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Abstract

A thermodynamic combustion model developed in AVL. BOOST software was used in order to evaluate the pollutant
emissions, performance and efficiency parameters of a spark ignition engine Renault K7M-710 fueled with compressed natural
gas, hydrogen and blends of compressed natural gas and hydrogen (hythane). Multiple research studies have concluded that for
the near future hythane could be the most promising alternative fuel because it has the advantages of both its components. In our
previous work the model was validated for the performance and efficiency parameters by comparison of simulation results with
experimental data acquired when the engine was fueled with gasoline. In this work the model was improved and can predict
the values of pollutant emissions when the engine is running with the studied alternative fuels. As the percentage of hydrogen
in hythane is increased, the power of the engine rises, the brake specific fuel consumption, carbon dioxide, carbon monoxide
and total unburned hydrocarbon emissions decrease while nitrogen oxides increase. The values of peak fire pressure, maximum
pressure derivative and peak fire temperature in cycle are higher, leading to an increased probability of knock occurrence. To
avoid this phenomenon an optimum correlation between the natural gas-hydrogen blend, the air-fuel ratio, the spark advance
and the engine operating condition needs to be found.
© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Because of depleting fossil fuel resources, alternatives to petroleum derived fuels for the internal combustion
engines need to be found. Compressed natural gas (CNG) can be such an alternative fuel because is much more
abundant than petroleum. It has a high H/C ratio and a high research octane number, leading to cleaner exhaust
gasses than those produced by classical fuels combustion. It also has high anti-knocking proprieties but lower flame
speed and shorter flammability range [1]. Hydrogen is a possible solution to overcome some of the issues faced by
natural gas usage but with some limitations in terms of low storage density and current undeveloped infrastructure
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that does not support hydrogen as a wide-spread fuel [2]. The mixtures of hydrogen and CNG exhibits the improved
proprieties of hydrogen as well as those of CNG. This new blend of fuel known as hythane, or HCNG, has the
potential of creating a basic infrastructure for the use of hydrogen in the future.

A new combustion concept, as lean burn, is generally accepted as an effective method to simultaneously improve
CNG fueled engine thermal efficiency (by increasing the heat capacity of the air-fuel mixture) and decrease exhaust
emissions. As the engine runs close to the lean limit, problems such as misfiring, slower flame propagation speed
and increased cycle-by-cycle variation may occur. Hydrogen addition is believed to be an ideal approach to tackle
these problems [3]. By mixing the CNG with hydrogen, the mixture exhibits the advantages of hydrogen like a fast
flame propagation speed, low ignition energy, and wide flammability range. However, there are limitations in using
hydrogen in an internal combustion engine because the adiabatic flame temperature of hydrogen is too high, and the
calorific value per unit volume of hydrogen is too low [4]. Higher NOy emissions are obtained and a decreases of
power density. Knock phenomenon may occur when the hydrogen percentage is too high. As methane percentage
increases, CO, and HC emissions rise, and the flammability limit is shortened. Nevertheless, knock events can be
reduced or even eliminated because of the good knock resistant properties of CNG [5]. These represent the reasons
that an optimum hydrogen—methane blend of hythane needs to be determined.

A method that involves a low financial effort is to determine the performance parameters and the pollutant
emissions of the engine when using these alternative fuels by thermodynamic simulation models (zero-dimensional
models). The first law of thermodynamics provides the key equation in the incremental procedure used in these
models [6].

The Wiebe function is commonly used to estimate the heat release characteristic due to its simplicity and
versatility demonstrated by its forms and numerous applications. It is commonly used in internal combustion engine
research as a singular, double or multiple function [7]. In Yildiz and Ceper [8] the authors present predictive
simulations done by a zero-dimensional (Zero-D) single zone engine model of a SI engine fueled by methane
and methane—hydrogen blends. Single and double Wiebe functions are used to model the combustion process. The
results show better accuracy for the simulations performed with the double Wiebe function.

