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Mechanism of air pollutant
formation in internal combustion engines (**).

Abstrac= — _ais paper summarizes the vesearch being conducted in the Mecha-
woi Znoivezring Department at the Massachusetts Institute of Technology

v s mzzoanism of air pollutant formation in internal combustion engines.

= Zisiz problems are discussed: 1) the aevodynamics of the hydvocarbon
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-

“cundary layers, 2) the thermodynamics of internal combustion, 3) the
mzzeaism of NO formation and 4) the effect of threebody reactions on the for-
=iz of CO. Some practical applications of the research to the reduction of
2 pollution are also suggested.

Internal combustion engines are the largest single source of air pol-
lution in urban areas of the United States. They produce go%, of the carbon
monoxide CO, 509%, of the oxides of nitrogen NO,, and 70%, of the unburned
hydrocarbons. In the presence of sunlight these pollutants further react
with air to produce the extremely objectionable photochemical smog
typical of that found in the Los Angeles basin and I believe also here in
the Piedmonte region.

Since air pollution was recognized as a critical problem approxi-
mately ten years ago many possible solutions have been proposed. Some
of these involve replacing internal combustion engines with other power
plants such as electric motors or steam engines. Other involve improved
mass transportation systems to reduce the number of cars on the road.
Last but not least, there is the possibility of modifying the internal
combustion engine to decrease the pollution it produces. This is the
approach I shall consider in the present paper.

Today there are dozens of technically feasible methods of reducing
air pollution from internal combustion engines to acceptable levels. All
of them, however, involve some compromise in cither performance, reali-
bility, or cost. The problem therefore is not so much to find « solution
but to find the optimum combination of solutions. To do this with any
degree of confidence, it is necessary to have a basic understanding of the
processes by which pollutants are formed in internal combustion engines.

(*) Ford Professor of Engineering.
(**) This work was supported in part by grants from the M. I. T. Sloan Basic
Research Fund, and the M.I.T. Urban System Laboratories.
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Obviously a high level of confidence is particularly important in this
case because of the tremendous capital investment required to make
even minor modifications in the millions of engines produced annually.

To assist with the problem, the Thermodynamics and Fluid Mecha-
nics groups in the Mechanical Engineering Department of the Massachusetts
Institute of Technology have been studying the fundamental processes re-
sponsible for pollutant formation in internal combustion engines. Four basic
problems are being investigated: 1) the aerodynamics of the hydrocarbon
rich boundary layers on the cylinder walls; 2) the thermodynamics of inter-
nal combustion; 3) the mechanism of NO formation and «freezin g» in the
gas phase; and 4) the effect of three-body reactions on the «freezing» of CO.

Aerodynamics of Boundary Layers.

It has been established in experiments carried out at the General
Motors Research Laboratories [1] that the major sources of unburned
hydrocarbons in the exhaust of an internal combustion engine are the
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cool boundary layers on the cylinder walls. The question of how these
boundary layers are ejected from the cylinder, however, has not yet been
answered. Three separate layers whose aerodynamic behavior is expected
to be distinctly different must be considered: one on the cylinder head,
the second on the piston face, and the third on the cylinder side wall.

In our imitial imvestigations of this problem we have been studying
the manner in which the advancing piston scraps up the side wall boundary
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Character of vortex flow as a function of piston velocity and Reynold’s number based on stroke.

layer during the exhaust stroke [2]. A water analog of the cylinder of an
internal combustion was constructed in which the appropriate Reynold’s
numbers could be reproduced and the behavior of the boundary layer
studied for both advancing and retreating piston. The flow patterns were
visualized using both dyes and illuminated fish scales. Unfortunately
the original photographs are difficult to reproduce but examples of the
types of motion observed are illustrated by the drawings in figure 1. In
the case of a retreating piston the boundary layer drags fluid out of the
corner between the piston face and the wall resulting in the type of ¢sink
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flow » illustrated in the upper part of the figure. For an advancing piston,
which is the case occurring during the exhaust stroke, the piston «roles
up » the boundary layer into a spiral vortex having a cross-sectional
area very nearly twice the cross-sectional areca of the boundary layer
swept up. Initially the vortex is laminar as shown in the lower part of
fig. 1, however, as the length of the stroke increases the vortex goes
through a transition and becomes turbulent.
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Vortex area divided by the stroke length sguared as a function of Reynold’s number.

