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Abstract—Simplified reaction mechanisms for the oxidation of hydrocarbon fuels have been examined
using a numerical laminar flame model. The types of mechanisms studied include one and two global reaction
steps as well as quasi-global mechanisms. Reaction rate parameters were varied in order to provide the best
agreement between computed and experimentally observed flame speeds in selected mixtures of fuel and air.
The influences of the various reaction rate parameters on the laminar flame properties have been identified, and
a simple procedure to determine the best values for the reaction rate parameters is demonstrated. Fuels studied
include n-paraffins from methane to n-decane, some methyl-substituted n#-paraffins, acetylene, and representa-
tive olefin, alcohol and aromatic hydrocarbons. Results show that the often-employed choice of simultaneous
first order fuel and oxidizer dependence for global rate expressions cannot yield the correct dependence of
flame speed on equivalence ratio or pressure and cannot correctly predict the rich flammability limit. How-
ever, the best choice of rate parameters suitably reproduces rich and lean flammability limits as well as the
dependence of the flame speed on pressure and equivalence ratio for all of the fuels examined. Two-step and
quasi-global approaches also yield information on flame temperature and burned gas composition. However,
none of the simplified mechanisms studied accurately describes the chemical structure of the flame itself.

INTRODUCTION

Flame propagation is a central problem in most
practical combustion systems. Recent theoretical
flame models (Smoot er al., 1976; Tsatsaronis, 1978;
Westbrook and Dryer, 1980a) have emphasized the
importance of detailed chemical kinetics in these
problems and have provided significant new insights
into the structure of flames. However, there is a
continuing need for reliable models for fuel oxi-
dation which are very simple and yet still reproduce
experimental flame propagation phenomena over
extended ranges of operating conditions.

For example, numerical models of combustors
which consider two- or three-dimensional geometry
cannot currently include detatled kinetic mechan-
isms because the computational costs of such a
treatment would be much too great. In addition,
detailed mechanisms have been developed and vali-
dated only for the simplest fuel molecules (West-
brook and Dryer, 1980b) and are not available for
most practical fuels. Finally, there are many oc-
casions where the great amount of chemical infor-
mation produced by a detailed reaction mechanism
is not necessary and a simple mechanism will suffice.
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The use of simplified reaction mechanisms in
describing flame properties for hydrocarbon-air
mixtures can be traced to the work of Zeldovich and
Frank-Kamenetsky (1938) and Semenov (1942).
These early formulations were concerned primarily
with the prediction of quasi-steady-state laminar
flame speeds, and some very significant achieve-
ments using them were reported (e.g. Simon, 1951 ;
Walker and Wright, 1952). In recent years, how-
ever, many combustion problems have arisen that
require a time-dependent kinetics formulation which
can be coupled with a fluid mschanics model to
predict and evaluate overall system performance.

Any simplified reaction mechanism which is used
must be capable of reproducing experimental flame
properties over the range of operating conditions
under consideration. As we will demonstrate, many
of the simple kinetics models in common use do not
satisfy this requirement and can give erroneous
results. In this paper we review some of the prop-
erties of simple reaction mechanisms and provide
recommendations concerning their use in modeling
flame propagation.

We will begin by examining some of the character-
istics of laminar flame propagation, using a single-
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stcp global rate expression. We will then discuss
rcfinements in the reaction mechanism which are
accomplished by breaking the global reaction into
two or more partial steps.

All of the flame model computations described in
this paper have been carried out using the HCT
code of Lund (1978). This same code has been used
in our previous studies of flame propagation using
detailed chemical kinetic reaction mechanisms, with
the only difference here being that simplified reac-
tion mechanisms have been used. The model solves
onc-dimensional finite difference equations for con-
scrvation of mass, momentum, energy, and each
chemical species. A moving grid system enables
additional spatial zones to be concentrated in the
flame region. The model is fully time-dependent so
the steady-statc propagation of a flame is treated as
the time-asymptotic solution of an unsteady prob-
lem. Each flame model described here required 1-2
minutes of time on a CDC 7600 computer. Trans-
port cocflicients, including thermal diffusivity and
molccular species diffusivities, have been taken
dircctly from our previous studies of laminar flame
propagation using detailed kinetics. In this simpli-
fied formulation, the thermal diffusivity Dr and
the molecular diffusivity D; for species i are rep-
resented by functional forms

Dy = aoTY2Ciot
Di = a1 TY/(Cior W)

where Cyou is the total species concentration and Wi
is the molecular weight of species i. The coefficients
ag and a; were determined by requiring that the
numerical model, with a detailed chemical kinetics
rcaction mechanism, correctly reproduce the ex-
perimentally measured flame speed for stoichio-
metric methane-air and methanol-air mixtures
(Westbrook and Dryer, 1979). The values for ag and
ar arc 1.92x 1076 and 9.26 X 10-% respectively. In
simplificd mechanisms most species are omitted,
particularly the highly diffusive radical species such
as H, O, and OH. As a result, features of the flame
structure which depend on details of the molecular
species transport cannot be resolved by these mech-
anisms regardless of the model chosen for the
diffusivities.

