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Abstract. Emissions standards are getting more stringent year after year, requiring greater development efforts. More
and more emissions tests have to be ran, until the engine is sufficiently tuned for the market. On the other hand, building
prototypes is very expensive. One way of reducing development costs and time is the use computer simulations. However,
in order to predict emissions, more complex and computationally expensive methods are usually necessary, like three-
dimensional (3D) computational fluid dynamics (CFD) coupled with chemical kinetics calculations. Such simulations
can take very long, even for one single case, making them only worth it for conceptual development. This work aims
at evaluating zero-dimensional (0D) kinetic emissions models and their suitability in predicting CO and NO exhaust
emissions from combustion of E10 (a mixture of 10% ethanol with 90% gasoline). Test bench results from a 3 cylinder, 1.2
liter turbocharged direct injection spark ignition (DISI) engine, running on EI0, were used as reference for evaluating
model accuracy and suitability for this fuel. Although the model presented high deviations compared to measurements,
over predicting CO and under predicting NO, results pointed out that the general trend for emissions, at full load and
as function of engine speed, could be captured. Further model improvements would be possible through calibration of
multiplier coefficients and the addition of a NOs kinetic model.
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1. INTRODUCTION

In an effort to mitigate the environment impact of the transportation sector, emissions regulations are getting more and
more stringent with time (Vitesco Technologies, 2019), requiring greater development efforts. For instance, in order to
tune a particular engine/vehicle combination to the market, several emissions tests must be ran, each of which taking up
to 12 hours between soak and preparation (ABNT, 2012).

Apart from that, after treatment systems are getting more complex, increasing the number of parameters and, thus,
project complexity. This also increases development time, since more combinations have to be tested.

One well known way of reducing development time and costs is the use of computer simulations. Since an engine
could be described as a device for converting energy stored (contained) in a fluid to mechanical energy, fluid dynam-
ics simulations is the topic of concern here. However, since engine phenomena involve turbulence and combustion,
three-dimensional CFD (computer fluid dynamics) becomes prohibitive when one wants to have a broader view of the
technological landscape or study the influence of several parameters, since either long simulation times or too much
computational power would be needed (Kaechele ef al., 2018).

To overcome this difficulty, the so called 1D/0OD simulation models are used by engine developers. Basically, the fluid
mixture (air, air/fuel mixture or burned gas) is considered homogeneous along the pipes’ cross-sections. Fluid properties
change only along flow direction (thus, the one-dimensional 1D classification). In the combustion chamber, fluid is divided
in two zones: burned and unburned. During combustion, mass is transferred from the unburned zone to the burned zone.
Composition, pressure and temperature are considered homogeneous in each of the two zones, thus the zero-dimensional
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0D classification.

Heywood (1988) discusses CO and NO equilibrium and kinetic models which can be easily coupled in such 1D/0D
simulations to predict emissions, without the need of detailed combustion chamber characteristics. Comparisons with
experimental data are provided and simulations are used to discuss the main factors influencing emissions of these two
pollutants.

Raggi and Sodré (2014) used a research engine running on iso-octane to calibrate a kinetic CO model. Results from
both kinetic and equilibrium (developed in a previous work) were compared with the research engine experimental results
for a wide range of air/fuel ratio values. The results of kinetic model had 7% maximum deviation to experimental results,
while the equilibrium model reached 50% deviation. In this case, the equilibrium model was only capable of predicting
CO emissions for lean mixtures. The CO models (both equilibrium and kinetics) were then validated using results of a
production, four-cylinder, 16-valve, 1.01 engine, running on E22 and for a variety of engine speed and throttle positions.
The maximum discrepancies found between the kinetic and the equilibrium CO values in comparison to the experimental
results from the production engine were 11.5% and 15.4%, respectively. The authors conclude the kinetic model gave
more accurate results for rich mixture operation, but for stoichiometric and lean operation, both models presented similar
results.