The character of the flow for various piston velocities is shown as
a function of the Reynold’s number based on the length of the stroke X
in fig. 2. Most of the data shown are for constant piston velocity but a few
runs for a sinusoidally varying velocity are also shown. It can be seen
that transition occurs at a Reynold’s number of approximately 15000 which
is typical of that at the end of the stroke in an internal combustion engine.

Figure 3 shows the cross-sectional area A of the vortex divided by
the square of the stroke X? as a function of Reynold’s number. In the
laminar regime where the boundary layer thickness grows as X'/2, the
vortex area grows as X3/, In the turbulent regime where the boundary layer
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grows as X, the vortex area grows as X?2. This is precisely what would
be expected from a simple «role up» of the boundary layer.

These results imply that in an internal combustion engine the dia-
meter of the «role up» boundary layer at the end of the stroke will be
close to the clearance height. Thus we might expect a large fraction of
the unburned hydrocarbons to be ejected at the end of the exhaust
stroke. This effect has actually been observed in the General Motors
experiments [1] and in experiments currently in progress at M.I.T. We
may anticipate from these observations that cylinder head and piston
geometry, exhaust valve location, and particularly clearance height at
T.D.C. will have an important effect on the emission of unburned hy-
drocarbons.

Thermodynamic Model of Internal Combustion,

It is well known that in an internal combustion engine the major
energy producing reactions are very close to equilibrium and that the
trace concentration of pollutants formed have a negligible effect on the
overall thermodynamic state of the burned gas. Thus, we may first deter-
mine state of the gases within the cylinder using equilibrium thermo-
dynamics and then treat the process of pollutant formation as a pertur-
bation later.

To do this we have developed a simple analytic model [3] of internal
combustion which permits one to calculate the thermodynamic state of
the gases from a knowledge of the pressure and volume of the system as
a function of time. The model asumes that 1) the original charge is homo-
geneus, 2) the pressure at any time is independent of position, 3) the
volume occupied by the nonequilibrium chemical reaction zone is negli-
gible, 4) the burned gas is at full thermodynamic equilibrium, 5) the
unburned gas is «frozen» at its original composition and undergoes
adiabatic compression, and 6) both burned and unburned gases have
constant local specific heats. In most practical engines all these assump-
tions are well justified. Under these conditions the mass fraction of the
burned gas, X, can be calculated from the laws for conservation of mass
and energy and the equation of state for the burned and unburned gases.
The result is

_ PV — ¥t {_'Yb — O + Q) + (v» — Yu) Myl — 1‘0)_
W ML= (o — 1) Gy — Aig2) + (1> — Yu)on T

where M is the total mass of gas in the cylinder, $ is the pressure, V is
the volume, T is the temperature, W is the work done,  is the heat loss,
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¢, is the local specific heat, 4, is the correspozding specidc enthalpy of
formation, y = ¢,f¢c, is the specific heat ratiz a=d ths subscripts o, #,
and b refer to initial conditions, unburned gas. ani S=m=d zas respec-
tively.
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Measured pressure and corresponding calculated mass Zz:=cn of burned gas as a function of

crank angle.

stion is complete and takes about 40 crazx angle degrees. Note that as
a consequence of the assumption of conszznt local specific heats, these
results are independent of the temperature cistribution in the burned gas.