SINGLE-STEP REACTION MECHANISMS

The simplest overall reaction representing the oxi-
dation of a conventional hydrocarbon fuel is

Fuel + n105—12COs +n3H20 (l)

where {n:} are determined by the choice of fuel.
This global reaction is often a convenient way of
approximating the effects of the many elementary
reactions which actually occur. [ts rate must there-
fore represent an appropriate average of all of the
individual reaction rates involved. The rate ex-
pression of the single reaction is usually expressed

kov = AT" exp(~ Ea/ RT)[Fuell?[Oxidizer]®. (2)

In this paper we consider only hydrocarbon fuels
and assume the oxidizer to be molecular oxygen,
although the treatment described below can be
applied to other types of fuels and/or oxidizers.

We can illustrate many of the features of the use
of global rate expressions for laminar flame propa-
gation for the case of n-octane (CgHjs) in air. The
experimental flammability limits are ¢1"=0.5 and
¢ér'=4.3, and the maximum flame speed is approxi-
mately 42 cm/scc at ¢~ 1.15 (Dugger et al., 1959).
For stoichiometric mixtures, ths laminar flame
speed S, is approximately 40 cm/sec.

With the transport coefficients predetermined by
our previous work, only the rate expression, Eq. (2),
can be adjusted to provide agreement between com-
puted and experimental results. For convenience
we have assumed n=0 in Eq. (2), while for the effec-
tive activation energy £, we have used 30 kcal/mole
as an appropriate average between the lower values
(~26 kcal/mole) determined by Fenn and Calcote
(1952) and the higher value (40 kcal/mole) used by
Walker and Wright. We will show below that
variation of E, over the range 26-40 kcal/mole
affects only the computed flame thickness, and
results obtained with £, =30 kcal/mole were quite
satisfactory.

A simple procedure was followed to evaluate the
remaining parameters in the overall rate expression.
Values were assumed for the concentration expo-
nents @ and 4. Then with n set to zero and Eg, a,
and b held fixed, the pre-exponential 4 was varied
until the model correctly predicted the flame speed
for an atmospheric pressure, stoichiometric fuel-air
mixture, e.g. 40 cm/sec for CgHis. The resulting
rate expression was then used to predict flame speeds
for fuel-air mixtures at other equivalence ratios
and pressures. Each set of rate expression par-
ameters was then evaluated on the basis of how well
it reproduced experimental data, relative to the one
calibration point at ¢=1.0 and atmospheric
pressure.
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FIGURE 1 Variation of flame speed with equivalence ratio for n-octane in air, computed using the single-
step reaction rates indicated. Experimental values for the lean and rich flammability limits (¢.'=0.5 and
¢nr'=4.3) for the observed flame speed at ¢=1 (open circle), and for the maximum flame speed (open square)

are also indicated,

The most common assumption in the combustion
literature for the concentration exponents is that
the rate expression is first order in both fuel and
oxidizer, i.e.a=b=1. Following the procedure out-
lined above, the resulting rate expression is

kov=1.15x 1014 exp( —30/RT)[CsH;s]'-°[02]0 (3)

which correctly predicts a flame speed of 40 cm/sec
for ¢ =1 and atmospheric pressure. Predicted flame
speed as a function of equivalence ratio is plotted
in Figure 1, together with the experimental data. It
is clear that this rate expression does not reproduce
the experimental flame speed curve. In particular
computed flame speeds for fuel-rich mixtures are
much too high, and an extrapolation of the curve
gives a rich flammability limit ¢ r of approximately
10. The maximum flame speed of nearly 55 cm/sec
occurs near ¢=2, again in considerable disagree-
ment with experimental results.

These computed results show that the assumption
of a reaction rate expression that is first order in both
fuel and oxidizer concentrations leads to serious
errors in computed flame speeds, particularly for

rich mixtures. Only for the special case of a stoichio-
metric fuel-air mixture, for which the rate par-
ameters were evaluated, does Eq. (3) predict the
proper flame speed. The inadequacy of the assump-
tion of a=b=1 was observed for all of the hydro-
carbon fuels examined in this study. As a result, we
conclude that this rate expression should not be used
in models for any combustion problems in which the
fuel-air equivalence ratio varies with time or
position.

It was found that significant improvements in
predicted flame speeds could be obtained with dif-
ferent choices for the concentration exponents «
and b. The flame speed depends strongly on the fuel
concentration exponent ¢ for rich mixtures and on
the oxygen concentration exponent b for lean mix-
tures. The best agreement between computed and
experimentz] results was obtained with

Cov=4.6 X [01! exp(—30/RT)[CsH15]0-25[O2}!-5. (4)
The computed results with this rate expression are

also shown in Figure 1. The computed flammability
limits are ¢7,~0.5 and ¢p~4.5, and the maximum
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flame speed of about 42 cm/sec occurs slightly on
the rich side of stoichiometric, all in good agreement
with experiment.

For large hydrocarbon fuel molecules like
n-octane, an increase in equivalence ratio from ¢ =1
to ¢=2 increases the fuel concentration by about
100 percent while the Oz concentration decreases by
less than 2 percent. Therefore, Eq. (3) predicts that
the reaction rate is roughly proportional to ¢ over
the range (1 <¢<10). This rapid increase more than
compensates for the gradual decrease in flame tem-

peraturc and leads to the observed overestimate of”

the rcaction rate when a=b=1. The concentration
cxponents in Eq. (4) correct this.

