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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 expressly 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. William
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
Aircraft, 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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FUNDAMENTALS OF COMBUSTION

15.0  INTRODUCTION

Background information necessary to the under-
standing of aircraft turbine engine combustion
systems is distinctly different from that applying
to diffusers, rotating machinery, or nozzles and a
separate discussion of fundamentals is warranted.
The purpose of this chapter is to review the
fundamental concepts important to aeropropulsion
combustion. Two additional chapters will consider
the practical application of this information to
mainburners (Chapter 20) and afterburners (Chapter
23

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
information to include was accomplished by adhering
to the objective that the reader be provided that
material necessary for understanding the combustion

system's operating principles, performance parameters,

and limitations. The reader contemplating aero-
propulsion combustion as an area of specialization
should develop a more thorough background and is
referred to a number of readily available texts
listed in the bibliography to this chapter (Section
k547 1)

combustion involve interdisciplinary
i cquiring consideration of three
topics: chemistry, thermo-
s dynamics. Interrelationships
se areas, shown schematically in
.U.1, require combustion engineers and
scientists to develop a fundamental understanding
of each topic. A number of sub-topics in each of
these areas have been listed to further describe
the broad scope of subject matter involved. Each
of these subjects will be addressed in this chapter.

CHEMISTRY

Reaction Rates
Equilibrium Effects
Fuel/O Chemistry,

THERMO -
DYNAMICS

Energy Release
Flame Temperatures

COMBUSTION
TECHNOLOGY

-
GAS DYNAMICS
Laminar Flames
Control
Turbulence
Stirred Reactor
Figure 15.0.1 The Interdisciplinary Nature

of Combustion Technology.
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The information to be presented in this
chapter is organized into five further sections.
As might be expected, the first three consider
chemistry, thermodynamics, and gas dynamics. The
fourth involves discussicn 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 thermodyr
conditions, especially temperature, will be
addressed. The second topic, chemical equilibrium,
is of importance in relation to the understanding
of and ability to analyze high temperature com-
bustion systems. Finally, the current under-
standing of practical hydrocarbon fuel combustion
chemistry will be reviewed. Understanding of the
sequence of chemical processes leading to H;0 and
CO, production allows the explanition of many
practical combustion characteristics.

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 + dD (15. 1. 1)

In this example, a moles of molecule A combine
with b moles of molecule B to 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:

rg = k’[A]"[H]n (@

The brackets, [ ], correspond to the
concentration (moles/volume) of the molecular
species indiceted. k¢ is the rate coefficient for
the forward reaction.

Note that the rate of forward reaction,
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 stoichoimetri
coefficients a, b, ¢, and d. For example, if T
were representative of the rate of disappearance
of A, the following relationships would be valid:
-

!
:
{
i
i
]
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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, k¢, 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 ccmbustion
systems, kf is a strong function of temperature.
The temperature dependence of the molecular colli-
sion rate is minor (T!/2) and has only a small
influence on kf. The predominant temperature
dependeince 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
col’iding reactant molecules will have sufficient
ei..gy and only a fraction of the collisions will

b successful. Since molecular energy distribution
can be described by Boltzman statistics, the
fraction of collisions which are successful is
exp(-E4f/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]
dt

rg =

s [al° [B]b cf(T)”exp(—EJf/RT) (15.1.4)

where Cg 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

with the pre-exponential factor taken as tempera-
ture independent (i.e., not including the T<
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. In 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:

rp = k,[c]® [p]¢ (15.1.5)
A
—B
2
o
=
<
o
=
Z
(Y7)
v}
4 C
o D
o

TIME

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 ia Equation 15.1.1 is:

kg
aA + bB < cC + dD (15.1.6)
Ky,
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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.
hese equilibrium concentrations are the asymp-
totes of Figure 15.1.1. Note that the more

general case where the reactants concentrations

are not in exact stoichiometric proportions has
been illustrated in Figure 15.1.1 which corresponds
to 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 (Equation 15.1.5). Con-
sequently, the equilibrium condition is rg = rp or:

ke [a1°[81° = &, [c1°[0]¢ (15.1.7)

Rearranging yields the following useful expression:

X e

kb [A]u {B]b

(15.X.8)

Because kf and kp are functions of temperature
only, Equation 15.1.8 provides a convenient means
of relating equilibrium concentration to mixture
temperature. The ratio kg/kp is known as the
equilibrium constant based on concentration, K.
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, Kpe 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 constituent 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:

c d
(Pc) (PD)

a b
(PA) (PB)

I
g (15.1.9)

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

Both K. and Kp are functions of temperature
only. The temperature dependencies can be deduced

from Equations 15.1.4 and 15.1.7:

[a1® (81° ¢ 'r"'zcxp(-r;”/m) -

c]° [0]% ¢, THexp (-E,./RT)  (15.1.10)
b ab
which can be reduced to: .
KC or KP kS 1 1L,

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

In hydrocarbon-air combustion applications,
two equilibrium relarions are of paramount impor-
They are the dissociations of CO, and H,0:

tance.

€O + 1/2 03 * €O, (15.1,12)

Hy + 1/2 05 > Hy0 (IS 13
Mathematical treatment of these equilibrium
relationships is often simplified by the use of

the water gas reaction:

CO + H,0 > Hy + CO; (15.1.14)

It should be noted that this is not a third
independent relationship but a linear 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

10'

CO+%0, = €O,

10

0 F co2 ’Hz/ & H20+ co

EQUILIBRIUM CONSTANT

. |
‘ 1 1 1 A
1806 2000 2200 2400 2600 2800 3000
TEMPERATURE (°K)

Figure 15.1.2 Equilibrium Constants for Important
Dissociation Reactions.

Since the maximum chemical energy is
released from a hydrocarbon fuel upon conversion
to CO, and H,0, dissociation of either of these
products results in a decrease of energy
released. As will be shown in Section 15.
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 ChyHypy type fuel with air at one atmosphere. The
influence of final mixture temperature on CO and
H; concentration in the combustion product is
pronounced.