In paper [9] a Zero-D two-zone predictive model was employed to examine the effects of combustion phasing,
combustion duration and cyclic variations on SI engine thermal efficiency. The authors concluded that the best
efficiency will be reached when peak combustion rate occurs at about 9 °CA after TDC. Combustion phasing that
deviates from this optimized value would decrease thermal efficiency. In Aliramezani et al. [10] a thermodynamic
model considering flame propagation was used to predict SI engine characteristics for hydrogen—methane blends
with partially charge stratification approach (direct injection of pure fuel or fuel-air mixture). The model was
validated with experimental data for the natural gas at lean condition and generalized to predict the performance of
the engine for a variety of hydrogen contents in hythane blends.

The authors of work [11] proposed an extended Zero-D model capable of simulating multi-fuel internal com-
bustion engines, which takes in account the calculation of the thermodynamic properties of multiple fuel mixtures
and their combustion products. Subsequently, the extended model was used to investigate the interchangeability
between gaseous fuels with same Wobbe Index and the influence of inert gases (CO, and N;) addition on the
engine knocking resistance.

In Mariani et al. [12] a numerically simulated engine model has been developed to predict fuel consumption and
NOy emissions of a spark ignition engine fueled with hythane blends over the New European Driving Cycle. The
results display the impact of the increased fuel burn rate on engine brake efficiency, fuel consumption and NOy
emissions due to hydrogen addition. HCNG blends improved engine brake efficiency, in particular at low loads and
for the highest hydrogen content. These effects produced a reduction in fuel consumption. NOy emissions increased
due to higher in cylinder temperatures compared to those attained with natural gas.

2. Experimental setup

The test-cell where experiments were performed is comprised of a control room and an engine test bench
(Fig. 1). The engine under test was a passenger car spark ignited (SI) Dacia Logan 1.6 K7M-710 with the technical
specification presented in Table 1.

Several determinations were made at a constant speed of 2000 rpm and 2 bar brake mean effective pressure
(constant load). The engine was tested in a spark timing characteristic looking for the optimum spark advance for
two air-fuel ratios (AFR), respectively stoichiometric mixture A = 1 and lean mixture . = 1.25.
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Table 1. Technical specifications of Dacia Logan engine type Renault K7M-710.

Power Torque Cylinder bore Piston stroke Compression ratio  Valves per cylinder Fueling system

64 kW/5500 rpm 128 Nm/3000 rpm  79.5 mm 80.5 mm 9.5 2 Multi-point injection

Fig. 1. The engine test cell with the control room and the test bench.

The ECU reference calibration maps for spark timings and for injection durations were modified using ETAS
INCA v.7.2.1 software tool. For each determination, global parameters were measured using the Froude Consine
Texcel V6 software. The values of pollutant emissions were measured with HORIBA EXSA-1500L gas analyzer,
designed for automotive engines (Fig. 2). The AVL Indicom software was used for the pressure traces registration
over 500 consecutive cycles, the mean pressure diagram and the main events specific for combustion characteristics
as 5%, 10%, 50% and 90% of the heat release were also determined from the pressure diagram.
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Fig. 2. HORIBA EXSA-1500L gas analyzer and values for pollutant emissions measured at two different conditions.

3. Simulation modeling

The AVL BOOST software was used to create a model for the K7M-710 engine. The model is made up of system
boundaries (SB), pipes, air cleaner (CL), throttle (TH), injectors (I), cylinders (C), catalyst (CAT) and plenums (PL).
Fig. 3 shows the symbolic model of the engine.

In this simulation tool a set of equations are used to model the engine operation. The set of conservation equations
to describe a one-dimensional pipe flow is given by the well-known ‘Euler Equation System’. For modeling the
combustion process, the ‘Vibe 2-Zone’ combustion model was used. The nitrogen oxides (NOy) formation model
implemented in AVL BOOST takes into account the reactions based on the well-known Zeldovich mechanism.

The carbon monoxide (CO) formation model takes into account the reactions for the oxidation of wet CO.
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Fig. 3. K7M-710 engine model and ‘Vibe 2-Zone’ input data for the optimal spark timings.

