
JOURNAL OF PROPULSION AND POWER

Vol. 16, No. 5, September–October 2000

Analysis of Gaseous Fuel and Air Mixing
in Flames and Flame Quenching

Dan Brasoveanu¤ and Ashwani K. Gupta†

University of Maryland, College Park, Maryland 20742

A model for fuel–air mixing in diffusion � ames is presented and applied to study the mixing and quenching of
methane–air � ames. The model is based on the ideal gas law, the energy equation, the equation of continuity, and
Arrhenius form of rate equation and is, therefore, strictly valid for mixtures having low density, that is, for low-
pressure combustors. In the absence of preferential diffusion, chemical reactions cause an unbalancedconsumption
of fuel andoxygeninnonstoichiometric� ames.Until the desired equivalenceratio isachieved,enhanced preferential
diffusion of oxygen or fuel is required in fuel-rich or fuel-lean � ames, respectively. After a desired equivalence ratio
is achieved, preferential diffusion of oxygen or fuel should be reduced to the exact level required to compensate for
the unbalanced consumption of fuel and air. In the absence of these conditions, � ame chemistry cannot be strictly
controlled. In addition, unless the desired equivalence ratio is at a position of stable equilibrium over an extended
range of operational conditions, the � ame may be quenched. Net transport of fuel or oxygen due to diffusion is
correlated with distributions of pressure, temperature, velocity, mass fraction of species, and heat transfer through
radiation and conduction. Results show that negative rates of pressure (or positive rates of temperature) and
positive rates of pressure (or negative rates of temperature) can enhance preferential diffusion of oxygen and
fuel, respectively. Negative velocity divergence also enhances the diffusion of oxygen, whereas positive velocity
divergence enhances the diffusion of fuel. Recirculation of burnt gases improves the stability of all � ames. For rates
of pressure of less than 1 atm/s, heat addition through conduction or radiation can provide a position of stable
equilibrium for fuel-rich � ames. A position of stable equilibrium can be provided for both fuel-rich and fuel-lean
� ames by combining a positive rate of temperature with positive velocity divergence, for rates of pressure of up to
25 atm/s. At higher rates of pressure or temperature, increased initial pressure or temperature, respectively, also
assists in � ame stabilization.

Nomenclature
b = rate of mass fraction of fuel burnt, 1/s
cP = speci� c heat at constant pressure, J/kg K
H f = heat of formation of methane at a pressure of 1 atm

and temperature of 298.15 K, J/kg fuel
h = speci� c � uid enthalpy of � uid, J/kg
h ¤ = total enthalpy of � uid ´ h + U 2 / 2, J/kg
M = molecular weight, kg/mol
m = mass, kg
P = pressure, atm
Q = ratio of heat transfer and heat released by combustion

rates, dimensionless
R = universal gas constant/atmospheric pressure, m3/K mol
r = rate of equivalence ratio, s ¡ 1

S = source term
T = temperature, K
t = time, s
U = magnitude of overall velocity, m/s
U = overall velocity, m/s
y = mass fraction, dimensionless
D = main determinant
D f = fuel determinant
D o = oxygen determinant
D p = determinant of combustion products
q = density, kg/m3

q (0) = initial density, kg/m3

s = integration variable
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u = equivalence ratio, dimensionless
u (0) = initial equivalence ratio

Subscripts

c = combustion
eq = equilibrium
f = fuel
m = mixture
n = molecular nitrogen
o = molecular oxygen
p = products (water and carbon dioxide)
q = quenching
st = stoichiometric conditions

I. Introduction

P REVIOUS studies have shown that controlled mixing is very
important for increasingcombustor ef� ciency and reducing the

emission of pollutants.1,2 Non� ammable and � ammable mixtures
behave in different manners but have certain similarities.3 A model
for mixing in an in� nitesimalelementof non� ammable mixturewas
presentedand applied to studymethane–air mixing in a previouspa-
per by the authors.4 This model was based on the ideal gas law and
the equationof continuity.The in� nitesimalelements of mixture are
analyzed in an Eulerian frame of reference.Augmenting the model
for non� ammable mixtures with the energy and Arrhenius form of
rate equation3 provides a model for � ammable mixture elements
within diffusion � ames. A very large number of species and chem-
ical reactions are involved even for a simple hydrocarbon � ame of
methane burning in air.5 Some simplifying assumptions, therefore,
must be made to model mixing in � ames. In this study, it was as-
sumed that the mass fractionof molecularnitrogenis not affectedby
combustion because only a trace amount of nitrogen present in air
participatesin the chemicalreactions.2 Therefore, in � ames, the gra-
dients of nitrogenconcentrationare smaller than those for reactants
or combustion products.As a consequence,the � ux of nitrogendue
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to random molecular motion (i.e., ordinary diffusion3) is smaller
than that for reactants and combustion products because the � ux of
a chemical species is proportionalto the divergenceof that species’s
concentration.3 Furthermore, most fuel–air mixtures contain more
than 75% nitrogen on a mass basis, which means that nitrogen and
mixture density are almost equal. As a consequence, pressure dif-
fusion of nitrogen can be neglected.3 Compared to reactants and
combustion products, the rate of mass fraction of nitrogen due to
both diffusion and chemical reaction is negligible. Therefore, for
nitrogen the species conservation law can be written as3,4

d q n

dt
¼ ¡ q n div U

The preceding equation and the equation of continuity yield

dq n

dt
¼

q n

q

d q

dt

As a consequence, the rate of nitrogen density is given by

d q n

dt
¼ yn

d q

dt
(1)

By de� nition, the density and mass fractionof any chemical species
i are correlated

q i ´ q ¢ yi (2)

Therefore,

d q i

dt
=

d(yi q )
dt

´ yi
dq

dt
+ q

dyi

dt
(3)

Based on Eq. (2), nitrogen density can be written as

q n ´ q ¢ yn

Therefore,

d q n

dt
=

d(yn q )

dt
´ yn

d q

dt
+ q

dyn

dt
(4)

Equations (1) and (4) show that

dyn

dt
¼ 0

Therefore, it can be assumed that the overall rate of mass fraction
of nitrogen is negligible compared to the overall rates of reactants
and combustion products; that is, the mass fraction of nitrogen re-
mains almost constant.