Simple flame theory predicts that the flame speed
is approximately proportional to the square root of
the reaction rate. One can substitute the unburned
fuel and oxygen concentrations into Eq. (3) or Eq.
(4), together with an appropriate temperature, to
estimate the flame speed for a specified set of fuel-air
mixtures. If that temperature were.independent of
the equivalence ratio or equal to the adiabatic
flame temperature, then it would be simple to predict
flammability limits and maximum flame speed for a
given fuel from thermodynamic data alone, without
having to carry out the computations described here
with a full flame model. However, we found that
ncither the adiabatic flame temperature nor any
constant temperature; combined with the concen-
trations in Eq. (3) or Eq. (4), provided a reliable
sstimate of the dependence of flame speed on
cquivalence ratio. In particular, the adiabatic flame
temperature for rich mixtures falls too rapidly with
increasing equivalence ratio, leading to a substan-
tial underestimate of the rich flammability limit. At
the other extreme, the use of a constant temperature
(T=1500K) leads to an overestimate for the rich
limit, about ¢ =230 for the case of n-octane.

In the computed flame models the rate of heat
release due to chemical reactions varies through the
flame, reaching a maximum near the point at which
the spatial temperature gradient attainsits maximum
valuc. The temperature in the flame zone at the
point where the heat release rate is a maximum, used
in Eq. (3) or Eq. (4), was found to provide a good
estimatc of the dependence of flame speed on
equivalence ratio. However, it is necessary to carry
out the full lame model calculation to determine
that tcmperature, which varies with equivalence
ratio from 1450K to approximately 2000K. We
were unable to derive an analytic or thermodynamic
method of determining, a priori, the variation in
flame speed due to changes in fuel or oxigen con-

centrations. For each fuel examined, the actual
flame models provided the only reliable value for
the flame speed.

Another important consideration in many com-
bustion applications is the variation of flame speed
with pressure. For most hydrocarbon-air mixtures
the flame speed decreases with increasing pressure.
Often this can be expressed in the form

Sy = SoP2 &)

\

where Sg and x are constants which depend on the
choice of fuel. Detailed kinetic modeling studies of
methane-air (Tsatsaronis, 1978; Westbrook and
Dryer, 1980a) and methanol-air (Westbrook and
Dryer, 1980a) mixtures have shown that the pressure
exponent x has a very small value for low pressure
conditions (P < 1atm) and a larger value for higher
pressures (P >4atm), with a transitional region be-
tween these ranges. In our own modeling study we
showed that this behavior is primarily due to the
effects of radical recombination reactions, particu-
larly H+4-O2+M=HO2+ M, which becomes im-
portant above atmospheric pressure, competing
with chain branching reactions. With respect to
global reaction modeling, these conclusions mean
that it is not possible to reproduce both the higher
and lower pressure range with a single rate ex-
pression in Eq. (4). We could not find experimental
data on the dependence of flame speed on pressure
for n-octane at clevated pressures, but data for
propane-air (Metghalchi and Keck, 1980), and for
methanol-air and isooctane-air (Metghalchi and
Keck, 1977) have been obtained, and numerical
predictions for methanol-air have also appeared
(Westbrook and Dryer, 1980a). Thesc results for
pressures in the range of 1-25atm yield a pressure
exponent between —0.10 and —0.20 for stoichio-
metric fuel-air mixtures. The rate expression in
Eq. (4) predicts flame speeds for n-octane-air which
vary approximately as P~%-12, consistent with avail-
able data for other fuels. For a simplified global
kinetics model the pressure dependence of the flame
speed can be shown (Adamczyk and Lavoie, 1978)
to be approximately

Su a Platb-2)/2 (6)

For the rate expression in Eq. (4) this gives P~0-125,
again consistent with the computed results. In order
to reproduce the pressure dependence of flame speed
at low pressure (P < 1atm), the oxygen concentra-
tion exponent must be set equal to approximately
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TABLE 1|

Single-step reaction rate parameters giving best agreement between experimental flammability limits (.’ and
$ér") and computed flammability limits (¢1, and ¢r). Units are cm-sec-mole-keal-Kelvins

