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ABSTRACT

A series of theoretical analyses of pollutant formation has been undertaken on a computer program based
on temperature and volume data from a two-zone internal combustion engine model. The objective was to
predict the formation of nitric oxide and carbon monoxide during combustion process in an ethanol-fueled
engine before the three-way catalyst operation. The predictions were based on a chemical kinetics model,
which considered 12 chemical species and 22 chemical reactions. The model calculated the reaction rates
from the beginning of the combustion process until chemical kinetics calculations showed no effect on the
gases composition during expansion. The developed analysis tested some temperatures in order to discover
until when chemical kinetics effectiveness was considerable. This analysis involved the study of NO and
CO formation rates. The considered range of temperatures was between 2500 and 1500K, typical engine
temperatures during combustion and expansion processes. Results showed that NO and CO formation were
qualitatively coherent when compared to known formation measures by ICEs presented on literature. The
studied temperatures allow the possibility of maintaining constant the concentration of some species from
specific moments during expansion process, without changing significantly formation results.

INTRODUCTION

Since the 50s, pollutant emission and their control have obtained great importance on the automotive industry.
The requirement for more rigid pollutant emission limits from automobiles passes through a better knowledge
of the formation of regulated pollutants on a internal combustion engine cycle. The effects caused by the
presence of nitric oxide (NO) and carbon monoxide (CO) emitted by engines in the atmosphere cause serious
damage to human health and to the environment of the planet.

Brazil has had a narrow relationship with ethanol since the 20s. The great amount of sugarcane available on
the country allows the use of ethanol as an alternative source of energy, specially for automotive purposes.
Ethanol presents more desirable characteristics as fuel when compared to gasoline, which encourages its use
on engines [I], [2], although with the advent of the three-way catalyst, its reduced pollutant characteristics
have been devalued nowadays. Still, ethanol may be used as an alternative fuel for GHG reduction and this
benefit should not be disregarded.

Literature comments that nitric oxide presents a nonequilibrium tendency during combustion and expansion



strokes [3]. Concentration values measured during exhaust process are closer to equilibrium concentrations
on peak engine temperatures than concentrations on exhaust temperatures. The expansion process appears
to offer less time than it would be required to NO and CO decompositions to be completed, phenomenon
that a chemical kinetics approach may evaluate, while a chemical equilibrium can not.

In order to predict qualitatively the formation of NO and CO from engines fueled by ethanol, a pollutant
formation model was developed in order to calculate these regulated pollutants concentration considering
P-V-T curves generated by a two-zone engine thermodynamic model. The objective was to obtain NO and
CO molar concentration curves during combustion and expansion stroke of a ICE simulator model and study
the tendencies presented by both gases during the engine cycle. A reduced chemical kinetics approach was
required to achieve this goal. This approach was required since a chemical equilibrium model applied to
the combustion gases during the engine cycle indicates lower NO and CO concentrations during the exhaust
stroke than concentrations measured by experimental analyses of the exhaust gas composition of engines [4],

[5].

Analyses of nitric oxide and carbon monoxide concentration are presented versus engine crank angle under
different engine conditions. Engine speed, Air-fuel ratio and engine load were varied to evaluate their influence
on the formation of the studied pollutants on these different engine operations.

The problem considered 22 chemical reactions and 12 chemical species based on a mixture of chemical
reactions presented on the references previously commented. A set of 12 differential equations was then
obtained and the chemical kinetics was solved by an implicit trapezoidal method instead of an ordinary ODE
solver. The first reason to justify this choice is due to the impractical computer time required to solve this set
of equations by an ordinary Runge-Kutta procedure for instance, since explicit methods require considerably
small step-sizes to solve stiff-ordinary equation systems without stability issues [6], [7]. The second reason is
based on the simplicity of applying the implicit trapezoidal method when compared to other implicit ODE
solving methods, besides the method’s flexibility of using higher step-sizes without problems with stability
and divergence.

1. Details of the model

1.1 Procedure and assumptions

As previously commented, the kinetic model presented on this paper calculates the molar concen-
trations based on data originated from a two-zone thermodynamic engine model. This model was
developed for a mixture of gases under SI engine conditions, although the presented analysis consid-
ered a P-V-T profile from an engine model. The analysis involved 12 chemical species and had the
objective of studying the NO and CO formations and their concentration behavior under SI engine
conditions. The model considered 22 chemical reactions, the same reactions used by Way [g].