To determine the temperature distributzion in the burmed gas it is
necessary to make an assumption about that state of mixing in these
gases. In most previous treatments of this prcblem "1 it has been assumed
that the temperature of the burned gas was uniform corresponding to
complete mixing. This gives

(2) RiT,=RT .+ @BV —=MRIIMx

where R is the gas constant. We do not believe that the assumption of
complete mixing is a good one, however, because it is incompatible with
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both the observations of a relatively thin turbulent flame front and sub-
stantial temperature gradients in the burned gas. A much more realistic
approximation is to assume that there is no mixing at all and that each
element of gas which burns is adiabatically compressed from its state
just behind the flame front to its final state. Under these conditions the
temperature of an element of gas is given by

(3) Ty (X", X) = TH(X)[pX)/p(X")] =i
i § I

-
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Fig. 5.

Temperature distriburions in the burned gas as a function of mass fraction: T,(0,X) is the temper-

ature of the element which burned first, T,(X) is the temperature immediately behind the reaction

zone, T,{X) is the mean temperature, and T,(X, .5) is the temperature distribution at a time when
combustion is 50% complete.

where T,(X’, X) is the temperature the element which burned at a pres-
sure p(X’) when the pressure is $(X), and

(4) Tb(X’) = [kfn' - k’fb + Cpu TH(X’)]/CPH

is the temperature resulting from isenthalpic combustion of the gasat
the pressure p(X").

Some typical temperature distributions for the unmixed case are
shown in fig. 5 as a function of mass fraction burned. It can be seen that
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a substantial temperature gradient exist in th= bun=d gas and that the
peak temperature T,(0, X) of the gas that bu=z=c arst 13 approximately
400° K higher than that 7',(X) of the gas i zzlyv behind the flame
front. Due to the strong temperature depend:==-: - ch=mical equilibrium
constants and reaction rates, such tempsrz difierences are very
important in connection with pollutant formz=i:z and can produce order

of magnitude variations in concentration levzs = the burned gas.

Model of NO Formation.

NO may be formed in internal combus=i:= :=zin=s either in the non-
equilibrium reaction zone or in the hot t==:Z == behind the flame
front. In our initial investigations, we haw= z:z=czatrated on formation
in the burned gas and have developed a m=Z:l -7 of the process which,
for equivalence ratios less than 1.2, agress =< wi-h =xperimental obser-
vations. For richer mixtures, the model ==Z:-=zimates the amount of
NO produced which may be an indicatior. -=z% Z:7mz%ia in the reaction
zone is important in this case.

The model includes consideration of =z: - =::: abundant species
found in an equilibrium mixture of the cz==zs=i:z tr:Zucts of air and
CgH,s. These are shown in table 1 along witZ == =ZizzZicz of their appro-

Tasre 1.
Species included in model of NO formatics =2 szzr:zimaie concentrations
at 2500 °K.

CO, CO NO (8] N0 N

N, H,0 O, OH H, NO; HCO
: : : | : % : =
[} —1 — 2 — 3 — 4 — = — A — 7 — 8

Log,e (Mole Fracz=:=

ximate relative concentration at 25000 K. Tz: :termodvnamic state of
the gas is determined from the model desc=z=Z = the preceding section
and the major energy producing reactions icv:viz the (—O—H system
are taken to be in equilibrium. The process :f NO formation is assumed
to be controlled by the 6 reactions shown iz zzblz 2 where the exother-

micities are given in kcal/mole and the excthsrmic rate constants [5] are
given in cm3/sec. These equations may be cortined to obtain 3 first order
non-linear differential equations for the concentrations of N, NO, and
N,O. Although numerical integration of the full set of equations is rela-
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TaprLe 1I.

Reaction included in model of NO formation. Exothermicities and activation
energies in Kcal and vate constants in cm?[sec.

