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ABSTRACT

The analysis of the combustion engine is one on which fails the thermodynamic equilibrium
hypotheses since the variables and the system constants are fast changing with time therefore you
need a special treatment for this situation. The chemical equilibrium thermodynamics indicates start
and end of the process but doesn't reveal the time that the phenomenon occurs. The chemical kinetics
has information on the time. The methodology of chemical equilibrium calculations was based on
mass balances and equilibrium relations generating a nonlinear system with twenty-two incognita
and twenty-two algebraic equations. To solve the nonlinear system, it was chosen an iterative method
by Newton-Raphson associated with a new methodology for the determination of the initial
estimative of the system avoiding the non-convergence of the system. It was possible to calculate the
concentrations of twenty-one chemical species generated in the combustion of various fuels. It was
made a comparison between the results from other softwares, finding compatible results for
concentrations of emissions generated. After the validation of the chemical equilibrium routine, it
was developed the chemical kinetics routine with six chemical equations for the prediction of species
concentrations (NO and CO). A simulation of an IC engine was developed using the coupling of the
methodology of chemical equilibrium and Kkinetics. In the engine simulation model developed, as the
crank angle increases, it was done the integration of species chemical compositions with coupling
chemical equilibrium and Kinetics by derivatives addition. The resulting non-linear system with
twenty-one differential equations was integrated by a fourth order Runge-Kutta method. Made some
experiments on a Flex-Fuel engine with mixtures gasoline/ethanol: E25 (25% anhydrous ethanol),
H30 (30% hydrous ethanol), H50 (50% hydrous ethanol), H80 (80% hydrous ethanol) and H100
(100% hydrous ethanol). The results obtained in the computer simulation of the engine were
compatible with these experimental data.

Keywords: Mathematical modeling, emissions, ICE, chemical equilibrium, chemical kinetics.

RESUMO

A analise do motor de combustdo é uma falha nas hipoteses de equilibrio termodinamico, uma vez
que as varidveis e as constantes do sistema estdo mudando rapidamente com o tempo, portanto,
necessita-se um tratamento especial para esta situacao. A termodinamica do equilibrio quimico indica
o inicio e o fim do processo, mas nao revela o tempo em que o fendmeno ocorre. A cinética quimica
informa sobre o tempo. A metodologia dos célculos de equilibrio quimico baseou em balangos de
massa e relacbes de equilibrio, gerando um sistema ndo linear com 22 equacgdes incognitas e
algébricas. Para resolver o sistema nao linear, foi escolhido um método iterativo de Newton-Raphson
associado a uma nova metodologia para a determinacao da estimativa inicial do sistema, evitando a
ndo convergéncia do sistema. Calculou as concentracGes de 21 espécies quimicas geradas na
combustdo de varios combustiveis. Realizou uma comparac¢éo entre os resultados de outros softwares,
encontrando resultados compativeis para as concentracdes de emissdes geradas. Apos a validacdo da
rotina de equilibrio quimico, foi desenvolvida a rotina de cinética quimica com seis equacdes
quimicas para a previsdo das concentracdes das espécies (NO e CO). A simula¢do do motor CI
desenvolvido usou o acoplamento da metodologia de equilibrio quimico e cinética, a medida que o
angulo de manivela aumenta, realiza a integracdo das composi¢ées quimicas das espécies com 0
acoplamento do equilibrio quimico e cinético por adi¢do de derivadas. O sistema ndo linear resultante
com 21 equac6es diferenciais foi integrado por um método de Runge-Kutta de quarta ordem. Foi feito
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alguns experimentos em um motor Flex-Fuel com misturas gasolina / etanol: E25 (25% etanol
anidro), H30 (30% etanol hidratado), H50 (50% etanol hidratado), H80 (80% etanol hidratado) e
H100 (100 % etanol hidratado). Os resultados obtidos na simulagdo computacional do mecanismo
foram compativeis com esses dados experimentais.

Palavras-chave: Modelagem matematica, emissdes, Cl, equilibrio quimico, cinética quimica.