First, chemical equilibrium is used as a tool to predict the composition of the combustion gases
until combustion process initiates. Then chemical kinetics is applied on the mixture of gases to
calculate their rates of formation and consumption during combustion and expansion phases of the
simulated engine, until chemical kinetics is considered negligible. This approach allows the user to
predict (NO,, and CO) formation during each position of the crank angle while reduces the required
computer time.

The chemical kinetic model operates during each step-size of the two-zone engine model mentioned
earlier. This allows the chemical kinetics model to develop calculations under constant-volume and



1.2

constant-temperature conditions for each step-size. This assumption is possible since the thermody-
namic conditions (P, V, T, dV, dT', dP) of a SI engine on a regular step-sizes used by the algorithm
(df = 0.05°) do not variate considerably. This is the major assumption of the model, since the mo-
lar concentration derivatives (d[g"]) will not depend on the volume derivative of the piston-cylinder
assembly. Thus, this assumption simplifies the model without removing much precision from its

results.

During all iterations, the thermodynamic conditions of the burned zone are applied to the chemical
kinetics model. The chemical species considered on the model are the same as presented by Way
[8], with the addition of Argon.

(AT, OO,COQ,H, HQ,HQO,OH,O,OQ,N, N27NO)

The kinetic model is calculated until the freezing composition assumption is applied. This assump-
tion may be applied when the temperature of the system is low enough to chemical kinetics do not
change the compositions significantly. The chemical reactions are considerably slow and they do not
affect the molar concentrations considerably. Therefore the composition of the combustion gases
may be considered frozen since the freezing temperature is reached. This application is valid on
situations close to the end of the expansion process, where the temperatures of the burned zone are
lower than 1500K.

Based on the assumptions mentioned, the chemical kinetics procedure initiates with a mixture of
gases from the beginning of the burned zone is provided to the model as the initial composition. This
mixture had its composition calculated by a chemical equilibrium model originated from the two-
zone model under specific engine conditions (air-fuel ratio). The two-zone model also provides the
burned zone conditions (T}, V, P) as inputs for the kinetic calculations. The differential equations
are solved for molar concentrations, which relate with the number of moles of each species by Eq.

():

Chemical Kinetic Equations

The chemical reactions of the kinetic model are presented on Equation ‘D

( OH+ H < Hy+ 0O
OH + OH < H,O+ O
CO+0OH < COy+ H
H+OH + M « HyO + M 2)
Oy+ N+ NO+O
NO + N < Ny + O
( OH+ N < NO+ H




Where M is the third-body molecule, and it was considered to be Ny, since its molar fraction is
considerably higher than the other species on the model (yy, = 0.7).

The system of differential equations is developed using the mass-reaction law presented by Equation

(3):

R

dC N ’ R N .
dtl B Z(V“ — ik H Cy" + Z(Vi,l — V), H o (3)
J=1 =1 =1

=1

The forward rate constants (ky) are calculated for the burned temperature T,. The forward rate
constant for each reaction is based on Equation :

—E,
ky = AT® exp( ) (4)

The parameters A, b and (F,) for each chemical reaction are indicated on Table [I} The backward
reaction rate constants are calculated based on chemical equilibrium model related with chemical
kinetics, which is represented by Equation .

ky

=K. = Kp(RuT)An (5)
Ky

The exception for the backward reaction rate constant was the reaction (NO + H — N + OH),
which the rate parameters also follow on Table

Table 1: Reaction Rate Constant Parameters

Reaction Rate Parameters
Reaction A (m3/kmol.s) | b | Ea (kJ/kmol) | Reference

OH+H > Hy+ 0 1387 2.8 16.21E3 ]
OH+0— Oy + H 2.61E10 05 0.25E3 9]
OH + Hy — H,O + H 0.31E8 1.6 13.8E3 [10]
OH + OH — H,O+ O 9.95E8 1.14 0.42E3 10
CO+0OH —-COs+H 2.26E7 1.55 -3.34E3 11
OH+H+ M — H,O+ M 2.49E11 -2 0 10
2H+ M — Hy,+ M 2.19E9 -1 0 10
20 + M = O + M 1.89E7 0 7.43E3 ]
N+0; =5 NO+0 2.69E9 1 97.19E3 [10]
N+NO SN+ 0 1.28E10 0 6.57E3 0]
N+OH = NO+H 2.83E10 0 0 [10]
NO+H —- N+ OH 2.0E11 0 2.365E3 [12]

1.3 Implicit numerical method

Complex kinetic systems usually require numerical techniques to solve the ordinary differential
equation systems. For each iteration, these numerical methods have errors associated with the
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technique. A fourth order Runge-Kutta method may be applied to solve a chemical kinetic system,
but stability issues usually appear when the step-size applied to calculate the method is ”high”
enough. Chemical systems usually have a special behavior, which requires the numerical method
to be stable enough to solve them without the numerical errors to grow exponentially [7]. This
stiffness presented by the kinetic equations is related to the different orders of magnitude presented
by the rate reactions. To guarantee stability during the solution, considerable small step-sizes are
required, which is unfeasible in most computer simulations, when computer timing is important.