Fuel A Fq a o1’ éL ér’ ér
CHas 1.3x 108 48.4 -0.3 1.3 0.5 0.5 1.6 1.6
CH. 8.3x 10% 30.0 =03 1.3 0.5 0.5 1.6 1.6
CaHs 1.1 x 1012 30.0 0.1 1.65 0.5 0.5 2.7 3.1
CsHs 8.6 x 101! 30.0 0.1 1.65 0.5 0.5 2.8 32
CsHio 7.4 x 101 30.0 0.15 1.6 0.5 0.5 3.3 34
CsHie 6.4%x 101 30.0 0.25 1.5 0.5 0.5 3.6 3.7
CegH1a 5.7 =% 101! 30.0 0.25 1.5 0.5 0.5 4.0 4.1
C7Hae 5.1 x 101 30.0 0.25 1.5 0.5 0.5 4.5 4.5
CsHis 4.6x 1011 30.0 0.25 1.5 0.5 0.5 4.3 4.5
CgHis 7.2x 1012 40,0 0.25 1.5 0.5 0.5 4.3 4.5
CoHazo 4.2 % 101 30.0 025 15 0.5 0.5 43 45
CioHez 3.8 x 1011 30.0 0.25 1.5 0.5 0.5 42 4.5
CH3OH 3.2x1012 300 0.25 1.5 0.5 0.5 4.1 4.0
C:H50H 1.5x 1012 30.0 0.15 1.6 0.5 0.5 34 3.6
CeHs 20% 101 30,0 —o1 185 05 0.5 14 36
C7Hs 1.6 x 101 30.0 -0.1 1.85 0.5 0.5 3.2 3.5
Ce2Hg4 2.0 % 1012 30.0 0.1 1.65 0.4 0.4 6.7 6.5
CsHe 4.2 x 1011 30.0 —0.1 1.85 0.5 0.5 2.8 3.0
CeHz 6.5 x 1012 30.0 0.5 1.25 0.3 03 >10.0 >10.0

1.65, yielding a P=9-95 dependence. Note that Eq. (6)
predicts no variation of flame speed with pressure
when a=>5b=1; computations using the parameters
in Eq. (3) confirmed this prediction.

All of the previous calculations were carried out
with E;=30kcal/mole. If a different value is used,
then in principle one must redetermine a, b, and A4,
and then re-evaluate the resulting rate expression by
comparison between computed and experimental
flame speed data. In practice, the concentration
exponents were found to be nearly independent ot
E,, leaving A as the only parameter 10 be redeter-
mined. With an effective activation energy of 40
kcal/mole, the rate expression becomes

kov=17.2 % 1012 exp( —40/RT)[CsH1s]°-25[02]1-5. (7)

Flames computed by means of Eq. (7) and those
from Eq. (4) differed by about 15 percent in the
computed flame thickness, with the higher value of
E, leading to a thinner flame. In the absence of
experimental flame thickness data which could dis-
tinguish between the two calculations, we have
chosen to use the value of E; =30kcal/mole for the
activation energy.

The sensitivity of the computed flame speeds to
the fuel concentration exponent in Eq. (2) has re-
quired that a=0.25. In addition, if a+b=1.75, then

the global mechanism will also reproduce the desired
pressure dependence of the flame speed for pressures
greater than or equal to atmospheric. In principle
the oxidizer concentration exponent b determines
the lean flammability limit, leaving three conditions
(¢ R, ¢1, and pressure exponent) to be satisfied by
two constants a and b. Fortunately, computed
results on the lean side of stoichiometric are rather
insensitive to variations in the oxygen concentration
exponent. Thus it is possible to satisfy all of the
observed behaviour with one set of concentration
exponents.

The same sequence of operations has been carried
out for the n-paraffin hydrocarbon series through
n-decane, as well as other selected fuels. In each
case the agreement betwzen the experimental flame
speed data and the computed results was similar to
that shown in Figure 1 for n-octane using Eq. (4).
Inevery case, rate parameters witha =5 =1 seriously
overestimated flame speeds for rich mixtures and
rich flammability limits. The parameters which
were found to give the best results for each fuel are
summarized in Table 1. Also shown are the com-
puted flammability limits and the experimental
limits from Dugger et al. (1959) or Lewis and von
Elbe (1961). Except for methane, the values of «
and b have been selected to give a pressure depen-
dence of P-0-125, For each fuel, the use of a smaller
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value for the fuel concentration exponent leads to a
lower predicted value for the rich flammability limit.
For n-decane, if @=0.15 and b=1.6, the predicted
rich flammability limit is ¢x=3.6. This demon-
strates how the rate data in Table I can be modified
in order to fit flammability limits which may be more
reliable than those of Dugger e al. or Lewis and
von Elbe, or for fuels not included in their tabu-
lations.

The results for methane require further comment.
Methane oxidation in most experimental regimes is
atypical of n-paraffin fuels. The flame speed for¢ =1
and atmosphcric pressure is less than that for the
other fuels (~38cmy/sec). The flammability limits
arc considerably narrower, and the pressure depen-
dence (P-9-5) is greater. These considerations re-
quire a somewhat different set of rate parameters
than for the other fuels. The pressure dependence
P-0-§ indicates that a+b=1.0, while the observed
rich flammability limit of ¢ " = 1.6 requiresa= —0.3.
Fenn and Calcote found that the effective activation
cnergy for methane oxidation at high temperatures
was the same as for the other n-paraffin fuels exam-
ined, lcading to the use of 30kcal/mole in one series
of calculations. Howcver, methane oxidation in
shock tubes (Heffington er al., 1976) and in the tur-
bulent flow reactor (Dryer and Glassman, 1972) is
characterized by a considerably higher overall acti-
vation encrgy of about 48.4kcal/mole, so this value
was also used. In both cases the best concentration
cxponents were found to be the same. The flame
thickness in the model with E; =30kcal/mole was
about 30 percent greater than when £, =48.4kcal/
mole, but the flame speeds and their dependence on
pressurc and equivalence ratio were essentially the
same for both models.