A single-step chemical reaction model is considered, which for
methane is

CH4 + 2O2 ! CO2 + 2H2O

It is also assumed that diffusive transportof combustion products
isnegligiblecomparedto theirmass sourcesdue to chemicalreaction
(i.e., the second Damkohler number3 is large); that is, DaII ´ mass
source from chemical reactions/diffusive transport >10. Therefore,
for water and carbon dioxide, the effect of diffusive transport is
secondary compared to the effect of chemical reactions. The law
of species conservation applied to water and carbon dioxide with
diffusive transport being negligible yields

d q H2O

dt
= ¡ q H2O div U + SH2O

d q CO2

dt
= ¡ q CO2 div U + SCO2

By the use of Eq. (3), the given rates of density of water and
carbon dioxide can be written as

d q H2O

dt
=

dyH2O

dt
q + yH2O

dq

dt
= ¡ q H2O div U + SH2O

dq CO2

dt
=

dyCO2

dt
q + yCO2

d q

dt
= ¡ q CO2 div U + SCO2

Therefore, the rates of mass fraction of water and carbon dioxide
are given, respectively, by

dyH2O

dt
=

1
q

q H2O div U ¡ q H2O div U + SH2O =
SH2O

q

dyCO2

dt
=

1
q

q CO2 div U ¡ q CO2 div U + SH2O =
SCO2

q

As a consequence

dyH2O dt

dyCO2 dt
=

SH2O

SCO2

= const

Assuming that the mass fractionsof water and carbon dioxide are
negligible before the mixture ignities at time t0, the ratio between
the mass fractions of water and carbon dioxide at a later time t is
given by

yH2O(t )
yCO2 (t)

=
t

t0

dyH2O

dt
dt

t

t0

dyCO2

dt
dt

=
SH2O

SCO2

t

t0

dyCO2

dt
dt

t

t0

dyCO2

dt
dt =

SH2O

SCO2

= const

This suggests that the ratio between water and carbon dioxide is
governed by reaction stoichiometry,and for methane–air � ame this
ratio is about 2–1, on a volume basis.6 The mass fractions of inter-
mediate species (such as CO, CH3, HCO, OH, H, H2 , HO2, etc.)
have been assumed to be negligible.

The assumptions that fuel–air mixture contains mostly nitrogen,
Damkohler number DaII is large for water and carbon dioxide, the
ideal gas law, the equation of continuity, and the energy equation
yield

y f + yo + yn + yp = 1

(y f / M f ) + (yo / Mo) + (yn / Mn ) + (yp / Mp ) = P / RT q

h = h f y f + ho yo + hn yn + h p yp (5)

The molecular weight of combustion products (which are assumed
to be water and carbon dioxide only) is given by6

Mp = 1
3 2MH2O + MCO2

Therefore, the speci� c enthalpy of combustion products can be
calculated from

h p = (1/3M p) 2MH2OhH2O + MCO2 hCO2

The mass fractions of water and carbon dioxide are, respectively,
given by

yH2O ¼ 2 MH2O Mp yp yCO2 ¼ MCO2 Mp yp

The total enthalpy of � uid is de� ned as7

h ¤ = h + (U 2 /2)

where

U = j U j

Heat transfer through conduction and radiation, the rate of total
enthalpy of mixture, and the rate of energy released by combustion
are correlated, as shown by the energy conservation law3:

dh ¤

dt
= (Q + 1) j H f S f j +

1
q

dP

dt

Based on the assumption that fuel and air are thoroughly mixed
within the in� nitesimal element of � ammable mixture, the source



BRASOVEANU AND GUPTA 831

term for fuel, (kilograms of fuel/kilograms of mixture-second) S f

is given by8,9

S f =
dy f

dt
c

= ¡ 0.5(101, 315P)2 yo y f exp
¡ 20000

T

The heat of combustion of methane H f at 298.15 K and 1 atm, is
50,047 kJ/kg fuel.10

Based on the assumptionthat the mass fractionof nitrogenis con-
stant and based on the system of Eqs. (5), the rates of mass fraction
of nitrogen, fuel, oxygen, and combustion products are given by

dyn

dt
=0

dy f

dt
+

dyo

dt
+

dyp

dt
=0

1
M f

dy f

dt
+

1
Mo

dyo

dt
+

1
Mp

dyp

dt
=

d
dt

P

RT q

h f
dy f

dt
+ ho

dyo

dt
+ h p

dyp

dt
= a (6)

where

a ´ ¡ C pm
dT

dt
¡

d

dt

U 2

2
+ j H f S f j (1 + Q)

The mixture speci� c heat at constant pressure is given by

cpm = cp f y f + cpo yo + cpn yn + cpH2O yH2O + cpCO2 yCO2

The precedingsystem of equations(6) can be solvedusing Cramer’s
(see Ref. 11) rule; that is, the determinants of fuel D f , oxygen D o ,
and combustion products D p , and the main determinant D can be
written as

D f =

0 1 1

d

dt

P

RT q

1
Mo

1
Mp

a ho h p

(7)

D o =

1 0 1

1
M f

d

dt

P

RT q

1
Mp

h f a h p

(8)

D p =

1 1 0

1
M f

1
Mo

d

dt

P

RT q

h f ho a

D =

1 1 1
1

M f

1
Mo

1
Mp

h f ho h p

(9)

and the rates of mass fraction of fuel dy f / dt, oxygen, dyo /dt , and
combustion products dyp /dt are given by

dy f

dt
=

D f

D
(10)

dyo

dt
=

D o

D
(11)

dyp

dt
=

D p

D
(12)