[ i —
:' (1) N 4 NO <= N; + O + 75.0; ky =2 X 10-11 I
! (2) N 4 0, <= NO + O + 31.8; k, =2 X 10-11 e-T-1/BT ||
| (3} N + OH <= NO -+ H e 39.4; k3 =17 W 10-11 I
| (4) H +- N,0 = N, + OH + 62.4: hy =35 % 1071 e-10.8[T i
| (6) O -+ N,0 == NO + NO - 36.4; ke = 8 % 1o~ e-2+.0[RT |

tively easy, investigation has shown that the characteristic relaxation
times for both N and N,O are several orders of magnitude shorter than
that for NO. It is thus an excellent approximation to assume steady state
values for N and N,O and set dN/di = dN\,0/dt = O. The set may then
be reduced to a single equation for the NO formation rate:

1 dNOIV , R, | Re
) L IOV o — o) [+ + )

where o = [NO INO], is the concentration of NO divided by its equili-
brium value, K; = R,/(R, + Rs), K, = Rs/(Rs + Rs), and R, is the «one
way » equilibrium rate of the ¢ reaction e.g. R; = k;[NOJ[N],. For the
fully mixed case V is the total volume of the burned gas while for the
unmixed case, which is the only one we shall consider, it is the specific
volume of the burned gas. The term proportional to R, is the result of
the first three reactions in table 2 and corresponds to the well known
Zel'dovich mechanism of NO formation extended to include the reaction
of N with OH. The term proportional to R is the result of the last three
reactions. It is this term which under some conditions is kinetically equi-
valent to the overall reaction O, - N, <~ 2 NO. The direct reaction
0, + N, < 2 NO is very slow and does not contribute significantly.

Tasre III.

Ratio of vates R, and R appearing in equation 5 for NO formation rate.

'll T oK ‘ @ =8 (lean) T i 1.2 (rich) H
— TS | SR B 8 - I
| : I
| 2500 i 52 a=2 33 .
] 2300 | 18 32 ‘ |
l 1800 47t : ) 6—* i
‘ I500 ‘ 20 _‘_—2 E 5—5 E.




236 JAMES C. KECK

In general K, and K, are of order unity or less and thus for a=1
the relative importance of the two terms is just determined by the ratio
of R, to Rs. This ratio is shown in table 3 and it can be seen that for all
conditions of interest it is the extended Zel’dovich mechanism which
controls the NO production. Under conditions where z>1 and NO

| ! ! . |
————— EQUILIBRIUM |
KINETIC

(NO) MOLE PERCENT

Fig. 6.

Rate controlled and equilibrium NO concentrations as 2z =—:=:= =I crank angle for elements
which burn at two differex: ===

is being distroyed the second term may dominaz= the first, however, in
this case all the reactions are very slow and th= NO is effectively « frozen ».

If we now use our assumption that the concentrations of N, 0,,
OH and O are close to equilibrium then equation 5  can easily be inte-
grated to produce results similar to those in fig. 6. In this figure we have
shown both the rate controlled and equilibrium NO concentrations as
a function of crank angle for elements of gas which burned at two diffe-
rent times during the cycle: the first at — 20° just after ignition and the
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second at 4 10° when combustion was approximately 309%, complete.
In both cases the rate controlled solution rises from zero at a finite rate,
crosses the equilibrium solution and «freezes» at levels well above the
equilibrium values for exhaust temperatures. In the element of the gas
which burned early the «frozen» concentrations are close to the peak
equilibrium concentrations, however in the element which burned later
the «frozen» levels are substantially less than the peak equilibrium
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Fig. 7.
« Frozen » NO concentrations in the burned gas as a funcdon of mass fraction at which an element
burned for several equivalence rations.

value. This is a direct result of the very much slower reaction rates asso-
ciated with the lower temperature of the gas which burns later in the cycle.

Additional results illustrating the strong effect of the temperature
gradient in the burned gas on NO formation are presented in fig. 7 which
shows the «frozen » mass fraction of NO in an element of gas as a function
of the mass fraction at which it burmed for several equivalence ratios.
It can be seen that the NO concentrations in the first part of the gas
to burn are 5 to 1o times those in the last part.