)

15.1.3 Hydrocarbon Chemistry

The sequence of events occurring during
combustion of a practical hydrocarbon fuel is
extremely complex and not understood in detail.
Major aspects of hydrocarbon combustion chemistry
involve hydrocarbon pyrolysis and partial oxida-
tion to H; 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
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tlow of mass through the reaction steps. Each
process is individually described below.
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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 into 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
hvdrocarbons 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

w
o

ind oxygen concentration, Edelnan's result is:

[0, Jexp (=24 ,400/RT) (15, 1.15)
where concentrations are expressed in moles/cc,

T in UK, 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 hydrocarbon fuel types and to study
pyvrolysis mechanisms in mixtures. Further, the
interface between fuel pyrolysis and carbon
particulate formation requires additional study.

The products of pyvrolysis 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 = 0SC + RR (153 :16)
where RSC = reduced-state compound

OR = oxidizing radical
0sC oxidized-state compound
RR = reducing radical.

n

The rate of oxidation of the RSC may be assuncd
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. In the case
of the H; oxidation process, the important
chain branching reactions are:

B + 0> H + OH (LS. LL)

H+ 0, ~ O + 0 (1:5.1.18)
Note that in either reaction a single radical (O
or H) results in the production of two radicals
(H+ OH or OH + 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

H-0 from Hy.

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

e
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assuming local or partial equ librium. This type
of approach has been used in 20 oxidation studies
by Howard et al. (Ref 15.3). Because the func-
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 0, + CO reaction in

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

~30,000
A : =
- dleo] = k,[c0d[0,1° [m0]* (o0 X (15.1.20)
dt

/
where k is a constant = 1.3 x 1014 ce/mole sec.
This ds%umptinn 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 than H, consumption
and, in non-recirculating systems, occurs pre-
dominantly after the chain branching H,

reactions are largely complete. However, gas
turbine combustion systems do employ recirculation
and the suitability of this assumption for that
application is not straightforward.

The production of H,0 and especially CO,
through the RSC reactions described above results
in the release of a great deal of energy. 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 considerations 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 considere-
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 15.1.1 illustrates one of the
more complex schemes which has been utilized in
Reference 15.4.

15.2 THERMODYNAMICS

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 application of the first law of thermo-
dynamics, offers straightforward evaluations of
flame temperature dependencies, and describes
methodology used in calculating flame temperature.
The second addresses important flame temperature
dependencies in the practical situation of jet
fuel/air combustion.

15.2.1 Energy Release and Flame Temperature

The first law of thermodynamics, energy
conservation, is an important factor in any
analysis of combustion systems. Adiabatic,
flowing, constant pressure combustion systems,
approximated by both main burners and after-
burners of gas turbines, can be analyzed using
conservation of total enthalpy. In this case,
total enthalpy includes sensible (or thermal),
chemical, and kinetic contributions.
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TABLE 15.1.1: Hydrocarbon Oxidation Kinetics
Scheme (From Reference 15.4)

G > 20 )

(1 (8”16 s u.y LQHJ

(2) Ca“so + 01 » an + CO + ('H,5 + (;L,u4
; A OH - »{0) ‘ X

(3) (‘8"16 + O H;,(t + L}{,i + 3 _'”4

(4) CH} 0L Hzcu + H

(5) (:H,1 + u,: » chu + OH

(6) H,,(’.() + OH > H 0 =+ €0 + H

(7) C,H, + 0, ~ ZHJCU

(8) C,H, + OH -+ CH, + H,CO
4 3 2
(9) ‘GH, + H, CHQ + H

(10) UEHA' CZH3 + H2

(11) C,H, + OH = CH, + CO

(12) 2H + M > H, + M

(13) 20 + M > 0, + M

(14) OH + H+ M » H,0 + M

¢15) B + 02 » OH + 0
(16) 0 + H2 » OH + H
(17) H + HZD > H‘7 + OH
(18) O + H,0 ~ 20H
(9D leo -+ OH +:Co, + H

(20) HO, + M > H + 0, + M

5]

(21) HO, + H

(A:5:2%
h =h > D
where: hg = total enthalpy (Kcal/kg)

hg = sensible enthalpy (Kcal/kg)

f/a = mass ratio of fuel to air
= chemical energy (Kcal/kg fuel)
u = flow velocity (m/sec)

J = mechanical equivalent of heat =

le

4186 12
1]

Ke:

Most frequently, standard heats of forma- b
tion are used to determine the chemical energy
released during a combustion process. The
standard heat of formation, hg, represents the
energy addition necessary for constant pressur
formation of a compound fron its elements in
their natural state at 25°C. The energy required ]

to accomplish any reaction can be calculated by
1lgebraically summing the heat of formati
ontributions of products minus rea nts .
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25°%¢
where: Ahy = heat of reaction at 25°9C

Xi = stoichiometric coefficients
of product compounds

x, = 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 CO,, the heat of combustion, &he,
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, is a function of reaction tempera-
ture. Heat required at temperature T,, rather
than 25°C would be:

(&h

) = (ihr)

20 25001~

(3, TG (15.2.3)

n = {1 =~
sp sr)Tl ( sp hsr)ZSOC
where hg, and hg, are the product and reactant
sensible enthalpies. Heats of combustion are
generally greater (i.e. less energyv 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 syvstems is
relatively small. In such a case, the relation-
ship between the energy released due to combustion
and the final flame temperature is:

-(4h,) (hsp) (hgp)

T1 Ty T

T2

C dT (15.2.4)
ko

"

where Cp is the temperature-dependent specific heat
of the combustion products and the heat of combus-
tion 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 Ty can be envisioned
as an energy source for constant pressure heating
of the combustion products from T} to T;.

