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ABSTRACT
The automobile is the largest single source of nitric oxide--one
of the major air pollutents which react in the atmosphere to form photo-
chemical smog. Yet, the process by which nitric oxide is formed within
. the engine cylinder is not well understood. Thie paper describes the

essential features of this formation process, develops a model for pre-
dicting nitric oxide concentrations and compares results calculated
using the model with mecasurements of nitric oxide concentrations in a
single cylinder CFR engine.

Nitric oxide formation is a nonequilibrium process; to follow this
formation proéess, therefore, & thermodynamic model of the combustion
process and a chemical rate eguation for nitric oxide are required.We
have developed a model “or the combustion process which calculates the
mass rfraction vurned and the vemperatures of the burnt and unburnt ga=-
ses as functions of time from a measured pressure-time curve and engine

parameters. A rate cquation nas aiso been derived from the set of
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reactions thcugﬁt to be important in nitric oxide production at tem-
peratures and pressures typical of spark-ignition engines. By inte-
grating the rate equation through the pressure~time and temperature=
time sequence obtained from the combustion model, nitriec oxide con=
centrations as a function of time in the burnt geses inside ths cy-
linder have been computed.

These calculated concentrations have been compared with nitric
oxide concentration measurements made on a CFR engine. Spectroscopic
measurements of continuum radiation from the post-flame gases show
that the nitric oxide concentration within the cylinder follows clo-—
sely the predicted concentration-time behaviour. Nitric oxide forms
slowly in the gases behind the flame front and may not reach the 1o~
cal equilibrium concentration depending on the temperature~time hige
tqry and the portion of the charge observed. The concentration then
freezes an the gas cools during the expansion stroke. The quentitaw
tive agreement between theory and experiment is good. By integrating

the frozen nitric oxide concentration in each portion of ﬁhﬁ burnt ’-‘\
gas over the whole charge, the exhaust concentration cen be predic-—
ted. These computed exhaust concentrations are then compared with

concentrations measured in engine exhausts.

This paper was presented at the Internal Combustion Engine

Conference, Bucharest, June 1970.

1. INTRODUCTION

Air pollution is aow recognized 88 a major problem in the 1ndus~
trialized urban areas throughout the world.Most of this pollution
has 1ts origin in the combustion process, and the automobile is a
prime offender-for example, the spark-ignition engine is the source
of €0 percent of the pollutants emitted in the United States. '
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In 1952, the pioneur work of Haaﬁenqﬁmit[l] showed how Los Angeles
smop, was formed from two pollutants-unburned hydrocuarbons and nitric
oxide--which originate primarily from the automobile. This smog,formed
as u» result of photochemical reactions in the atmouphere, is now
found in many other cities around the world. It is characterized by
reduccd visibllity, eye irritatlon, and shortness of breath, and
high oxidant concentrations which result in extensive plant and ma-
terinl demage.

Gince the spark-ignition engine 1s responsible for about half the
hydrocarbon end nitric oxide emissions which enter the atmosphere,the
processes by which these pollutants are formed within the engine are
obviously an important subject for research.

The hydrocarbon emissions been significantly reduced. Sources
outslde the engine are cvaporation from the gas tank and carburetor,
and controle intended to eliminate these losses are now being intr-
duced. Sources inside the cylinder are the quench zones on the cylin—
der walls and the crankcase blowby gases. The latter are now recy-
cled to the intake manifold, and the former have been reduced by
careful design of the cylinder head. The behaviour of the quench la-
yer3 on the cylinder walls during the expansion and exhaust strokes
is s8till a subject for conjecture, however, and our group at M.I.T.
is carrying out research to obtain & betbter understanding of the
processes 1nvolvéd.[2] _

Nitric oxide, iln contrast, is formed in the bulk of tﬁe burnt
gases. Early experiments (e.g., Wimmer and HcReynolds,[j] Hazen and
Holiday,[#} Huls and Nidkol[ﬁ])investigated the relation between
exhaust concentrations and engine-operating parameters, and from such
studies a qualitativg understanding of the process has been built
up. For example, modifications in engine-operating éonditions which
increase the peak cycle temperature,or the oxygen concentration in

the burnt gases, increase the nitric oxide concentration in the exhaust.
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The exhaust concentration of nitric oxide, however,is determined
by rate-limited processes occurring within the engine cylinder. A
comparison of equilibrium nitric oxide concentrations with measured

exhaust concentrations illustrates this point. Typical peak condi-
tions within the engine are T = 2800 °K at p = 30 atm. For these con-
ditions equilibrium nitric oxide concentrations vary between 1.2 x
:I.C’J+ ppm for an equivalence ratio of 0.9 to 2.6 x lO3 ppm for an
equivalence ratio of 1.2. Actual engine exhaust concentrations for
these equivalence ratlos are sbout 4000 ppm and 1200 ppm, respec-
tively. We will show that this discrepancy arises first because ni-
bric oxide formation may be too slow to reach equilibrium concentra-
tions at peak conditions snd second because during the expansion
atroke, as the tempefature falls, nitric oxide concentrations freeze.
To date, no nitric oxide emissions controls are in service.

