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Abstract

E85 (85 vol% ethanol and 15 vol% gasoline blend) is one of the most promising
sustainable fuels for Sl engines, thanks to the optimum trade-off between pollutant
emissions and cost of implementation, starting from a pure gasoline baseline.

From the point of view of engine performance, the most relevant differences from
such a baseline are related to the heat of vaporization and to the laminar flame speed.
The higher heat of vaporization helps to reduce combustion temperature, thus the risk
of knocking, but it also slows down the air-mixing process; the small amount of Oxygen
in the fuel molecule leads to a slightly different combustion behavior.

The goal of this study is to compare commercial gasoline (E5, 5 vol% ethanol and
95 vol% gasoline blend) and E85, by means of CFD 1D (GT-Power) and 3D (AVL-
FIRE) simulations, using experimentally calibrated models. The reference engine is a
single-cylinder, four-stroke, PFI motorcycle unit, with a displacement of 463 cc and a
maximum power > 30 kW at 9500 rpm.

After the calibration, carried out on the E5 version, the fuel type is changed to E85
in the 1D model, in order to provide accurate Initial Conditions (ICs) and Boundary
Conditions (BNDs) to the CFD-3D analysis. Then, a series of combustion simulations
are carried out at maximum power operative point (9500 rpm — WOT), varying spark
advance and equivalence ratios.

Results reveal that an increase of fuel flow rate and a new calibration of spark
timing are needed when the engine runs on E85 to reach performances comparable to
the ones obtained with E5. Simulations also show that, moving from E5 to E85,
combustion efficiency can be significantly increased, with a small reduction in engine
performance.

An estimation of specific emissions, provided by ECFM-3Z combustion model,
show that, using E85, CO and HC emissions can be significantly reduced with a small
increase of NO emissions, compared to gasoline case.

Keywords: bioethanol, combustion, sustainability, motorcycle, Internal Combustion
Engine
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Acronyms and symbols

EO 0 vol% ethanol — 100 vol% gasoline
E5 5 vol% ethanol — 95 vol% gasoline
E10 10 vol% ethanol — 90 vol% gasoline
E30 30 vol% ethanol — 70 vol% gasoline
E50 50 vol% ethanol — 50 vol% gasoline
E85 85 vol% ethanol — 15 vol% gasoline
Sl Spark Ignition
PFI Port Fuel Injection
ICs Initial Conditions
BNDs Boundary Conditions
WOT Wide Open Throttle
45 4-Stroke
MTB Maximum Brake Torgue
BTE Brake Thermal Efficiency
HC Hydrocarbon
CoO Carbon Oxide
CO2 Carbon Dioxide
NOx Nitrogen Oxides
LHV Lower Heating Value
CFD Computational Fluid Dynamics
IMEP Indicated Mean Effective Pressure
BMEP Brake Mean Effective Pressure
glMEP gross Indicated Mean Effective Pressure
FMEP Friction Mean Effective Pressure
SA Spark Advance
VE Volumetric Efficiency
BSFC Brake Specific Fuel Consumption
CAD Crank Angle Degree
IvVC Intake Valve Close
IVO Intake Valve Open
EVC Exhaust Valve Close
EVO Exhaust Valve Open
EGR Exhaust Gas Recirculation
AHRR Apparent Heat Release Rate
aFTDC after Firing Top Dead Centre
MFB50 angle at 50% of Mass Fuel Burned
MFB10 angle at 10% of Mass Fuel Burned
MFB90 angle at 90% of Mass Fuel Burned
PPRR Peak Pressure Rise Rate
0) Equivalence ratio
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1. Introduction

Due to rising fuel prices, the need to reduce reliance on fossil fuels, growing energy demand, and stricter
air pollution regulations in the road transport sector, researchers worldwide, both in industry and
academia, are working towards developing clean and renewable fuels. Ethanol, with a global production
of 120 billion liters in 2017 [1], and in particular bioethanol, constituting 65 % of worldwide biofuel
output [2], plays a crucial role as a sustainable fuel.

To achieve the decarbonization targets in the road transport sector, a potential short-term solution is
to mix conventional gasoline with renewable and environmentally friendly fuels, like (bio)ethanol.
However, substituting gasoline with ethanol requires addressing some challenges. These include
managing the different spray and evaporation behavior and ensuring combustion stability and
performance.