The term Y 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:

¢ = (<48h;)

e)ys0c * (ew = 020 . €15.2.5)

5P sr”259C

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:

(

(h“T)YI +(f 1“V)T3

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
completely reacted to CO; and H;0 results in the
maximum achievable flame temperature, as the
maximum energy 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
were complete is defined as the "theoretical
flame temperature." Because of incomplete
combustion, energy losses, and the effects of
CO, 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 trenis 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 Ty will increase
directly with fuel-air ratio. However, when the
mixture ratio exceeds stoichiometric CO, and
possibly H; and unburned fuel, will bhe present in
the exhaust products and a decreas flame
temperature trend will result. Co.sequently,
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 ratic, 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:

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
¢) COz dissociation
d) H,50 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 ¢) 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. One technique involves
assuming a flame temperature and calculating
species concentrations using the equilibrium
relationships. The values are then used to check
for balance of the energy equation. Additional
guesses and iteratione are made till a temperature
is determined such that the conservation of energy
is satisfied within acceptable limits.

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

15.2.2 Important Flame Temperature Dependencies

This sub-section presents calculated
flame temperature results of practical importance
to turbine engine comhustion. Important variables
to be examired arc fuel-air ratio, initial
pressure and temperature, and mixture inert
concentration.

The simplified relationship between
calculated constant pressure adiabatic flame
temperature and mixture ratio shown in 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 Jet A with air at 800°K and 25 atm (representa-
tive of modern combustor inlet conditions at 1007
power operation). The difference between theoreti-
cal and actual flame temperature as the mixture
ratio approaches stoichiometric is due to the
presence of significant CO and H; concentrations
at the higher temperatures (see Figure 15.1.3).

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. Again, the non-linearity is
primarily due to the strong temperature dependence
of the equilibrium constants for CO; and H,0
dissociation. The effect of pressure is illustrated
in Figure 15.2.4. An increase in pressure at
constant initial temperature results in an irncrease
in flame temperature. This dependence can be
explained by examining the form of the H;0 and CO;
dissociation equations. In both cases, dissocia-
tion requires an increase in the total number 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 le total moles of product -- in
this case less dissociation. The increased
amounts of H;0 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 occur at the highest values of
flame temperature. Since main burner ««xit
temperatures are generally below 1750°K, the inlet
temperature and pressure effects of dissociation
are far less pronounced. Figure 15.2.5 illustrates

the relationship tetween fuel-air ratio and total
I
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Figure 15.2.5 Combustor Exit Total Temperature
for Jet A Fuel and Arbitrary

Pressure (Working Chart).

Another important factor influencing
flame temperature is oxygen concentration.
very important instances of combustion with

Two
an 0

concentration less than that of air are vital to
the combustion engineer. While a gas turbine
eéngine main burner encounters air with approximately

217 0; in actual operation (preheating bein;
accomplished by the compressor), testing

sometimes conducted using vitiated air -- at
temperature requirements are satisfied by pre-
combustion rather than compression or indirect
heating using a heat exchanger. The other verv
important example of vitiated combustion is, of
course, the afterburner. In this case, some of
the energy previously added by the compressor
main burner combustion hac been extracted by the
turbine. Consequently, temperatures in stoichio-

metric zones of the main
exceed maximum achievable
the afterburner.

combustor significantly

temperatures within

A means of
vitiation on flame
oxygen availability.
characterized by
centrations and
Therefore, the
the amount of

effect of
to
combustion is

evaluating the
temperature is
Vitiated
abnormally high H.0
lower 0. concentrations.

effect of vitiation is to reduce

fuel

consider

ind CO on-

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 oxvgen concentration as a func-
tion 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 on Stoichiometric
Flame Temperature.

LCS_AND_DIFFUSION PROC

The influences of gas dynamics and diffusion
of species and heat on combustion are extremely
omplex. Rather than treat these involved
processes in detail, this section intends to
explain the impact of these phenomenon in turbo-
propulsion combustion and to outline the general
approaches utilized to model chese processes in
turbine engine combustion systems. The topics of
consideration include premixed laminar flame
propagation, diffusion-controlled combustion,
effects of turbulence on combustion processes, and
. the perfectly stirred reactor.
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15.3.1 Premis

>d Laminar Flames

The simplest situation
simultaneous treatment of mi I ¢
dynamics is the premixed laminar flame. In this
case, a reaction front proceeds through a
uniform mixture of

seous fuel and air with a
constant propagation speed. An analysis of the
mass, momentum, and energy conservation equations
governing this case (called the Rankine-

Hugoniot analys
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
Secondly, the reaction front can proceed in
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 deftagration.

While the Rankine-Hugoniot equations
predict the existence of deflagration and relation-
ships between the properties of burned
unburned gases, the analysis does not a
calculation of the propagation velocity, Sp.
Prediction of Sy requires consideration of heat
conduction and species diffusion across the
reaction front. The basic therm theory of
Mallard and LeChatelier first proposed in 1883
results in the following important temperature
dependence:

1

exp(-E_/2RT¢) (1

This temperature relarionship is similar to th
for reaction rate (Equation 15.1.4) except for the
factor of 2 in the exponential denominator.
Equaticn 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

Tg is at its maximum value.

Variations in flame propagation rate with
the hydrocarbon types of practical interest to
turbopropulsion combustion are not substantial
(Ref. 15.8). Practical jet fuels would be
expected to behave in a 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, S; decreases with
increasing pressure. Between 50 and 100 cm/sec
Sy remains approximately constant. Above
100 cm/sec Sy increases with increasing pressure
(Ref 15.8),

Across the reaction front 4 substantial
decrease in gas densitie atly,
mass conservation requires a substantial increasc
in velocity. This acceleration results at the
expense of some pressure drop across the front.
The pressure drop is:

occurs. Lonseque

vhere y is the ratio of initial gas specific
heats, T; is the initial temperature and a is the
speed of sound in the initial mixture.

is) predicts two types of solutions.
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Figure 15.3.1 Flame Velocities of Paraffin-Oxygen
Mixtures at One Atmosphere Pressure
and Room Temperature.

lhis quantity represents the minimum pressure drop
(usually less than 1%) a combustion system can
experience in order to accomplish a given energy
release.

