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Abstract. Despite the notable properties of acetone due to its volatility and oxygen content as a fuel additive,
very few studies have been limited to small size special purpose engines. A comparative testing and 3D in-
cylinder combustion CFD studies are presented for acetone-gasoline blend in an i-DSI commercial car engine as
the first time. The blends contain mass ratio of acetone by 0-2-5-10-20% (G100-A2-A5-A10-A20). In testing,
torque reduced 0.33% (A2), 0.66% (AS), 0.84% (A10), and 1.45% (A20) compared to gasoline. The BSFC
decreased by 0.27% (A2), 0.55% (AS), 0.79% (A10), and increased 0.26% (A20). Volumetric efficiency
decreased by 3.2-6.4-5.1-11.5% for A2-A5-A10-A20. The CO emission for blends is less than gasoline by 1.5%
(A2), 4.0% (AS), 15.2% (A10), and 33.6% (A20). The CO, decreased 0.8% (A2), and increased 1.3% (AS),
4.6% (A10), and 11.4% (A20). The HC reduced by 7.0% (A2), 10.1% (AS), 23.8% (A10), and 34.4% (A20). The
NO, formation increased by 3.6% (A2), 4.4% (AS), 27.6% (A10), and 87.8% (A20). Acetone addition decreased
torque and slightly increased BSFC. CO and HC decreased while CO, and NO, increased with increasing
acetone ratio. Acetone indeed improves the combustion while its final effect on engine performance is not found

to be favorable.
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1. Introduction

The usage of alternative fuels for internal combustion
engine have been the focus of never-ending research due to
not only never-ending pressure on improved engine effi-
ciency, performance, and emission but also reducing fossil
fuel dependency, and fuel cost. The studies on any
promising potential hydrocarbons that can be used as main
or additive fuel continue without losing their intensity.
Recently, volatile and oxygenated acetone as a fuel
additive in SI engines has been tested as a remarkable
hydrocarbon [1-5]. Currently, acetone is mainly produced
from petroleum-based propylene during the commune
process involving the reaction of propylene and benzene.
Due to its high solvency and high evaporation rate, acetone
is widely used as an organic solvent in many domestic,
laboratorial, medical, cosmetic, chemical, and industrial
applications such as cleaning, painting, varnishing, chemi-
cal intermediate; therefore, it has a high production volume
about 7 million tons/year [6]. Acetone is also widely used
as a solvent for synthetic fibers and plastic materials.
Acetone is also produced from organic based ABE
(Acetone-Butanol-Ethanol) fermentation which is a
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bacterial fermentation product of various carbohydrates of
organic substrates like glucose, starch, cassava, lignocel-
luloses, and algae [7, 8]. It is not cost-effective to obtain
individual components from ABE fermentation, thus, ABE
has been directly used as additive in both SI and CI engines
[9]. Veza et al [9] evaluated ABE studies in a compre-
hensive review paper in which it was reported that the use
ABE additive in SI engines resulted in higher BSFC and
lower CO and HC. For CI engines operated with ABE
added diesel, engine power, PM, and soot decreased while
thermal efficiency increased [9].

The focus of this study is the usage of acetone as an
additive to gasoline. The acetone addition into gasoline
has only been the subject of a few studies [1-5] in the
last five years even though acetone has potential prop-
erties in terms of oxygen content, volatility, and higher
octane number. Since, acetone has been considered as an
alternative additive to the gasoline in this study, the lit-
erature survey has been conducted by keeping the focus
on acetone-gasoline blend. The literature survey shows
that there have been very few studies about usage of
acetone-gasoline blend. Four groups of researchers have
published engine test results for acetone-gasoline blends
[1-5]. For all these studies; test engine specifications, test
conditions and acetone-gasoline ratios are summarized in
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Table 1. Literature summary about acetone-gasoline blend: test engine specifications and test conditions.

1st group study
Elfasakhany [3]

2nd group study
Li et al [4, 5]

3rd group study
Alahmer [1]

4th group study

Engine specifications Dogu [2] Present study

Engine model GUNT, CT 150 ROBIN, EX 13D Honda L13A4 i-DSI  Honda L13A4 i-DSI
Engine type SI, 4 stroke SI, 4 stroke SI, 4 stroke SI, 4 stroke SI, 4 stroke
Number of cylinders 1 1 1 4 4
Displacement, cc 147.7 575 126 1339:4 = 334.75 1339:4 = 334.75
Bore/stroke, mm 65.1/44.4 90.3/90.1 48/58 73/80 73/80
Compression ratio 7:1 9.6:1 8.5:1 10.8:1 10.8:1
Power, kW 1.5 239 3.2 63 63
Cooling type Air cooled Water cooled Air cooled Water cooled Water cooled
Test speed, rpm 2600-3450 1200 1000-3600 2800 2800
Throttle, % 100 100 100 100 100
Equivalence ratio 0.83-1.25
Injection type Carburetor PFI (port fuel injection) PFI (port fuel injection) PFI (port fuel injection)
Fuels G100 G100 G100 G100 G100

A3 A10 A5 A25 A2

A7 A20 A10 A50 A5

A10 A19.5W0.5 A10

A19W1 A20

table 1. Table 1 also contains the information for the
present study. It should be noticed that these testing
studies for acetone-gasoline blends have been performed
within the last five years. The acetone’s ratios in these
studies range among 3-50% which are designated as A3—
AS50. In a comparative manner, the acetone test studies
are explained below by giving the details of the test
engine, test conditions, and results.

Elfasakhany [3] reported the first test results about usage
of acetone-gasoline blend for a teaching engine model of
GUNT CT150 which is a single-cylinder four-stroke air-
cooled SI engine with external carburation. The engine has
a compression ratio of 7:1 and displacement volume of
147.7 cc with 2 valves per cylinder. The volume percentage
of acetone in acetone—gasoline blend was 3-7-10% notated
as A3-A7-A10. The engine was tested for a single equiv-
alence ratio (air/fuel ratio) and ignition timing at speed
range of 2600-3400 rpm for wide-open throttle (WOT). It
was stated that increased acetone content increased engine
performance and decreased emissions. The highest engine
performance was obtained for 10% acetone mixture (A10)
where exhaust gases temperature, in-cylinder pressure,
brake power, torque, and volumetric efficiency increased by
about 5%, 10.5%, 5.2%, 2.1%, and 3.2%, respectively,
compared to gasoline. The exhaust emissions decreased on
average for all acetone percentages by 43% for CO, 32%
for CO, and 33% for HC with acetone addition.