Ethanol-gasoline blends can serve as alternative fuels for SI engines almost without the need for
engine modifications, up to a blend of 35 vol% ethanol [3]. However, as the amount of ethanol increases,
the pitting corrosion problem has to be evaluated, paying attention on the whole injection system. [4],
[5]

Inbanaathan et al. [6] conducted an experimental study with various gasoline-ethanol blends (E10,
E30, E50) analyzing combustion performance and emissions at various engine speeds. One of the main
results regarding combustion behavior shows that E30 has maximum in-cylinder pressure very close to
the gasoline ones for the considered operating point (1200, 1400, 1600, 1800 RPM). They also tested
the addition of hydrogen to a blend containing 30 vol% of ethanol, in order to reduce pollutant emissions.
The results demonstrate that the above-mentioned blend can be used as a substitute for gasoline in
existing Spark Ignition (SI) engines.

Li etal. [7] investigated performance, combustion characteristics and emissions of a single-cylinder,
4S, Sl engine fuelled with methanol, ethanol and butanol, blended with gasoline, at different equivalence
ratios. They found that using E30 with spark time set to gasoline’s MTB (Maximum Brake Torque),
BTE (Brake Thermal Efficiency) decreases due to improper combustion phasing. This result combined
with those obtained by Castagliola et al. [8] suggests that an adjustment of spark time and injection time
could be necessary to achieve better efficiency and performance when ethanol blend increases.

As far as gaseous emissions produced by an engine fueled with gasoline-ethanol blends are
concerned, studies available in literature generally indicate that increasing the ethanol fraction leads to
a reductions of HC, CO, CO2, and NOx emissions [9], [10]. In detail, HC and CO emissions tend to
decrease thanks to ethanol addition due to its oxygen content [11], while its higher hydrogen-to-carbon
ratio with respect to gasoline permits to reduce CO, emissions. Moreover, the higher latent heat of
evaporation of ethanol than that of gasoline guarantees lower NOx emissions, as confirmed by references
[12], [13] [7], [6], [14].

Goksel Kaya [12] tested a single-cylinder, 2-Stroke (2S), uniflow scavenged engine fuelled with EO,
E10, E30, E50. Results show that HC, CO, CO. and NOx decrease as the ethanol fraction in the fuel
blend increases. Moreover, delivery ratio and scavenging efficiency increase because of the faster
evaporation of the ethanol compared to gasoline.

Dogan et al. [13] carried out an experimental study on a single-cylinder, 4S, Sl engine fuelled with
EO, E10 and M10 (90 vol% gasoline and 10 vol% methanol). They found that HC, CO and CO;
emissions are lower in comparison with pure gasoline.

However, it is important to note that the formation of acetaldehyde (C,H4O) and formaldehyde
(CH20) may increase significantly [10]. These substances, although they are still under investigation
about their effects on humans, could be associated to irritation, allergic contact dermatitis, cancer,
pulmonary oedema [15] [16]. Therefore, modifications of exhaust gas treatment system could be needed.
Furthermore, as noted by Daemme LC at al., motorcycles equipped with three-way catalytic converters,
showed a notable increase in ammonia emissions during engine cold starts [17].

As demonstrated by lodice et al. [18], during warm-up operating conditions, fuel consumption is
influenced by two opposing factors when a gasoline-ethanol blend is employed. Due to the Lower
Heating Value (LHV) of ethanol compared to gasoline, higher mass flow rates of gasoline-ethanol
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mixture need to be injected as the ethanol fraction increases. However, despite the engine operates with
rich air/fuel ratios during the cold transient phase, higher ethanol fractions can result in a leaning effect,
which improves the combustion process. This phenomenon, known as "leaning effect,” has also been
studied by Hsieh et al., who demonstrated improved engine performance for blends up to 30 vol%
ethanol [19]. Other important properties of ethanol are the higher octane number and the higher latent
heat of evaporation with respect to gasoline. These properties can be leveraged to increase the
compression ratio and the intake air density. Additionally, the higher laminar flame speed of ethanol
leads to faster combustion, which further enhances thermodynamic efficiency.

In this study, experimentally validated 1D and 3D Computational Fluid Dynamics (CFD) gasoline
models of a single cylinder, 4S motorcycle engine were employed to evaluate combustion characteristics
when the engine is fueled with E85 (85 vol% ethanol and 15 vol% gasoline blend). Furthermore, various
equivalence ratios and spark timings were compared at 9500 RPM + WOT operating point.

2. Methodology

[Ex erimental results]

Engine Geometry Lavout

In-cylinder (p. T, D)

*MEP parameters

GT L=l Wiisies

Spray information
1D-CFD q
IC’s
B nes
3D-CFD BCk @IVC 3D-CFD

re-cvcle [ 0D calculation :> re-mixed

i i Mesh Mesh ? ;

Figure 1: CFD simulation workflow.