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. In
laminar flows, the mechanism for transport of fuel
and oxygen into these zones is molecular diffusion
ind these types of systems are called diffusfon
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 examining the early work of
Burke and Schumann (Ref. 15.9) which was published
in 1928. Fxperimentally, they utilized a system
similar to that shown in Figure 15.3.2a. Fuel
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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 A
A
'
a. Experiment

FLAME SURFACE

ﬂ' LOCATIONS
o d o

F
T T

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. In
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.

Important differences between premixed and
diffusion flames center around the existence of
the flame sheet. In 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 not generally correspond to the
premixed constant pressure stoichiometric flame
temperature. The thermodynamics 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.

does

The simplifying assumption of an infinite
chemical reaction rate can be eiiminated through
the utilization of a much more sophisticated analy-
sis. The primary effects of including finite
reaction rates are prediction of a flame of finite
thickness, lesser gradients of concentration and
temperature at the flame, and lower peak flame
temperatures. While more accurate prediction of
near-flame characteristics is achieved by the more
sophisticated analysis, many important properties,
notably burning rate, are predicted nearly as well
with the less elaborate approach.

The instance in 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 conditions characteristic
of high power operation, it would be likely during
starting and idle operation. In 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
oxygen diffusing radially inward from the surround-

ings. Analysis of this situation, similar to the
Burke and Schumann analysis discussed above, results
in the following burning rate prediction:
2 2
d® = d,° - kt (15.3.3)

where d is the fuel droplet diameter at time t, d, is
d at t = 0, and k is a constant. This relationship,

known 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 relationship is
pplicable to droplet evaporation without

the difference being a smaller value

also
combustion,

of k.

The foregoing discussion addresses the
simplified concept of fuel droplet combustion
wherein the process of each individual droplet is
issumed to be independent and the fuel is comprised
of a single hydrocarbon component. In reality,
the situation is far more complex; droplet interac-
tions and complications of multi-component fuels

wse significant departures from the simplified

case discussed above (Ref. 15.11 and 15.12). The
combust ion engineer should utilize empirical
informat ion when available. Recent data are
presented in Reference 15.12.

Diffusion-controlled combustion will also
occur in the cases where fuel droplets have vapor-
ized but not mixed with surrounding air, thus

forming fuel-rich pockets, or where the gases from
1 rich primary zone mix with secondary air. Many
of the performance characteristics of present day
combustors confirm the existence and importance of
such processes. However, the diffusion controlled
reactions in practical gas turbine combustion

systems cannot be simply treated by classical laminar
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diffusion flame theory; turbulence effects are
extremely important and the effects of turbulent
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 premixed
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 mixing and
vaporization zone prior to combustion (see Chapter
20). An important consideration in such systems
is the possibility of "flashback" 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 flame
propagation, ST are:

u' = the fluctuating component of gas

velocity.

y = parameter describing free stream and
flame generated turbulence intensity.
¢ = turbulence length scale.

turbulent flame velocity
turbulent velocity, u',

Generally speaking, the
can be the order of the
far exceeding Sjy.

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 small elements of
gas are called eddies. The analytical 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 fundamental 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 zone 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 laver
mixing zone, has been shown to be successful in
correlating a number of combustion characteristics
ranging from exhaust pollutants to stability.




TABLE 15.3.1: Turbulent Flame Theories (From Reference 15.13).

- ———————————f—— e T e e T e T W
investigator Relationships Conclusions
Damkohler (Ref. 15.14) Sp = 5p + ! Sp is independent of turbulence
At high velocities this scale. At high velocities Sy is |
approaches Sy = it determined solely by turbulent
velocity.
. e i s :
Shchelkin (Ref. 15.15) St = SL[l + (u'/Sy) ] In agreemnt with Damkohler.

At high velocities this approaches
S = u'

Karlovitz (Ref. 15.16) For weak turbulence Sp = S + u' S,I. is independent of turbulence
scale.

For strong turbulence:

S,r =St (.’Sl_u')‘S

Laminar flame speed is most
important parameter.

Where:

= SAL e
/; b
N
: e - . - 1) el . L
Scurlock (Ref. 15.17) St = spl1 + Cy(y/2) ] S7 is dependent on laminar flame
. speed and turbulence scale.
i Where: v is dependent on approach

stream and flame generated turbulence;
2 is the turbulence scale; C] is a

constant.
1 i i T_‘_;__H.-\___A_____,,_,_J

the rates and end products of the combustion process.
souldin (Ref. 15.20) has performed an analysis

which indicates that turbulence is of importance

to chemical reactions when turbulent tumpcrutur@
fluctuations T' are such that:

=7

(15.3.4)
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SHEAR LAYER
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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
Ti BT e significant role in all cases except those
LIQUID involving low activation um‘x:p:ies (<20 Kcal/g mole)
FUEL SPRAY RECIRCULATION and high temperatures ( 2500°K). Because of the
ZONE 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.

Figure 15.3.3: Simplified Representation of a
Turbine Combustion System.

15.3.4 Perfectly Stirred Reactor

The perfectly stirred recactor (PSR) is
. " ¥ " defined as a combustion region in which reactant
A final aspect of turbulence to be discussed 2
2 ? g = 5 ind product concentrations as well as temperature
here involves its effect on chemical reactions.