Second group of test studies was performed by Li et al
[4, 5] for a single cylinder engine with identical cylinder
geometry to the V8 engine used in a 2000 Ford Mustang
Cobra. The engine is a single-cylinder four-stroke water-
cooled SI engine with port-fuel injection (PFI). The
engine has a compression ratio of 9.6:1 and displacement

volume of 575 cc with 4 valves per cylinder. Tests were
conducted for volumetric fuel blends of A10 (10% ace-
tone and 90% gasoline), A20 (20% acetone and 80%
gasoline), A19.5W0.5 (19.5% acetone, 0.5% water, and
80% gasoline) and A19W1 (19% acetone, 1% water, and
80% gasoline). The engine was tested for various
equivalence ratios (air/fuel ratio) (0.83-1.25) providing 3
bar and 5 bar brake mean effective pressure (BMEP) at
1200 rpm for wide-open throttle (WOT). Ignition timing
for gasoline at maximum brake torque was determined
for 3 bar and 5 bar BMEP and then used for other fuel
blend tests. It was reported that the A19W1 mixture gave
higher effective efficiency and lower CO and NO, than
others. Acetone at 10% and 20% (A10 and A20) added
to gasoline also improved performance and emissions.
Tests show that A10 and A20 enhance the engine torque
by 0.8-7.4%, and 3.3-9.3%, respectively, compared to
gasoline under different equivalence ratios.

Third group of tests were reported by Alahmer [1]
who tested a general-purpose small engine model named
Robin EX13D which is a single-cylinder four-stroke air-
cooled SI engine with a float type carburetor. The engine
has a compression ratio of 8.5:1 and displacement vol-
ume of 126 cc with 2 valves per cylinder. Two acetone
volumetric ratios of 5% (AS5) and 10% (A10) were tested
at speed range of 1000-3600 rpm for wide-open throttle
(WOT). It was reported that the A10 had 4.39% higher
engine brake power, 6.9% higher thermal -efficiency,
7.2% higher volumetric efficiency and 5.2% BSFC than
gasoline. Acetone usage reduced emissions 26.3% for
CO, 30.3% for UHC, 6.6% for NO, and 4.4% for CO,.
On average, the engine torque and brake power increased
by 2.47% for A5 and 4.39% for A10.
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All these acetone additive tests in literature were con-
ducted for single-cylinder test engines. The acetone-gaso-
line blends were first tested in a passenger car engine by
Dogu et al [2] who are the authors of this paper. These
fourth group tests were performed for a passenger car
engine model of Honda L13A4 i-DSI engine which is used
in a commercial vehicle model of Honda-Jazz. The engine
is an in-line four-cylinder, four-stroke, water-cooled i-DSI
engine with port-fuel injection (PFI). The engine has many
unique features [10, 11] such as dual spark ignition with
variable timing, i-VTEC technology, six-hole nozzle
injector through intake valve. The engine has a high com-
pression ratio of 10.8:1 and total displacement volume of
1339 cc with 2 valves per cylinder. Unlike the other tests,
acetone was added to gasoline at higher ratios of 25%
(A25) and 50% (AS50). These blends at higher acetone
ratios were tested at 2800 rpm, which is the maximum
brake torque (MBT) speed for wide-open throttle (WOT).
The engine was run with gasoline ECU that sets the ignition
advance to 30 CAD before the TDC. At the tested speed of
2800 rpm, there is 5 CAD between sequential spark igni-
tions. Torque values for acetone additions decreased by
3.6% for A25, and 3.9% for A50. This result differs from
previous tests in that acetone addition reduces torque.
Volumetric efficiency compared to gasoline reduced 0.8%
for A25, and 7.6% for AS50. The BSFC remarkably
decreased by 22.2% for A25 and 25.7% for AS50. CO,
remained almost the same with gasoline, while CO
decreases by 11.1% for A25 and 7.6% for A50. HC emis-
sion for A25 and AS50 decreased by 9.7% and 4.6%,
respectively. NO, formation was higher by 13.6% for A25
and 6.0% for AS0.

The engines tested by Alahmer [1] and Elfasakhany [3]
are both air-cooled engines and their displacement volume
is 126.0 cc and 147.7 cc, respectively. In both studies,
acetone additive changed performance and emissions in the
same direction, but it is difficult to say that the rate of
change is close to each other. While the acetone effect is
observed at different levels even for an air-cooled engine
with close displacement volume, interpreting these values
for water-cooled car engines with higher displacement
volume would mean accepting a large margin of error.

A few available numbers of studies on acetone-gasoline
blends cover only test studies for single-cylinder small-size
special purpose engines. Thus, research is in the very early
stages on usage of acetone-gasoline blends. For a com-
mercial car engine, this study widens the earlier test study
of the present paper’s authors [2] by including additional
acetone-gasoline blends of A2, A5, A10, A20 that represent
the mass ratio of acetone in the blend as 2, 5, 10, 20%. At
first, gasoline (G100) is tested as the sole fuel. In this study,
a comparative study is presented for acetone-gasoline blend
usage in an i-DSI passenger car engine as the first time. The
tested engine is a passenger car engine model, Honda
L13A4 i-DSI which has dual sequential spark-plug ignition.
Investigations are carried out at 2800 rpm, which is the
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maximum brake torque (MBT) speed for wide-open throttle
(WOT).

In addition to engine testing, this study also includes
one more investigation method. A 3D in-cylinder com-
bustion CFD model is formed to determine the effects of
acetone-gasoline blends. These two investigation methods
of testing and 3D CFD model are incorporated to
determine the effects of acetone addition into gasoline on
engine performance and emissions. Thus, this study
provides a comprehensive comparison for the effects of
acetone addition into gasoline by considering combustion
process in the 3D in-cylinder combustion CFD model.
The Honda L13A4 i-DSI engine used in this study is a
unique engine especially having sequential dual spark
ignition with variable timing. The methodologies for the
two investigation methods are given below.

2. Methodology

The effects of acetone—gasoline blends on engine perfor-
mance and emissions for a commercial passenger car
engine are determined by using two investigation methods
of:

e Test
¢ 3D in-cylinder combustion CFD model

The tests clearly demonstrate the effect of the blends on a
real commercial car engine. In addition to costly and labor-
intensive experimental studies, numerical studies have
become quite preferable today due to enhanced capability
of engine modeling software. Engine modeling software
also has its own challenges. The 3D model provides the
opportunity to evaluate the combustion behavior of the
blends by observing the in-cylinder combustion. Thus, this
study provides a comprehensive comparison for the effects
of acetone addition into gasoline. Each method is explained
below.