Starting from geometric information of the engine, combustion-related data, as well as other mean and
instantaneous experimental results obtained with a commercial gasoline (E5) at Wide Open Throttle
(WQOT), a preliminary 1D-CFD model has been built and validated in the GT-Power (by Gamma
Technologies Inc) environment. The main features of the engine are listed in Table 1.

Table 1: Main features of the investigated engine

Engine Type PFI-SI 4-Stroke
Fuel type Gasoline (E5)
N. of cylinders 1
Bore x Stroke [mm] 96 x 64
Compression ratio 125
N. of valves per cylinder 2+2
Exhaust Valve Opening [CAD bBDC] 51
Intake Valve Opening [CAD bTDC] 15
Exhaust Valve Closing [CAD aTDC] 16
Intake Valve Closing [CAD aBDC] 56
Air Metering Naturally aspirated




ATI-2023 IOP Publishing
Journal of Physics: Conference Series 2648 (2023) 012083  doi:10.1088/1742-6596/2648/1/012083

Once the 1D-CFD model has been experimentally validated, initial and boundary conditions have
used in a 3D-CFD model of the engine built by means of AVL FIRE M software [20]. The fuel used
during the experimental campaign is commercial gasoline (E5), which is modelled with C7g3H145 in the
GT-Power model, while a 95 vol% isooctane and 5 vol% ethanol blend is employed in the 3D-CFD
model as the gasoline surrogate.

A first iterative process between 1D and 3D-CFD simulations (represented by box “1” in Figure 1)
ensures for more precise validation of the GT-Power model. In particular, a preliminary “pre-cycle” 3D-
CFD simulation has been performed. Pre-cycle simulations, which approach is shown in Figure 2,
consider the repetition of some engine cycle focusing the attention on the intake that is always active
during this simulation [20]. These types of simulations are useful to study spray formation, wall film
production and distribution inside intake system.

Pre-Cycle Approach: Engine Combustion 4-Stroke Cycle (720 CAD)
[ 0 [CAD] 129 [CAD] 345 [CAD] 376 |[CAD] 596 [CAD] 822 [CAD] >
TDCliying EVO VO EVC IvC EVO

J J
Y

Figure 2: Pre-Cycle simulation approach

In this case a standard spray model with default parameters provided by software manual has been
used in order to predict the amount of fuel which evaporate within the air during the cycle. The results
obtained from the pre-cycle simulation feed the 1D-CFD model to improve its predictability and then
accuracy of both initial and boundary conditions for the 3D-CFD combustion model.

A second iterative process (represented by box “2” in Figure 1), is carried out between 1D and 3D-
CFD combustion simulations. In this case, 3D-CFD simulations (called pre-mixed) are mainly focused
on the combustion process. In this approach, shown in Figure 3, a homogeneous air- fuel mixture
characterized by a fixed equivalence ratio (®) is introduced in the intake domain (spray injection is not
simulated). This assumption is based on the hypothesis that fuel has enough time to evaporate and
thoroughly mix with air before the combustion process takes place.

Being the combustion the main interest in this kind of simulation, the cylinder volume is always
active, while intake and exhaust domains are deactivated when the respectively valves are closed,
ensuring a good trade-off between result accuracy and computational cost.

Premixed Approach: Engine Combustion 4-Stroke Cycle (720 CAD)

[ 0[CAD] 129 [CAD] 345 [CAD] 376 [CAD] 596 [CAD] 822 [CAD] >
TDCoying EVO VO EVC IVC EVO
— ~—

D Y 7\ Y s . Y s\

Figure 3: Premixed simulation approach

Four operative points (9500, 7000, 5000, 4000 rpm at full-throttle) are selected and then simulated
in 3D-CFD environment, in order to calibrate some combustion model parameters (listed in section 4.2),
which results are compared with 1D simulations, reducing the uncertainties related to experimental
measurement.
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The same workflow has been repeated for E85 for 9500 rpm — WOT operative point: passing from
gasoline to E85, the equivalence ratio has been reduced from 1.186 to 0.930, based on an optimization
process carried out on the GT-Power model, keeping the IMEP constant at 9500 rpm — WOT. Finally,
a sensitivity analysis to the Spark Advance (SA) and ® has been carried out at the same operating point.

For sake of brevity, the present paper is focused on CFD 1D and CFD 3D combustion simulations
(pre-mixed) of E5 and E85; the CFD 3D pre-cycle simulations and the corresponding results are not
reported, since they are discussed in a parallel paper.

3. 1D-CFD Engine model
Figure 4 depicts the GT-Power model of the investigated engine.

®
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Figure 4: GT-Power model of the investigated engine.