During fuel-air mixing as well as in the reaction

ire completely homogeneous (Ref. 15.21, 15.22).
fhe fuel-air mixture entering the reactor is

zone, the individual turbulent eddies can hawve &
ed with the com-

ies of fuel-air ratic and

1ssumed to be instantaneously m

widely differing : ¢ . "
WA bustion products. In principle, this immediately

' nerature. reaction ratyg ire very sensi- .
; sy N . N increases the temperature of the entering reactants
tive to these variables (Equation 15.1.4) the : A £
. P . Ly evond the initial state and provides a
turbulence characteristics in stron v Influence % > 5 s
substantial and continuous supply of chain carriers




| TABLE 15.3.2: Importance of Turbulence to Chemical
Reactions -- Values of (E /RT) 120 i e e s e e
C) “
v oh
i Keal 7_7__7”77'["(“‘1\') 100 - AL max T ]
a\g-mole 1500 2000 . o |
€
10 .09 .16 225 2 {
]
20 .022 .04 L0625 ° =
4 .0052 .01 .0156 =
60 .0025 L0044 .00694 = 4
{
80 L0014 .0025 . 0039 E > _1
whicn are of paramount importance to hydrocarbon
combustion (See Section 15.1.3). 1
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Reaction rates per unit volume are maximized ?400 1600 1800 2000 2200 2400 2600
in the PSR. Stabilization characteristics of
practical systems -- primary zones of main com- TEMPERATURE (°K)

bustors and regions behind flameholders of after-
burners -- are often modeled using PSR analyses.
A simplified veision of the analysis presented in
( Reference 15.22 results in the following dependence
of the reaction rate on key parameters: Figure 15.3.4 Perfectly Stirred Reactor Operating
Conditions.

m (.’L )n TR A s
v RT,, ¥ n~1 :
8 (IF - Ty (Tg = Tu) temperature chemical kinetic studies. Equation
15.3.5 also indicates the beneficial effect of
pxp(—}{a/RTR) (15.3-5) higher values of Ty on stabilization. This can
be achieved by higher initial mixture temperature
where: V = reactor volume (as shown in Figure 15.3.4) and/or an equivalence

ratio closer to unity. PFigure 15.3.5 illustrates

m = mass flow rate into the reactor y
the dependence of the well-stirred reactor

n = total reaction order stability region on equivalence ratio. Conseq
combustor designers strive to create primary z

Trp = adiabatic flame temperature for complete

5 which promote stabilization with an approximately
reaction I

stoichiometric fuel-air mixture ratio.
IR = PSR temperature
= initial temperature of entering

(unburned) mixture.

Figure 15.3.4 illustrates the relationship between

mass burning rate and reactor temperature. These 1.5 v X—f"v N TR L “!
results correspond to a case where n = 2, Ey = 40 L5 STNAOB{[

Keal/g mole and stoichiometric combustion of a fuel . l
vielding Tp values of 2550, 2500 and 24009K for 12 ¢+ STABLE : 4

T, values of 1000, 800, and 600°K. Equation 15.3.5
yields three solutions for any value of m/yp" —-
only the two highest T solutions are indicated in
Figure 15.3.4, as the lowest TR solution, while
stable, is not of practical interest here. The
mid-Tg solution is alsc of academic importance,

as it is unstable. Considering only the highest

g solution, the ana’ysis indicates that the

|
|
|
|
1
|
|
adiabatic flame temperature for complete reaction J
9 SURISRN) NSNS [ SESENS SO | S—
2

COMBUSTION ) [

NOT STABLE

EQUIVALENCE RATIO

is only achieved at flow rates approaching zero.
Further, a maximum value of m/VP" is indicated and
blow out is expected if a further increase is
lltwm'ptm).' Typically, this PSR blow out point is
imminent when the temperature rise above inlet
conditions is 75% of that corresponding to
complete combustion.

m / VP" (arb. units)

Figure 15.3.5 Stirred Reactor Stability
Dependence on Equivalence Rati

The exponential nature of reaction rates
(Equation 15.1.4) is directly reflected in

Equation 15.3.5. For this reason, perfectly stirred
reactors have been extensively utilized for high




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

(15.3.6)

Ihis relationship 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

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, n¢. 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:

By = hi
e B (15.4.1)

(h )
sp T2 ideal

hsp)T1

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

T - TWaceua
L e 0

(15.4.2)

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

15.4.2.

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

(15.4.3)

where C, is an average specific heat and ('hr)f
is the Fuel heat of combustion.

In practice, n, can be determined by
measuring the actual Té. This method, however,
presents some difficulty in cases where com-
bustion efficiencies are above 90%. The objective

of such testing usually involves reduction of the
remaining combustion inefficiency and relatively
small temperature measurement errors can causc
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.

where X; is the mass fraction of species i, and
(ﬂhc)i 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:

e <
1 -ng = 107°(.232 El + EL,

+ 2576 E[Hl)

Note that in cases where the combustion
temperature exceeds 1650°K, 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, hydrocarbon, or H, which is present at
concentrations levels in excess of equilibrium.
15.4.2 Flame Stabilization
Not all 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 svstem 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 subsctantial 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 (#1, and éR) and initial mixture
temperature (Ref. 15.23):

#1,(Tp) - #1(Ty) = =9.2 x 10

/

Ty - T (15.4.6)

(15.4.7)

$R(T2) = dg(Ty) = 25 % 107°(Ty = Ty)




limits within which combustion will be stable are
dependent on design details. An example of the

10~ T onset of instability in a premixed fuel-air
r P SA t}l:‘?lION system is found in the stabilization process for
6 a turbulent flame at the tip of a bunsen burner.

The blow off characteristics of such a system
have been successfully related to the velocity
gradient near the bunsen burner rim.