Niculae et al. (2019) also used gasoline experimental data to calibrate kinetic emissions models. However, not only
CO, but also HC and NO were measured and simulated. The data included two lambda values (1 and 1.25) and several
spark ignition timings at a single operating point (2000 rpm and 2 bar bmep). For each condition, different coefficients
values were employed to adjust the emissions models. The calibrated simulation results matched the experimental data
with a maximum 1% error (except for two particular points with lambda 1.25). The same coefficients values were then
used to simulate the same engine running on different mixtures of hydrogen and natural gas, these mixtures being called
hythane. The paper also used the same imposed combustion parameters (start of combustion, burn duration) for all fuels.
No correlation with experiments was presented for the hythane simulations, being this correlation left as future work.

Hann et al. (2020) used a kinetic NO model to predict emissions in a large power generation application CNG engine
running with different lambda, intake manifold air temperature (IMAT) and MFB50 values. The model uses a predictive
combustion model and only needs four points for model calibration. A factor of 6.2 was necessary to match NO emissions.
Here it is important to point out that the model is only capable of predicting NO, but the experimental measurements
Iump both NO and NO-, values under NOx. The high coefficient value aims at compensating this difference, as well as
other inaccuracies. There is a good match for high lambda values. For lower lambda values, the model overestimates
NOx values. One possible explanation, given by the paper, is the variation of the NOy/NO ratio with lambda. Since
the model doesn’t predict NO,, this would explain the discrepancies between model and experiment. Another possible
explanation would be inaccuracies in the combustion model. Only four points were used for combustion model calibration.
Although a good visual match of pressure traces (for the four calibration points) and a maximal of 4% deviation in
ISFC (indicated specific fuel consumption) are shown, inaccuracies in predicted combustion temperature could lead to
different NO emissions results. But the general emissions trend could be successfully captured by the model, showing
such simulations could and should be used to save test bench time and costs.

Instead of using predictive combustion models, Albrecht et al. (2020) used measured in-cylinder pressure traces and
a three pressure analysis (TPA) model to calculate burn rates of an engine running on EU6 gasoline fuel. These burn
rates were then imposed in a full engine model to calculate NO emissions for different fuels. All simulations were
run at 2000rpm and lambda 1, but with different loads. One advantage of this approach is that more realistic cylinder
conditions (pressure and temperature) are expected with the calculated burn rates. On the other hand, this requires more
experimental data, which is sometimes not available. Additionally, using the same burn rate for different fuels might
not be representative of the real engine conditions (different fuels have different laminar flame speeds (Kuo, 2005), for
instance), but it definitely can help in a first guess, when not enough data is available.

In this paper, the accuracy of CO and NO kinetic models, coupled with a 1D/0D engine model, is going to be evaluated,
through the comparison of simulation results with test bench data from a 3 cylinder, 1.2 liter turbocharged direct injection
spark ignition (DISI) engine, running on E10.

2. METHODOLOGY

In order to evaluate the models mentioned in Introduction, a PSA EB2 PureTech engine (Souhaite and Mokhtari, 2014)
(1.21 three-cylinder turbo direct injection (DI) spark ignition (SI)) was installed in an engine dynamometer. The main
engine characteristics are shown in Tab. 1. The measurement data was used to calibrate an one-dimensional (1D) model
of the engine and calculate the respective burn rates. Using the calibrated model and calculated burn rates, emissions were
then simulated and correlated with the measurements. The next sections describe further details of both dynamometer
measurements and simulation model.
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Table 1. Engine characteristics

Number of cylinders 3

Cylinder bore 75.00 mm
Piston stroke 90.50 mm
Engine displacement 1199 cm?
Crankshaft radius 45.17 mm

Crankshaft offset 7.5 mm
Connecting rod length 144.0 mm

Nominal compression ratio 10.5:1

Max power
Max torque

96 kW @ 5500 rpm
230 Nm @ 1750 rpm
Direct Injection, 200 bar
Up to 3 injections per cycle
Single scroll turbocharger
Max. boost-pressure 1.4 bar
Max. speed 270000 rpm.
Sensored regulation oil pump
Integrated exhaust manifold
4 valves/cylinder (2 int. 2 exh.)
Dual variable valve timing
IVO =-30/40 °CA @ 1mm lift
EVO =-35/35°CA @ 1mm lift