The mass fraction of acetone added to gasoline is set to
0-2-5-10-20% designated as G100-A2-A5-A10-A20. The
acetone has the purity of 99.5%. Properties of acetone and
gasoline are listed in table 2.

Some main properties of acetone and gasoline are com-
pared below.

1. Acetone is highly volatile. Boiling temperature of
acetone at atmospheric pressure is 56°C while it is
99°C for gasoline.

2. Oxygen content of acetone improves combustion.

3. Acetone’s octane number (117) is higher than gasoline
(90) that yields enhanced detonation resistance for
higher compression ratios.

4. The higher C/H ratio acetone (0.50) compared to

gasoline  (0.44)
temperature.

increases the adiabatic flame
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Table 2. Properties of acetone and gasoline.
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Fuel properties Gasoline Acetone
Chemical formula CgH,g C;HsO
C/H ratio 0.44 0.50
H/C ratio 2.27 2.00
Molecular weight, g/mol 114 58
Gas constant, kJ/(kg K) 0.0729 0.1432
Octane number 90 117
Oxygen content in mass, % - 26.7
Stoichiometric A/F ratio 14.7 9.5
Lower heating value, MJ/kg 443 29.6
Latent heat of vaporization, kl/kg 270 552
Boiling temperature, °C 99 56
Freezing point, °C — 57 — 94
Flash point, °C 15.6 - 172
Flame temperature, K 3880 2253
Auto-ignition temperature, °C 228470 560
Liquid density, kg/m® 690 790
Vapor density, kg/m’ 4.6 0.64
Vapor pressure, kPa, at 20°C 1.9 23.99
Heat conduction coefficient, W/(m K), at 25°C 0.16 0.15
Prandtl number, at latm and 25°C 7.4 4
Kinematic viscosity, mm?s, at 25°C 0.4-0.8 0.35
Laminar flame speed, cm/s 33 42.5
Solubility in water, ml/ml H,O <0.1 Full
Specific heat: cp, kl/(kg.K) 2.02 2.16
Specific heat: c,, kJ/(kg.K) 1.64 1.32

5. The LHV for gasoline is 44,300 kJ/kg while it is
29,600 kJ/kg for acetone. Thus, the energy density of
acetone is lower than gasoline. The heat income with
fuel decreases when acetone is mixed into gasoline,
therefore, more fuel is required for the same power
output.

6. Latent heat of vaporization for gasoline and acetone is
270 kJ/kg and 552 kJ/kg, respectively. Thus, the
higher heat extraction during vaporization for acetone
during intake cools the air and yields higher air
density, and thus, increases volumetric efficiency. For
in-cylinder injection, acetone vaporization would
absorb more heat that yields more cooling in the
cylinder.

7. On the other hand, vapor density of gasoline and acetone
is 4.6 kg/m® and 0.64 kg/m>, respectively. Vapor density
of acetone is 7.2 times lower than that of gasoline. In
other words, during vaporization of same mass of fuel,
acetone occupies more volume per unit mass, and, thus,
acetone addition into gasoline would decrease volumet-
ric efficiency.

8. Higher laminar flame speed of acetone (42.5 cm/s)
compared to gasoline (33.0 cm/s) yields rapid flame
propagation which improves combustion and efficiency.

The final effect of acetone additive would be combination
of all these interreacting physical and chemical proprieties.

The fuel blends are tested and analyzed for Honda
L13A4 i-DSI engine at 2800 rpm, which is the maximum
brake torque (MBT) speed, for wide-open throttle (WOT).
Five different fuels are analyzed with two different meth-
ods. The engine performance is mainly evaluated by using
torque, volumetric efficiency, and brake specific fuel con-
sumption (BSFC). The in-cylinder pressure and tempera-
ture obtained from the 3D model are also evaluated.
Emissions are compared by using CO, CO,, HC, NO,
emissions.

3. Engine test

The gasoline fuel having octane number of 95 is obtained
from a local gas station. The purity of acetone is 99.5%.
Before mixing to obtain acetone-gasoline blend, densities
of gasoline and acetone are determined as 700 kg/m> and
804 kg/m’ by volume and weight measurements at lab-
oratory temperature. The blends are formed by adding 2,
5, 10, 20% (A2, AS, A10, A20) acetone by mass to
gasoline. For each gasoline-acetone blend, the determined
mass of gasoline and acetone are put in a fuel container
and mixed by rotating. At the beginning of each test, the
fuel tank is emptied, and the new fuel blend is put into
the fuel tank. When determining the total chemical
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energy of volume/mass of gasoline-acetone blend sent to
cylinder, the densities of each compound need to be
considered.

The schematic of the engine test rig is shown in figure 1.
The computer-controlled engine test rig mainly consists of
four components in addition to many control, measurement,
and auxiliary systems:

¢ Engine (Honda L13A4 i-DSI)
e Dynamometer (eddy-current magnetic field)
¢ Control-measurement-data collection system
¢ Emission measurement system

The details of the experimental setup were explained in
previous studies of the authors [2]. For completeness of this
study, each component of the test system and testing
methodology has been explained below.

3.1 Engine (Honda L13A4 i-DSI)

The tested engine is a passenger car engine model of
Honda L13A4 i-DSI engine which is used in a com-
mercial vehicle model of Honda-Jazz. The main specifi-
cations of the engine are summarized in table 3. Among
its many unique features, the most outstanding feature of
the engine is its dual spark plug providing intelligent
dual-sequential ignition. The engine is an in-line four-
cylinder, four-stroke, water-cooled i-DSI engine with
port-fuel injection (PFI). The engine has a high

'u'l.'
11
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Table 3. Main specifications of engine.