The equivalence ratio U is de� ned as3,4

u = (ya / y f )st(y f / ya )

For methane–air � ames the stoichiometric ratio between air and
fuel, on a mass basis, is 17.2; therefore, for such � ames, the equiv-
alence ratio is given by

u = 17.2(y f / ya)

Air contains 21% oxygen on a volume basis or 23% on a mass
basis. Because of the participation of oxygen present in the air in
the combustion process, the volume or mass of oxygen changes. In
� ames, therefore,the ratio betweenoxygenand nitrogenis changed.
The equivalence ratio has to be rede� ned based on the amount of
air that would correspond to the remaining oxygen; that is,

u = 17.2(0.23y f / yo) = 3.956(y f / yo) (13)

A parameter that can be used to study fuel–air mixing is the rate
of equivalence ratio r(t ) de� ned as4

r (t) =
1
u

d u

dt
(14)

Positive or negative rates of equivalence ratio indicate that the
mixture becomes more fuel-rich or more fuel-lean, respectively.
Two types of rate of equivalence ratio that can be distinguished
are 1) rates that enhance mixing, that is, produce or maintain a
� ammable mixturehavinga target equivalenceratio and 2) rates that
hamper mixing, that is, prevent the formation of a desirable type of
� ammable mixture or cause the mixture to become non� ammable.
The � rst type of equivalence ratio can be called rate of mixing.4 In
� ames, rates of equivalenceratio of the second type usuallymeasure
the rate of quenching and, therefore, will be called here rates of
quenching. For example, if the desired equivalence ratio is unity, a
positive or negative rate of equivalence ratio in a fuel-lean or fuel-
rich mixture, respectively,causes the equivalence ratio to approach
the desired value and is called the rate of mixing. A negative or
positive rate of equivalence ratio in a fuel-lean or in a fuel-rich
mixture, respectively, yields a non� ammable mixture and is called
the rate of quenching.

To maximize combustionef� ciencyand to reduce pollutantemis-
sions, � ame chemistry must be carefully tailored. Therefore, after
achieving the desired equivalence ratio, the rate of equivalence ra-
tio r(t ) should be minimized. On the other hand, enhanced mixing
requires high rates of equivalenceratio (positive in fuel-lean � ames
and negative in fuel-rich � ames). If the desired equivalence ratio is
at a positionof stableequilibrium,12 rates of equivalenceratio would
be automatically minimized after reaching the position of equilib-
rium. Unless operational conditions are rapidly changed after the
desired equivalence ratio is attained, enhanced mixing assures just
as fast � ame quenching.

In a � ame, the rate of equivalence ratio is given by

r(t ) =
3.956

u
yo

dy f

dt
¡ y f

dyo

dt
y2

0 =
1
y f

dy f

dt
¡

1
yo

dyo

dt
(15)

Equation (15), used in conjunction with Eqs. (10) and (11), yields

r(t ) = 1/ D [( D f / y f ) ¡ ( D o / yo)] (16)

Therefore, the rate of equivalence ratio in a � ame depends on the
distributions of pressure, temperature, velocity, and mass fraction
of oxygen, fuel, and combustion products [see Eqs. (7), (8), and
(16)]. The rate of equivalence ratio also depends on heat transfer
through radiation and conduction.High-frequencysounds that pro-
vide rates of pressure that are alternatelypositive and negative have
been shown to affect mixing in non� ammable mixtures.4 As seen
from Eqs. (7), (8), and (16), high rates of pressurehave a signi� cant
effect on mixing.Therefore,high-frequencysoundwaves also affect
� ammable mixtures.

High rates of quenching may cause the equivalence ratio to ei-
ther drop below the fuel-lean ( U l =0.5) or exceed the fuel-rich
( U r = 1.68) � ammability limit,3 therebyquenchingthe � ame. If the
distributions of pressure, temperature, velocity, chemical species,
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and intensity of heat transfer through conduction and radiation are
known at any instant of time, then the rate of equivalence ratio can
be expressed as a function of time using Eq. (16). The mixing time
tm or the quenching time tq with known value of r(t ), can both be
calculated from

u (t ) = u (0) exp
t

0

r( s ) d s (17)

For example, if the initial equivalenceratio U (0) is 0.5, the target
value is 1.0, and r(t ) has a value of 4000 s ¡ 1, the mixing time (in
seconds, s) is given by

tm =
[( u (tm ) / u (0)]

4000
= 0.00017 s

This mixing time would be similar for an initial equivalence ratio
of 1.68.

The residence time in a characteristic gas turbine combustor is
about 1 or 2 ms. Mixing times that are more than 10 times shorter
than the residence time are desirable. Therefore, it is tempting to
pursue rates of equivalence ratio that are greater than 4000 s ¡ 1.
However, quenching times, unless the stoichiometric value is at a
position of stable equilibrium, would also be shorter than 0.1 s, as
shown byEq. (15). By makingthe assumptionthat there is a constant
rate of quenching r the quenching time is 1/ r . For example if the
rate of quenching has a constant value of 1000 s ¡ 1 and the initial
equivalence ratio U (0) is 1.0, Eq. (15) shows that the quenching
time is given by

tq =
[( u (tq ) / u (0)]

r
=

(1.68)

1000
= 5.188 ¢ 10 ¡ 4 s

An initial equivalenceratio of 1.0 and a rate of quenchingof ¡ 1000
s ¡ 1 provide a quenching time of

tq =
(0.5/1)

¡ 1000
= 6.931 ¢ 10 ¡ 4 s

In typical gas turbine combustors, the fuel is required to burn in
about 1 ms. To assure complete combustion of fuel, the quenching
time should exceed the time required to burn the fuel, which means
that the rate of quenching should be kept below 1000 s ¡ 1 .