1 INTRODUCTION

Currently one of the biggest challenges in modeling IC engine is the simulation of pollutant
emissions. Despite the methodologies for chemical equilibrium calculations Ishkakova and
Spilimbergo (2002) and Gordon and Mcbride (1971) and chemical kinetics Westbrook and
collaborators (2008), there isn’t a computer code able to calculate with precision and robustness the
emissions of internal combustion engines. In order to solve the system with several chemical
reactions, more than three hundred, leads to some difficulties with the conventional numerical
methods. Although there are several methods to solve the problem today, it is necessary to associate
several of these to get not so good results. In this work, it was proposed a methodology of coupling
in order to increase the level of accuracy with less computational effort as possible.

The approach only by chemical kinetics is complex and still there isn’t a representative kinetic
mechanisms for commercial fuels such as gasoline, which can have more than 400 components
(WESTBROOK et. al, 2002). The calculation only through the methodology of chemical kinetics
(MIET et. al, 2009) system generates a greater number of reactions, which, without the support of
chemical equilibrium, is very expensive computationally. Often in this case the use of super
computers is necessary and there is the Stiffness instability that may occur in the solution of
differential equations. The chemical equilibrium methodology employs the equilibrium constants of
reactions chosen and mass balances for system modeling (FERGUSON, 2001) (MELO, MAGNANI,
2020). Another method consists in minimizing the Gibbs free energy of the species considered
Gordon and Mcbride (1971), using the method of Lagrange multipliers for the numerical solution of
the system. This methodology is used by software as CEA (NASA-SP-273) and GASEQ (MORELY,
2004). The western part of the world uses mainly this methodology and the eastern part uses the
methodology of chemical equilibrium constants. As an example, the BOOST code allows the
simulation of pollutant emissions in engine and uses chemical equilibrium model with decoupled
chemical kinetics for prediction of pollutants. The computer program (BOOST, 2020) represents the

state of the art in the simulation of emissions in internal combustion engines.
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2 METHODOLOGY

This work consists of the development of computational routines to predict emissions in
internal combustion engines based on the methodology of chemical equilibrium associated with a
chemical kinetics. The mathematical modeling of chemical equilibrium was based on mass balances
and equilibrium relations generating a nonlinear system with twenty-two incognita and twenty-two
equations. To solve the nonlinear system it was chosen an iterative method by Newton-Raphson
associated with a new methodology for the determination of the initial estimates of the system,
avoiding the non-convergence of the system. The chemical reaction equation for a fuel of molar
composition C,HsOyN;s with air and the equivalence ratio ¢. The symbol & represents the
stoichiometric relation for the combustion reaction of € moles of fuel for a mole of air (FERGUSON,
2001).

Table 1 shows the system non-linear equations obtained by chemical equilibrium

methodology.

Table 1: System of non-linear equations of chemical equilibrium and mass balance relations.
Equations description Equations

8¢CGHBOYN5+0,2102+0, 79N29T]1C02+T]2H20+n
3N2+1M102:m5CO+neH2tM7H+Ms0+1n9OH+110NO

N12CH4M13NH3+m1sHCN+m15CH20+m16N20+m1
7NO2t118HO2+M10N+120NH2+M210HCO+ 122CN

General combustion equation

Molar fraction relaction

ni=yi. Nmoles

Carbon mass balance

gdpa= 2nt_ (nC ync).Nmoles

Hydrogen mass balance

£ P=X_, (nH y,).Nmoles

Oxygen mass balance

g0 Y+0.42 =Y _ (n0 y,0).Nmoles

Nitrogen mass balance

epd+158=3"_,(nN y,y.).Nmoles

2

P

H, 52 H K2 =2
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N2O + OH S N, + HO, Kyp = =222
Yie Yo
HO, + NO s NO, + OH K13 = Y17 Yo
Yis Y10
Vo Y
0+ HO; SOH + 0, Kyqy = ——>
Vs VYVis
N+NO $sN;+0O K15=Y3 Vs
Y19 Y10
HCN+OH S NH, + CO Ko = 22025
Y14 Yo
Vs Y
CN + H,0 S HCN + OH Kig = =
Y22 Y2
2
P
H: 5 2 H K2 =2
Ve