Our research over the last two years has been directed at under-—
standing the rate-limiting processes which deterwine the nitric oxlde
concentration within the engine cylinder and exhaust. An important ’iﬁ
pert of this work has been the development of models for predicting
these concentrations. In this paper, we will describe the essen~ -
tial features of the model we have developed and compare it with
some experimental results.

There are two parts to this model. Firstly, we need to know the
chemical reactions,and their reaction rates, which are impcrtant in
the nitric oxide formation process. Secondly, we must know the tempe=
rature and pressure of the combustion gases as a function of time.
We can then integrate the rate equation for nitric oxide, obtained
from the importent reactions, through the sequence of thermodynamic

states which the burnt gases follow.
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2+ KINETIC CONSIDERATICGNS

Several kinetic schemes have been proposed for the formation or
decomposition of nitric oxide (e.g., by Newhall and Starkman, [6]
Newhall,[?] Eyzat snd Guibet, [é] Lavoie, Heywood and Keck[9] + The
appropriate baslis for these schemes 1s the Zeldovich chain mechenism:

(1) 75.0 kcal + 0 + Né =N + NQ

N + 02 == NO + O + 31.8 kcal
which 1s known to be the rate-controlling process at high teyperatu-
res (above about 2200 °K) under excess air conditions. For fuel-rich
conditions additionel reactions may be important, and we have added

the reactlion

(3) N + OH =X NO + H + 39,4 kcal.
Further veactions become importsnt below 2200 OK, but these have little
effect on nitric oxide concentrations in the temperature-pressure-resi-
dence time regime typical of spark-ignition engines.

Since at high pressures, th2 hydrecarhon oxidation reactioms go
rapidly to completion, we assume equilibrium concentrations for { 0-},
[02],[0111, [H], and [NQI t we also make the ebteady-state approxima-
tion for [N]- A rate equation for rNOJ can then be derived [9]

4 divalv - a(d-4YR, (1)
V dt = 4+4K

where V is the volume of & ges element of fixed massi< = [NO] / [NO]G,
[ ] cenoting concentration in mol em™? and subscript e equilibrium
concentration 4 By = Ik, [0] [N,] _ with k, the forward reaction rate
3 defined similarly

to Ry, but for reactions 2 end 3. K varies with fuel/air ratio add is

of reaction (1l); K = Rl/ (R2 + HE) with R2 and R

of OI‘dEI’ 0. 2.
Ry end K sre functions of temperature,pressure, and fuel/air ratioj
thus to proceed further we need a model which predicts ges promerties
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during; the combustion procusti.

THQLIODYNAMIC CONSTDERATTONS

We hayve developed a model Tor the combusition process inside the
virine cylinder which predicts the toemperature and density of the
burnt, and unburnt gueses and the mass fraction burned as a function of
time. The input for this calculation is a measured pressure-time curve
and lhe engine-operating parameters. The derivation of the model has
been descrihed in detall elsewhere [9] here we will report only on
the essential features.

The sipnificant advance over earlier models (e.g., that of Eyzat
and Guibet {8] ) is that we take account of the temperature gradient
in the burnt geses which results from the different state-time histo-
ries of fuel-air elements which burn at different times. Temperature
differences of about 200 °K across the charse have been measursd,[l@
the first parts of the charge to burn being the hottest.

The importance of this temperature gradient has been underlined
by the gas sampling experiments of Alperstein and Bradow [11] and
Starkman et al {12] which showed that sigpificent gradients in ni-
tric oxide concentration exist in the burnt gases.

We assume the following : (1) The unburnt mixture is compressed
isentropically and can be treated as a perfect gas. (2) The volume of
the reaction zone is negligible. (3) Each element of the mixture,
efter isenthalpic combustion at sey time tb, is then compressed and
expanded isentropically for t}t%. (4) Equilibrium thermodynamic
properties and composition cen be used for the burnt gases.