To summarize, if the desired equivalence ratio is at a position of
unstable equilibrium, the magnitude of the rate of equivalenceratio
should exceed 4000 s ¡ 1 for enhancedmixing, and immediatelyafter
achieving the target equivalenceratio, the rate should be reduced to
less than 1000 s ¡ 1. It is a challengeto achievesuchan abruptchange.
These results show that enhanced mixing and � ame stability can be
mutually exclusivewhen the target equivalenceratio is at a position
of unstable equilibrium.

In practical combustordesigns,r is not constant, and Eq. (17) has
to be solved numerically. A constant rate of mixing or quenching,
having an absolute value given by

j r j = max( j r(t ) j )

can provide a lower limit for the mixing or quenching time.
It is known that � ame stretch13 can be used to quantify vari-

ous phenomena involved in � ame stabilization.14,15 The capacity of
stretch to stabilize, as well as to quench the � ame has been dis-
cussed previously.16 The results show that the behavior of � ame
also depends on diffusion, heat transfer, initial concentrations of
products and reactants, type of fuel, distributions of pressure, and
temperature.16

II. Diffusion in Flame
If pressure, temperature, and velocity are kept constant and heat

transferand chemical reactionsare negligible, the determinants D f ,
D o , and D p are zero, as seen from Eqs. (7–9). As a consequence,the
rates of mass fraction of fuel (dy f /dt ), oxygen (dyo / dt ) and com-
bustion products (dyp /dt ) are zero, as shown by Eqs. (10–12). The

mass fractionof fuel, oxygen,and combustionproductsare constant
only in the absence of convective and preferential diffusion trans-
port, that is, the net transportof fuel, air, and combustionproducts is
linkedto velocitygradients,rates of pressure, temperature,chemical
reactions or heat transfer through conduction, and radiation.

The rate of the equivalence ratio quanti� es the combined effect
of net transport and combustion on the equivalence ratio, as shown
by Eqs. (7), (8), and (16). As a consequence,the rate of equivalence
ratio can be positive or negative even under net transport of oxygen
or fuel, respectively. Nevertheless, preferential diffusion of fuel or
oxygen causes an increase or decrease, respectively, in the rate of
equivalence ratio r(t ).

III. Flame Stability
A � ame is stable over a range of operational conditions only if

the equivalence ratio is at a position of stable equilibrium12 (i.e.,
U eq), that lies between the � ammability limits. For an equilibrium
position, the rate of equivalence ratio is zero. Equation (15) shows
that the rate of equivalence ratio is zero if

dy f

dt
yo ¡ y f

dyo

dt
y2

o = 0

The consumptionof fuel and oxygenis balanced (i.e., maintainsa
constantequivalenceratio in the absenceof preferentialdiffusion) if

dy f /dt

dyo / dt
c

=
y f

yo

because

dy f /dt

dyo / dt
c

´
y f

yo st

In the absenceof preferentialdiffusion,Eq. (15) can be written as

r(t ) =
(dyo /dt )c

y f

y f

yo st

¡
y f

yo

By de� nition

dyo

dt
c

< 0

Also from de� nition, in a fuel-rich mixture

(y f / yo)st ¡ (y f / yo) < 0

As a consequence, in a fuel-rich mixture, the rate of equivalence
ratio is positive, that is, combustion causes the equivalence ratio to
increase. A similar reasoning shows that combustion reduces the
equivalence ratio in a fuel-lean � ame. Therefore, the consumption
of fuel and oxygen is unbalanced in a nonstoichiometric � ame. As
a consequence, in the absence of net transport, rates of quenching
are produced in both fuel-rich and fuel-lean � ames.

The output of a linear system that is stable remains bounded
(� nite) for any bounded input.17 ¡ 19 The system is stable if the vari-
ation of the system output about the initial steady state (i.e., stable
equilibrium position) tends to zero.17 The system is unstable if the
output increases inde� nitely with time, that is, unstableequilibrium
position. The system is marginally stable if the output undergoes
continuous bounded oscillations. A system has limited stability if
the output attains a constant value other than the initial one. System
stability requires negative feedback. If at a time t0 , the equivalence
ratio is at an equilibrium position, U eq (which is also the desired
value), then the rate of equivalenceratior(t0) is zero.At time t0 + d t ,
due to the effect of a perturbation in the � ow� eld, distribution of
pressure or temperature, or via changes in heat transfer through ra-
diation and conduction, the equivalence ratio is U (t0 + d t ), which
is 6=U eq , the rate of equivalence ratio r(t0 + d t ) is no longer zero.
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The rate of equivalence ratio, r(t0 + d t ), can be the rate of mixing
only when providing negative feedback for the equivalence ratio
under perturbations, that is, when the equivalence ratio satis� es the
condition

[ u (t0 + d t ) ¡ u eq]r(t0 + d t ) < 0 (18)

Inequality in Eq. (18) is necessary but not suf� cient to assure
� ame stability. When inequality in Eq. (18) is satis� ed, the rate of
equivalence ratio counters the effect of the perturbation and tends
to preserve the desired equivalence ratio, unless the equivalence
ratio begins to oscillate with continuously increasing (unbounded)
amplitude. An assurance that the equivalence ratio remains at a
stable positionof equilibriumover an extendedrange of operational
conditions requires an in-depth analysisof � ame in terms of system
stability.17 ¡ 19

Usual rates of quenching provide positive feedback, i.e.,

[u (t0 + d t) ¡ u eq]Rm(t0 + d t) > 0 (19)

If the preceding condition is satis� ed, then U eq is immediately rec-
ognizedas a positionof unstableequilibrium,thatwill provide� ame
quenching whenever the rates of quenching, which are caused by
perturbations in � ow� eld, pressure, temperature, or heat transfer,
exceed 1000 s ¡ 1.