Fuel system

Turbocharger system

Oil pump
Cylinder head

Timing System

2.1 Experimental Setup

The engine was coupled to a passive eddy current, water cooled, Positron Brown-Boveri brake, capable of running at
maximum speed of 9000 rpm and maximum torque of 750 N.m. A torque flange HBM model T40B, nominal capacity of
1000 N.m and 20000 rpm, was installed between engine and brake to measure engine torque. Air and fuel consumption
were measured using a hot wire flow meter model Contech FT?2 for air flow measurement and a Coriolis flow meter model
MicroMotion CMF010M for fuel flow. Table 2 shows relevant measured quantities and their source. Figure 1 shows a
schematic diagram of the engine installation.

Table 2. Measured quantities and their source

Variable Source
Air mass flow Hot wire flow meter
Fuel flow Coriolis flow meter
Injection timing ECU
Injected mass split (among pulses) ECU
Cooling water temperature ECU

Oil pan temperature

K-type thermocouple

Intake manifold temperature

K-type thermocouple

Exhaust temperature

K-type thermocouple

Spark timing ECU

Valve timing (intake and exhaust) ECU
Humidity Vaisala HTM130
Ambient temperature Vaisala HTM130

Intake manifold pressure

Fast sensor

Exhaust pressure Fast sensor
In-cylinder pressure Fast sensor
Crank angle AVL 365C angle encoder

Three fast pressure sensors, capable of measuring crank angle resolved values, were mounted at cylinder 3: two Kulite
XTL 190 - 205 DC, with external cooling, one at each port (depicted as P1 at intake and P3 at exhaust in Fig. 1) and one
water-cooled piezoelectric, model Kistler 6041BS32 for in-cylinder pressure (P2 in Fig. 1). In order to synchronize the
pressure traces to the engine operation, an AVL 365C angle encoder was mounted at the crankshaft.
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For raw exhaust emission (pre-catalyst) measurements, a Horiba MEXA 200 was employed.

Figure 1. Schematic diagram of engine and sensors installation

Table 3 shows the operating points used in this work. This is a full load curve for engine speeds from 1000 rpm to
6000 rpm, in 500 rpm intervals. For each operating point, 150 cycles were measured. Cycle quantities (air flow, fuel flow,
BMEP, IMEP, BSFC, emissions) were averaged among these cycles. The pressure traces were recorded individually for
each of cycle.

Table 3. Measured operating points

Engine speed (rpm) | BMEP (bar) | Engine speed (rpm) | BMEP (bar)
1000 12 4000 22
1500 22 4500 18
2000 22 5000 18
2500 24 5500 18
3000 24 6000 16
3500 22

2.2 Simulation Model

The engine simulation model was built and solved using a well known commercial engine simulation software called
GT-Power (Gamma Technologies, 2019a). GT-Power uses the already described 1D/0D modelling approach. The whole
system is discretized into individual volumes, which are connected by boundaries. Scalar variables (pressure, temperature,
density, internal energy, enthalpy, species concentrations, etc.) are considered uniform over each volume. Vector variables
(mass flux, velocity, mass fraction fluxes, etc.) are calculated for each boundary.

The continuity (Eq. (1)), energy (Eq. (2)), enthalpy (Eq. (3)) and momentum (Eq. (4)) equations (shown below) are
then solved. These equations are solved in one dimension, which means that all quantities are averages across the flow
direction (Gamma Technologies, 2019c).

dm .
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where:
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m boundary mass flux into volume m mass of the volume

Vv volume D pressure

p density A cross-sectional flow area

A, heat transfer surface area e total specific internal energy

H total specific enthalpy h heat transfer coefficient

Tfiyiq  fluid temperature Twaen  wall temperature

U velocity at the boundary Cy Fanning friction factor

K, pressure loss coefficient D equivalent diameter

dx length of mass element in the flow direction dp pressure differential acting across dx