Airbox

Throttle body

Port fuel injector

Cylinder (2 intake valves + 2 exhaust valves)
Pre-Catalyst brick

Main-Catalyst brick

Silencer

Nk =

As described above, the test conditions at the dynamometer test-bench are replicated by means of the
GT-Power model, in order to obtain a predictive 1D model of the engine. Burn-rate profiles with the
experimental SA are implemented for all the considered engine operating points to ensure consistency
in terms of combustion characteristics. Particular attention has been devoted to the calibration of the
volumetric efficiency, which is fundamental to guarantee the correct amount of air and fuel trapped in
the cylinder at each cycle. The main issues and variables calibrated in the GT-Power model validation
process are:

e Accurate reproduction of strongly three-dimensional geometries (such as the airbox, intake
and exhaust manifolds, and muffler)
¢ Distributed and concentrated losses along the intake, focusing on the taper
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e Concentrated losses (filter, bell-mouth, discharge coefficients of throttle valve and
intake/exhaust valves)

e dB-Kkiller orifice diameter in order to match the experimental exhaust back-pressure

e Thermal exchange multiplier inside Woschni 0D Heat Transfer into cylinder object

¢ Intake and exhaust valve clearances.

Once a good agreement is achieved in terms of VE (Volumetric Efficiency), the gIMEP (gross
Indicated Mean Effective Pressure) and the IMEP (Indicated Mean Effective Pressure) which are
proportional to VE, have been calibrated by working on the heat-transfer multiplier, obtaining also a
good match in terms of In-Cylinder Peak Pressure.

The friction losses, (Friction Mean Effective Pressure, FMEP), are calibrated using the empirical
Chen-Flynn model, in order to obtain the experimental Brake Mean Effective Pressure (BMEP) and,
consequently, all the "brake" quantities, such as Brake Specific Fuel Consumption (BSFC), Brake
Torque and Brake Power, as shown in Figure 5.

z
[¥o)

rExp-Torque- Num-Torque T Exp-Power<> Num-Power

'g —_
2. 22
Etﬁ ¥

4000 4500 5000 5500 6000 6500 7000 7500 8000 8500 9000 9500
Engine Speed [RPM]

Figure 5: Comparison between experimental and numerical brake torque and power.

Other important results are reported in Figure 6. From top-left to bottom-right, VE, gIMEP, IMEP,
peak in-cylinder pressure, BSFC and BMEP are shown. It is worth saying that all the considered
parameters are normalized over the corresponding maximum value.

An error band has been introduced in the graphs to highlight the numerical deviation from the
experimental results, over the whole speed range. The error band in dashed red lines is useful to
understand how reliable could be a well calibrated numerical model compared to the experimental data,
almost always affected by inevitable measurement uncertainties.

A satisfactory agreement is achieved by allowing for an acceptable margin of error between
numerical simulation and experimental data for all the compared parameters. The maximum deviation
(£5%) is obtained for VE and BSFC, followed by gIMEP and IMEP (£3%). The smaller error band,
about £2%, is calculated for In-Cylinder Peak Pressure and BMEP.

The varying error percentages indicate the tendency of certain variables of interest to be accurately
captured by the one-dimensional code, while others, such as volumetric efficiency (VE), present greater
challenges for extrapolation. In particular, it can be noted that there is a slight overestimation of the
predicted trapped air mass at 4000 rpm — WOT. This discrepancy can be attributed to the use of linear
trends in calibration factors over the engine speed range that makes it difficult for the 1D code to
accurately capture intake pressure losses at very low engine speeds. However, the above-mentioned
approach can be considered reliable, since it allows to correctly capture all the thermo-fluid dynamic
phenomena of the engine.
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Figure 6: Main normalized calibration results of the reference engine 1D-numerical model. First row:
Volumetric Efficiency (left) and gIMEP (right). Second row: IMEP (left) and In-Cylinder Peak
pressure (right). Third row: BSFC (left) and BMEP (right).

Figure 7 reports the comparison between experimental and numerical in-cylinder pressure traces at
four operating points:

4000 rpm (low end engine speed) — WOT
5000 rpm (medium-low engine speed) — WOT
7000 rpm (medium-high engine speed) - WOT

9500 rpm (maximum power engine speed) - WOT

As it can be seen, the GT-Power model is able to correctly predict in-cylinder pressure across the
entire speed range of the engine.
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Figure 7: Cylinder pressure traces at various operating conditions for the reference engine: top-left
9500 rpm, top-right 7000 rpm, bottom-left 5000 rpm, bottom-right 4000 rpm

4. Gasoline (E5) 3D — CFD model

4.1. Computational Grid of the 3D CFD model of the engine

As previously said, the premixed combustion simulation approach has been employed in this study. In
these simulations, only the combustion chamber is always active, since the focus of this type of
simulation is the combustion process.