The model presented here quanti� es the effect of heat transfer,
initial concentration of reactants and products, and distributions
of pressure, temperature, and velocity on � ame behavior. Previous
studiesof � ame quenchingrely on the implicit assumption that only
a few of these factors affect � ame stability.For example, attempts to
determinea criticalvalueof � ame stretch that triggers� ame blowoff
rely on the assumption that the velocity distribution and � ame ge-
ometry are the only factors that cause � ame extinction. The system
of equations(6) shows that � ame stretchalonecannotprovidea truly
physical model of � ame behavior.The use of � ame or � uid element
stretch may be considered only if the mass fraction of nitrogen is
less than 50%, if the Damkohler number DaII is small (for water or
carbon dioxide), if there is a nonnegligible mass fraction of inter-
mediate combustion products,or if the ideal gas law is not accurate.
Similarly, � ame studies based on the Karlowitz number assume that
only the rate of chemical reactions, velocity distribution, and � ame
geometry affect � ame quenching.3

This study is focused on in� nitesimal elements of a mixture.
Extrapolating the results obtained on this scale to the entire � ame
requires further examination. Flames need to be analyzed using a
mesh of in� nitesimal elements. The mesh structurehas to be chosen
carefullyto span the entirecombustionregionand to reveal theeffect
of � ame geometry on quenching.

IV. Computational Approach
The rates of mixing, based on Eq. (16), have been calculatedhere

using MATHCAD 5.0. Results have been obtained here on � ame
quenching under low and moderate pressures ranging from 1 to
5.0 atm because the ideal gas law is strictly valid at low pressures.
The operationalconditionsanalyzedhereare intendedto emulatenot
only those normally encountered in low-pressure combustors, but
also extreme conditions leading to � ame extinction such as rapid
cooling of the reactants during their contact with a cold surface.
The rates of pressureare varied from ¡ 100 to 100 atm/s. The initial
temperature of mixture is varied from 1050 to 2250 K and the rate
of temperature from ¡ 2 £ 107 to 2 £ 107 K/s. The rate of the ki-
netic energy of � uid is varied from ¡ 30.0 to 30.0 MW/kg. The rate
of heat transfer per unit mass of � uid through radiation and con-
duction is varied from ¡ 150% (as in the case of � ame extinction
on contact with a cold surface) to 150% of the rate of energy re-
leased by combustion (due to high temperature variations in � ame,
the heat produced by combustion within some mixture elements
may exceed the heat received through radiation). The mass frac-
tion of carbon dioxide and water ranged from 0.0 to 0.25 (mostly
burnt gases given a stoichiometricmixture). The initial equivalence
ratio ranged from fuel-lean (0.5) to fuel-rich (1.68), including all
� ammable mixtures.The velocitydivergencewas varied from ¡ 600

to 600 1/s, a range that is usual in current combustor designs.20

The velocity divergence provides the time rate of the volume of
� uid element. The range of initial pressures is limited by the use
of the ideal gas law. The ranges of rates of temperature, pressure,
and kinetic energy of � uid exceed those present in most subsonic
combustors.20

V. Results and Discussion
Results are presented here on the effect of equivalenceratio, dis-

tribution of pressure and temperature, kinetic energy of mixture,
intensity of heat transfer through conduction and radiation, mass
fraction of combustion products, and velocity divergence on mix-
ing and quenching of methane–air � ames. Baseline pressure and
temperature were constant at 1 atm/s and 1050 K, respectively.
Baseline velocity divergence, rate of kinetic energy of � uid, heat
transfer, and mass fraction of combustion products were negligi-
ble. Results presented here for extreme rates of pressure (about 100
atm/s) or temperature (about 2 £ 107 K/s) are only approximatebe-
cause pressure or temperature diffusion, respectively, is no longer
negligible compared to the mass source from chemical reactions,
that is, the Damkohler number DaII is reduced (less than 10). As a
consequence, the ratio between mass fractions of water and carbon
dioxide is no longer about 2.

Figure 1 shows the effect of initial equivalence ratio on mixing
and quenching of � ames. Two constant temperatures of 1050 and
2250 K of mixture were considered. A tight control of local equiv-
alence ratio is needed to increase combustion ef� ciency and limit
the pollutants emission level. To maintain the desired ratio of fuel
and air, the rate of local equivalenceratio has to be minimized. Posi-
tive rates of equivalenceratio show mixturesbecome more fuel-rich
(for r > 0, see the upper half of Fig. 1). Negative rates indicate mix-
tures become more fuel-lean. Net transport of fuel and oxygen due
to diffusion is negligible, as shown in Sec. II. As a result, rates of
quenchingare produced in both fuel-rich and fuel-lean mixtures, as
shown in Sec. I. Figure 1 shows that the rate of quenching is pro-
portional to the difference between the initial equivalenceratio and
1.0. In a mixture with an initial equivalenceratio of 0.5, the rates of
quenchingare about ¡ 125,000and ¡ 15 s ¡ 1 at temperaturesof 2250
and 1050 K, respectively.At an initial equivalence ratio of 1.6, the
rates of quenching are about 150,000 and 15 s ¡ 1 corresponding to
the temperatures just given. The line for 2250 K has a higher slope
than the line for 1050 K. This shows that a higher � ame temperature
increasesthenet transportof fuelor air in non-stoichiometric� ames.
As a consequencemixing is enhanced,but � ame stability is reduced.
The rate of quenching observed at 1050 K would quench the � ame
in about 60 ms. This time is much larger than the time required to
burn all of the fuel in a gas turbine combustor (characteristic burn
times are of the order of a few milliseconds, as shown in Sec. I).
Therefore, at 1050 K, the rate of quenching can be neglected. At
2250 K, however, fuel-rich and fuel-lean � ames are very unstable,
that is, at such conditions � ames are quenched in time that can be
as short as 0.01 ms. If the � ame is locally quenched, pockets of