Therefore, in order to avoid stability problems, implicit methods are applied to solve kinetic prob-
lems. The Implicit Trapezoidal Method equation for one variable is presented (Eq. @)

h
Wi = Wj + [, win) + f(t, w0;5)] (6)
An interesting characteristic of the Implicit Trapezoidal Method is that it is an A-stable method, i.e.,
it is completely stable independent of the step used to solve the problem. Thus, for this numerical
method, it may be applied any time step for the chemical kinetic problem that stability issues would
not exist.

The methodology applied on this paper was to manipulate the differential equation system to convert
it into a non-linear equation system and apply the Newton-Raphson method for systems to solve
the new system. Therefore an iteration method was used to solve the problem for each time step.
The Newton-Raphson system is represented by the following matrix equation:

A(3)y = —F () (7)

For each Newton-Raphson iteration, a set of linear equations needs to be solved. A partially-pivoted
Gauss-Seidel method was used to solve the system.

This iteration method is applied until the chosen norm is lower than the tolerance and thus the
molar concentrations for the next time-step are obtained. This procedure is used to solve the ODE
system during combustion and expansion stroke.

Engine Conditions

The simulations from the two-zone model required the definition of some specific engine variables,
in order to calculate the P-V-T profiles for each engine condition studied. Additionally, the initial
composition of the mixture of gases used as input on the kinetic model was also defined by the
engine simulator, which calculated the molar fractions of this mixture based on a chemical equilib-
rium model. Table [2| shows the engine operation variables which the thermodynamic engine model
obtained the data used by the kinetics:



Table 2: Engine Operation Variables.

Engine Operation Variables
Fuel E95h
Compression Ratio 12
‘/cylinder 400E-6 m3
Bore 80 mm
Stroke 80 mm
Connecting Rod length 128 mm
Spark Timing —20°BTC
Ignition Delay 12°
Engine Speed [1000 : 3000] RPM
Stoichiometric Air-Fuel Ratio 9.0685 #{f‘z;
Actual Air-Fuel Ratio [0.8:1.2] A/ Fstoichiometric
Engine Load Padm :[0-4:1-O]PA1AX,adm

The analysis presented on this paper studied the influence of engine speed, actual air-fuel ratio and
engine load (as a proportion of the maximum admission pressure on the intake manifold), such as
described on table 2

2. Results of the model

The model, as previously commented, is based on a mixture of gases calculated from thermodynamic con-
ditions found in the engine simulator model. This mixture had its origin from a mixture of air, fuel and
residual gas which reacted (combustion process) and a chemical equilibrium model was applied to calculate
the molar fractions of the gases considered on this model. The chemical equilibrium model is a program
associated with the two-zone thermodynamic engine simulator where the chemical kinetics model described
on the methodology section will be added. The equilibrium is based on 12 chemical species. The condi-
tions for the chemical equilibrium calculations, besides the number of moles obtained from these calculations
depended on the actual air-fuel ratio used on the engine simulation.

The thermodynamic conditions of the model are obtained from the P-V-T data simulated by the engine model
previously commented. These data are used in order to analyze the NO and CO formations in conditions
similar to those found in SI engines. The temperature profile comes from the burned zone, since it is on this
region where the chemical reactions from combustion happen, while the volume profile is the total volume of
the cylinder. Both of these profiles initiate from the beginning of the combustion process on the engine until
a limit temperature on the expansion process defined by the user. This temperature adopted on this study
was 1500K.

2.1 Nitric Oxide analysis

NO concentration curves were obtained from the application of the kinetic model under the P-V-T
conditions calculated for each engine condition previously commented. Engine speed, air-fuel ratio
and engine load were varied and their influence on nitric oxide concentration was presented on

Figures [1} 2] and 3

Figure [1] shows the effect of the engine speed on the formation of nitric oxide under simulated
SI engine kinetic conditions. The data is presented on the combustion stroke after the top-dead
center (TDC) until a certain position on the expansion stroke where the burned zone temperature



reaches 1500K. It is noticed that NO concentration rises until it reaches a peak concentration, which
happens some degrees after the TDC. The changes of the peak position follow the temperature profile
of each simulation case. During expansion process, the concentration of NO started to reduce, which
indicates a consumption of NO by its reverse reactions considered on the model. This consumption
continues until a freezing concentration is reached. Each of the curves had the NO concentration
frozen on temperatures below 1800K, which may be explained by the negligible reverse NO reactions
at these temperatures.