The unburned hydrocarbons (HC) formation model considers the crevice mechanism, HC absorption/desorption
mechanism, partial burn effects and the HC post oxidation. Another significant source of hydrocarbon is the presence
of lubricating oil in the fuel or on the walls of the combustion chamber. Finally, all hydrocarbons released into the
burned gases undergo a complex mechanism of oxidation due to the existing high temperature in the chamber. AVL
BOOST use an Arrhenius equation which takes into account the slow HC post-oxidation [13].

4. Results and discussions

The performance, efficiency parameters (effective power — EP and brake specific fuel consumption — BSFC)
and the combustion durations (based on the pressure diagrams) depend on the spark timing (f). This is reported
as a positive value relative to the top dead center (TDC end of compression stroke) position.

Fig. 4 shows the measured and calculated performance and efficiency parameters variations relative to 8; when
the engine was fueled with gasoline. The engine performance and efficiency are well correlated (relative deviations
for EP below 4% at . = 1 and 5% at A = 1.25 and for BSFC below 3% at A = 1 and respectively 4% at A = 1.25).
The optimum spark timings in terms of EP and BSFC have been considered as being 40.12 °CA for A = 1 and
49.12 °CA for A = 1.25. At these timings there were registered the maximum performance and the minimum
specific fuel consumption.

The combustion process has been divided into two stages:

e The initial combustion stage (from S until when 5% of the heat was released);
e The main combustion stage (from the moment when 5% of the heat was released until the 90% of the heat
was released).
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Fig. 4. Variation of effective power (a) and brake specific fuel consumption (b) versus spark timing.

The variations of these stages are shown in Fig. 5(a) for both AFR. The duration of the initial stage of the combustion
process increases with 21% at A = 1 and 30% at A = 1.25 because the pressures and temperatures in the cylinder
decrease as the spark timing is moving in advance in compression stroke in respect to TDC end of compression.
The duration of the main combustion stage decreases with 19% at A = 1 and respectively 30% at . = 1.25 as S
increases because the combustion takes place even further in the compression stroke where two different effects
overlap (temperature increase by compression made by the piston displacement and temperature rise by the heat
release by combustion). This behavior seems to be similar for both AFR but with higher values for lean mixture

operation.
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Fig. 5. Variation of the combustion stage durations (a) and in-cylinder charge peak fire temperature (b) relative to the spark timing.

The variation of the in-cylinder charge peak fire temperature is presented in Fig. 5(b) and looks much more
accentuated and with higher values at the stoichiometric mixture (it rises by 4.18% at A = 1 and only by 2.5% at
A = 1.25).

In order to compare the values of pollutant emissions calculated using the AVL BOOST software with
experimentally determined emissions, different coefficients values were adopted:

e NO Kinetic multiplier (KM);

e NOy Postprocessing multiplier (PM);
e CO Kinetic multiplier (KM);

e HC Postoxidation multiplier (PM);

e HC Partial burn (PB).

Table 2 shows the values adopted for the correction coefficients for these emissions in case of conventional fuel
(gasoline) use.
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Table 2. Values of the correction coefficients for the pollutant emissions.

A -] Bs [°CA] NOx Cco THC enox [%] eco [%] etHC [%]
KM [-] PM [] KM [-] PM [] PB [-]
32 1.84 1.34 0.315 1 1500 0.22 0.88 —0.90
36 1.79 1.29 0.27 1 3300 —0.38 0.49 —0.87
| 40.12 1.79 1.29 0.315 1 4200 0.29 0.19 —0.29
43.87 1.75 1.25 0.315 1 5800 0.44 —0.69 —0.07
49.12 1.7 1.2 0.23 1 8000 —-0.72 0.60 0.01
52.12 1.62 1.12 0.18 1 9200 —-0.15 —0.76 —0.60
31.87 2.07 1.57 0 1 33 0.07 —12.59 —0.42
36 2.13 1.63 0 1 60 0.48 —2.73 0.38
125 40.12 2.26 1.76 0.007 1 105 —0.53 —0.85 —0.75
’ 43.87 2.25 1.75 0.015 1 203 0.12 —0.17 0.27
49.12 2.6 2.1 0.019 1 305 0.70 —0.42 0.54
52.12 2.4 1.9 0.024 1 575 —0.37 0.47 0.43
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Fig. 6. Variation of the carbon monoxide (a) and nitrogen oxides (b) versus spark timing.
In next picture are presented the variation of carbon monoxide (CO) — Fig. 6(a) and nitrogen oxides (NOy)