Fig. 1 Effect of equivalence ratio on mixing in � ame and � ame
quenching.
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Fig. 2 Effect of pressure and rate of pressure on mixing in � ame and
� ame quenching.

unburned hydrocarbonswill form, with the result of increased pol-
lutants emission and reduced combustion ef� ciency. If the region
where the mixture becomes non� ammable is too large the � ame
may be completelyextinguished.At high temperatures,preferential
diffusion of oxygen or fuel is required to avoid quenching fuel-rich
or fuel-lean � ames, respectively.Net transport due to diffusion has
been shown to correlate with rates of pressure (or temperature), ve-
locity gradients, or heat transfer through conduction and radiation,
see Sec. II. Therefore, gradients of pressure, temperature, or veloc-
ity, or heat transfer are required to balance fuel and air consumption
in nonstoichiometric� ames at high temperatures.

Figure2 shows theeffectof pressureon mixing and� ame quench-
ing. Calculationswere made for initial pressuresof 1 and 5 atm. Ini-
tial equivalenceratiosof 0.5 and 1.68 are analyzed.The results show
that the rate of equivalence ratio is proportional to the rate of pres-
sure. At a pressure of 1 atm and rate of pressure of ¡ 100 atm/s, the
rates of equivalenceratio are about ¡ 1600 and ¡ 5000 s ¡ 1 for equiv-
alence ratios of 1.68 and 0.5, respectively.Below an initial pressure
of 1 atm, a positive rate of pressure of 100 atm/s provides rates of
equivalenceratio of about 1600 and 5000 s ¡ 1 for initial equivalence
ratios of 1.68 and 0.5, respectively.A higher slope shows that pres-
sure � uctuations have more impact on mixing and � ame stability.
Rates of equivalence ratio that exceed 5000 s ¡ 1 are suf� cient to
provide enhanced mixing, but the required rate of pressure of about
100 atm/s is not practical. Given a higher initial pressure (5 atm),
the rates of equivalence ratio produced are insuf� cient to provide
enhanced mixing. Given a low initial pressure, rates of pressure of
more than 50 atm/s can cause � ame quenching. For an initial pres-
sure of 5 atm and rates of pressure between ¡ 40 and 0 atm/s, the
rates of equivalence ratio are positive in fuel-rich � ames and nega-
tive in fuel-lean � ames. Therefore, the rate of equivalence ratio is
zero for an equivalenceratio U eq that is at a position of equilibrium
and has a value between 0.5 and 1.68. A slight perturbation in the
rate of pressure yields an equivalence ratio and rate of equivalence
ratio of U (t ) = U eq + d and r(t ) 6=0, respectively.The equivalence
ratio U (t) and the rate of equivalenceratio r (t) satisfy the condition
given by inequality (19). Therefore, U eq is at a position of unstable
equilibrium. Figure 2 shows that the position of equilibrium can
be shifted toward higher equivalence ratios by reducing the rate of
pressure or toward lower equivalence ratios by increasing the rate
of pressure. Fuel-lean � ames that are particularly unstable would
bene� t from the use of a positive rate of pressure. For a initial pres-
sure of 1 atm, rates of pressure of more than about 1 atm/s provide
rates of equivalenceratio that are either positive or negative in both
fuel-lean and fuel-rich mixtures. For such conditions, there is no
position of equilibrium and � ame quenching may occur.

Enhancedmixing in � ame and � ame stability are mutually exclu-
sive for rates of pressure that act alone. For fuels with a molecular
weight smaller than that of air, negativerates of pressure in fuel-rich
� ames and positive rates of pressure in fuel-lean � ames can help en-
hance preferential diffusion of oxygen and fuel, respectively. This
then promotes both mixing and � ame stability when used in con-
junction with rates of temperature, heat transfer, and/or velocity di-

vergence.Fuel-richmixtures should not be exposed to positive rates
of pressure because positive rates enhance preferential diffusion of
fuel that will then add to rates of quenching, that is, positive in this
case. Negative rates of pressure are not recommended in fuel-lean
� ames because they enhancepreferentialdiffusionof oxygen.Rates
of pressure exceeding30 atm/s and an initial pressure of 1 atm pro-
vide rates of quenchingof more than 1000 s ¡ 1 and, therefore,cause
� ame extinction. For rates of pressure exceeding 30 atm/s, rates of
equivalence ratio are lower at an initial pressure of 5 atm/s. The
result shows that if the rates of pressure must be increased, � ame
stability can be improved by choosing a higher initial pressure.

Im et al.21 studied the correlation between sound characteristics
(amplitude and frequency) and � ame quenching. Nevertheless, the
effect of sounds on mixing and � ame stability was not completely
understood. Seagrave et al.22 and Mcmanus et al.23 reported a re-
duction of NOx emission level, an increase of unburned hydrocar-
bons (UHC) emissions, and increased volumetric energy release in
� ame. They also provide an indication on � ame quenching with
sound effects at frequencies up to 500 Hz. The new � ame model
presented here can easily explain such observations. Sound waves
create rates of pressure that are alternately positive and negative.4

Standing waves may enhance mixing in the � ame and, thereby,
combustor performance. In contrast, depending on the distribution
of pressure caused by sound waves, high-amplitude and/or high-
frequency sound waves may not allow the equivalence ratio to be
maintained near the desired value. This may then cause local � ame
quenching.