Figure [I] also shows the effects of engine speed on the NO formation. Higher speeds leaded to lower
NO concentrations during late expansion process, although the peak reached was higher. This
situation may be explained considering that higher engine speeds indicate lower reaction times for
the NO mechanism to act. This affects both the peak NO concentration and the NO consumption
after the peak. Analyzing the opposite situation, lower engine speeds provide more reaction time to
the NO mechanism, which increases the NO peak concentration, although also allow a higher NO
consumption after the peak. These results showed coherent tendencies with experimental results
presented by Patterson [13], despite the different fuel considered in both cases.
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Figure 1: NO formation x Engine Crank Angle - Engine Speed Effect.

Figure 2] presents the air-fuel ratio effect on NO formation. Five cases were studied and the influences
of the air-fuel ratio were analyzed. The concentration of NO under rich-fuel mixtures showed both
lower peak NO and final NO concentrations when compared to stoichiometric cases. This is an
indication of the low availability of Oy on the system, which is fundamental to the occurrence of
the NO mechanism as can be noticed by the ninth reaction on Equation . On stoichiometric
conditions, the NO concentration calculated was higher. This occurs due to both higher peak
temperature reached by the engine cycle and higher O, concentration on the gas mixture. The
curve with higher NO concentration on expansion process was the slightly lean-fuel case, since this
situation provides both optimal temperature and Os values to the mechanism to operate with high
efficiency. The leanest case showed reduction on the NO concentration, with the disappearance of
the NO peak. The absence of the peak indicates the lower temperature profile that this case reached,



since the NO formation is strongly related to the maximum temperature reached by the engine [13].
Thus on high lean-mixture cases the NO concentration on expansion process is expected to be lower
than on nearly stoichiometric cases. On rich-mixture cases, it is also expected NO concentration to
be lower than stoichiometric cases.

Therefore the NO formation may be interpreted as a balance between the peak temperature of the
process and the availability of oxygen gas on the mixture; both variables usually reach optimal
conditions for NO formation on slightly lean combustion processes.
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Figure 2: NO formation x Engine Crank Angle - Air-Fuel Ratio Effect.

The Engine load effect on NO concentrations is presented on Figure [3] The full load case presented
the higher NO concentrations, both on peak and final situations. On 70% partial load, the model
provided a lower NO concentration profile, which is justifiable by the expected lower temperature
profile obtained from the case, since the peak pressure reached by the case is lower and therefore
the peak temperature is also lower. On 40% partial load, the lowest concentration is reached, where
almost no peak was perceived on the curve. From these results it is noticed that partial engine load
reduces the amount of NO formed and therefore the NO that will be emitted on exhaust process.
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NO Formation X Crank Angle - Engine Load Effect
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Figure 3: NO formation x Engine Crank Angle - Engine Load Effect.

Carbon Monoxide analysis

Such as the analyses presented for NO-formation, Figures [4] ] and [f] present the CO concentration
during combustion and expansion strokes until the burned temperature reaches 1500K. The curves
presented on the figures show a peak of CO concentration after the TDC, when the burned zone
temperature reaches its maximum. The intense reduction of CO concentration after the peak is
evident, differently of NO case where on temperatures close to 1800K, the concentration shows an
asymptote tendency. This indicates a higher tendency to chemical equilibrium of CO mechanism
than the NO mechanism, despite its concentration being higher than concentrations calculated by
chemical equilibrium models.

Figure [4 shows the effects of the engine speed on the CO formation. With exception of 1000 RPM,
all the cases showed that CO concentration during the processes studied is almost independent of
the engine speed. This behavior was commented by Patterson [I3], where experimental results also
showed that CO concentration does not depend on engine speed.
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Figure 4: CO formation x Engine Crank Angle - Engine Speed Effect.

Figure [5| presents the results of Air-fuel ratio effect on the CO concentration profile. The analysis
showed that on rich-fuel cases, the CO concentration tends to increase considerably. This is ex-
plained by the incomplete combustion process that occurs on these cases, with absence of enough
O, to completely oxidize the carbon monoxide into carbon dioxide. Thus the CO concentration is
higher and C' Oy concentration is lower on rich-fuel cases. On lean-fuel cases, the opposite behav-
ior occurs: CO concentration is lower than on stoichiometric and rich-mixtures. This behavior is
explained by the higher Oy availability, which collaborates to complete combustion and therefore
to complete oxidation of carbon monoxide in carbon dioxide. Thus, the leaner is the mixture, the
lower will be the CO concentration on the expansion stroke on engines.
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Figure 5: CO formation x Engine Crank Angle - Air-Fuel Ratio Effect.