Engine model HONDA L13A4 i-DSI

Number of cylinders 4
Displacement, cc 1339
Engine weight, kg 285
Bore, m 0.073
Stroke, m 0.080
Connecting rod length, m 0.149
Compression ratio 10.8: 1
Max. torque, Nm at 2800 rpm 119
Max. power, kW at 5700 rpm 63

compression ratio of 10.8:1 and total displacement vol-
ume of 1339 cc with 2 valves per cylinder. Engine has a
maximum power of 63 kW at 5700 rpm and maximum
torque of 119 Nm at 2800 rpm. The engine is originally
designed for gasoline fuel. The Honda L13A4 i-DSI
engine has unique features of sequential ignition with
variable timing, asymmetrical combustion chamber, and
diagonally positioned dual spark-plug. Thus, the engine
led some important engine technologies of VTEC and
VVT [10, 11]. As presented in a technical review [11],
the engine has four cylinders with an intake valve and an
exhaust valve in each cylinder. Engine’s intake port is
designed for high swirl ratio (1.10-1.36) and tumble ratio
(1.30-1.58); thus, turbulence at the compression time

1 Engine

2 Intake Manifold

3 Exhaust Manifold

4 Dynamometer

SECU

6 Data Acquisition Card
7 Control Unit

8 Battery

9 Throttle Controller
10 Air Flow Meter

11 Air Filter

12 Atmosphere

13 Mass Flow Meter

14 Gasoline

15 Acetone

16 Precision Balance
17 Radiator

18 Emission Measurement Device

— = = = Air Line
— « = Acetoneline
=== Mixing Line

Figure 1. Outline of engine test rig.
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increases and the flame propagation becomes fast. Fuel is
injected via periodic flow rate injector into the intake
port behind the intake valve; thus, fuel-air mixture is fed
into the cylinders. Unlike usual engines, the engine has
two spark plugs per cylinder. The dual spark plugs
located diagonally on each cylinder. One spark plug is
closer to the intake valve while the other is at the
exhaust valve side. This feature enhances flame formation
and propagation into entire cylinder, moreover the feature
makes it easier for the flame to break-up and spread to
all points in the cylinder, and yields increased combus-
tion efficiency and decreased HC emission. The dual
spark plugs ignite at the same time at the idle state and
above 4000 rpm. At other engine speeds, the spark plugs
ignite at different times. The ignition time difference for
spark plugs is determined by the electronic control unit
(ECU) of the engine between 2 and 5 CAD depending on
the engine speed. Another unique feature of the engine is
that the combustion chamber is such asymmetrically
shaped that it produces more turbulence/swirl/tumble
resulting in more homogeneous air-fuel mixture and
better combustion. The engine has higher compression
ratio arising from both reduced angle between the intake
and the exhaust valves, complex shape of the combustion
chamber, and pent-roof head. The combined effect of all
these design features is that the premixed flame passes
around the exhaust valve and propagates into the com-
bustion chamber without forming autoignition [11].

3.2 Dynamometer (eddy-current magnetic field)

The engine is coupled with an eddy-current magnetic field
dynamometer (TUD100) which has maximum measure-
ment capability 100 kW power, 500 Nm torque, 3000 Nm
brake torque generation, 12,000 rpm speed. The
dynamometer can be precisely controlled for the specified
speed and throttle opening.

3.3 Control-measurement-data collection system

The test rig is equipped with necessary instrumentations,
sensors, actuators, and data transmitters. In addition to
measurement instrumentation, there are many temperature
and pressure sensors for safe operation of the test rig. The
control unit keeps the engine speed constant for a pre-
scribed throttle opening by adjusting via the eddy-current
dynamometer load. Once the system stabilizes at steady
conditions, the measurements are recorded. The engine test
is carried out by measuring physical parameters (speed,
brake torque, brake power, fuel consumption, intake airflow
rate, temperatures) in a time interval of 0.5 s.

3.3.1 Emission measurement device: The Bosch
BEAS50 device is used to measure the exhaust gas
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emissions of CO, CO,, HC, and NO,. The excess air
factor (lambda) is calculated based on measured gas
emissions. The emission device uses the non-dispersive
infrared spectroscopy method to measure CO, CO,, and
HC components. The BEA550 device has approximately
a 1-min warm-up. Measurements cannot be taken during
this period. After switching on the emission analyzer
pump, the zero point of the analysis system is
automatically calibrated (duration 30 s) with ambient
air. Following the start of exhaust gas measurement, the
device automatically implements a system check with
ambient air at irregular intervals. To perform the system
check, the device switches a solenoid valve to ambient
air. The system is flushed with zero gas for 30s. An
activated charcoal filter removes the hydrocarbons from
the ambient air drawn in. Measurement error limits are
40.005% by vol for CO, £0.2% by vol for CO,, +12
ppm by vol HC, and £1 ppm by vol NO.,.

4. Testing methodology

For gasoline (G100) and four acetone-gasoline blends of
A2-A5-A10-A20, tests are conducted in Honda L13A4
i-DSI engine at 2800 rpm, which is the maximum brake
torque (MBT) speed, and wide-open throttle (WOT). The
engine was run with gasoline to controlled by the orig-
inal ECU that sets the ignition advance to 30 CAD
before the TDC. At the tested speed of 2800 rpm, there
is 5 CAD between sequential spark ignitions. The engine
is tested with the engine’s present ECU coded for
gasoline usage.

Thus, the effects of acetone-gasoline blends on perfor-
mance and emission are experimentally determined. The
engine tests are carried out by measuring physical param-
eters in a time interval of 0.5 s for 2 min at steady state
engine conditions. The average of the measured values for
stable conditions of 2 min are calculated. At the beginning
of the engine tests, the engine is heated up by running with
gasoline. The test parameters measured in terms of engine
performance are engine speed, torque, fuel flow rate, and
intake airflow rate. By using these measured values; power,
brake mean effective pressure (BMEP), volumetric effi-
ciency, and brake specific fuel consumption (BSFC) are
calculated.

The Sage thermal gas mass flowmeter is used to measure
the intake airflow rate. The mass flow rates of liquid fuels
are measured by using an electronic weighing scale.

For test results, uncertainty analyses were performed by
using the accuracy of the related measurement devices [16].
The parameters directly measured in engine test setup are
engine speed, torque, fuel flowrate (fuel mass and time), and
air flowrate whose accuracy are listed in table 4. The uncer-
tainty numbers for all tested fuels are calculated in the range
of 0.25248-0.25253% for power, 0.24999-0.25000% for
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Table 4. Accuracy of measured parameters in test setup

Parameters Symbol Unit Accuracy
Engine speed n rpm +1.00
Torque T Nm %=0.25
Time t S +0.01
Fuel mass m g +0.10
Air flowrate A% m’/h %+£1.50

®

mean effective pressure, 0.26165-0.26235% for specific fuel
consumption, and 1.32410-1.51772% for volumetric effi-
ciency. The uncertainty numbers for each fuel were also
shown on the related experimental graphs in the Results and
Discussions. The emissions were measured with the emission
system, and it has its own error rate.