4r RICH FLAMMABILITY LIMIT

~
T

FLAMMABLE To reduce the possibility of instabilities
FLAV':;AOA:LE SPONTANEOUS in flowing premixed systems, flameholders and
10p IGNITION 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

EQUIVALENCE RATIO,
o

4+ 1 LEAN ¢ i 2 . : o
] Flampm perfectly stirred reactor (PSR) which provides
3 : ABiLITY l.lMlT-«.“‘ maximum stability for a flowing system. Fuel
2F ) and air flow distributions are intended to
: FLASH POINT ;.)n\vig'le a n‘f‘ar‘stoif‘h%ometric equ%va]enre ratio
| in this region to maximize stability. In many
il —1 L 1 ) cases, especially the flameholder, the portion of

0 50 100 150 200 250 the flow intercepted by the recirculation zone
is small and the predominant heat releasing com-
o
TEMPERATURE ( C) bustion mechanism involves reactions within the
shear laver which bounds the recirculation zone 1
(see Figure 15.4.2). The PSR portion of the flow
4.1: Flammability Characteristics for a can be thought of as providing a continuous pilot
Kerosene-Type Fuel in Air at to sustain the shear layer combustion region.
Atmospheric Pressure.

Figure 15.

TABLE 15.4.1: Flammability Limits in Air at
Atmospheric Pressure and Room

lemperature (From Ref. 15.23).
FlAMEHOlDfl
Syps 2 AR
__Equivalence Ratio SHEAR (AYER

———

Fuel l.ean Limit Rich Limit

e e e e snnm -

FUEL + AIR —— lucvo:
n-Paraffins ION(
Methane X 1.56
Propane .53 2.51 ——— SHEAR LAYER
Butane .60 2.88
G .58 323

Pentane
Hexane b 3.68
Heptane .63 3.78
Octane .60 e
| Isoparafins
| 2,2-Dimethylpropane 54 2.01
5 = , s 15 2 bhvs i Sradpaans 4 ame N
i 2-Methylpentane .55 3.42 Figure 15.4.2 Physical Processes in Flameholding
3 2,2,4~Trimethylpentane .66 ——
2,2,3,3-Tetramethylpentane .53 3.45
Olefins Blow out of these systems can be
Fe envisioned as occurring in two phases (Refs. 15.24
Ethene .45 6.76 & W =% < .
Propene .52 2.47 and 15.25). First the less stable shear laver
1=Butena UG 2.94 becomes unable to sustain itself as flow is

increased and will extinguish. As previously
Aromatics implied, this results in the elimination of the
predominant heat transfer source and causes the

Benzene .50 2 ¥5 7 &

IQ\lx “' 61 combustion efficiency to drop to nearly zero.

C ue p . Wi " : 3

Eth ‘l : The recirculation zone, being more stable, will

Ethylbenzene .50 et " . e : m/ypn s reache
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

Substantial pressure differences may also be observed ‘ { c -
3 final blow out point is of secondary interest.

if the test container is sufficiently small for wall
quench reactions to be of importance. 15.4.3 Ignition
Often a flowing system will not be capable
of sustained stable combustion under temperature,
pressure, and equivalence ratio conditions within
the flammability limits. [n practical systems, the

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

nition

ions separated by the
temperature (SIT). This
letermined using a standardized
a liquid fuel is dropped into
heated to a known temperature.
temperature is defined as
which visible or audible

itaneous

ter is wally

procedure where

in open air container
ignition
lowest temperature at
evidence of combustion is observed. Typical

values of SIT 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
methyl groups in the iso-octane is
to increase SIT to a level consistent with an
varaffin of lower molecular weight. Because

the

are

of side case of

much

these data are specific to a particular experiment,
iirect usage of these data as hazard criteria is
wt advisable. Most importantly from the combustor

SIT variations due to
SIT decreases rapidly
itmospheres with apparently

ipoint,
iificant

te )

sma | 1anges above this pressure (15.20).
TABLE 1 b 2 mtaneous Ignition Temperatures
(From Reference 15.20).
S.I.T. (OK)

Octane 9

Nonane 47

Decane 481
Hexadecane 478
[so-octane 691
Kerosene (JP-8 or Jet A) 501
JP-3 511
P-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 mixiag (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/AT,
etc.), the important point is that the ignition
lelay is onentially related to initial tempera-
ture, Ty

max?®

t, o 5 [T (15.4.8)

Ut

ecause

the ignition mechanism is not dependent on
! flame temperature, tjgn is not strongly

rendent nixture ratio within the flammability

nits. However, a strong dependence on pressure
is usually observed. Ignition delay times for
t | fuels are illustrated in Figure 15.4.3.

t he pontaneous ignition temperature,

1 1eat source must be utilized to
1 ires to locally exceed the SIT.
The st ymmon method achieving this is the
spark discharge. [he necessary amount of energy
release to achieve ignition is called the minimum
ignition energy (MIE). The quantity varies very
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Figure 15.4.3 Ignition Delay Times for Practical

Fuels.

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




15.5.1 Combustion 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 to cause this increase for the entire
system is determined. This value, which is
calculated as negative for exothermic combustion
reactions, is the constant volume higher heating
value.

Since the experiment is performed at 25°C,
condensed water from the combustion products
within the bomb provides additional energy
release which is included in the constant volume
higher heating value. The measurement can be
corrected to yield the constant volume lower
heating value (Ahg)y which corresponds to the
energy which would have been released if the water
in the combustion products had remained in the
vapor phase. The constant pressure lower heating
value (Ahe), which has been previously discussed
in Section 15.2.1, can then be calculated:

dh - (.‘.hc)v = (np - ng %I GLS.5.0)
where ny and ng are the number of moles of gaseous
products and reactant, T is initial or final
temperature (approximately 298°K), and J is the
mechanical equivalent of heat. Values of Ah. and
heats of formation for typical hydrocarbons and
jet fuels are shown in Table 15.5.1.

While heat of combustion differences among
hydrocarbons are relatively small, changes in
volatility are substantial. Fuels can range from
methane (boiling point of -161°C) to heavy liquid
hydrocarbons containing napthalene (boiling point
of 2119C). In non-aircraft turbine applications,
future fuel candidates include even residual oils
(which have non-volatile components). Common
aircraft turbine fuels, however, are a blend of
many hydrocarbons and their volatility is usually
characterized by a distillation curve as shown in
Figure 15.5.1.

