system design concept
for substantially increased performznce relative
to contemporary systems. The Vortex Conbtrolled
Diffuser (VCD) is an improved, low-loss boundary—
layer bleed diffuser which supports the needs of
both current and future combustion systems. The
shingle liner is an advanced concept combining
nev design features for both improved struectursl
and thermal durability.

20.k.3.1 High Mach Combustor (HMC):
The HMC is an advanced combustor design concept
required to meet the needs of the High Thru-Flow
Propulsion System (HTFPS). The EIFPS is an ad~
vanced technology engine designed for high per-
formance, light-weight and low cost. It will
utilize a variable-geometry compressor, z high
entrance Mach number, high temperature rise com—
bustor and a vaeriable-geometry turbine and ex~
haust nozzle. As a result, the combustor must
be capable of accepting entrance flow fields at
Mach numbers nearly twice that of conbemporzry
systems but at virtually the same pressure loss
levels. Two approaches may be taken to meet these
technology requirements: (1) slow the combustor
entrance Mach number to conventionzl levels by
an advanced diffusion system (bleed, dump, or
staged diffuser) and utilize conbtemporary com-
bustor technology; or (2) design the combustor
to accept the high velocity flow field by use of
swirl combustion techniques. A cross-section of
a bleed HMC is illustrated in Figure 20.4.13
while a high velocity swirl burning concept is
illustrated in Figure 20.k4.1k.
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Figure 20.4.12

Effect of Lean Operation on Com-
bustor Fuel Sensitivity

Figure 20.4.13 HMC with Advenced Bleed Diffuser
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Figure 20.4.14 Swirl Burning HMC

20.4.3.2 Vortex Controlled Diffuser (VCD):
The VCD is a compact boundary-layer-bleed combustor
inlet diffuser designed to effectively diffuse both
conventional and high Mach number flow fields while
providing good pressure loss and flow stability in a
very short length (relative to contemporary diffu-
sion systems).
Cranfield Institute of Technology by Adkins (Ref
20.79). The basic VCD geometry and nomenclature
are defined in Figure 20.4.15. Inner and outer VCD
bleeds flow from the primary duct exit providing
high pressure recovery end low pressure loss. The
VCD edvanteges are principally (1) short diffuser
length, (2) high pressure recovery, (3) design
simplicity and (L) stable flow provided by the vor-
tex retzining fences. This concept offers con=-
siderable promise and is expected to find its way
into a wide range of future propulsion system
applications. Extended development of the VCD has
been sponsored by the Alr Force and conducted at the
Detroit Diesel Allison Division of GMC.

Radial gap (y)

Axial gap x)
Secondary duct

Primary duct

Bleed siot detail

Vortex chamber
Bleed flow

Vortex retaining fence

Figure 20.4.15 Vortex Controlled Diffuser

20.4.3.3 Shingle Liner: The Shingle Liner
design concept is an advanced combustor cooling
technique featuring a new innovation wherein the
thermal and mechanical stress loads of the combustor
are isolated and controlled by independent means.
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The VCD was initially investigated at

The liner is basically an impingement cooled
segmented design as illustrated in Figure 20.4.16.
The outer shell serves as the structurzl or load
carrying portion of the combustion system and
provides impingement cooling for the inner seg-
ments or shingles. As a result, the shingles
provide an effective thermal barrier, protecting the
highly-stressed outer shell. The shingle liner is
particularly well suited to high temperature rise
combustor operation where cooling airflow is at a
premium. Additionally, the shingle concept offers
improved liner life due to its thermally relieved
mechanical design aspect and the possibility of im-
proved maintainability, as low-cost "throw-away"
segments may be employed. Trhe Shingle Liner de-
velopment was sponsored by the Navy and conducted
by the General Electric Company. t 1is presently
being considered for both near-term and future
propulsion system aprlication.

- -

Figure 20.4.16 Shingle Liner Combustor

20.5 CONCLUSIOKS

As discussed earlier, the turbine engine com-
bustion system has undergone an evolutionary
development process over the past forty years
beginning with long, bulky, can-type com-
bustors (i.e., the J33 shown in Figure 20.1.3)
and progressing to the compact, high temperature
rise annular combustors of today's newest
turbopropulsion systems. In recent years, sig-
nificant technological advancements have beern
realized in both combustion system design and
performance. With respect to the important de-~
sign parameters of combustion efficiency and
stability, pressure loss, combustor size, and
pattern Tactor, the annuler combustors recently
develcped have provided substential improvements.
Further improvements in these parameters will be
required, however, if propulsion system demands
of the future are to be met.