Source: (THE AUTHORS, 2020)

To solve the nonlinear system it was chosen an iterative method by Newton-Raphson. It was
possible to calculate the concentrations of twenty-one chemical species generated by the combustion
of various fuels as ethanol and gasoline, for a given pressure, temperature and fuel/air equivalence
ratio. Other similar softwares performed the calculations by minimizing the Gibbs free energy, using
the technique of Lagrange multipliers to avoid the initial value instabilities. In this new methodology
the initial estimative was generated at a fixed fuel/air equivalence ratio (0.6), for a specified
temperature (1500 K) and pressure (101325 Pa), and then, chemical equilibrium solutions were
found at several increments of fuel/air equivalence ratios until one reaches the desired value of
mixture ratio. After that, the temperature and pressure were changed until the desired values. This
initialization procedure proved to be more robust and the extra computational costs were low related
to Lagrange multipliers based methods.

After validation of chemical equilibrium routine it was developed the chemical Kkinetics

routine, with six equations for the prediction of species concentrations (NO and CO).
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Table 2 shows the velocity constants of chemical reactions for combustion species
generations. These six equations were based in Zeldovich’s mechanism and in the kinetics data found
in literature (GRIMECH, 2010). The nitrogen monoxide (NO) and carbon monoxide (CO) species
have slow velocity of conversion and it is not right to make calculations by chemical equilibrium

methodology.

Table 2 - Velocity constants of chemical reactions of some combustion species generations.

Reactions Velocity constants of Temperature range
direct reactions (K)
(cm*/mol.s)

O+N; S NO+N 7.6x10"3 g38000T 300-5000

N+ O, s NO+O 6.4x10° g 31507 300-3000

N+OHS NO+H 4.1x10% 300-2500

ONO,+ 0O s NO+ 3.9x10'2 g240RT 300-3000
0,

N+CO; s NO+ 3x10'2 g11300RT 300-3000
(6{0)

OH+CO SH+ 3x10'2 g11300RT 300-3000
CO2

Source: (GRIMECH, 2010)

Methodology of coupling developed in this work used the theory of non-equilibrium
chemical or chemical imbalance. For the analysis of the combustion engine, it is one on which the
thermodynamic equilibrium hypotheses fails since the variables and the system constants are fast
changing with time. Therefore, you need a special treatment for this situation. The chemical
equilibrium thermodynamics indicates the start and the end of the process, but it does not reveal the
time that the phenomenon occurs. The chemical kinetics has information on the time (SODRE,
MORAIS, JUSTINO, 2011). It was reasoning to make the coupling between these two
methodologies. In each small step of the engine, crankshaft angle has a new state of pressure,
temperature and equivalence ratio which indicates the chemical equilibrium state. The chemical
equilibrium would respond for each specific state of crank angle, but the phenomenon occurs rapidly
and the species having slow kinetics, as nitrogen and carbon monoxide, are delayed to respond to an
indication of the equilibrium. This is an accumulation or a consumption of these species generating
a phase delay which is indicated by the chemical Kinetics. Hence it is the coupling between the

equilibrium chemical balance and chemical kinetics given by a differential equation representing the
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overall contribution of each model. Equation 5 was used to connect the chemical equilibrium and the
kinetics chemical. Considering a single chemical reaction (Eq. 1), as example,

k1
A s B (1)
k2
LL = — (k1).[4] + k2.[B] @)
In equilibrium,
amy _

w =0 ©)
(k1) .[A] + k2.[B] =0 (4)
K —kl—[B] k1=K k2 5

eq_kz—[] or = Req. ()

Differentiating (eq.5) is obta/ined (eq.6),
dk1 dKeq dk2
- = (k2). T +  (Keq) ar (6)

The differential equation proposed for the modeling of emissions used in this work is
described by equations (7) and (8).

d[A] d[A] d[4]

dt = dt |equilibrium + W |kinetics (7)
dyi dyi dyi
E = E |equilibrium + E |kinetics (8)