The chemical composition of common jet
fuels is extremely complex. The hundreds of
hydrocarbon types present are often categorized
into three groups, paraffins, olefins, and
aromatics. Paraffins are the straight chain or
cyclic saturated molecules like propane, butane,
or cyclohexane. These are generally very clean
burning fuels (low soot formation). Olefins are
characterized by the presence of a carbon-carbon
double bond as 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. benzene) or polycyclic (e.g. napthalene)
in nature. The combustion of aromatic fuels is
likely to cause problems associated with carbon
particle formation, flame radiation and exhaust
smoke.
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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. It has been demonstrated that this
temperature corresponds to conditions where the
equilibriun vapor/air mixture above the liquid
fuel is at the lean flammability limit. 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-4,

is used by Canadian commercial airlines. These
fuels can be grossly represented as a blend o
kerosene and gasoline. The high volatility of

JP-4 results in a vapor pressure of about 0.17 atn
(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 flash point of about
520C. Because of the reduced probabilitv of
post 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°C for Jet A). The combustion character-
istics of JP-8, Jet A. and Jet A-1 are virtuallv
identical.

The unique problems associated with ship-
board jet fuel use cause the U.S.
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- =Ahg thg
cular Constant Pressure Lower Heat of Formation
3 Name Formula Weight Heating Value (cal/gm) (cal/gm)
'r. Methane CHy, 16.04 11,946 1115
Ethane CoHg 30.07 11,342 739
Propane C3Hg 44.09 11,072 563
n-Butane C4Hy0 58.12 10,925 513
Isobutane C4Hy0 58:12 10,897 541
n-Pentane C5H12 7 A 10,744 573
n-Hexane CeH14 86.17 10,685 551
n-Heptane C7Hy¢ 100.20 10,643 535
| n-Octane CBHIS 114.22 10,611 523 j
2,2,4-Trimethylpentane CgH18 114.22 10,592 542
n-Nonane CgHaog 128.25 10,587
n-Decane CloH22 142.28 10,567
n-Tetradecane C14H30 198.38 10,515
n-Hexadecane C1eH3y 226.43 10,499
] n-Pentatriacontane C35H72 492.93 10),:573
| Ethylene CoHy 28.05 11,264 =445
| Propylene C3Hg 42.08 1015935 =16
| Isobutene C4Hg 56.10 1055759 60
Octene CgHig 11221 105556
, Cyclopentane CsHyg 70:13 10,458
Cyclohexane CeH1 2 84.16 10,376
Benzene CoHg 78.11 9,588 =150
Toluene C7Hg 9213 9,680 =31
«-Xylene CgHyg 106.16 9,748 =55
Methyl alcohol CH30H 32.0 4,802
Ethyl alcohol CoH50H 46.0 6,447
Propyl alcohol C3H70H 60.0 7,388
Butyl alcohol C4H9OH 74.1 7:5936]
Acetylene CoH2 26.04 11,518 -2,080
Hydrogen Hy 2.016 28,651 0
Carbon (solid, graphite) C 1200 7,826 0
Carbon (coke) to CO2 (s 12.01 8,077 0
Carbon (coke) to CO C 12.01 2,467 0
Carbon Monoxide Cco 28.01 2413
JP-4 CH2 .02 10,389 476
JP=-5 CHy .92 10,277 458
JP-8/Jet A/Jet A-1 CHy g4 105333 428
The physical and chemical properties of and the water gas relationship are the primary
these fuels are illustrated in Table 15.5.2. equilibrium considerations. Current understanding
Yearly consumption figures for 1974 have also been of hydrocarbon combustion has been reviewed.
shown. This complex process can be envisioned as a
sequence of events involving hydrocarbon pyrolysis
and partial oxidation to H; and CO, chain branching
15.6 SUMMARY reaction resulting in H; consumption, and CO
oxidation by OH radicals generated during chain
his chapter has reviewed fundamental branching.
mcepts neeessarvy for the understanding of aero-
ropulsion combustion. Two additional chapters Combustion thermodynamics involves relating
will msider the practical application of this energy release from fuel consumption to combustion
yformation to mainburners (Chapter 20) and after- product effects. For constant pressure systems, the
ers (Chapter 21). Much of this chapter has first law of thermodynamics implies conservation
lected the theme that the subject of combustion of total enthalpy across the reacting svstem.
in es interdisciplinary study of chemistry, Using this relationship, definitions and methods
thermodynamics, and gas dynamics. of calculating flame temperature have been offered.
Theoretical flame temperature, calculated assuming
Kev topics to the study of combustion no dissociation, has been used to explain the
hemistry are reaction rates, equilibrium considera- effects of initial temperature, fuel-air ratio,
tions, and the mechanisms of hydrocarbon-air fuel type, and extent of vitiation. Methods of
wmbust fon. The Arrhenius relationship, which more accurate flame temperature calculation,
lescribes the basic dependencies of reaction rate including dissociation effects, have been presented
on pressure, temperature, and concentration, has and the above-described effects were illustrated.

been highlighted and 1its impact on combustion
svstems has been described. COj; and Hy0 dissociation
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TABLE 15.5.2: Important

S S D
Spec Typical
Property Reqm't Value
Vapor Pressure (atm) A3 = 02 .18
@ 38°C (100°F)
[nitial Boiling Point e 60.
(°C)
End Point (°C) == 246
Flash Point (©C) -— -25
Aromatic Content (% Vol) <25 152
Olefinic Content (% Vol) <5 IE
Saturates Content = 87
(%Z Vol)
Net Heat of Combustion >10,222 10,388
(cal/gm)
Specific Gravity 0.752 = 0,802 <758
U.S. Yearly Consumption 5
(109 gal)

Gas dynamics 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 been 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 analyzing laminar
systems have been reviewed. The impact of
turbulence on premixed and diffusion flames has
been discussed. In the case of premixed systems,
flame propagation rates are enhanced. In the case
of diffusion flames, combustion zone mixing rates
are increased, resulting in greater burning rates.
Finally a model of the ultimate turbulent system,
the perfectly stirred reactor, has been offered.
In this system, mixing rates are instantaneous
relative to chemical kinetic effects and uniform
temperature and Species concentration exist
throughout the reactor. This perfectly stirred

reactor analysis has indicated important dependencies

of such a system on temperature, mixture ratio, and
combustion kinetics.