5. 3D in-cylinder combustion CFD model analysis

Furthermore, a 3D in-cylinder combustion CFD model is
formed for a single cylinder of the engine to investigate
combustion details in the cylinder and to explain the
combustion characteristics of acetone-gasoline blends
during an engine cycle. The CFD model is formed in
Ansys-Forte software. CFD modeling of in-cylinder
combustion involves many physics such as moving mesh
for relatively moving intake-exhaust valves and piston
with respect to crank angle, adaptive mesh refinement
during solution, time dependency, ignition, combustion,
and emission in addition to turbulence flow and heat
transfer. Forming in-cylinder combustion model, running
analysis, and reading results require knowledge and
experience on both engine physics and software’s defi-
nition interface and capabilities, and need great effort and
time.

The modeling involves many steps such as 3D geometry
drawing, surface definitions, piston-and valve motion,
dynamic meshing with respect to CAD, adaptive meshing,
chemical reaction, combustion model, ignition parameters,
boundary conditions, solver, convergence, output control.

Piston

Figure 2. Model domain at TDC and boundary surfaces.
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The fluid flow volume of in-cylinder CFD model con-
tains all combustion chamber components surrounding the
flow from intake port to exhaust port, which are respec-
tively, intake port, intake valve, cylinder liner, pent roof
cylinder head, asymmetric piston cell, spark-plugs, exhaust
valve, exhaust port. Figure 2 shows the CFD model domain
and boundary surfaces for a single cylinder including all
these components at TDC. The model domain covers a
certain length at intake and exhaust ports. Some main
dimensions of components are taken from the technical
specifications of the engine [10, 11]. All the related
dimensions of the modeled Honda L.13A4 i-DSI engine was
previously determined by scanning with a CMM device,
and a 3-D solid model was formed [12].

Meshing of complex shaped flow domain is the second
critical step after drawing the solid model. The initial mesh
structure is mainly formed at TDC position. In the CFD
modeling, all surfaces surrounding fluid volume are divided
into many shell sub-surfaces and named to define controlled
mesh intensity, mesh movements and boundary conditions.
The seating surfaces of the valves on the cylinder head are
represented as two different surfaces to allow valve
movement with respect to crank angle. The dynamic mesh
structure for each model component is adaptively changed
with moving piston and valves with crank angle.

In meshing at TDC, element size in body sizing option is
set to 1 mm that yields the number of meshes (cells) of
321,068. Aspect ratio is kept between 1 and 2 and skewness
is less than 0.9. The view of mesh formation at TDC is
shown in figure 3. Automatic mesh generation (AMG) with
solution adaptive meshing (SAM) is activated over the
entire engine cycle. Thus, the total number of meshes
dynamically varies as piston and valves move with crank
angle. SAM condenses the meshes in a region having high
gradient in flow properties such as velocity, pressure,
temperature, and others. SAM-temperature adaptation is
especially activated during combustion interval between
700 CAD-800 CAD since the in-cylinder temperature
rapidly increases with ignition and a more sensitive and
accurate mesh structure is desirable to capture temperature
variation in this range. There are many meshing parameters
defined in this phase in the software interfaces. The number

Figure 3. Mesh view at TDC.
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of meshes during the engine cycle has ranged between
188,431 and 473,344 depending on CAD.

Ansys-Forte software has chemical reaction mechanisms,
also called fuel library, with predefined species and reduced
reactions. These reaction mechanisms are formed in Ansys-
Chemkin-Pro subroutine and saved in the Ansys-Forte fuel
library. For example, in one of the libraries for gasoline
oxidation which is used in this study, there are 1271
reduced reactions and 178 species in gas phase. Same fuel
library is also used for acetone-gasoline blends. In addition,
a flame speed model is determined for the selected reaction
mechanism in Ansys-Forte. Table Library is recommended
as the first option used in determining the flame speed in
Ansys-Forte and used in this study. Laminar flame speed
models are available for 44 commonly used fuels in the
Table Library. The turbulence model is selected as RANS
RNG k-epsilon. G-equation combustion model is utilized.

The 3D engine model is run under the same conditions
used in engine tests. A pre-mixed air-fuel mixture at sto-
chiometric AFR for gasoline and acetone-gasoline blends is
defined at the inlet surface of the intake port. In the tested
engine, fuel is injected behind the intake valve through a
periodic flow rate injector. It is known that feeding pre-
mixed air fuel mixture in the 3D model will yield some
behavioral difference compared to PFI in the test.

Boundary conditions at all surfaces surrounding the CFD
model domain shown in figure 2 are defined. As mentioned
above, the temperature values for combustion chamber
surfaces are obtained from the data in common literature
[12-15]. The inlet temperature and pressure and outlet
pressure are read on test setup. The values of boundary
conditions are listed in table 5.

In the 3-D model, while the engine cycle is considered
between 360 and 1080 CAD, the simulation is run in the
range of 320-1080 CAD to get a developed flow conditions
with advance time of intake valve. Spatial motions of
valves and piston are defined at the engine speed of 2800
rpm. Ignition times for dual spark plugs are set to 690-695
CAD. The chemical solver is activated when ignition starts.

Table 5. Values of boundary conditions used in modeling.

Boundary surfaces Pressure (Pa) Temperature (K)

Inlet 95,000 305
Outlet 95,000 -

Piston - 500
Intake port - 323
Exhaust port - 490
Liner - 540
Head - 550
Intake valve - 312
Exhaust valve - 506
Spark plug - 600
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In the time-dependent solution, maximum allowable
simulation time step is set to 1E—5 while actual time step is
adaptively determined during solution.

For initialization to startup solution iterations, it is
assumed that all fluid volume is occupied with stoichio-
metric combustion products at exhaust outlet pressure and
temperature measured during tests.

The selected engine performance and emission parame-
ters are written in a database file at each CAD while all
properties are recorded in a separate database file at each 5
CAD.

As seen, there are many parameters need to be defined to
form an in-cylinder combustion CFD model and it would
not be suitable to mention all defined parameters in the
software interface within the paper content.

The 3D in-cylinder combustion CFD model is formed
with all necessary definitions and run for gasoline and four
acetone-gasoline blends. Gasoline is defined as iso-octane
(CgH;g). Acetone is defined as dimethyl-ketone (C3HgO).
The analysis for each fuel is completed in about four days
at 16 cores of Xeon processor with parallel processing. In
order to show that the analysis results are independent of
the number of meshes, additional analyses for G100 fuel
are performed with about 2.2 and 4.4 times increased
number of meshes during whole engine cycle. Mesh
dependency analyses are run for cold flow since analysis
running time is very long for combustion. The variation of
maximum pressure is calculated as 0.25% and 1.73% for
2.2 and 4.4 times increased mesh numbers, respectively. In
addition, temperature variation is 0.31% and 1.22%. Thus,
the present number of meshes is found to be adequate for
mesh independent solution.