—Fig. 6(b) versus spark timing. They show similar variation trends over the whole investigated domain with the
relative errors calculated between measured and simulated values lower than 1% (expect the spark timings 31.87 °CA
and 36 °CA at A = 1.25 where the relative errors are higher). In the case of stoichiometric mixture (A = 1) the
CO has an increasing variation by spark advance (f;), while in the case of lean mixture A = 1.25 the variation
is reversed. The increase of nitrogen oxides with f; is justified by the greater temperatures of the cylinder charge
(Fig. 5(b)). The trend is fairly the same for both AFR.

Fig. 7(a) shows the variation of the total unburned hydrocarbons (THC) and Fig. 7(b) the peak fire pressure
(pmax) Vvariation versus spark timing. The relative errors for THC emissions are lower than 1% for both mixtures.
Similar relative errors below 1% are for pp.,x at A = 1 and below 6% at A = 1.25 over the entire investigated
domain. The duration of main combustion stage strongly affects the trend of THC emissions. The reducing of this
stage causes an increase of THC emissions with B; for both mixtures. The maximum pressure increases with spark
timing because the combustion process is developed more in compression for higher spark advances.

In the work [14], a Zero-D combustion model, developed in AVL BOOST software and validated against the
experimental results obtained on a spark ignition engine fueled with gasoline at stoichiometric condition was used
to analyze the engine performance and emissions when pure hydrogen fuel and pure gasoline fuel operations were
considered. A similar procedure was used in the current study where the model was calibrated relative to the data
collected when engine was fueled with gasoline (see Figs. 4, 6 and 7) to predict further the values of pollutant
emissions (CO, NOy, THC), performance and efficiency parameters in the case of using CNG, hydrogen and hythane
for the same engine operating conditions at the air-fuel ratios considered.
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Fig. 7. Variation of the total unburned hydrocarbons (a) and peak fire pressure (b) versus spark timing.

The alternative fuels investigated with the simulation model were:

e CNG — compressed natural gas (100% methane);

e 2HCNG (2% mass fraction of hydrogen and 98% mass fraction of methane);

e SHCNG (5% mass fraction of hydrogen and 95% mass fraction of methane);

e 20HCNG (20% mass fraction of hydrogen and 80% mass fraction of methane);
e SO0HCNG (50% mass fraction of hydrogen and 50% mass fraction of methane);
e H, (100% hydrogen).

In order to study these mixtures (A = 1 and A = 1.25) the mass air flow rate was kept constant, while the fuel
mass flow was changed for each of these investigated mixtures. The following simplified hypotheses have been
considered:

e the start of combustion was the same regardless of the fuel used;

e the combustion duration was constant;

e the shape parameter “m” of the ‘Vibe 2-zone’ combustion model was constant;

e the values of correction coefficients for emissions adopted for gasoline were constant.

The relative deviations presented in the comments of Figs. 8—13 are calculated with respect to gasoline for the
entire domain of spark timings studied.
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Fig. 8. Variation of the effective power versus spark timing.