The cylinder is simulated as a single homogeneous volume, separated in two zones: the unburned zone, containing
a mixture of fuel and air, and the burned zone, whose composition is calculated using a burn rate and a combination
of chemical equilibrium and kinetics. In the particular case of this paper, in order to more accurately predict in-cylinder
composition (in this case, the residual burned gas fraction), a so called TPA (three pressure analysis) model was built. TPA
models contain only one cylinder and its intake and exhaust ports. The measured intake and exhaust pressure traces were
imposed at the respective boundaries of the model (ports). Using the measured in-cylinder pressure and the simulation, it
is possible to calculate the burn rate (i.e. the rate at which fuel mass is oxidized) by solving the energy equation for the
contents of the cylinder (Gamma Technologies, 2019b):

d(me . dV  dQ  d(mes .

e D e ek R D DL 2 )
boundaries boundaries

where:

ey  internal formation energy
es  internal sensible energy
H; formation enthalpy

H, sensible enthalpy

Q heat transfer (fluid to wall)

In a first step, this methodology was used to calculate the burn rate for each measured operating point. Then, in
a second step, the reversed methodology was applied: the calculated burn rate profiles were imposed and in-cylinder
pressure trace calculated, using the same Eq. (5). The only difference is that, now, burn rate is an input and in-cylinder
pressure an output.

More specifically, the imposed burn rate defines the rate at which fuel/air mixture is moved from the unburned zone
to the burned zone. Then, using in-cylinder calculated conditions from the previous time step (pressure, temperature,
composition), chemical equilibrium and kinetics calculations are performed to determine the reactants break down into
products of combustion (both intermediate and final). Finally, using this newly calculated in-cylinder composition, the
heat release rate is calculated for the current time step, leading to new in-cylinder pressure and temperature values.

Injected fuel mass was calculated to reproduce the exact same air/fuel ratio from experimental data, which was calcu-
lated using the measured air and fuel flow. Thus, even if the air flow doesn’t exactly match the experiments, the air fuel
mixture composition will be preserved. However, one important characteristic of this particular engine is the early intake
valve opening (thus, longer valve overlap) at low engine speeds, which leads to high scavenging and high exhaust lambda
measurements (Souhaite and Mokhtari, 2014), which differs from combustion (trapped in the cylinder) lambda for these
operating points. In other words, the trapped air/fuel ratio at IVC cannot be guaranteed for the low engine speed operating
points, nor compared to experimental data. But, if air flow is matching experimental data and if the valve flow coefficients
are correctly calibrated, it is expected that the model would be able to accurately calculate the trapped composition.

In order to calculate brake quantities (power, torque and BMEP (break mean effective pressure)), a FMEP (friction
mean effective pressure) lookup table having engine speed and oil temperature as inputs was used as engine friction model.

2.2.1 CO Emissions Calculation
For CO emissions calculation, the following kinetic mechanism was used (Bowman, 1975):
CO+0OH==CO;+H (6)
The rate constant for the forward reaction is given by:
K forward = A - 6.76 - 107 - ¢T/B:1102 (7

where:
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A pre-exponent multiplier
B activation temperature multiplier
T, burned sub-zone temperature (K)

The rate constant is in m3/(kg - mol) units. Both A and B multipliers were kept at their default values: 1. The rate
constant for the reverse reaction is calculated from equilibrium constant, which is calculated from thermodynamics.

2.2.2 NO Emissions Calculation

For NO emissions calculation, the extended Zeldovich kinetic mechanism was used (Lavole et al., 1970):

O+ N, =NO+N ®
N+0O;=N0+0 )
N+OH==NO+H (10)

The respective rate constants for the forward reactions are given by:

Kg = Fy - 7.60 - 100 . ¢—38000-41/Tp (1)
Ko = F5-6.40-10° - T}, - ¢ 3150-42/Ts (12)
K= F5-4.10-10'° (13)
where:

Fy N2 oxidation rate multiplier ~ A; N2 oxidation activation energy multiplier
F> N oxidation rate multiplier As N oxidation activation energy multiplier
F3  OH reduction rate multiplier 7;,  burned sub-zone temperature (K)

All rate constants are in (m?/kmol - sec) units. All multipliers (Fy, Fy, F3, Ay and Ay) were kept at their default
values: 1. The reverse reaction constants are calculated from the respective equilibrium constants, which are calculated
from thermodynamics.