We therefore assume that mixing and heat transfer between gas ele-
ments which burn at different times are negligible. It is important
to realize that this assumption need only be valid during the early
part of the expansion stroke. We will show that at about 60° ATC,the



ITee — !

temperature has fallen sufficiently to effectively freeze all the
nitric oxide decomposing reactions. Thus subsequent mixing of the
gases during-the major part of the expansion and all the exhaust stro-
kes do not affect the nitric oxide concentration in the exhaust.

The four assumptions listed above enable us to calculate the tem~
perature-time and pressure-time histories of gas elements which burn
ut specified times. Thus, with equation (1), we can obtain the nitric
oxlde concentration as a function of time in each gas element. To
obtain the exhaust concentration, howsever, we must then integrate
over the charge, and for this we nged the mass fraction burmed as a
function of time.

An analysis based on perfect gas laws and constent specific

heats for both burnt and umburnt gases {9] ylelds an analytic expres-
sion for the mass fraction burned (x) as a function of cylinder pres-
sure and volume, work done by the gas, initial energy of the charge,

specific heat ratios of the gases, equivalence ratio, and the calo-~
rific value of the fuel. Typicael curves for p and x a5 a function of
time are shown in Figure 1. The maximum mass fraction burned is sligh-
tly less than unity because the cylinder head was designed for ease

of optical measurements and not high combustion efficiency.

4. THEORETICAL AND EXPERIMENTAL RESULTS

Figure 2 shows predicted and measured temperatures for a single
cylinder Cooperative Fuel Research (CFR) engine. The calculated tem=
peratures were obtained with the equilibrium thermoedynamic model des-
éribed in the previous sectioh, and they show clearly the expected
temperature gradient in the burnt gases in the limit of no mixing
and heat transfer. Each line corresponds to a specific gas element.
Experimental measurements using spectroscopic techniques gave tem=-

peratures comparable to these calculated values and confirmed the

existence of a temperature gradient.{lﬂ

. -
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Figure 3 compares our rate-limited calculations of nitric oxide
concentrations with equilibrium concentrations as & function of time,
for gas elements which burn at = 300 and 10° . Note that the formation
process is predicted to be rate-limlted, and whether the nitric oxide
concentration reaches epproximate equilibrium at the peak conditions
will depend on the temperature-time history. The model predicts fre-
ezing of nitric oxide concentrations early in the expansion strokej
it also predicts a substantial gradient in nitric oxide concentration
across the burnt gase. _

Figure 4 compareg the rate-~limited solutions with data taken by
Lavoie [l}L Nitric oxide concentrations were obtained by monitoring
the radiation from the CO-0 and NO-0 recombination continua through
quartz windows in the englne cylinder head. The arrows show the arri-
val times of the flame front at two different windows. The data con-
firm the existence of a gradient in nitric oxide concentration across
the burn gases and are in reasorable agreement with the theory. Note
that there is gas movement beneath the windows as the pressure risee,
snd the burnt gas ig compressed. Thus for increasing time, up to peak
pressure, the data points represent gas elements which burmed at suc-
cessively later times.

To obtain the exhaust concentration, we integrate the final fro-
zen nitric oxide concentration in each elament over the whole charge.

The integral required is
N0} :J ZNOJ; dx

where i } denotes mass fractiom, and {hﬂZL is the frozen nitric oxide
maas fraction of the element which burmed when the mass fraction bur-
ned was X.

Plots of {Aﬂy against x are shown in Figure 5 for three equiva-
lerce ratios 0.9, l.1, and 1.2 for the ssme engine speed 1200 rpm,
spark advance 40°, and compression ratio 4.9. Note.tbe order of
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magnitude difference in‘{N@U between first snd last parts of the

charge to burn.

The area under each curve gives the exhaust concentration, and this
ig shown in Figure 6. For comparison measured exhaust data from refex-
ences [5] and [12] are also shown. Points on each curve are for cong-
tant spark advance, engine speed, and compression ratio. While the
calculations in Figure 5 are for different engines and,presumebly, l-
fferent pressure-time curves, the meagnitude of the theoretical pre-
dictions, and veriation with equivalence ratio, are in surprisingly
good agreement with the exhauﬁt data. The conditions for Figure & &ret
calculations 1200 rpm, compression retio 4.9, spark advarce 40%; Hula
and Nickol [5]'2500 rpm, compression ratio ~ 9, spark advance 40°;
Btarkmen et al [12] 1275 rpm, compression ratlio 7, spark advance 4&9.
All experiments were at full or nesr full throttle.

' We are completing a comparison of calculated exhaust concentrati ns
with our own experimental measurements, and the latest results will be

reported at the meeting. ‘fﬁ\
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