The way to demonstrate the equations (7) and (8) would assume that they are analogous to

equation (6). Therefore, each term of the equations eq. (6), eq. (7) and eg. (8) should be similar eq.
(9,10,112).
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dk1  d[A] .
At dr ©)

dKeq _ d [A] |equilibrium

(k2). — o (10)

dk2 d[A] |kinetics
at dt oy

(Keq)

Substituting (eq.2) to (eq.11) leads to equations 12 and 13,

(Keq). =2 = — (k1) .[A] + k2.[B] (12)

dk2 —(k1).[A] + k2.[B]
dt - Keq (13)

Substituting eq. (2) to (11) into equations 12 and 13, gives equation 10 and leads to
equations 14 and 15.

dKeq _ d [A] |equilibrium

(k2) . T T (10)
dKeq [A1]—[Ao]
(k2) . = derivati ical 14
&t T Thl-Tt] | Serivative numerica (14)
K [A1p1.0) 1-[40(p,T,0) ]
eq [t1]-[to]
dt k2 (15)

Substituting (eq.13) to (eg.15) into equations 6, 12 and 13.
d[A] d[A] d[A]

dt = dt |equilibrium + dt |kinetics (7)

Through a series of conversions by constant, equation 7 becomes the equation 8, ending the

deduction.

Braz. J. of Develop., Curitiba, v. 6, n. 10, p.76926-76946, oct. 2020. ISSN 2525-8761



JRrazilian Journal of Development

dyi dyi dyi
E = Elequilibn’um + Elkl’netics (8)

By analogy, the IC engine can be compared to an AC electrical power system that feeds a
resistor and a capacitor. The analogy of the electrical system is interesting because of having a
sinusoidal voltage source (AC) which is similar to movement of the piston in the cylinder. It is
observed that the capacitor charges and it takes time to unload and a resistor controls the current flow.
The phase delay is inevitable in this case, as it occurs in internal combustion engines on the
distribution of species in the transient regime. In the case of the electrical system, modeling is done
by the use of phasors to describe the phase delay and amplitude.

Chemical equilibrium would be analogous to the capacitor and the chemical Kinetics
analogous to resistor that controls the current flow.

Using the Kirchhoff's second rule for electrical systems AC power that feeds a resistor and a

capacitor, was obtained equation 16 which is analogous to equation 8.

dv (t) dv dv
dt = E |resistor + E |capacitor (16)
dyi dyi dyi
Yy = o |equilibrium +  ——lkinetics (8)
dt dt dt

An IC engine simulation was developed from the coupling chemical equilibrium methodology
with a kinetics. It is necessary that the user provides the curves relating to the operation of the engine:
curve of pressure, temperature and equivalence ratio versus the crank angle described as least square
fittings. The curve of pressure (FAN, LI, 2012), temperature (DRYER,2008) and equivalence ratio
versus the crank angle using the least square fittings.

For this methodology of coupling it is used the temperature profile flame front compatible

with the methodology of chemical kinetics in accordance with Figure 1.
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Figure 1: Profile temperature used in IC engine simulation.

Temperature profile (K)
Temperature profile used in coupling compatible
with flame front and mixture adiabatic temperature
Average engine temperature compatible
with the chemical equilibrium methodology

2500 M N I N T , M
2400 4 i

2300 - ‘
2200 -
2100 4
2000 4
1900

Temperature (K)

1800 =1
1700 ul
1600 -
1500 -

1400

0 10 20 30 40 50 60 70
Crank Angle (degree)

Source: (THE AUTHORS, 2020)

In the engine simulation developed, the crank angle increases in small steps. In which one,
there is the calculation of species compositions with coupling chemical equilibrium and Kinetics, by
derivatives calculations that leads to a non-linear system with twenty-one differential equations

(eq.8). These equations were integrated by a fourth order Runge-Kutta method.

dyi dyi dyi

E - dt |equilibrium + dt |kinetics (8)

The derivative of chemical equilibrium are numerically calculated in small steps in function
of the crankshaft angle, according to the equations 16 e 17.