Based on the above-mentioned approach, four meshes have been created by means of AVL FIRE M,
which features fully autonomous meshing. In detail, the following meshes have been built:

o Cylinder only moving mesh

e Exhaust port + cylinder moving mesh

¢ Intake and exhaust port + cylinder moving mesh
e Intake port + cylinder moving mesh.

Fixed refinements have been applied around the spark plug and the intake and exhaust valves stem
and seats (see Figure 8), as well as for the injection cone, inlet and outlet boundaries. The number of
cells varies between 500,000 and 2.5 million depending on the crank angle degree and on the activated
volumes.
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Figure 8: valve area mesh refinements section.

4.2. Gasoline (ES) Premix Combustion Simulation Setup
As already stated in the introduction section, this paper is focused on the results of the 3D combustion
simulations (pre-mixed) of the engine running on different gasoline/ethanol blends E5 and E85.

After the first calibration loop between 1D and 3D-CFD pre-cycle simulations, reported in a parallel
paper, boundary and initial conditions have been extracted by the GT-Power model and provided to the
3D-CFD premix model. Time varying total pressure and static temperature are imposed at the inlet
boundary, while time varying static pressure is set at the outlet boundaries. Constant temperature
boundaries have been applied to the walls of the fluid domain.

Table 2 lists the main models used in the 3D-CFD simulations described in this section.

Table 2: CFD-3D simulation main models

Simulation type RANS
Turbulence model k-zeta-f
Wall heat transfer model Standard
Near wall treatment Hybrid
Combustion model ECFM-3Z
Ignition model Spherical
Laminar Flame Speed Metghalchi & Keck

Four operating points have been considered: 4000, 5000, 7000 and 9500 rpm — WOT. A first
simulation is carried out from 270 to 839 CAD for each operating point to obtain pressure, temperature,
velocity and mixture distribution before the start of combustion.

In order to reach the closest possible agreement between 1D and 3D results, reinitializations have
been applied a few degrees after IVC. This is done setting coefficients that multiply pressure and/or
temperature values of every cell in the region of interest in order to better comply with experimental
results.

Charge composition can be reinitialized too specifying mass fraction values of each component or
letting the software calculate them specifying equivalence ratio and EGR values. Once reinitialization
is performed the mean value of the scalar involved is changed while the velocity and pressure fields are

10
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conserved. It must be noted that reinitializations should be used to improve simulation accuracy only
when multiplier factors are very close to 1, that is when calculated values are very closed to the target.
Moreover, restart file has been saved a few crank angle degrees before SA with the aim to perform the
combustion calibration.

4.3. Gasoline (ES) Premix Combustion Simulation Results

Figure 9 shows the comparison between 1D and 3D-CFD results in terms of in-cylinder pressure and
Apparent Heat Release Rate (AHRR) for the operating point under investigation. Total trapped mass
differences after reinitialization are lower than 1 %.

A good agreement has been obtained between 1D and 3D-CFD simulations, especially for the in-
cylinder pressure traces, resulting in differences in terms of gIMEP* values within 5 % for each
operating point simulated.

4000 RPM 5000 RPM
1.5 11.5 1.5 1.5
—3D Pressure — 3D AHRR = 3D Pressure /3D AHRR
= = 1D Pressure = = 1D AHRR = = 1D Pressure = = 1D AHRR

—_

0.5

Normalized AHRR [-]

Normalized In-Cylinder pressure [-]

7000 RPM 9500 RPM
1.5 11.5 1.5 1.5
— 3D Pressure — 3D AHRR — 3D Pressure 3D AHRR
= = 1D Pressure = = 1D AHRR = = 1D Pressure = = 1D AHRR

Normalized AHRR [-]

Normalized In-Cylinder pressure [-]

40 20 0 20 40 60 40 20 0 20 40 60
[CAD aFTDC] [CAD aFTDC]

Figure 9: In-cylinder pressure and Apparent Heat Release Rate of 4000 (top-left), 5000 (top-right),
7000 (bottom-left) and 9500 (bottom-right) rpm cases.
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A single set of values of the main combustion model (ECFM-3Z) parameters has been used for all
the operating points investigated:

o Stretch factor: 0.69 [-]
o Initial Flame Surface Density: 1250 [1/m]
¢ Mixing model parameter: 1 [-]

Since premixed combustion simulations have been performed, the default value of the mixing model
parameter, which influences air and unburnt fuel mixing velocity behind the flame front, i.e., diffusive
combustion velocity, has been adopted.