Observations of NO Formation.

To check on the validity of the theoretical model just described,
a variety of experimental studies of NO formation in internal combustion
engines are being performed. In the first such experiment [3] the NO con-
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centration in the cylinder of an actual engine was measured as a function
of time and position. A schematic of the L-head engine employed is
shown in fig. 8. The head was fitted with a number of quartz windows
W which permitted observation of a relatively uniform sample of gas
at various distances from the spark. Both spectrocopic and photometric
measurements were made.
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Fig. 8.
Schematic of engine head used in experiments 1: —:::== NO formation rate.

The spectral distribution of the major radiation is shown in fig. 9.
In the blue it consists primarily of molecular ands of OH and a recom-
bination continuum from the reaction CO — '3 — CO, -+ A#v. In the red
it consists of unresolved bands of NO, superimzosed on a continuum from
the reaction NO + O — NO, + hv. A few dizcrete lines from Na and K
and weak molecular bands from CH, C, anZ H,O were also observed.

Quantitative measurements of the radizzion intensity were made
using photomultipliers and narrow band interizrence filters. Typical oscil-
lograms of the radiation profiles at several wavelengths are shown in
fig. 10 for two cases: one in which the engine was operating on a normal
fuel-air mixture and another which was identical in all respects except
for the addition of 1.5%, NO to the charge. Also shown are pressure traces
and timing traces with markers at 5° intervals.
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For the normal mixture the radiation profiles show a relatively
narrow rather irregular peak, corresponding to nonequilibrium radiation
from the turbulent flame front, followed by a larger broader peak corres-
ponding to radiation from the burned gas. Note that at wavelengths of
0.61 and 0.68, where the radiation is due to NO and NO,, the intensity
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Spectral distribution of major radiation emirted by burned gas in an internal combustion engine.

immediately behind the flame front is very small indicating negligible
NO formation in the flame front. By contrast when 1.5%NO is added to
the charge the radiation at these wavelengths jumps abruptly to the
value expected for this amount of NO at the burned gas temperature.
The radiation at 0.38 microns is unaffected, however, since NO does not
radiate at this wavelength and the small amount added has a negligible
influence on the thermodynamic state of the burned gas. Although the
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NO concentrations can be calculated from tz: :Z::zved radiation using
known rate constants, the NO addition t=: 2= provided a direct
calibration of the system and greatly incrzzs:Z :-=r confidence in the
results,

0% p
NO
Io.38,
Io.68u
Io. 61,

1.5 %

NO =)
Io.38,
Io.e8u
Ioeiu

Fig. 10.

o Bl ‘mtensity at several wave
r mixture; lower traces

Oscillograms showing crank angle (5° markers), pre
lengths as a function of time. Upper traces correst
to the same fuel-air mixture

Independent measurements of the temz:rzzzzz= of the burned gas
were obtained by analyzing the radiation = = :z: OH bands and the
CO, continuum [6]. These agreed with each - —Z with that calculated
from the thermodynamic model to -+ 100° K.

Fig. 11 shows the measured NO comczzzszzizzs as a function of
crank angle for two equivalence ratios 6. -T== svmbols correspond
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to normal fuel-air mixtures and the closed symbols to mixtures with 1.59,
NO added. The stars indicate the NO levels at the flame front. In the
case of the normal mixture this is the estimated level due to the residual
burned gas in the cylinder. For the normal mixtures, the NO concentra-

tions rise monotonically approaching a constant «frozen » level. For the.

mixtures with NO added, the concentrations first decrease since they
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Fig, 11.

NO concentrations as a function of crank angle 3t two equivalence ratios with and without
1.5% added NO.

are above the equilibrium value, then go through minima and join the
curves for the normal mixtures exactly as we would predict.