In the vital area of durability, improvements
in liner design and cooling have added sub-
stantially to the mainteinability and durability
aspects of the combustor at a time when system
operating pressurcs and temperatures are on the
rise. Figure 20.5.1 illustrates the technological
improvements realized in the 10 - 15 years since
annular combustors where introduced. For example,
the continued drive for reduced cost, improved
fuel economy and design compactness and simplicity
has led to the compact, high temperature com-
bustor of the F10l1 engine (developed for the
B-1 Bomber) illustrated in Figure 20,5.2. This
combustor is a low pregsure loss (5.1%), high
heat release (7.5 x 10  BTU/hr/atm/ft~) design




employing =n improved low pressure fuel in- Catalytic combustion involves the use of =

Jeetion system, = wmachined-ring high durability heterogeneous catalyst within the combustion zone
liner aznd simpls, cast, low-loss inlet dump to increase the ensrgy release rate (Ref 20.62 —
ditffuser. Relaitlve to other contemporary com- 20.69). Fuel and air are premixed at low equivalence
bustion systems, the F1O1 is the most advanced ratios, often below the lean flammability limit,
aanulae design developed to dzte and introduces *  and passed through a catalytically-cozted, ceramic
2 new femily of compact, high temperature systens honeycomb structure. Due to the combined effect
Tor fighter, bomber, znd transport applications. of ‘heterogenesous chemical reactions and the
. thermel inertia of the solid structure, this
2500, concept can be utilized to achieve stable, ef-
. ficient combustion outside the normal flammability
= 2000f Rot e limits of gas—phaze systems (Ref 20.62 - 20.69).

A

/rﬂ;)____ﬂé’x"" Typical experimental results ere shown in Figure
/@U 160 20.5.3. The benefits of lean combustion (low
"\_/“;/ 1000 e e, radiative emission, decreased tendency for turbine

1955 60 65 Y::R 75 80 8 inlet temperazture non-uniformities, reduced smoke
and HO_ formation) provide significant potential

LJC ‘o payoff‘f: Applications in both main burners and
' —T\_/ma e afterburners are likely. The promising concept
. 30 R0 of a porous flameholder with low pressure drop is
:2c e under investigetion. Such a device would provide &
gt 5 Aol ety means of stabilizing combustion flows that reach
1k final flame temperatures in excess of flameholder
Fio1 . e ar o
o . X , maberial limitations.
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Figure 20.5.3 Catalytic Combustor Efficiency

A second new concept utilizes either ultra-
violet light sources or plasmas %o stabilize or
promote combustion processes. Recent studies
have confirmed the possibility of photochemical
ignition where a pulse of ultraviolet light (from
Figurs 70.5.2 FL01 Annular Combustor an arc discharg:a) i? u%eﬁi to dissocia‘ﬁe molesult—r

oxygen and provide ignition at lower temperstures
and with lower energy input than in the case of
s a spark ignition source (Ref 20.80, 20.81). Other

Tuture airersst propulsion requirements call . N N N o
~ D SR N investigations have confirmed the capability of
Tar geima ashar 2] : N N N .
r Drimaly eombustors capahble of (1) accepting plasma jebs in supplyling reactive speecies to

;;:eater variat icn; in compressor discharge pressure, stabilize and improve the efficiency of combustion
varoture znd airflow, (2) producing heat release flows (Ref 20.82). The payoff of these two con-

=d % b ig i i i : - R0 . .

s ’ilzer'npe_' W“:‘E:rl"e waich will ul'l::.ma:?e]_.y cepts can be flame stabilization without flame-

prozch stoichicmstrie levels, and (3) providing holding devices—an "optical flameholder” with

pizh operational reliadility and improved ccm- ze;o pressure drop. Such & device would further

vonznt durzbility, mainteinability, and repair- PN s
s S - . romote the feasibilibty of practical lezn com—
EXERES In dition, the new reguirements dis- gustion v B :

ugsed in Seetion 20.be-ewhoust emissions and fuel
Lexinility~-must be addressed.

oo

Vhile the example concepts described above
are in their infancy and mey not find eventual
practical application in the turbopropulsion field,
they are iliustrative of future combustion tech-
nology develorments. As the combustor designer is
confronted with the new requirements of the fubure,
especially exhaust emissions and fuel flexibility,
w i e . new concepts like these will play an important role
the r:a*ﬂ:\u,:t:.on ;}rut?m designer. Two'new in problem solution. Engineers in the zero-
s o ic combustion and photochemically-— - N st i11 certeinly en—
: ion, will be highlighted below. !iropulsz_on com'bu§t10n commun:l. y wi certainl en
joy challengas with the possibility for imzginative

It iz only possible to speculate on new

nts which might be employed in the next

quzrter century in asro-propulsion combustion.

=lesz, suzh an effort is worthwhile as the

ar may gein an appreciation for the wide range

of opvortunity and flexibility whieh remains avail~
1 'L‘
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solutions as the next quarter century unfolils
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