Figure [0] analyzed the effect of the engine load on the CO formation. There was little influence of
the engine load detected on the CO mechanism, specially in the middle of the expansion process.
Since the CO mechanism tends to follow chemical equilibrium concentrations more closely than the
NO mechanism, CO concentration followed the temperature profile of each case, due to its faster
chemical reaction. This behavior is corroborated by Patterson [I3], where experimental results

showed no effect of engine load on CO formation.
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Figure 6: CO formation x Engine Crank Angle - Engine Load Effect.

CONCLUSIONS

Based on the results presented on this paper, some conclusions about the kinetic model developed and the
tendencies of each studied pollutant are presented.

The model was able to qualitatively predict the tendencies of nitric oxide and carbon monoxide formations
under similar conditions as presented by a spark-ignited engine. The use of the P-V-T curves provided
coherent behavior on the formation and consumption of these pollutants during the simulated combustion
and expansion strokes, with low computer time required to calculate the model. The amount of NO and
CO concentrations indicated by the results showed similarity with the orders of magnitude presented on
literature, although their results were obtained for gasoline or iso-octane as fuel, instead of ethanol.

The nitric oxide concentration during the cases studied showed a tendency to a constant concentration during
expansion process, when the burned zone temperatures reached values below 1800K. This nonequilibrium
asymptotic behavior, such as commented by Spadaccini [3], indicates a possible assumption that would save
computer time on future NO formation simulations, since the concentration does not change significantly.
The carbon monoxide behavior during the cases studied presented a higher tendency to chemical equilibrium,
when compared to nitric oxide behavior, although the values obtained were higher than a chemical equilibrium
model would indicate on the same conditions.

The chemical kinetic model provided tendencies expected to the changes of important engine variables on
the two-zone thermodynamic model. Variables such as engine speed, air-fuel ratio and engine load had
their influence on pollutants formation evaluated and the presented tendencies on the calculated curves were
compared to literature experimental results, which showed a qualitatively agreement. This gives safe basis to
apply the same model to study future applications on the engine simulator, such as the influence of EGR on
the formation of the pollutants, the simulation of turbocharging or the development of two-stroke engines.



These applications would be possible to simulate, avoiding the development of prototypes and therefore
reducing the application cost.

The model still requires some adjustments on the quantitative predictions of nitric oxide and carbon monoxide
formed on an engine fueled by ethanol. These adjustments will be done by gross pollutant emission data
from exhaust stroke, which will be obtained experimentally from an engine with the same conditions of the
simulated engine.
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DEFINITIONS/ABBREVIATIONS

A - Chemical Kinetic Constant
A(x_;) - Matrix A for the vector :L’_}
A/ Fstoichiometric - Stoichiometric air-fuel ratio
Ar - Argon

[C ] - Molar concentration

CO - Carbon Monoxide

C O3 - Carbon Dioxide

dP - Pressure derivative

dT" - Temperature derivative

dV - Volume derivative

df - Crank Angle derivative

% - Molar Concentration derivative
E, - Activated Energy

F(Z}) - Major function F for the vector
f (i, w;) - Function f on the (i)th step
h - Step-size of the numerical method
H - Hydrogen

H, - Hydrogen Gas

H>0 - Water

k - Reaction rate constant

K - Chemical equilibrium constant
N - Nitrogen

N - Nitrogen gas

NO - Nitric Oxide

NO, - Nitrogen Oxide group

O - Oxygen

OH - Hydroxyl

O, - Oxygen gas

P - Pressure

R,, - Universal Constant of the gases
T - Temperature

V' - Volume

Veylinder - Cylinder volume

wW; - Dependent variable of the numerical method on the (i)th step
Y - Molar fraction



i - Vector y for the numerical method

On - Difference between stoichiometric coefficients of products and reagents
i Superscript related to the reactant of a chemical reaction

" Superscript related to the product of a chemical reaction

adm _ Qubscript related to the admission stroke in a engine

b_ Superscript related to the b constant for a chemical reaction

p - Subscript related to the burned zone

¢ - Subscript related to the molar concentration

f - Subscript related to the forward reaction

i - Subscript related to the it" chemical species
j - Subscript related to the jth chemical species

1 - Subscript related to the [t chemical reaction
p - Subscript related to the partial pressure

r - Subscript related to the reverse reaction

w - Subscript related to the universal condition
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