The parameters for engine performance and emissions
are obtained from tests, and the 3D engine model and
comparatively evaluated in the following section.

6. Results and discussions

The engine performance and emissions of the dual spark
ignition Honda L13A4 i-DSI engine are investigated by test
and 3D model for gasoline and four acetone-gasoline
blends. Thus, the investigation includes five fuels (G100,
A2, A5, A10, A20) and done at 2800 rpm and WOT.

Mainly, engine performance is compared in terms of
torque, power, BMEP, BSFC, volumetric efficiency. In the
engine test, brake torque and flowrates of fuel and intake air
are measured for engine performance. Using these values;
brake power, BMEP, BSFC, and volumetric efficiency are
calculated.

Since the 3D model includes in-cylinder combustion;
variation of pressure, temperature, and emissions with CAD
in the cylinder are also obtained. It should be noted that the
engine performance data obtained from in-cylinder com-
bustion CFD model are gross indicated values, thus, the
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ratio of test torque to CFD torque gives the overall effi-
ciency. In addition, by using in-cylinder combustion CFD
model for all investigated fuels, in-cylinder flame propa-
gation with respect to CAD is visualized by plotting tem-
perature contours at radial cylinder section.

Emissions are measured at the exhaust line. The exhaust
emissions are evaluated using emissions of CO, CO,, HC,
NO..

6.1 Performance

For gasoline and four acetone-gasoline blends (G100, A2,
A5, A10, A20), torque, power, BMEP, BSFC, and vol-
umetric efficiency are plotted with uncertainty parameters

135

125

[y
=
0]

[y
o
wn

Torque (Nm)
O
3]

o]
(9]
1

g

75 -~

0 5 10 15 20
Acetone ratio (%)

—@— Test torque
—&— Engine catalog

---0--- 3D model torque

300

SFC (g/kwWh)
5 8

N
N
o

Acetone ratio (%)

—&— Test SFC ---A--- 3D model SFC

Page 9 of 17 14

in figure 4. In general, the engine performance basically
deteriorated with acetone addition.

6.1.1 Torque, power, BMEP, BSFC, volumetric
efficiency: For gasoline, the engine’s maximum brake
torque at 2800 rpm is given as 119.00 Nm in the engine
catalog. In the test, the brake torque is measured as
105.50 Nm which is 11.4% less than the catalog torque.
The test torque is 11.4% less than the catalog torque, that
is mainly attributed to difference in gasoline content,
ambient conditions and engine wear used in the present
test.

The gross indicated torque in the 3D engine model is
calculated as 122.08Nm which is 2.6% higher than the
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catalog torque while it is 15.7% higher than the test
torque. It is expected that the torque obtained from the
3D engine model is higher than the test, because the
measurement and inclusion of all test conditions and
losses (heat losses from engine, friction losses in auxil-
iary components) in the 3D engine model is out of
measuring and modeling scope. The ratio of brake torque
in the test to gross indicated torque in the 3D model
(105.50/122.08 = 0.86) can be evaluated as the overall
efficiency. Volumetric efficiency for gasoline test is
obtained as 0.78.

BSFC for gasoline is obtained as 286.22 g/kWh from the
test and 189.12 g/kWh from the 3D model. BSFC for the
3D model is 33.9% less than the test BSFC because of
higher torque value in the 3D model.

Power and BMEP as engine performance values are also
plotted and have similar trends and variations with torque
since they are calculated by using torque values.

Another considerable observation is that, by considering
all the facts affecting the torque, the closeness of the torque
values obtained from the catalog, the test and the 3D model
is at a level that verifies each other.

When acetone-gasoline blends are considered, engine
performance in terms of torque, power, and BMEP basi-
cally decreases with increasing acetone ratio.

The test torque values are 105.50 Nm for G100, 105.15
Nm for A2, 104.80 Nm for AS, 104.61 Nm for A10, 103.97
Nm for A20. In testing, three parameters (torque, power,
BMEP), which are functions of each other, gradually

Pressure (MPa)

400

In-cylinder volume (cm?)

G100 Sa=E A

G100

Pressure (MPa)

3€ 37 37 38 38 72( 722 724 726 72

In-cylinder volume (cm?)

G100

. ~

Sadhana (2022)47:14

decreased by 0.33% for A2, 0.66% for AS, 0.84% for A10,
and 1.45% for A20 compared to gasoline. Similar and
compatible decrease trend with the test is also seen for the
3D model. The torque values obtained from the 3D model
for acetone blends are averagely 15.7% higher that test
torques.

It should be noted that torque reduction with increasing
acetone ratio was not observed in the previous three group
of tests [1, 3, 5]. Elfasakhany, reported 2.1% maximum
torque increase for A10 [3]. Tests by Li et al, show that
A10 and A20 enhance the engine torque by 0.8-7.4%, and
3.3%-9.3% compared to gasoline under different equiva-
lence ratios, respectively [5]. Alahmer stated that, on
average, the engine torque and brake power increased by
2.47% and 4.39% for AS and A10, respectively [1]. Torque
increment rates for A10 obtained from three engine tests
are reported as 2.1% [3], 0.8-7.4% [5], 4.39% [1] while the
present test shows 0.84% torque reduction.

6.1.2 In-Cylinder properties—indicator  diagram,
pressure, temperature: The indicator diagram and the
variation of in-cylinder pressure and temperature with
respect to CAD, which are obtained from the 3D model, are
plotted for all fuels in figure 5. In-cylinder pressure and
temperature right after TDC are slightly higher for acetone
blends compared to gasoline. The maximum in-cylinder
pressure occurs about at 724 CAD and is 7.60 MPa for
gasoline and about 7.95 MPa for acetone blends. All
acetone blends give almost same maximum in-cylinder
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Figure 5. In-cylinder properties.
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pressure which is 4.6% higher than gasoline. Meanwhile,
the maximum in-cylinder temperature is 2682 K (at 733.0
CAD), 2781 K (at 728.5 CAD), 2773 K (at 728.8 CAD),
2771 K (at 729.0 CAD), and 2770 K (at 729 CAD) for
G100, A2, A5, A10, and A20, respectively. Acetone blends
give an average maximum in-cylinder temperature of
2773.75 K which is 3.4% higher than gasoline. Acetone
blends give an average maximum in-cylinder temperature
of 2773.75 K which is 3.4% higher than gasoline. The
increase of in-cylinder temperature for acetone blends is
attributed to enhanced flame propagation due to acetone’s
volatility and the oxygen content. Acetone’s high rate of
evaporation increases the combustion rate. Oxygen content
of acetone fastens the reaction kinetics and rate.