The fuel concentration exponent for CHy from
Tablc | has a negative value, —~0.3. Technically, the
fuel acts as an inhibitor, similar to observations for
mcthane ignition in shock tubes (e.g. Bowman,
1970). From a numerical point of view this can
create problems since the rate of methane con-
sumption incrcases without limit as the methane
concentration approaches zero. There are several
possible solutions to this problem. A reverse reac-
tion can be used which provides an equilibrium fuel
concentration at some small level, preventing the
rate cxpression from becoming too large. The rate
cxpression can also be artificially truncated at some
predetermined value. However, in some cases it
may be preferable to sacrifice some of the generality
provided by the rate parameters in Table [ in order
to keep the rate expression conveniently bounded.

Specifically, it is possible to reproduce the flame
speed dependence on equivalence ratio at a given
pressure with concentration exponents which do not
satisfy the constraint a+-b=1.0 and therefore will
not reproduce the correct dependence of flame speed
on pressure. Several rate expressions of this type
were tested. The parameter sets are summarized in
Table Il and the results are shown in Figure 2. For
methane-air mixtures at atmospheric pressure,
flame speeds computed using a detailed reaction
mechanism (Westbrook and Dryer, 1980a) agree
well with experimental data (Andrews and Bradley,
1972; Garforth and Rallis, 1978) and are indicated
by the solid curve in Figure 2. The computed flame
speed using the parameters from Table 1 provide the
closest agreement with the experimental data, but

TABLE If

Single-step and detailed reaction rate parameters for
methane-air, corresponding to curves in Figure 2.
Same units as Table I

A E, a b
Set 1 Detailed reaction mechanism
Set 2 1.3 x 108 48.4 -0.3 13
Set 3 6.7 x 1012 43.4 0.2 1.3
Set 4 1.0 x 1013 48.4 0.7 0.8
Set 5 24x 108 48.4 1.0 1.0

Flame speed — cm/sec

0 ; L .
0.5 . 1 1.5
Equivalence ratio — ¢

FIGURE 2 Variation of flame speed with equivalence
ratio for methane in air, computed using the reaction mech-
anisms in Table Il
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TABLE Ml

Burned gas properties in methane-air mixtures, computed using detailed single-step and
two-step reaction mechanisms

Detailed mechanism One-step Two-step mechanism
mechanism
¢ Taa [COJ/[CO2] [H2]/[H20] Taa Taa [COY/[CO:]
0.8 1990 0.03 0.005 2017 1975 0.08
1.0 2220 0.11 0.02 2320 2250 0.14
1.2 2140 0.69 0.15 2260 2200 0.43

parameter Set 3, with ¢=0.2, h=1.3 also shows
quite good agreement. Set 4, using concentration
exponents taken from the dilute flow reactor ex-
periments of Dryer and Glassman and Set 5, with
a=b=1.0, both predict flame speeds in substantial
disagreement with experimental values, especially
for rich mixtures. Of the simplified mechanisms,
only Set 2 predicts the proper variation of flame
speed with pressure above one atmosphere.

TWO-STEP REACTION MECHANISMS

The single-step mechanism predicts flame speeds
reliably over considerable ranges of conditions, but
it has several flaws which can be important in certain
applications. By assuming that the reaction prod-
ucts are CO2 and H20, the total heat of reaction is
overpredicted. At adiabatic flame temperatures
typical of hydrocarbon fuels (~2000K) substantial
amounts of CO and Ha exist in equilibrium in the
combustion products with COz and HzO. The same
is true to a lesser extent with other species, including
some of the important free radical species such as
H, O, and OH. This equilibrium lowers the total
heat of reaction and the adiabatic flame temperature
below the values predicted by Eq. (1). We can
illustrate in Table |11 the magnitude of this effect in
the case of methane-air mixtures, for which detailed
reaction mechanisms exist, showing the predicted
adiabatic flame temperatures from the detailed
mechanism together with those obtained using the
single-step model described earlier. Also shown are
the burned-gas equilibrium ratios from the detailed
model for [COJ/[CO:] and [Hz]/[H20]. The over-
estimate of adiabatic flame temperature by the
single-step mechanism grows with increasing equiv-
alence ratio and is directly related to the amounts of
CO and Hgs in the reaction products.

In addition to the fact that the burned gas con-
tains these incompletely oxidized species, it is also
well recognized that typical hydrocarbons burn in
a sequential manner. That is, the fuel is partially
oxidized to CO and Hg, which are not appreciably
consumed until all of the hydrocarbon species have
disappeared (Dryer and Westbrook, 1979). Dryer
and Glassman used this observation to construct a
two-reaction model for methane oxidation in a
turbulent flow reactor

CH4+3/202 = CO-+2H:0
CO+1/205 = COs, ®

with empirically derived rates for both reactions.