Figure 3 shows the effect of temperatureon the � ame. The rate of
equivalence ratio is shown to be proportional to the rate of temper-
ature. For an initial temperature of 1050 K, the rate of equivalence
ratio is less than 15 s ¡ 1 (a value that is negligible), when the rate
of temperature is zero (see Fig. 1), a value that is negligible. For
an initial temperature of 1050 K and equivalenceratios of 0.50 and
1.68, a rate of temperature of 2.0 £ 107 K/s provides rates of equiv-
alence ratio of about ¡ 9 £ 105 and ¡ 3.2 £ 105, respectively.A rate
of temperature of ¡ 2 £ 107 K/s provides rates of equivalence ratio
of about9 £ 105 and 3.2 £ 105, for extreme rangeequivalenceratios
of 0.5 and 1.68.Sustained rates of equivalenceratio havinga magni-
tude of more than 5 £ 105 s ¡ 1 provide mixing and � ame quenching
times of less than 2 l s. For a signi� cant rate of temperature (greater
than about50,000K/s) andan initial temperatureof 1050K, positive
rates of temperature provide negative rates of mixing in both fuel-
lean and fuel-rich mixtures. Negative rates of temperature provide
positive rates of equivalence ratio in both fuel-lean and fuel-rich
� ames.

If the initial temperature is 2250 K, a rate of temperature of
2 £ 107 K/s provides rates of equivalenceratio of about ¡ 5.5 £ 105

and 0 for initial equivalenceratios of 0.5 and 1.68, respectively.For
any rate of temperature between about ¡ 6 £ 106 and 2 £ 107 K/s,
the rate of equivalence ratio is positive for an equivalence ratio of
1.68 and negative for an equivalence ratio of 0.5. Therefore, there
is an equilibrium equivalence ratio in between 1.68 and 0.5. This
equivalence ratio and the rates of equivalence ratio that occur in its

Fig. 3 Effect of temperature and rate of temperature on mixing in
� ame and � ame quenching.
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vicinity satisfy the inequality given in Eq. (19) and, therefore, the
equilibriumposition is unstable. The position of equilibriumcan be
shifted toward more fuel-rich or more-fuel mixtures by increasing
or decreasing the rate of temperature, respectively.

The unstablepositionof equilibriumsuggests that enhancedmix-
ing causes� ame quenching.Higher initial temperaturesmay beused
to reduce quenching rates under higher rates of temperature.

Rates of temperature are expected to be positive, at least in the
early stages of combustion, due to exothermic chemical reaction.
As a consequence, the rate of equivalence ratio is negative causing
the equivalenceratio to drop below the fuel-lean � ammability limit.
Therefore,positive rates of temperaturecause fuel-lean � ames to be
more susceptible to � ame quenching.However, when used together
with other factors, positive rates of temperature may help increase
the time in which a fuel-rich mixture becomes non� ammable by
enhancing the preferential diffusion of oxygen.

Rapid coolingof � ame, obtained, for example, when the mixture
comes in contactwith a cold metallic surface,canproducea negative
rateof temperaturehavinghighmagnitude.If the magnitudeexceeds
6 £ 106 K/s, rates of equivalence ratio are positive in both fuel-
lean and fuel-rich � ames. In the absence of other factors that might
reduce the rate of equivalence ratio; there is no position of equi-
librium for any equivalence ratio. Flame quenching should then be
expected.Again, combinedwith other factors,negativerates of tem-
peraturemay be used to enhancethe net transportof fuel in fuel-lean
� ames.

The effect of heat transfer through radiation and conduction on
� ame is shown in Fig. 4. The intensity of heat transfer through con-
ductionand radiation is given as a percent valueof the rate of energy
released by combustion. The rates of heat transfer and energy re-
leased by combustion are given per unit mass of � uid. The rate of
equivalenceratio is proportionalto intensityof heat transfer. In gen-
eral, heat transfer is associated with a rate of temperature.3 When
mixing is due to both heat transferand rate of temperature, the over-
all rate of equivalence ratio is the sum of rates of mixing provided
by heat transfer and rate of temperature. For a rate of heat loss of
150%, the rates of equivalence ratio for initial equivalence ratios
of 1.68, 1.0, and 0.5 are about 1400, ¡ 0.2, and 5 s ¡ 1, respectively.
For heat addition through conduction or radiation having a rate of
150%, the rates of equivalence ratio produced by heat transfer are
about ¡ 1400, 0.8, and ¡ 37 s ¡ 1 for the same equivalence ratios.
These rates of equivalenceratio become much larger for higher ini-
tial temperature, but general features of the results shown in Fig. 4
remain the same. Fuel-lean � ames are less sensitive to heat addi-
tion. Rates of equivalence ratio due to heat addition are positive in
a stoichiometric mixture and negative for U =1.68, respectively.
Therefore, the rate of equivalence ratio must be zero for values of
equivalenceratio between 1.0 and 1.68. This equivalenceratio may
be at a stable position of equilibrium if the rate of temperature as-
sociated with heat addition is low and has little effect on the rate
of equivalence ratio (see Fig. 3). Heat transfer values of 100–150%
of the rate of energy released by combustion provide a position of
unstableequilibriumfor fuel-lean � ames. Figure 4 shows that a rate
of heat loss exceeding the rate of energy released by combustion

Fig. 4 Effect of heat transfer on mixing in � ame and � ame quenching.

can also provide a stable position of equilibrium for an equivalence
ratio value between 0.5 and 1.0. However, such a high rate of heat
loss has to be associated with rapid cooling of � uid. Therefore, the
overall rate of equivalence ratio is much higher than that shown in
Fig. 4, and there is no position of equilibrium. In addition, cooling
alonemay quenchthe � ame, becausethe rates of chemical reactions
are negligible at low temperatures.