This mechanism is not able to predict NOs. However, spark ignition engines are known to have most of its NOx
emissions in the form of NO (Heywood, 1988).

3. RESULTS

As explained, two different sorts of simulations were run: one to calculate burn rate, and another one to calculate
emissions, using the previously calculated burn rate. The results presented here are from the latter simulation run.

3.1 Base Quantities

Figure 2 shows the deviation in air flow between simulation and experiment. There is a good agreement in general,
with error ranging from -5% and 5%, except for the 1500 rpm point.

Figure 3 shows the deviation in IMEP and BMEP between simulation and experiment. As can be seen, IMEP has a
better match to experimental results, but some discrepancies are still observed. IMEP deviations will be discussed first,
since they involve deviations in in-cylinder pressure, which is a very important quantity for this work. BMEP deviations
will be discussed right after.

Since air flow matched quite well, IMEP comparison is an indication of how well the in-cylinder pressure is being
reproduced by the model. From 3500 rpm onwards, the simulation is predicting less IMEP than measured at the engine.
Two other important quantities when dealing with in-cylinder pressure are peak cylinder pressure and peak cylinder
pressure location (Fig. 4). Peak cylinder pressure location was well predicted by the model, but the peak cylinder pressure
values seem to explain the deviation in IMEP values, since it has the same trend.

In order to have a closer look at the IMEP deviation, Fig. 5 shows a comparison between simulated and measured
cylinder pressure traces for the 4500 rpm 18 bar operating point, the one with the highest peak cylinder pressure deviation
and having one of the worst IMEP correlations to experiment. Simulated pressure values in high pressure loop are always
lower than the measured values, although the general trend is well predicted. Since pumping loop and air flow rate have
good correlation (less than 2% deviation in air flow), two possible explanations would be in-cylinder heat transfer or the
rate of heat release calculation. However, the main important conclusion from this plot is that the burning rate seems to be
well predicted, since the in-cylinder pressure didn’t present any local big deviations to test data. Although some deviation
in in-cylinder temperature can be expected (something that has a direct impact in chemical kinetics), the general trend is
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Figure 2. Air flow deviation to test data
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Figure 3. IMEP and BMEP deviation to test data

%Difference Maximum Pressure Crank Angle of Max. Pressure
40.0 —Simulation - Test data

37.5

o
T

35.0
325

Difference [%)]
<

30.0
-101

N
N
)

-15 5.0
1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Engine speed [RPM] Engine speed [RPM]

Crank Angle of Max. Pressure [deg]

Figure 4. Peak cylinder pressure (left) and peak cylinder pressure location (right) comparison to test data.

there in the model.
The pressure traces from other operating points had a similar correlation or even better, and won’t be shown here for the
sake of space.

As already pointed out, the BMEP deviation is even higher than the one observed for IMEP. Concerning simulation
results, FMEP error and IMEP error are added to compose BMEP error. However, concerning test data, BMEP comes
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Figure 5. Cylinder pressure trace comparison to test data (4500rpm-18bar)

from a completely different source: the measured torque at the torque flange. The measured pressure trace (used in
IMEP’s computation) is not used at BMEP’s calculation in the test data. Thus, the difference between IMEP’s and
BMEP’s deviation could come from:

1. Modeled FMEP error.
2. Inconsistency between measured break torque and in-cylinder pressure (or its phasing).

Since the measured in-cylinder pressure error has a direct impact in the simulation error (it was used to calculate the
burn rates used in the simulation) and to keep comparisons in the same basis, it was decided to present the rest of the
results in this paper using indicated quantities as reference.