dyi Vicero ] — Dorero) ]
E |eQuilibrium = LG T[ti] _ [t:iPT ) (16)
, , . dlyi]
dlyil _ dyd d6 = dlyid] g a7
dt de = dt do a8
dt

The Kinetic derivatives were calculated according to the equations through of table 2.
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00 = — (k1 + k2f + k3f + k4f + K5f — kir — k2r — k3r — k4r — k5r)  (18)
% — (k1f — k2f — k3f — k1r + k2r + k3r — k5f + k5r) (19)
ANV (—kif + k1r) (20)
A0l = —(kaf— K4+ Kir + k2f — k2r) (21)
% = — (Kk3f + k3r — k6f + kér) (22)
292 = — (—kaf + k4f + k2r — k4r) (23)
28 = — (k3f— k3r + k6f — kér) (24)
892 = — (—K4f + kar) (25)
5% = (—KSf + KS5r + k6f — kér) (26)

These Kinetics constants in equations 18 at 26 are showed in equations 27 at 38.

kif =k1.[O].[N2) (27)
k2f=k2 . [N].[O2]) (28)
k3f=k3.[N] . [OH] (29)
kaf= k4 .[NO). [0] (30)
ksf= k5 . [N] . [CO] (31)
kéf= k6 . [OH]. [CO] (32)
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kir= (kif/kpl) . [N]. [NO] (33)
kar= ( k2f/kp2) .[O] [NO] (34)
k3r= ( k3f/kp3) .[H] . [NO] (35)
kar = ( kaf/kpd) .[NO] [O] (36)
ksr= ( k5f/kp5) . [NO]. [CO] (37)

2.1 EXPERIMENTAL

Melo (2010) made some experiments on a Flex-Fuel engine with mixtures of gasoline/ethanol,
E25 (25% of anhydrous ethanol), H30 (30% of hydrous ethanol), H50 (50% of hydrous ethanol), H80
(80% of hydrous ethanol) and H100 (100% of hydrous ethanol).

A total of 3 different operational conditions were chosen based on the TETRA-FUEL FIAT
FIRE engine, 1.4 L. Two intermediate speeds (2250 and 3875 rpm) and one low speed (1500 rpm)
were chosen with a 60 Nm torque partial load stoichiometric condition. Before doing the experimental
tests, it was necessary to adjust the MOTEC ECU for each different fuel to run with equivalence ratio
equal to 1, similar to the original engine map. Brazilian Flex-Fuel vehicles work with equivalence
ratio equal to 1 on most partial load operation to maximize the 3-way catalyst efficiency in order to
reduce pollutant emissions. During the experiments ECU MOTEC was configured to work on a
closed loop with constancy. For full charge, the setpoint for mixture was 1.11 to improve power
generation. Previous tests were done to optimize spark timing for the Maximum Brake Torque (MBT)
without knocking presence. MOTEC software has a screen for spark timing (°BTDC) versus torque
(Nm) visualization. This feature allows spark timing optimization either visually or by calculating
the angle for maximum torque, by using zero derivative of the parabola generated by fitting the torque
and spark timing data. This procedure was repeated for each fuel at each different engine operating
point. The emission data was measured by FTIR, without the catalyst bed, continuously for at least
120 s and the average data was calculated by the automation system. For other variables (fuel
consumption, speed, torque, temperatures, etc.), 60 seconds data acquisition was done, at least
2 minutes after stabilization at the operating condition. Average values of each variable were saved
by the automation system. Each fuel was tested four times on each operating point. Before changing

fuels, a careful procedure was used to clean the fuel lines and other fuel devices (MELO,2010).

3 RESULTS AND DISCUSSION
The simulation previsions of species concentrations by chemical equilibrium methodology

and equilibrium and kinetics coupling were showed in figures 2, 3 and 4.
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Figure 2: Results of simulation for carbon dioxide by chemical equilibrium, chemical kinetics and coupling.
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Source: (THE AUTHORS, 2020)

The engine simulation (Fig.2, 3,4) shows a considerable change in the prediction of species
after the coupling of the methodology of chemical equilibrium with the chemical kinetics, with the

coupling having a more realistic result.