Combustion parameters of importance to aero-
propulsion have been reviewed and explained using
the fundamental information regarding chemistry,
thermodynamics, and gas dynamics presented in
earlier sections. Parameters which have been

reviewed are combustion efficiency, flame stabiliza-

tion, and ignition. Combustion efficiency has been
defined and related to both exhaust temperature and
species concentration. Flame stabilization has
been discussed relative to the definition of
flammability (which applies to a quiescent system),
as well as to the basic processes occurring in
flameholder or primary zone regions. In the latter
case, the roles of the recirculation and shear
laver zones have been highlighted. Ignition has
been discussed in terms of spontaneous ignition
temperature, ignition delay time, and minimum
ignition energy.

Finally, the important combustion characteristics

of jet fuels have been defined and discussed. These
include the heats of combustion and formation,
volatility and distillation characteristics, and

Jet Fuel Properties

_JP-8 (Jet A-1) e OPED -
Spec Typical Spec Typical

Reqm't Value  Regnm't Value

—— .007 == .003

== 169. == 182.

288 265 288 260
>49 52 >63 65

<20 16 <25 16

- 1 == 1

—= 83 == 83

>10,222 10,333 >10,166 10,277

0.755 ~ 0830 0.810 0.788 - 0.845 0.818

12 1

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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ustor the following subsections.

The evolution of aircraft gas turbine cor
technology over the past forty years has been ex-

tremely impressive. While the combustion system was 20.1.1
the primary limitation in development of the first

aircraft gas turbine in 1939 (Ref 20.1), the com- Turbine engine c < ’
plexity and hardware costs associated with current continuing development over the past 40
rotating engine components (compressor and turbine) sulting in the evolution of a variet)
now far exceed that of the combustion system. Re- ) figurations.
cent developments, however, have once again caused
significant shifts in development emphasis toward
combustion technology. New concepts and technology 20.1.1.
improvements will be necessary to satisfy recently

legislated exhaust pollutant regulations. Moreover,

future emphasis on engines which can utilize fuels

with a broader range of characteristics are expected O '

to require additional combustor technoiogy develop- @ Q

ment. @
CANNULAR TYPE

Beyond these externally imposed requirements are
the combustion system performance improvement

necessary to keep pace with new engine developments.
Further reductions in combustor physical size and %

ors have unaergone

three type

weight are expected to continue as firm require-

ments. Performance improvements, especially wit} \
respect to engine thrust/weight ratio and specific
fuel consumption, will require higher combustor
temperature rise, greater average turbine inlet
temperatures, and closer adherence to the design
temperature profile at the turbine inlet. High Figure
performance designs must also permit greater Mach
number operation within and around the combustor to
reduce pressure drop and minimize the physical size
of compressor exit diffuser hardware. C (both
initial and operating) must be minimized, as recent
experiences with high temperature engines have con-
firmed the necessity to consider reliability and
maintenance aspects of life cycle cost as well as
performance and fuel consumption.

20.1.1 Combustor Type

A can combt
ylindrical
case. In t}
Figure 20.1.2, & single ¢

hile larger propulsion systems
mbly in an arrangement designe
1tinuous annular gas flow to
on. The combustion

The purpose of this chapter is to introduce the
reader to the hardware aspects of aircraft gas tur-
bine main burners; fundamental aspects have been
addressed in Chapter 15, and afterburners are to be
discussed in Chapter 21. A number of reference texts
(Ref 20.2 - 20.6) have been published which address
various aspects of turbopropulsion combustion in a
detailed manner. In particular, reference 20.6 cites
more than 700 reports and technical articles on the
topic of turbopropulsion combustion. The balance of
this chapter will discuss the following four topics:
a) description of various hardware types and defini-
tion of all terms of importance, b) review of param-
eters pertinent to performance, c¢) discussion of
tools available to the combustor designer, and 4)
review of the future requirements of exhaust emis-
sion reduction, achievement of greater fuel flex-
ibility, and advancement of burner performance.

COMBUSTOR
20.1 COMBUSTION SYSTEM DESCRIPTION/DEFINITIONS

In order to fully appreciate and comprehend
contemporary turbopropulsion combustor design
philosophy, a number of general design and per-
formance terms must be understood. The purpose of
this section is to acquaint the reader with c
ly used combustion nomenclature which will
lized throughout this chapter. A brief de:
and/or definition of combustion system t; s

an
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compressor propulsion systems. The radial-inflow
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ss--Overall com-

commonly ex- M[’
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pressure 20

fractional

L LSRR T8 o/ (20.2.3)
I3 Reference Velocty Heod Loss AP

10

where AP = P_ - Py =

¥ = (ompressor discharge total pressure

Overall Pressure Loss, %

Turbine nozzle inlet or combustor
| exit total pressure

‘u
1]

This loss generally increases with the square of
! iffuser inlet Mach number.

4
012

ty Head Loss-- Reference Mach Number
terms of inlet

4 This loss coefficient is given in Y
4 velocity head. It expresses losses in a manner Figure E Tass Corralats F
hich accounts for the additional difficulties in

third performance

ture uniformity c
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) Q proper temperatu
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pressure
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Figure 20.2.2 Radial Temperature Profile at
Combustor Exit

Combustion Stability: Combustion
ability is defined as the ability of the com-
stion process to sustain itself in a continuous
manner. Stable, efficient combustion can be upset
by the fuel-air mixture becoming too lean such
that temperatures and reaction rates drop below the
level necessary 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
and pressure characteristics as a function of
o is given in Figure 20.2.3. These
can be correlated with the perfectly stirred
theory described in Sectio