In-cylinder temperature contours after ignition are
obtained from 3D model and plotted in figure 6 to visualize
in-cylinder flame propagation with CAD at radial and axial
cylinder cross sections. The radial cross section is taken 1
mm below the sparkplug tips. The ignition times are 690
and 695 CAD for dual sparkplugs. Temperature contours
are plotted starting from 705 CAD with 5 CAD increments.
When the first ignition is made, the flame radius is defined
as 1 mm. In general, it is clearly seen in Fig 6 that while the
flame sphere with the first ignition grows, it combines with
the flame sphere formed by the second ignition and the
flame spreads into the whole cylinder. It is also clear that
the second ignition accelerates the flame propagation and
combustion covering the entire cylinder. The temperature
contours also shows that flame propagates slightly faster
than gasoline with increasing acetone ratio. Laminar flame
speed is 33.0 cm/s for G100 while it is 42.5 cm/s for ace-
tone as listed in table 2. It would have been expected that
the rapid flame propagation formed by the acetone additive
would increase the torque by slightly increasing the in-
cylinder pressure and temperature faster.

6.1.3 BSFC: Unlike the torque disagreement, increasing
BSFC trend with increasing acetone ratio is obtained from
3D models in this study and agrees with other studies
[1, 3, 5]. The BSFC obtained from the 3D model increases
with acetone ratio, while the BSFC for the test is likely to
be the same with some slight fluctuations. In engine testing,
BSFC compared to gasoline decreased at very low levels of
0.27% for A2, 0.55% for AS, 0.79% for A10 and this
situation is thought to be caused by the higher H/C ratio of
acetone compared to gasoline while it is increased 0.26%
for A20. In the 3D model, BSFC for gasoline and blends is
calculated on average 31.6% lower than the test. As
mentioned earlier, since the 3D model does not include all
actual test conditions and loses, the lower BSFC for the 3D
model is expected compared to the test. The BSFC obtained
from the 3D model increased 1.43% for A2, 2.42% for A5,
4.31% for A10 and 8.41% for A20 compared to gasoline.
Elfasakhany, reported an increase in BSFC with
increasing acetone content in the blend without giving
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numbers [3]. The BFSC plots given by Li ef al and Alahmer
has some fluctuations as in the presented test results [1, 5].
Li et al, plotted BSFC versus equivalence ratio where
BSFC for A10 and A20 was roughly 0.7% and 3.5% higher
than that of gasoline, respectively [5]. Alahmer, stated that
BSFC for acetone blends of A5 and A10 are higher than
gasoline on average 3.3% and 5.2%, respectively [1]. BSFC
for A10 blend increases 0.7% [5] and 5.2% [1] while the
present test shows 0.79% decrease and present 3D model
has 4.31% increment.

6.1.4 Volumetric efficiency: Volumetric efficiency
obtained from tests decreases with increasing acetone
ratio (figure 4). The sensitivity of acetone against
temperature and vapor density directly affected the
volumetric efficiency. Volumetric efficiency values
obtained in the test have a slight fluctuation at A10 and
are 0.78, 0.76, 0.73, 0.74, and 0.69 for G100, A2, A5, A10,
and A20, respectively. Compared to gasoline test, there is a
decrease in volumetric efficiency by 3.2%, 6.4%, 5.1%, and
11.5% for A2, A5, A10, and A20, respectively.

In Elfasakhany’s tests, volumetric efficiency increased
by 0.9%, 1.6% and 3.2% when using blends of A3, A7, and
A10, respectively, compared to gasoline [3]. Alahmer’s test
results show that volumetric efficiency improved by 4.9%,
and 7.2% for A5 and A10 acetone blends compared to
gasoline [1]. Volumetric efficiency for A10 is reported to
increase by 3.2% [3] and 7.2% [1] while it decreased 5.1%
in the present test.

6.1.5 Evaluation and comparison of engine
performance variations for acetone addition: Main
engine performance variations are given above in terms of
torque, BSFC, in-cylinder pressure and temperature, and
volumetric efficiency. In this study, acetone addition is
basically found to decrease the torque and slightly increase
BSFC, thus, acetone addition worsens the engine
performance. As given in numbers, torque reduction with
increasing acetone ratio has not been observed in the
previous studies [1, 3, 5]. There might be many reasons for
why the torque variation for acetone blends obtained from
the present tests and other engine tests is different. First of
all, the tested engines are quite different. The test engine
specifications and test conditions used in different tests in
the literature are comparatively shown in table 1. The
engines used in other tests are single cylinder, single
sparkplug, air-cooled and small volume engines [1, 3].
These engines are small size engines which may not be
fully optimized as in the present i-DSI commercial
passenger car engine. Li also tested a single cylinder,
single spark plug, and water-cooled engine [5]. Meanwhile,
the tested engine in this study is a four-cylinder, dual spark
ignition, water-cooled commercial car engine.

When evaluating torque variation for acetone blends,
fuel properties of acetone and gasoline should be
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considered as listed in table 2. The related issues affecting
torque values are attributed to fuel flowrate, vapor density,
latent heat of vaporization, volumetric efficiency, LHV and
are discussed below. The fuel mass flowrate measured
during tests and fuel properties entering into cylinder for
gasoline-acetone blends are shown in figure 7 for each fuel.

The volumetric efficiency measured in the tests is
reduced by 11.5% from G100 to A20. When evaluating the
volumetric efficiency; flowrate of each component in the
fuel, vapor density, and latent heat of vaporization need to
be considered. Vapor density of gasoline and acetone is 4.6
kg/m® and 0.64 kg/m’, respectively. Vapor density of ace-
tone is 7.2 times lower than that of gasoline. In other words,
acetone occupies more volume per unit mass. In engine
tests, when the fuel injected behind the intake valve is
vaporized, the occupied volume increases from 0.53 1 for
G100 to 1.18 1 for A20 that corresponds to 122.6% increase
(figure 7). Thus, the increased volume occupation by
vaporized fuel with increasing acetone ratio yields less
amount of air intake and decreased volumetric efficiency.
The 11.5% decrease in the volumetric efficiency from G100
to A20 is not just explained by the 122.6% increase in the
evaporated fuel volume.