A comparison between theoretical and experimental results is pre-
sented in fig. 12 which shows the measured 6" and predicted NO con-
centrations at two distances from the spark as a function of crank angle.
Unfortunately the theoretical curves were started from zero because the
presence of NO in the residual gas was overlooked at the time they were
computed. Even so the agreement between theory and experiment is
very satisfactory. Note the higher level of NO at window W,, which was

16.
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closer to the spark, due to the higher temperature in the gas that
burns first.

Fig. 13 shows a further comparison between theory and experiment.
Here the average levels of NO in the exhaust are plotted as a function
of equivalence ratio. For equivalence ratios less than 1.2 the measured [7]
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Fig. 12.

Comparison between predicted and measured NGO corccez: at two distances from the spark
as a function of crank angle. The theoretical curves = -%e N0 initially present due to the
residual gas and are therefore expected =0 == 1w at early times.

and predicted values are in good agreement. Far richer mixtures, however,
the theory appears to underestimate the NO concentrations somewhat.
This may be the result of NO formation in the flame front or a parallel
reaction not included in the kinetic schem=.

It is fairly clear from the results preszated above that most of the
NO production in internal combustion engizss occurs in the burned gas
and that the important parameters controlling the levels are the gas
temperature and the equivalence ratio. Fuel composition is expected
to have very little effect. Thus to reduce NO =mission one most run either
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rich or reduce the peak temperatures. The latter may be accomplished
in a variety of ways including: lean combustion, retarded spark, lower
compression ratio, central spark, and exhaust gas recirculation or water
injection.
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Comparison between predicted and measured average NO concentrations in the exhaust as a
function of equivalence ratio.

Mechanism of CO « Freezing ».

In our previous analysis we have assumed that the major encrgy
producing reactions involving the C—O—H system were in thermody-
namic equilibrium near peak cylinder temperatures. If this were true at
exhaust temperatures then the CO levels would be completely negligible.
We must therefore consider departure from equilibrium in the C—O—H
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system as the temperature falls during expansion. This is a formidable
problem which is extremely difficult to treat using the ordinary techniques
for solving rate equations in complex systems. To deal with it we have
developed a new approach which we have called the «rate-controlled
partial-equilibrium method ». It is based on the observation that the exi-
stence of a slow chemical reaction in a system implies a constraint on the
rate at which the system can adjust to full equilibrium. Examples of
such constraints are provided by nuclear reactions which proceed extre-
mely slowly at ordinary temperatures and imply conservation of atomic
species.

The first step in the method is to identify the constraints which
would exist if a particular reaction or set of reactions did not proceed
at all. Such constraints are usually of the form

(6) Ny=2XZa,;X,
i

where X is the number of molecules of speciés 7, a,; is an integer greater
than or equal to zero, and N, is the constrained variable. We next consider
the Gibbs free energy of the system

(7) F(T,p) =Z X,[F; + RT In (X Xo):
J

where F; is the free energy of species j and X, = X X,. The partial
j

equilibrium state may now be found by mimmizing F(T, p) subject to
the constraints N, in the usual manner. Finally the rate at which the
constraint changes is determined from the chemical reaction rates. This
leads to equations of the form

d N,

®) Lo = R(Xy, Xy e X

which may be integrated numerically to obtain the partial equilibrium
composition as a function of time.

The advantage of this method over the commonly used steady state
approximation or integration of the full set of rate equations is that only
the rate limiting reactions need to be specified. This reduces the number
of equations to be integrated by a large factor and avoids the problem
that most of the chemical reaction rates in a complex system are unknown
and must therefore be guessed.