Gottenberg et al.24 have shown that UHC released into the atmo-
sphere is produced by the � ame quenchingprocess that occurs near
the combustor wall. Near to the combustor wall, conduction will
cause rapid heat loss. As mentionedby the authors of Ref. 24, many
previousstudieswere made to determinethe factors that affect� ame
quenchingunder idealizedconditions,that is, laminar � ame and low
pressure.The � ame model presentedhere allows one to study � ame
quenching near wall over a large range of pressures and turbulence
levels. It also explains why � ame quenching is reduced at higher
pressures (higher pressures reduce the overall rate of equivalence
ratio, see Fig. 2). In addition it explains why � ame quenching is
reduced in mixtures having a higher speci� c heat at constant pres-
sure (due to the higher speci� c heat, the rate of temperature and,
therefore, the rate of quenchingare reduced,see Fig. 3). Predictions
based on the model presented here also support the observationthat
higher thermal conductivity and � ame temperature enhance � ame
quenching near walls.24 As shown in Fig. 2, under reduced rates of
pressure and velocity divergence, the rates of quenching caused by
a moderate rate of temperature are higher at higher initial tempera-
tures (see Fig. 3). Increased thermal conductivity causes increased
heat loss to increase the overall rate of quenching (see Fig. 4).

The time for a � uid element to remain in contactwith the combus-
tor wall can be reduced by increasing the � uid velocity. Therefore,
a higher velocity can reduce the amount of heat that is lost and re-
duce the rate of quenching.The present � ame model also shows that
� ame quenching near walls depends on the mass fraction of com-
bustion products that are present in the � ame, the local equivalence
ratio, and the molecular weight of fuel. The less stoichiometric is
the mixture, the faster is � ame quenching with the wall contact.

The effect of mass fraction of combustion products on the � ame
is shown in Fig. 5. At an initial temperature of 1050 K, the effect
of mass fraction of combustion productson � ame is negligible.The
high rates of quenchingobservedat an initial temperatureof 2250K
(in excess of 100,000 s ¡ 1) are reduced by 25–30% in burnt gases
comparedto the freshmixture.This supports the generalknown fact
that recirculation improves � ame stability.

By themselves, usual rates of kinetic energy have a negligible
effect on mixing and � ame quenching. The effect of velocity di-
vergence on the � ame is shown in Fig. 6. Three equivalence ratios,
1.68, 1.0, and 0.5 are analyzed.The rate of equivalenceratio is pro-
portional to velocity divergence. Velocity divergence of ¡ 600 s ¡ 1

provides rates of equivalenceratio of about ¡ 16,000, ¡ 10,000, and
¡ 30,000 s ¡ 1 for the three equivalence ratios of 1.68, 1.0, and 0.5,
respectively (see Fig. 6). Velocity divergence of 600 s ¡ 1 provides
rates of equivalence ratio of about 16,000, 10,000, and 30,000 s ¡ 1

for the aforementioned equivalence ratios (see Fig. 6). Therefore,
velocitydivergencecan be used to compensatetheundesirableeffect

Fig. 5 Effect of mass fraction of carbon dioxide and water on mixing
in � ame and � ame quenching.
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Fig. 6 Effect of velocity divergence on mixing in � ame and � ame
quenching.

of a positive rate of pressure in a fuel-rich mixture or negative rate
of pressure in a fuel-lean mixture (compare Figs. 2 and 6). To a
lesser extent, velocity divergencecan be used to compensate the ef-
fect of rate of temperature or heat transfer. Velocity divergence can
help stabilize the � ame only in conjunctionwith other factors. If the
� ame is subject only to velocity divergence, rates of quenchingex-
ceeding1000 s ¡ 1 may occur in both fuel-leanand fuel-richmixtures
(for a velocity divergence exceeding 100 s ¡ 1) and � ame quenching
should be expected. The operational parameters should be chosen
to achieve an optimum compromise between the requirementsof 1)
reducing the mixing time in � ames and 2) maximizing the quench-
ing time. If a position of stable equilibrium cannot be achieved,
quenching time is increased by those factors that enhance prefer-
ential diffusion of fuel or oxygen in fuel-lean or fuel-rich � ames,
respectively.High levels of turbulencemay increase the velocitydi-
vergence in an uncontrollablemanner. As a consequence,the � ame
may wrinkle or even break up into small individual � amelets.3 The
� ame model presented here explains such a behavior.

VI. Conclusions
Precisecontrolover fuel–airmixingmust be assuredfor increased

combustor ef� ciency and reduction of pollutants emission level.
Before achieving the desired equivalence ratio, mixing has to be
enhanced. In � ames, enhanced mixing is provided by levels of pref-
erential diffusion of oxygen or fuel, in fuel-rich or fuel-lean � ames,
respectively, that exceed by far the levels required to compensate
the unbalanced consumption of fuel and oxygen. Enhanced mixing
is shown by a high rate of equivalence ratio. Preferential diffusion
is shown to be associatedwith rates of pressure or temperature, ve-
locity gradients, or heat transfer through radiation and conduction.
Positive rates of pressure, negative rates of temperature, negative
velocity divergence,and heat addition throughconductionand radi-
ation enhance preferentialdiffusion of oxygen. In fuel-lean � ames,
heat loss also enhances preferential diffusion of oxygen. Negative
rates of pressure, positive rates of temperature, and positive veloc-
ity divergence enhance preferential diffusion of fuel. In fuel-rich
� ames, preferential diffusion of fuel is also enhanced by heat loss.
Therefore, control over the equivalence ratio can be achieved by a
suitablecombinationof heat transfer,velocitygradients,and ratesof
pressureand temperatureoveran extendedrangeof operationalcon-
ditions. High rates of equivalence ratio required during mixing are
not automatically reduced after achieving the desired equivalence
ratio and this can lead to � ame quenching.Highpressureor tempera-
ture providedby high rates of pressure or temperature, respectively,
reduces the rate of equivalence ratio. As combustion progresses,
the mass fraction of combustion products increases, which further
reduces the rates of equivalence ratio. In addition, velocity diver-

gence, heat transfer, rates of pressure, and velocitymust be reduced
to levels according to the combustor design requirements.
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