SA values set in the 3D-CFD models are slightly different from the experimental values, as can be
seen in Table 3. These differences can be attributed both to approximations of the numerical model and
the uncertainties of the experimental SA.

The main performance parameters at 9500 rpm — WOT are summarized in Table 4.

Table 3: experimental and 3D model spark advance comparison

Operating point Experimental spark advance FIRE-M spark advance
RPM CAD aFTDC CAD aFTDC
4000 -19.5 -19.5
5000 -15 -18.4
7000 -16 -20
9500 -25 -25

Table 4: 9500 case main performance parameters

Parameter Value Unit
gIMEP* 10.08 bar
Combustion efficiency 0.766 -
MFB50 10.25° CAD aFTDC
Combustion duration (MFB10-90) 34° CAD aFTDC
Equivalence ratio 1.186 -
Maximum in-cylinder pressure 62.44 bar
EGR 4 %

gIMEP* is evaluated from 651 to 800 CAD, while combustion efficiency is calculated with the
following Equation 1:

Combustion efficiency = ﬁ (1)
ftot*
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where Qc is the heat released from combustion, my 4, 1s the in-cylinder total fuel mass trapped and LHV
is the lower heating value of the fuel.

Results indicate that the premixed combustion simulation provides accurate representation of the
combustion process, since they are well calibrated with the 1D engine model which is a good
representation of the experimental results.

Being 9500 rpm — WOT the operating point corresponding to maximum power, it has been chosen
for combustion process investigations using E85 instead of gasoline (E5).

5. 3D — E85 Simulation setup

First of all, the gasoline surrogate has been substituted with E85 in the GT-Power model. The new
boundary and initial conditions from the 1D-CFD model have been then provided to the AVL FIRE M
model. The amount of fuel injected has been investigated through a GT-Power optimization, which
returned an equivalence ratio equals to 0.93, instead of gasoline one which was 1.186. The objective of
this optimization was to achieve Mean Effective Pressure (IMEP) as similar as possible to gasoline case,
under the same 9500 rpm — WOT operative condition. Remember that due to different values of
stoichiometric constants of E85 and E5, fuel mass of E85 increases for same equivalence ratios. The
purpose of this article is to emphasize the modification of injection mass flow rate and ignition timing,
in order to enable efficient fuel conversion without compromising performance and driving experience.

Moreover, it should consider that E85 is characterized by a significantly higher heat of evaporation
compared to gasoline. Liquid fuels are exploited to reduce air temperature, thus, increase air density and
volumetric efficiency. However, this is true when intake valves are opened. After IVC, evaporation of
liquid fuel inside the cylinder only reduces air temperature without increasing the trapped mass.
Furthermore, in a PFI engine, a part of the fuel evaporates after the contact with the intake walls,
removing heat from walls rather than from air.

In order to take account of all these effects, two pre-cycle simulations, one for E5 and the second one
for E85, at 9500 rpm — WOT have been performed to determine, for each blend, the mass fraction of
fuel that evaporates, removing heat from air. For the sake of brevity, details of these simulations results
are not discussed in this paper, while the calculated mass fractions (named Yegs and Yes) are used in
Equation 2, to approximate the air temperature decrease due to higher latent heat of evaporation of E85
compared to E5:

Mgir Cpair AT = (Mggs hpgsYrgs — Mgs hgs Ygs) 2)

where mair, Megs, Mes are the in-cylinder trapped mass of air, E85 and E5, respectively; cpir is the
constant pression specific heat; AT is the decrease of air temperature moving from E5 to E85; hess and
hes are the latent heat of evaporation of E85 and E5, respectively, Yess and Yes are the E85 and E5 mass
fractions of total injected fuel which participate to air temperature decrease.
Constant pressure specific heat of air and the latent heat of evaporation of E5 and E85 are assumed

constant with temperature and evaluated at 300 K:

o Ceair=1.041 kJ/(kg*K)

e  hggs=837.68 kJ/kg

° hgs = 341 k\]/kg

Rearranging equation 2, the following formula can be obtained:
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Pgs*hgs 1

(A) Yes| * (3)

Cp,air

_ | PEss*hEss
AT = —(é) Yegs —
FJsE85

F

being (é) and (é) the stoichiometric air-to-fuel ratio assumed of E85 (9.799) and E5
F/s,E85 F/sEs
(14.680), respectively.

