








mlllimum number of reactions which provide a 
quantitatively satisfactory description of the 
flame system. 

Since the fraction of species disappearing 
through a particular reaction is proportional to 
the rate of the reaction, the fastest reaction will 
dominate. There should be relatively few cases 
of parallel reactions of comparable importance 
since this would require that their rates be 
roughly equal-an unlikely coincidence. There
fore, it can usually be assumed that a flame sys
tem can be adequately explained by a simple 
dominant reaction scheme consisting of a se
quence of reactions connecting the initial and 
final products. Such a scheme for the methane
oxygen flame is illustrated in Fig. 4. In such a 
sequence, subsequent reactions may be either 
faster or slower than the previous reaction. If 
the rate of the following step is rapid compared 
with the previous reaction, then the intermedi
ate species will be present only as a trace (e.g., 
formaldehyde in the CH4 flame) and an ade
quate representation can be made by consider
ing the over-all reaction, neglecting the fast 
steps, as is commonly done in reaction kinetics. 
The second case, that of the subsequent step 
being slow compared with the initial step, re
sults in a physical separation of the flame into 
two regions or more. An example of this is the 
separation of the CO reaction region in the 
common hydrocarbon flame. 

Flame reaction schemes are often considerably 
simpler than those associated with ignition or 
cool-flame phenomena and can be used to derive 
chemical kinetic information. 

One-Dimensional Flame Structure 
All physically realizable flames are three

dimensional, but it is possible to construct sys
tems in the laboratory which are one-dimen
sional in the practical sense. This abstraction 
offers an enormous simplification in the visual
ization of combustion processes, and such sys
tems have been almost exclusively used for the 
study of flame structure in the laboratory. 

An ideal one-dimensional flame can be con
sidered as a chemical reaction in a flow system. 
It is completely described by specifying the con
centration (in absolute units) of each of the 
number N of chemical species at every point 
along the coordinate of propagation z, together 
with a parameter related to the burning velocity 
which specifies the mass flow per unit area. In 
an actual case a profile giving the geometry of 
the flow pattern is also necessary. This descrip-
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Fig. 5-Characteristic profiles of a premixed flat 
laminar methane-oxygen flame ( 7.8 % methane; 
P = 0.1 atm). 

tion is best visualized as a family of "profil es," 
giving the intensive variables as a function of 
distance through the fl ame front; this is shown 
in Fig. 5. 

Distance is usually chosen as the independent 
variable since it is the common experimental 
one, but it is possible to use any single-valued 
variable such as time, density, tem perature, or 
one of the compositions. T he important point 
is that a necessa-ry and sufficien t set of variables 
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is given by specifying N + 1 of them as func
tions of a common independent variable. This 
is analogous to the phase rule used in closed 
systems. It has been possible to demonstrate 
that the one-dimensional concept provides a 
quantitatively adequate model for describing 
this system.5 

Several experimental techniques are now avail
able for making flame structure studies, and 
they have been applied to a number of systems. 
A typical example is the premixed methane
oxygen flame. 5,6 The characteristic profiles of 
intensive properties which describe this system 
are as illustrated. From these experimental data 
it is possible to derive the fluxes of species and 
energy and net rates of reactions for the various 
species.7 

This flame can be conveniently separated into 
three spatially distinct regions which are char
acterized by a few processes, as illustrated in 
Fig. 4, by considering the reaction path for the 
oxidation of methane. In the first region no 
reaction occurs although large temperature and 
composition changes occur because of diffusion 
and thermal conduction. In the second region 
the initial attack of methane occurs (Eq. 1), 
finally forming carbon monoxide. In the third 
region this carbon monoxide is oxidized to car
bon dioxide (Eq. 2): 

C04 + OH - CH3 + H 20 (1) 

CO + OH -- CO2 + H. (2) 

This spatial separation is a convenient accident 
due to the relative rates of the processes in
volved; however it can be expected to be the 
normal case. Diffusion tends to mask the effects 
of reaction, and it is necessary to allow for these 
effects before even qualitative conclusions can 
be drawn from flame structure studies. 

The energy flux in the flame front is domi
nated by the transport processes, but the energy 
flux due to thermal conduction is almost bal
anced by that due to diffusion. This is a direct 

result of the dimensionless Lewis number, pC~D, 
in which p is gas density, Cp is heat capacity at 
constant pressure, D is diffusion coefficient, and 
A is thermal conductivity; it is approximately 
unity for common reacting systems. An inter-

5 R. M. Fristrom, C. Grunfelder, and S. Favin, "Methane
Oxygen Flame Structure I. Characteristic Profiles in a Low 
Pressure, Laminar, Lean, Premixed Methane-Oxygen Flame," 
J. Phys. Chem. 64, 1960, 1386. 
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esting consequence of this is that there IS a 
linear relation between temperature rise and 
"fuel" disappearance. ("Fuel" is defined as a 
species whose disappearance is directly con
nected with heat release.) 

An important point about the reactions oc
curring in the methane flame, as shown in Table 
II, is that they all involve radicals. The initial 
species, methane and oxygen, do not react with 
one another except through the agency of these 
radicals. These reactions are of low-activation 
energy, with the OH radical being of central 
importance. In flames, relatively high non
equilibrium radical concentrations exist. For 
radicals to attain final equilibrium it is neces-' 
sary to have a three-body recombination re
action which, at normal pressures, is slow com
pared with bimolecular reactions. These rad
icals can be transferred, by the agency of diffu
sion, to low-temperature regions where they are 
far out of thermal equilibrium. Thus, one might 
expect that the radical-molecule reaction zone 
would precede, and be separated from, a radical 
recombination region. 

Many flames can be burned over a wide range 
of pressures with only a small change in the 
propagation velocity. This indicates that a flame 
reaction takes a certain number of collisions to 
occur, so that if the mean free path is increased, 
the distance will be scaled to preserve the colli
sion number. For the case of bimolecular re
actions, it can be shown that distances in a 
flame should scale inversely with pressure.1 

Detailed studies have shown that this is a rea
sonable approximation in some flames.7,8 

The processes occurring in flame fronts are 
well understood, and the theory of flames has 
been formulated in general, although the ap
plication to specific flames is primarily an experi
mental problem since the parameters required 
are not usually available. However, flame 
theory provides the model for the quantitative 
interpretation of experimental flame studies. 
The structures of several flames have been ex
amined in varying detail, and it appears that 
the one-dimensional model can quantitatively 
represent laboratory flames and that reliable 
information on the physical process and chem
ical kinetics of flames can be derived. A number 
of simplifying assumptions used in theoretical 
flame studies have been verified by such measure
ments. 
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