Figure 3: Results of simulation for carbon monoxide by chemical equilibrium, chemical kinetics and coupling.
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Source: (THE AUTHORS, 2020)
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Figure 4: Results of simulation for nitrogen monoxide by chemical equilibrium, chemical kinetics and coupling.
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Source: (THE AUTHORS, 2020)

Figures 5, 6 and 7 show the results obtained by computational simulations for partial load

engine 2250 rpm and load 60 N.m., for mixtures of gasoline/ethanol in transient regime.

Figure 5: Results of computational simulations for 2250 rpm, load 60 N.m, for carbon dioxide emission in transient

regime.
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Figure 6: Results of computational simulations for 2250 rpm, load 60 N.m, for carbon monoxide emission in transient
regime.
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The figure 6 shows results nitrogen monooxide (NO) obtained by computational simulations
of partial load engine conditions, 1500 rpm and load of 60 N.m., for mixtures of gasoline/ethanol in

transient regime.

Figure 7: Results of computational simulations for 1500 rpm, load 60 N.m, for nitrogen oxides emissions in transient
regime.
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Source: (THE AUTHORS, 2020)
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The figures 8, 9 and 10 shows experimental results (MELO, MACHADO, BELCHIOR, 2012)

against simulations curves.

Figure 8: Simulations curves versus experimental results for carbon monoxide .
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Figure 9: Simulations curves versus experimental results for carbon dioxide .
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Figure 10: Simulation curves versus experimental results for nitrogen oxides.
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The routines development for prevision of species concentrations by chemical equilibrium
coupling with Kkinetics has a more realistic result. The pollutants emissions decrease with the addition
of ethanol. It was noted better settings for the simulation program developed in comparison with the
experimental data than the simulations in software BOOST. The results obtained in the simulation
were consistent with the values found in the literature that validates the computer model, despite the
small differences (one percent). The analysis of the experimental results (MELO, MACHADO,
BELCHIOR, 2012) of the compared simulations revealed good adjustments. The differences in
results found can be explained by oscillations of equivalence ratio in transient regime, which can
produce changes in the result of emissions and the retention of fuel in the gaps of the combustion
chamber )(crevice) and the absorption of the fuel by the lubricant oil.

The emission of hydrocarbons cannot be predicted by the methodology of chemical
equilibrium or chemical kinetic, requiring a third model which assesses the retention of fuel into the
gaps of the combustion chamber (crevices) and the absorption of the fuel by the lubricant oil film
(MELO, MACHADO, BELCHIOR, 2012).
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4 CONCLUSIONS

The present work aimed to develop computational routines for the prediction of emissions in
internal combustion engines through the coupling of the methodology of chemical equilibrium with
the chemical kinetics and comparison of simulations obtained with the experimental results measured
by ours research group (MELO, MACHADO, BELCHIOR, 2012).

The routine developed for prediction of species by the method of chemical equilibrium and
compatible solutions presented in the same order of magnitude compared with the results of the
literature. In the simulation engine in transient obtained a considerable change in the prediction of
species after the coupling of chemical equilibrium with the chemical kinetics. The coupling has a
more realistic result in accordance with the experimental data. According to the simulations and the
experimental data obtained, it was revealed that the addition of ethanol in the gasoline reduces the
emission of carbon monoxide and nitrogen compounds. The emission of carbon dioxide increased
with addition of ethanol because there is a reduction in the emission of carbon monoxide. It was noted
better settings for the simulation program developed in comparison with the experimental data than
the simulations in software BOOST. The results obtained in the simulation were consistent with the
values found in the literature that validates the computer model, despite the small differences found
(one percent). The differences between the computer simulations and the experimental results as a
whole can be explained by the variation in the fuel/air equivalence ratio in the transient regime. The
engine simulation program developed with the methodology of chemical equilibrium coupled with
reduced chemical kinetic model has the advantage of reducing /the simulation time compared to
simulations that work with the full chemical kinetics model, calculating emissions with precision and
robustness.

For future studies it might be suggested the coupling of routines developed into a complete

engine simulation, with the inclusion of a routine for crevice and to the catalyst.
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