To account at least in part for the effects of incom-
plete conversion to COz and H:0, and to include
qualitatively the sequential nature of the hydro-
carbon oxidation, the reaction mechanism of Eq. (1)
can be modified, following Dryer and Glassman, to
include two steps. For example, with hydrocarbon
fuels this results in

n m m
CuHum+ (E +T) Oz = nCO +? H20 %9a)

CO+1/202 = COo. 9b)
The rate of the CO oxidation reaction has been
taken from Dryer and Glassman and has the
value

koy = 10148 exp( —40/RT)

% [CO]'[H20]0-5[02]°-25 (10)
In order to reproduce both the proper heat of reac-
tion and pressure dependence of the [CO]/[CO.]
equilibrium, a reverse reaction was defined for
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TABLE 1V

Paramecters for two-step and quasi-global reaction mechanisms giving best agreement between experimental
and computed flammability limits. Same units as Table I

Two-step mechanism Quasi-global mechanism
Fucl A E, a b A E, a b
CHa 2.8 x 10 48.4 -0.3 1.3 4.0 x 10° 48.4 -0.3 1.3
CHa 1.5%107 30.0 —-03 1.3 2.3x107 30.0 -0.3 1.3
CeHy 1.3%x 1012 30.0 0.1 1.65 2.0% 1012 30.0 0.1 1.65
CsHg 1.0 x 1012 30.0 0.1 1.65 1.5 % 1012 30.0 0.1 1.65
CaHio 8.8 x 101! 30.0 0.15 1.6 1.3 % 1012 30.0 0.15 1.6
CsHip 7.8 x 101t 30.0 0.25 1.5 1.2 x 1012 30.0 0.25 1.5
CoHus 7.0x 101! 300 0.25 1.5 1.1 x 1012 30.0 0.25 1.5
(673 BT 6.3 x 101! 30.0 0.25 1.5 1.0 x 1012 30.0 0.25 1.5
CsHug 5.7 x 101 30.0 0.25 1.5 9.4x 101 30.0 0.25 1.5
CaHisg 9.6 x 1012 40.0 0.25 1.5 1.5%x 1033 40.0 0.25 1.5
CoHzo 5.2 % 101 30.0 0.25 1.5 8.8 x 1011 30.0 0.25 1.5
CioHeze 4.7x 101 30.0 0.25 1.5 8.0x 101! 30.0 0.25 1.5
CH30H 3.7x 1012 30.0 0.25 1.5 7.3x 1012 30.0 0.25 i.5
CeHsOH 1.8 x 1012 30.0 0.15 1.6 3.6x 1012 30.0 0.15 1.6
CaHe 2.4 %101 30.0 —0.1 1.85 4.3x 101 30.0 -0.1 1.85
CiHs 1.9 x 101 30.0 —-0.1 1.85 3.4x 1011 30.0 —-0.1 1.85
CaHy 2.4 x 1012 30.0 0.1 1.65 4.3 %1012 30.0 0.1 1.65
CaHo 5.0% 101! 300 —0.1 1.85 8.0 x 101 30.0 -0.1 1.85
CaHs 7.8 x 1012 30.0 0.5 1.25 1.2x 1013 300 0.5 1.25
Reaction 9b, with a rate with those predicted by the single-step model, over
the same ranges of equivalence ratio and pressure.
k—on = A exp(—40/RT)[COg]¢. (tn The addition of the CO-CO; equilibrium has im-
proved the mechanism by providing a better adia-
The concentration exponent  must be less than the batic flame temperature and a reasonable estimate
sum of the exponents in Eq. (10) in order to allow of the CO concentration at equilibrium. Further
the ratio [COJ/[CO.] to decrease with increasing refinement in expressing the dissociation effects on
pressure.  Satisfactory results were obtained with burned gas temperature would lead to additional
d=1, A=5%108. improvements. For each of the fuels examined, the
The resulting two-reaction model was applied to reaction rate parameters which gave the best agree-
the methane-air flames discussed carlier. The rate ment with experimental data are summarized in
of Reaction 9a was assumed to have the form of Table 1V.
Eq. (2), and the temperature exponent » was again
sct to zcro. The best agreement between experimen-
tal and computed flame speeds was again obtained MULTISTEP GLOBAL REACTION
for a= —0.3, b=1.3 for both 30kcal/mole and 48.4 MECHANISMS
kcal/mole activation energy. Only the pre-expo-
nential A had to be adjusted to account for the dif- Another reaction can be added to account for the
ferences occurring due to the use of Reaction 9b. In H2-H:20 equilibrium in the burned gas region. For
Table 111 the adiabatic flame temperature and com- cach reaction added another species equilibrium
puted ratio [CO)/[COz;] for the two-step mechanism concentration can be estimated. The logical limit
is given for cach equivalence ratio. From this data of this process is the quasi-global reaction mechan-
it is clear that the two-step mechanism provides a ism of Edelman and Fortune (1969) which combines
more accurate estimation of the flame parameters a single reaction of fuel and oxygen to form CO and
than the one-step mechanism. For methane-air Hg, together with a detailed reaction mechanism for
and the other hydrocarbon-air flames, the two-step CO and Hg oxidation. Since all of the important

mechanism predicts flame speeds in close agreement elementary reactions and species in the CO-Hz-O
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system can be included, this approach can provide
accurate values for Taqe and the equilibrium post-
flame composition. Because thermal NOyx pro-
duction in flames depends primarily on burned gas
properties, the extended Zeldovich mechanism reac-
tions can be added to the quasi-global reactions to
give an estimate of NOy formation rates. Alterna-
tively, algebraic equations for the chemical equi-
librium in the post-flame gases can be used instead
of the partial differential equations which must be
solved in the quasi-global formulation. As we will
show, radical levels in the flame zone itself are not
predicted accurately by the quasi-global model
(Dryer and Westbrook), so NOx production due to
radica! overshoot will not be predicted correctly.