5.1. 3D — E8S Premixed Combustion Simulation Results
In order to exploit the potential of E85 and its influence on combustion process, several premix
simulations have been performed and results have been compared with ones obtained with E5. In
particular, a sensitivity analysis is conducted by means of equivalence ratio and SA sweeps:

o @:1.186,1.1,1,0.95,0.9,0.8

e SA:-50,-45,-40,-35,-30,-27,—25,-20,-15 CAD

The results obtained from the sensitivity analysis have been compared with the reference case,
namely, E5, ® =1.186 and SA = - 25 CAD aTDC.

It is important to note that E85 is investigated considering also lean mixture while the reference
engine runs, in the investigated operating point, with a rich mixture. This is due to the fact that it is
possible to supposed that the original engine runs on E5 with ®>1 mainly to limit the knock risk; while,
using E85, the risk of knocking is significantly reduced thanks to the higher Octane Number of the fuel
and to the higher cooling effect of the fuel vaporization on the fresh charge, allowing to use slightly lean
mixtures without the risk of knocking.

Figure 10 and Figure 11 show gIMEP* and combustion efficiency as a function of SA, for different
values of ®@. As it can be seen, gIMEP* increases as SA is increased up to — 30/35 CAD aFTDC,
depending on the @ value. If SA is further increased, gIMEP* tends to decrease. The cases with ® = 0.8
are characterized by a different trend. In detail, gIMEP* is always increasing as the SA is increased. It
is also interesting to notice that gIMEP* increases as @ is reduced from 1.186 to 1, regardless of SA. If
@ is further reduced (® = 0.8) gIMEP* drops, probably due to the significant reduction of the laminar
flame speed of the air-fuel mixture. It can be also noticed that the gIMEP* of the reference case is higher
than all E85 cases.

Combustion efficiency can be slightly increased if the SA is increased up to — 25 CAD aFTDC (- 30
CAD aFTDC if ® = 0.8) for all the simulated values of ®. Then, combustion efficiency remains almost
constant if SA is further increased. As expected, combustion efficiency is strongly influenced by ®:
combustion efficiency decreases if @ is increased, regardless of SA. In particular, when ®>1 combustion
efficiency cannot be greater than 1/® because of the lack of combustion air to complete the combustion
process. It is interesting to noted that E85 cases with ®=1.1 is characterized by a slightly lower
combustion efficiency than the gasoline reference case ® = 1.186, regardless of SA. It can be also noted
that the E85 case with @ = 0.8 is the only one able to reach an almost complete combustion if SA>30
CAD but, for lower SA values, combustion process gets worse and combustion efficiency drops.
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Figure 10: gIMEP* vs Spark Advance at each equivalence ratio.
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Figure 11: combustion efficiency vs Spark Advance at each equivalence ratio.

Based on the above-mentioned results, when the engine is fuelled with E85, performance can be
maximized setting @ in the range between 0.9 and 0.95, and SA between — 35° and — 30°.

Looking at Figurel2, it is possible to note that E85 cases with SA = — 25 CAD aFTDC and @ in the
range between 1.1 and 0.95 show similar peak in-cylinder pressure of the gasoline reference case (62.44
bar).

When @ is equal to 0.9 and 1.186, and SA = — 25 CAD aFTDC, peak in-cylinder pressure is slightly
lower than in the gasoline reference case, while when ® = 0.8, and SA = — 25 CAD aFTDC, peak in-
cylinder pressure strongly decreases with respect to the reference E5 case. Furthermore, regardless of
®, peak in-cylinder pressure increases as SA is increased from — 15 to — 50 CAD aFTDC.

A similar trend can be observed for Peak Pressure Rise Rate (PPRR), as it can be seen in Figure 13.
It is interesting to note that all E85 cases, except for those ones with SA higher than — 40 CAD aTDC
and @ in the range between 0.9 and 1.186, PPRR is lower than 5 bar/CAD, which correspond to
acceptable levels of vibration and noise for series engines.
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Figure 13: Peak Pressure Rise Rate comparison.

Peak in-cylinder pressure and PPRR behavior can be explained by looking at MFB50 and turbulent
combustion duration (MFB10-90), which are depicted in Figures 14 and 15.

E85 cases with @ in the range from 0.9 to 1.186, and SA = — 25 CAD aTDC, show similar MFB50
and slightly lower MFB10-90 with respect to the reference gasoline case.

Only the case with @ = 0.8 is characterized by strongly different (higher) MFB50 and MFB10-90
compared to the reference case. Moreover, regardless of @, combustion duration and the center of mass
of combustion decrease as SA is increased.
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Figure 14: Crank angle at 50 % of fuel burned vs spark advance at each equivalence ratio.
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Figure 15: Turbulent combustion duration (MFB10-90) vs spark advance at each equivalence ratio.