As an initial application of the method we have used it to investi-
gate the effect of finite three-body recombination and dissociation rates.
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The constraint introduced by inhibiting such reactions is of the form
M = X X; where M is the total number of particles in the system. The
?' [

rate equation for M is of the form

aM .
(9) 7 = ? |,Ru s Rrk)

where R, and R, are the dissociation and recombination rates for the
kth reaction. Some three-body reactions important in internal combu-
stion engines are shown in table 4. In our present analysis we have in-
cluded only the first three. In this connection it should be noted that
only one fast three-body reaction is needed to equilibrate the entire
system, however, different reactions will dominate in different tempera-
ture ranges. At peak temperatures it will be first, at intermediate tempe-
ratures where NO is frozen it is expected to be the second, and at room
temperature it will be the third.

TABLE TV.

Examples of threebody vecombination and disssoiation rveactions of polential im-
portance in internal combustion engines. Exsthermicities and activation energies in
Keal and recombination raiz constants in cm®[sec.

1180 4+ H,O + X« 0OH - H — X : 3 ¥ ro-3
71.9 + NO, + X = NO -0 — X = 6 X 10732
25.8 + NO; ++ NO, = NO — ND — O, 5 I X 10-38
38.6 - IN,0 + X = IN, —30 — X

125.8 + 1CO; 4+ X == 1CO — 30 — X 1 I ¥ 10734
214 4-HCO + X = CO —H — X

Some typical results for a stoichiometrically correct high tempera-
ture cycle are presented in fig. 14 as a function of crank angle and equili-
brium temperature. The upper part of the figure shows the mole fraction
of CO, NO, O and N. The subscripts e and M denote the equilibrium and
three-body rate controlled solution respectively. On the scale of the figure
the difference between the two solutions is indistinguishable. The central
part of the figure shows the difference between the rate controlled and
equilibrium CO mole fractions and it can be seen that this is very small.
Finally the lower part of the figure shows the difference between the rate
controlled and equilibrium temperatures which is also very small. These
results support our previous assumption that the burned gas is close to
thermodynamic equilibrium at peak temperatures.
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Fig. 14.

Comparison of rate controlled (subscript M) and equilibrium (subscript &) concentration and tem-
peratures as a function of crank angle and equilibrinum temperature for a cycle with a peak tem-
perature of 2800 °K.
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Fig. 15.
Comparison similar to that of figure 14 for a cycle with a peak temperature of 2000 °K.
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By way of contrast similar results for a very low temperature cycle
are shown in fig. 15. In this case significant differences between the rate
coatrolled and equilibrium solutions occur for all species. At early times
the rate controlled concentrations lag behind the equilibrium concentra-
tions because of the finite dissociation rates. Full equilibrium is achieved
near the peak temperature and maintained for a short time as the tem-
perature falls to approximately 1800° K where « sudden freezing » of the
threebody reactions occurs. Beyond this point changes in the rate con-
trolled concentrations particularly of CO and NO become negligible.
Note that the «frozen » CO mole fraction of approximately 0.1%, is very
close to the values actually observed in th= =xhaust of well adjusted
internal combustion engines. Also note that ta= « freezing » of NO in this
case is associated with finite threebody recomt:nation rates and not with
the reactions in table 2 which were tacitly assumed to be in equilibrium
in the partial equilibrium solution.

The partial equilibrium method is currz=:y being extended to in-
clude simultaneous consideration of finite raz=z for both NO producing
and recombination-dissociation reactions. It s Z:p=d that this extension
will permit us to develop a model for prediczizz CO as well as NO emis-
sions. It is also hoped that it may help to exzlzin why our current model
of NO production underestimates the concizTaziznz in rich mixtures.

Concluding Remarks.

On the basis of the work we have perfo——=3Z o date, we believe that
it should be possible to understand a grea: =z’ about the fundamental
mechanism of pollutant formation in intz==z] combustion engines and

to develop quantitative models of the imz:—tant processes which will
be of practical value in designing low po ==z
their relative merits. I have no doubt tha: -zduction of pollution from
internal combustion engines to acceptabls l:v:ls is technically feasible
using a variety of methods. The problem is = find the best combination
and to convince government and industry that it is worth the effort

and cost.
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