The computational costs of a given reaction
mechanism depend primarily on the number of
chemical species included, rather than on the num-
ber of reactions. Conventional numerical solution
techniques for the differential equations encountered
in both detailed and simplified kinetics schemes
indicate that the computer time requirements are
roughly proportional to N2, where N is the number
of species. For the single-siep mechanism of Eq. (1)
there are 5 species including nitrogen, and 6 species
with Reactions 9a and 9b. Because of the N2
dependence, each additional species increases the
computer costs by a significant margin. The CO-
Hs-O2 mechanism includes 10-12 species (H, O,
Hsy, O2, OH, H20, Ng, CO, COq, fuel and possibly
HO: and H:20:), while detailed mechanisms for
methane or methanol oxidation involve 25-26
species. The quasi-global model therefore occupies
an intermediate position between the simplest and
most detailed models, in terms of computer time
requircments.

The rate parameters for fuel consumption in the
quasi-global model depend on the type of appli-
cation being studied (Edelman and Fortune). Dif-
ferent pre-exponential terms must be used for flow
systems and for stirred reactors. We found this to
be true as well for applications to flames. The fuel
consumption reaction is written to produce CO and
H.. For example, for n-paraffin fuels

n
CaHeom +502 =nCO+mHa. (12)

This was combined with 21 elementary reactions
involving the Hz-02-CO mechanism. The global

reaction rate for Reaction 12 was determined for -

each type of fuel as described earlier and the best
rate parameters are summarized in Table 1V. The

reactions and rate parameters used for the Hy-Og-
CO mechanism are given in Table V. The computed
flame speeds as functions of equivalence ratio and
pressure are essentially indistinguishable from those
found from the single-step and two-step mechan-
isms discussed earlier. The principal advantage is
the further improvement in the burned gas com-
position and temperature, although the flame struc-
ture and species concentrations in the flame zone
cannot presently be predicted well by the quasi-
global mechanism.

TABLE V

Reaction mechanism used in quasi-global mechanism for
CO-H2-0:2 system. Reverse rates computed from relevant
equilibrium constants. Same units as Table |

Reaction A n Es

H+ 0:=0+0H 2.2x 1014 0.0 16.8
H2+0O=H+OH 1.8 x 1010 1.0 8.9
O+ H:O0=0H+OH 6.8 x 1013 0.0 18.4
OH+ Hz=H+ H20 2.2x 1013 0.0 5.1
H+Os+M=HOz:+ M 1.5x 1015 0.0 —1.0
O+HO;=02+0H 5.0x 1013 0.0 1.0
H+HO;=0H+OH 2.5x 1014 0.0 1.9
H+HOz2=Hz+ 02 2.5x 1013 0.0 0.7
OH + HO2=H20 402 5.0x 1013 0.0 1.0
HO2+HO2=H:0:4+ 02  1.0x 1013 0.0 1.0
HeOz2+ M

=0OH+OH+M 1.2x 1017 0.0 45.5
HOz+ H2=H20,+H 7.3x 1011 0.0 18.7
H202:+OH=H:0+HO; 1.0x1013 0.0 1.8
CO+OH=CO:+H 1.5x% 107 1.3 -0.38
CO+0:=CO0:+0 3.1x 10 0.0 37.6
CO+0+M=COs+M 59x1015 0.0 V4.1
CO+HO;=CO2+0H 1,5x 1014 0.0 23.7
OH+M=0+H+M 8.0x10* —10 103.7
O2+ M=0+0+M 5.1x 1045 0.0 115.0
Hz+ M=H+H+M 2.2x10%4 0.0 96.0

H20+M=H+OH+M 22x10!s 0.0 105.0

Both the strengths and weaknesses of the quasi-
global approach can be illustrated by comparing
species and temperature profiles computed with a
quasi-global reaction mechanism with those com-
puted with a full detailed mechanism. This was
done for the case of a stoichiometric methanol-air
mixture at atmospheric pressure, using a detailed
mechanism taken from our previous study (West-
brook and Dryer, 1980a). Both models correctly
reproduced the observed laminar flame speed of
44cmfsec. Computed results are summarized in
Figures 3 and 4. The temperature and fuel concen-
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FIGURE 3 Temperature, methanol, and carbon monoxide concentrations in a stoichiometric methanol-air
flame 4t atmospheric pressure, computed using detailed reaction mechanism (light curves) and quasi-global
mcchanism (heavy curves), all as functions of relative flame position.
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FIGURE 4 Concentration profiles for H, O, and OH radicals as functions of relative flame position for the
sume flame models as in Figure 3.
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tration profiles are in fairly good agreement, with
the detailed model predicting a slightly steeper rate
of fuel consumption and temperature increase in the
flame region (1200<7°<1800K). Similar agree-
ment was observed for computed Oz, CO», and H2O
profiles. There is a substantial qualitative differ-
ence, however, between the computed CO profiles.
The detailed model predicts a much higher CO con-
centration in the pre-flame and flame regions (—0.05
<x<0.10cm), although both models predict the
same equilibrium CO level in the post-flame region.
Related trends can be seen for radical species H, O,
and OH in Figure 4. Here the quasi-global mech-
anism predicts substantially larger concentrations
of H and O in the flame and pre-flame regions, with
closer agreement between the two computed OH
profiles. Perhaps the most distinctive feature is that
the concentrations of all three radical species fall
sharply below 100ppm at different positions, near
x=0.0cm in the detailed models and at x=0.06cm
in the quasi-global model.