Table 5 compares the results of the best E85 cases (named from | to V) to the reference case (E5).
The best E85 cases are characterized by slightly lower gIMEP* than E5 case (reductions from 2.2 t0 2.9
%) but generally higher combustion efficiency (increases from 16% to 22.2%). However, regarding the
combustion efficiency, it is important to remember that, in the case of a rich mixture (such as for E5),
there is an excess of fuel compared to the amount of oxygen available for complete combustion and then
combustion efficiency is usually expected lower compared to a stoichiometric or lean mixture (such as
for E85). To consider that, for rich mixture, some of the fuel does not have sufficient oxygen to fully
react, Table 5 reports, for the case of rich mixture of E5, also the value of the combustion efficiency
multiplied by ©.

The combustion efficiency multiplied by @ for the case of rich mixtures represents the amount of
fuel burnt divided not by the total amount of fuel trapped in the cylinder (as in the combustion efficiency)
but only to the amount of fuel that can be burned with the trapped combustion air. Table 5 shows that
considering that new parameter for the E5 mixture, moving from E5 to E85, combustion efficiency still
increase for case | and Il and remains almost constant for case Il1 and IV. Finally, Tables 5 shows also
that the use of E85 generally increase in-cylinder pressure from about 7 bar (case ) to about 21 bar (case
V).
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Table 5: gIMEP*, combustion efficiency, max pressure comparison

Case PHI Spark gIMEP* Combustion Combustion Max Pressure
Advance efficiency efficiency*PHI
[-] [CAD [bar] [-] [-] [bar]
aFTDC]
E5 1.186 -25 10.08 0.766 0.908 62.44
I 0.9 -30 9.787 0.984 0.984 69.86
(-2.9%) (+22.2%) (+7.7%) (+10.6 %)
I 0.9 -35 9.859 0.983 0.983 78.69
(-2.2%) (+22.1%) (+7.6%) (+20.7 %)
11 0.95 -30 9.788 0.912 0.912 73.64
(-2.9%) (+16.0%) (+0.4%) (+15.2 %)
v 0.95 -35 9.791 0.912 0.912 83.17
(-2.9%) (+16.0%) (+0.4%) (+24.9 %)

5.2. Specific emissions
This section provides a comparative estimation of the specific emissions, given by ECFM-3Z
combustion model, of the four best cases shown above respect to gasoline case.
As can be seen in Figure 16, fueling with E85 can significantly decrease HC and CO emissions,
while NO emissions increase slightly.
These results can be explained by the air/fuel ratio which value strongly influences combustion
process and emissions:
e Values of @ lower that 1 ensure an excess of air in respect to what is strictly necessary to
completely burn the trapped fuel, which promote the oxidation process.
e  Values of ® greater than 1 lead necessary to the formation of unburned gases.
NO emissions increment is due to higher temperature reached during combustion. This is coherent
with higher in cylinder pressure found in simulation results.
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Figure 16: specific emissions of the four best cases compared to gasoline case.

Conclusions
The substitution of gasoline with E85 in a commercial, single cylinder, 4-Stroke internal combustion
engine has been numerically investigated. Starting from an experimentally validated 1D-CFD model, a
set of 3D-CFD premixed combustion simulations at four engine speed at WOT have been carried out
when fueled with ES. After calibrating E5S 3D combustion model, a new 1D-3D correlation with E85
has been done for 9500 rpm at WOT operating point. An air temperature decrease, due to higher latent
heat vaporization of E85 compared to ES, has been evaluated using an equation based on parameters
calculated in previous simulations. A number of 40 cases with E85 fuel have been simulated in 3D
environment sweeping equivalence ratio and spark advance.
Results can be summarized as follow:
e An adjustment of SA and equivalence ratio is needed, compared to gasoline case base, to
improve performance when fueling the engine with E85
e Forsame SA, reducing equivalence ratio increases combustion efficiency for @ values up to
0.9
e Combustion efficiency can be increased up to 22% compared to gasoline case
e Higher laminar flame speed of E85, compared to gasoline, causes higher in-cylinder peak
pressure and lower turbulent combustion duration
e PPRR values increase but remain under acceptance values with E85
e IMEDP (thus performance) is slightly reduced when running with E85
e CO and HC emissions could be reduced with a small NO production increase.

It can be concluded that E85 can efficiently replace ES5, strongly reducing the CO; footprint of the
engine, when ethanol is derived from a biomass. The conversion of the engine requires an adjustment
of fuel flow rate and spark advance while E85 characteristic can be successfully exploited to strongly
limit the performance loss due to its lower LHV.
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