3.2 CO Emissions

Figure 6 shows an indicated specific CO emissions comparison between simulation and test data, showing both abso-
lute and percent difference values. The lower engine speed points present the higher differences. Those are also the points
with the least emissions, thus, even small absolute deviations can lead to very high percent deviations. From 3000 rpm
onwards, a deviation of around 40% is present for all points. Even with the very high percent error for the low engine
speeds, the general trend could be predicted for the whole full load curve.

Indicated Specific CO %Difference Indicated Specific CO
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Engine speed [RPM] Engine speed [RPM]

Figure 6. Indicated specific CO emissions comparison (left: absolute; right: percentage) to test data

According to Heywood (1988), carbon monoxide emissions in internal combustion engines are primarily controlled
by equivalence ratio. One possible explanation for the difference at low engine speed points would be a deviation of
trapped lambda between model and experiment, since this engine presents high scavenging at these points, as already
mentioned in Methodology. Since trapped lambda couldn’t be measured, only exhaust lambda was imposed in the model.
Inaccuracies at valve coefficients could thus lead to such deviations in the trapped quantities.



18th Brazilian Congress of Thermal Sciences and Engineering
November 16—20, 2020 (Online)

Another possible (and more likely, in this case) source of deviations is the fact that the model considers the combustion
chamber as a homogeneous mixture, which not necessarily represents the real engine. One possible way to overcome
these deviations would be to calibrated the pre-exponent and activation temperature multipliers in the rate constants for
the kinetic mechanisms, which were kept at 1 in this work.

3.3 NOx Emissions

Figure 7 shows an indicated specific NO emissions comparison between simulation and test data, showing both abso-
lute and percent difference values. In general, the deviations are smaller than for CO predictions. Except for the 1000 rpm
point, the model tends to predict less NOx than the test. This might be explained by the fact that NO, is being measured,
but not simulated, as already mentioned in the Methodology. This wouldn’t explain the high percentage values though,
but since the absolute emissions values are quite low, any small deviation could lead to high percentage deviation values,
as observed.
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Figure 7. Indicated specific NO emissions comparison (left: absolute; right: percentage) to test data

As far as deviations to test data go, the same considerations stated for CO emissions are applicable here: combustion
lambda is one possible source of deviation, as well as combustion chamber homogeneity. However, another important
quantity for NO emissions is combustion temperature, which was also not measured. This is another possible source of
deviations.

Comparing both simulation and test data, CO and NOx emissions trends are opposite, as expected (Kuo, 2005). CO
tends to form in rich mixtures and NOx requires leaner environments. Therefore, an increase in one of the pollutants
should be coupled with a decrease in the other, which is observed in both simulation and test data.

4. CONCLUSIONS

This work’s objective was to evaluate how well simple zero-dimensional kinetic models could predict CO and NO
emissions. A reduced (one cylinder) engine model was built. Using this model, the burn rate profiles of eleven full load
operating points were calculated. These profiles were than imposed in the model, and the kinetic emissions models for
CO and NO were turned on, with parameters in default values (i.e. no kinetic model calibration). Low engine speed
points had the higher deviations for both CO (predicting up to 10 times the measured value) and NOx (overestimation of
67% for 1000 rpm and up to 70% underestimation for 2500 rpm). One possible source of inaccuracy for this points is the
difference between combustion lambda (considering trapped quantities) and exhaust lambda (considering total fuel and
air flow), being the former not measurable. These points have early intake vale opening, leading to intake and exhaust
short circuit, which then leads to the combustion and exhaust lambda difference. Another possible source of inaccuracy
is the combustion chamber homogeneity assumption, which not necessarily represents the real engine.

For the rest of the engine speed range, the deviations were lower, but still considerable (around 40% overestimation
for CO and between 25% and 50% underestimation for NOx). Although the measured values could not be accurately
predicted, the general trend was captured, with CO being always overestimated and NOx underestimated. CO and NOx
emissions trends were opposite, as expected. As suggestions for next steps, the kinetics models should be calibrated
taking all measured data into consideration, perhaps separating between calibration and validation operating points. A
NO: kinetics model should also be included to check if a better match to experimental data could be achieved.
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