In Fig. 8 is presented the variation of the effective power by spark timing. The maximum power is reached when
using H, fuel for both mixtures (up to 34.3% more power for A = 1 and 28.8% for A = 1.25). The minimum
power was obtained for pure CNG fuel (1.8% less power for A = 1 and respectively 7.7% for A = 1.25) while the
addition of hydrogen to methane increases the EP of the engine.
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In Fig. 9 is presented the variation of the brake specific fuel consumption relative to the spark timing. The
minimum value is obtained when pure hydrogen fuel was considered (68.7% less for A = 1 and 67.5% for A = 1.25).
The maximum BSFC was reached for the original gasoline fuel, followed by CNG with a reduction of 14.8% for
A =1 and 9.2% for A = 1.25. The addition of hydrogen to methane decreased the BSFC.
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In Fig. 10 are presented the variations of nitrogen oxides (NOy) relative to the spark timing for both AFR
considered. The minimum values are obtained when using CNG fuel (42.6% less for A = 1 and respectively 58.7%
for A = 1.25). The maximum values are reached when using pure hydrogen fuel (90.9% more for A = 1 and
385.9% more for A = 1.25). Similarly to the EP variation, by addition of hydrogen to methane the NOy emissions
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Fig. 11 shows the variation of carbon monoxide emission with respect to the spark timings in the same conditions
of investigation. For pure hydrogen fueling there is no CO emission because carbon is removed from fuel. The
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maximum values for this emission are reached in case of gasoline, followed by CNG with a reduction of 70.3% for
A =1 and respectively 55.9% for A = 1.25. In case of hythane, the minimum values of CO emissions for A = 1 are
obtained while using SHCNG due to the stronger dissociation effect of CO, caused by higher peak fire temperatures
and due to the predominant reaction of hydrogen oxidation proved by higher H,O/lower O, fractions in the exhaust
gasses compared to 2HCNG which has a lower carbon content. For A = 1.25 the minimum CO emissions are reached
while using 2HCNG because these effects do not have a significant influence at lean mixtures. For 20HCNG and
S0HCNG the CO emissions decrease due to the low carbon content of the fuel.

In Fig. 12 is presented the variation of total unburned hydrocarbons emission versus spark timing. The minimum
values are obtained when using pure hydrogen fuel (63.8% less for A = 1 and 64.1% for A = 1.25). The maximum
values are reached when using gasoline, followed by CNG fuel with a reduction of 17.4% for . = 1 and 13.2%
for A = 1.25. The addition of hydrogen to methane decreases the THC emissions which are released by hythane
usage.

Results - A =1 Results - 2. =1.25
2300 4800
2000 4200
3600
— 1700 — 3000
= g
£ 1400 £ 2400
g 1100 g 1500
= g 1200
800 600
500 0
30 33 36 39 42 45 48 51 54 30 33 36 39 42 45 48 51 4
) B, [°CA] - Bs [°CA] .
® Gasoline s L CNG ® Gasoline L] CNG
+  2HCNG S5HCNG +  2HCNG SHCNG
* 20HCNG 2 S50HCNG . 20HCNG . S0HCNG
A H2 A H2

Fig. 12. Variation of the total unburned hydrocarbons versus spark timing.

Fig. 13 shows the variation of peak fire pressure (pmax) in respect to the spark timing over the same investigation
conditions. The minimum values of pp,x are obtained when using gasoline, followed by CNG with an increase of
3.3% for A = 1 and of 2.7% for A = 1.25. The maximum values of pn,x are reached when using pure hydrogen
fuel with an increase of 24.4% for A = 1 and 25.1% for A = 1.25 relative to gasoline operation. The addition of
hydrogen to methane increases the pp.x, reflecting the stronger influence of greater heating value of hydrogen in
hythane.
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Fig. 13. Variation of the peak fire pressure versus spark timing.

5. Conclusions

The actual study aimed to show a possible solution for improving performance, efficiency and pollutant emissions
of a spark ignition engine when using alternative fuels (CNG, 2HCNG, SHCNG, 20HCNG, H,) based on simulations
developed with a Zero-D AVL BOOST combustion model. The model has been successfully calibrated for effective
power, brake specific fuel consumption, peak fire pressure and pollutant emissions (NOy, CO, THC) on gasoline
usage. The results showed that the use of hythane blends increases engine performance and efficiency and
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significantly reduces the CO, THC, but increases the NOx emissions and peak fire pressures. For example, in the
case of 20HCNG average values of 10.4% more power, 37.1% less brake specific fuel consumption, 80.9% less
CO, 31.3% less THC, 11.1% higher NOy and 11.3% higher peak fire pressure comparing to gasoline at A = 1 were
obtained. Higher mass fraction of hydrogen in hythane mixture accentuates these effects so an optimum hythane
blend needs to be found and must be correlated with the engine global energetic formula and its application.

The research carried out illustrates that the use of thermodynamic simulation models can be an efficient method
for engines development. Detailed experimental and numerical investigations are still required to validate the
improved operation of the spark ignition engines with this new type of fuel.
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