We have discussed the reasons for these differ-
ences previously (Dryer and Westbrook), showing
how the simplified mechanism predicts incorrect
radical species concentiations in regions which con-
tain unreacted fuel and other hydrocarbon species.
Reaction rates between radical species such as O, H,
and OH and hydrocarbon molecules such as
CH30H, CH4, C2Hg, and others are generally much
greater than between the same radical species and
CO or Ha. Therefore, when fuel or other hydro-
carbon species still remain, the radicals cannot
react with CO or Ha. Radical species levels are kept
very small until the hydrocarbons are consumed,
whereupon CO and H: oxidation can begin, as
illustrated for CO in Figure 3. However, the quasi-
global mechanism does not explicitly consider
reactions between radical species and fuel mol-
ecules, using an overall rate expression like that of
Eq. (7). As a result, there is no means of keeping
the radical concentrations low in regions in which
fuel remains. This can easily be seen in Figure 4
where the H, O, and OH levelsin the range ( —0.06 <
x< +0.05¢m) computed by the quasi-global model
are greater than 1000 ppm even though the CH30OH
concentration in that range remains above 1 percent.
Because the radical species are so high in this region
of the quasi-global model, CO oxidation begins
sooner than in the detailed model. Therefore the
CO concentration computed by the quasi-global
model remains substantially lower than in the
detailed model in which the presence of the fuel
effectively inhibits CO oxidation.

DISCUSSION

The procedures described here can be applied to any
type of fuel molecule to develop and validate simpli-
fied reaction mechanisms. We have illustrated the
basic method with some hydrocarbon fuels of com-
mon interest, but other fuels, including non-hydro-
carbons, can be treated in the same way. As an
example, flame speeds for methyl-substituted »-
paraffins are several centimeters per second smaller
than for straight-chain molecules of the same overall
composition and their flammability limits are
slightly narrower (Dugger et al.). Thus the flame
speed at atmospheric pressure for a stoichiometric
mixture of isooctane (2,2,4-trimethyl pentane) in air
is about 36cm/sec while that for n-octane is about
40cm/sec. The rich flammability limit for isooctane
is ¢ p"=3.6 and about 4.25 for n-octane. If the rate
parameters for n-octane in Table I are used, but the
pre-exponential A4 is multiplied by 0.81 (i.e. (36/40)2),
then the single-step reaction mechanism reproduces
the experimental data well for isooctane. This
scaling of the pre-exponential can be done for many
of the methyl-substituted paraffin fuels.

For each set of reaction rate parameters, the pre-

" exponential terms tabulated here should be regarded

as approximate values if they are used in other nu-
merical models. In addition to rate parameters,
flame speeds depend on thermodynamic and trans-
port properties which may be treated somewhat
differently in other models. The activation energies
and concentration exponents derived here should
be valid for other models. Therefore, for use in
other codes, the parameters presented here should
be used as initial estimates, with comparisons be-
tween computed and experimental data for some
reference condition serving to calibrate the pre-
exponential factor A4.

The most significant result of the modeling work
discussed in this paper is the development of a
systematic, direct means of determining rate par-
ameters for global reactions which can be used to
model flame propagation. In contrast with other
simplified reaction rate expressions in common use,
the rates derived in this manner correctly repro-
duce experimental flame speeds over wide ranges of
equivalence ratio and pressure. This avoids the
problem demonstrated for rate expressions which
assume that the fuel consumption reaction is first
order in fuel and oxidizer concentrations. With
those parameters flame speeds and flammability
limits for fuel-rich mixtures are seriously over-
estimated,



42 C. K. WESTBROOK AND F. L. DRYER

All of the simplified mechanisms from Tables [
and [V predicted laminar flame speeds equally well,
including variations with equivalence ratio and
pressure. The addition of intermediate species such
as CO, Hz, and others together with further refine-
ment of the reaction mechanism into several steps
makes the predicted product temperature and com-
position more accurate, at the expense of requiring
more computer time. The particular nceds of each
model application must determine the appropriate
level of simplification.

Extension of these results to turbulent regimes is
a complex problem involving many currently unan-
swered questions. However, some numerical models
which treat heat and species transport in turbulent
regimes by means of eddy diffusivities (e.g. Butler
et al., 1980; Gupta er al., 1980) have had consider-
able success in simulating turbulent combustion in
internal combustion engines using single-step global
reaction rates like Eq. (2). In such models the con-
clusions regarding fuel and oxygen concentration
exponents reached here for laminar conditions will
apply, and the use of rate expressions which are
first order in fuel and oxidizer concentrations should
be avoided.
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