Meanwhile, latent heat of vaporization for gasoline and
acetone is 270 kJ/kg and 552 kJ/kg, respectively. As seen
in figure 7, the heat extraction during fuel vaporization
increases from 0.664 kW for G100 to 0.793 kW for A20
that corresponds to 19.4% increment rate. Higher heat
extraction cools the air and yields higher air density, and
thus, increases volumetric efficiency. The combined
effect of these two-contradicting mechanisms for entering
air-fuel mixture (evaporated fuel volume and fuel evap-
oration heat) on volumetric efficiency finally result in
decreased volumetric efficiency with increasing acetone
ratio.
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Another main parameter affecting the torque that should
be considered is the amount of heat entering the cylinder
with the fuel. The LHV for gasoline is 44,300 kJ/kg while it
is 29,600 kJ/kg for acetone. As seen in figure 7, the heat
income with fuel decreases from 109.0 kW for G100 to
100.5 kW for A20 that corresponds to 7.8% drop. The
torque drop for A20 in testing is 1.45%.

It is obvious that testing represents actual behavior
including all interreacting physical and chemical processes
and it is unlikely to distinguish effect of each process on the
final measured value. In the present tests, the combination
of all effective parameters has yielded a decrease in torque
with increasing acetone ratio.

6.2 Emissions:

The exhaust emissions are evaluated for gasoline and
four acetone blends by using test data measured at
exhaust line and variation of emission species with CAD
in the cylinder calculated with the 3D model. The
exhaust emissions are measured and plotted in figure 8
for emission parameters of CO, CO,, HC, NO,. Variation
of emission species with CAD in the cylinder are cal-
culated with the 3D model are plotted in figure 9. for
CO, CO,, HC, EI NO.,.

The emission graphics in figure 8 obtained from the
test also contain the other test data given in the literature
[1, 3-5] for comparison purposes. While making emis-
sion test comparison among these studies, it should be
kept in mind that tested engines have extremely different
features as listed in table 1 and discussed earlier.

First of all, it should be noted that the HC content of
fuel blend changes with acetone ratio. C/H ratio of
gasoline (iso-octane: CgHig) is 8/18 = 0.44 while it is

30

0.85 125

075

0.690115

Heat income (kW)

Total fuel vapor flowrate (lt/s)
Vol. eff. / Heat ext.

0.5

Acetone ratio (%)

—@— Volumetric efficiency (%)
= B = Heat extraction during vaporization (kW)

~—a— Heat income with fuel (kW)

Figure 7. Fuel properties entering into cylinder.



14 Page 14 of 17

1.8
1.6
14
1.2
1.0
0.8
0.6
0.4
0.2

CO (%vol.)
O = N W bHh U1 OO N 0 VO
CO (%vol.)

Acetone rate (%)
——te— CO (%vol.) [3]

—a— CO (%vol.)_BMEP Sbar [5]

@ CO (%vol.)
== CO (%vol.)_BMEP 3bar [5]
—8— CO (%vol.) [1]

400

350

8

&b

HC (%vol.)
N
()

N
200
150
100 ;
0 5 10 15 20

Acetone rate (%)
ey HC (ppmvol.) [3]

ey HC (ppmvol.)_BMEP 5bar [5]

=@ HC (ppmvol.)
@ HC (ppmvol.)_BMEP 3bar [5]
= HC (ppmvol.) [1]

Figure 8.

3/6 = 0.50 for acetone (C3HgO). Thus, increasing acetone
ratio in the blend increases C/H ratio between 0.44 and
0.50. In addition, the air-fuel mixture becomes more
oxygenated due to oxygen content of acetone. Also,
acetone chemical structure consists of two methyls, one
double-bonded C particle and O radical. When this
structure comes together with gasoline, it changes the
reaction kinetics and causes the formation of different
intermediate products and end products. Since the radi-
cals first attack the double bonds, it causes the O ion to
be released and play a different role in the reaction set as
an intermediate product.

In general, the present test graphics show a decrease in
CO, HC and O, and an increase in CO, and NO, with
increasing acetone ratio.
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Emissions.

6.2.1 CO, CO,: The increasing C/H ratio with acetone
ratio in the blend would yield relatively more CO and
CO,; formation. In the engine test, the CO production for
blends is less than the gasoline by 1.5% for A2, 4.0% for
A5, 152% for A10, and 33.6% for A20. The CO,
compared to gasoline is decreased 0.8% for A2 and
increased 1.3% for A5, 4.6% for A10, and 11.4% for
A20. This trend is also observed for in-cylinder
emissions obtained from the 3D model. As seen in
figure 9, CO for the blends is higher right after the
ignition while reduces with CAD. In the model, CO and
CO, for blends has the same order with tests through the
end of cycle. Even the percentage change in emissions is
small, the similar trend is obtained from the test and the
model. The decreasing trend of CO and increasing CO,
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Figure 9. In-cylinder emissions.

with acetone ratio is attributed to improved combustion
due to volatility, oxygen content and higher flame speed
of acetone. The boiling temperature is 99°C for gasoline
and 56°C for acetone. Laminar flame speed is 33.0 cm/s
for gasoline while it is 42.5 cm/s for acetone. The
temperature contours (figure 6) also shows that flame
propagates slightly faster than gasoline with increasing
acetone ratio.

The CO values from present test and Elfasakhany’s

work

are close enough and have decreasing trend with

acetone ratio [3]. The CO given in both of Li’s works
has decreasing trend with acetone ratio and are more
than ten times less than present test and Elfasakhany’s
work [3-5]. On the other hand, Alahmer, reported
increasing CO with acetone ratio while the CO values are
about half of the present test [1].

The CO, emission values for present tests are ranging
from 11.18 to 12.46 %vol. with increasing acetone ratio
while they drop from 9.3 to 6.3 %vol. for Elfasakhany
[3]. Alahmer, reported almost same CO, about 12 %vol.
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[1]. The CO, emission values obtained from three dif-
ferent tests are somehow comparable.

6.2.2 HC: The HC formation is caused by crevices in
cylinder, lubrication oil layers, residual bulk gas, cylinder
wall temperature, incomplete combustion, chamber shape,
valve overlap, secondary air flow. In the present engine test,
HC formation significantly reduces almost in a linear
manner from 221 ppmvol. for G100 to 145 ppmvol. for
A20. The reduction percentages of HC with acetone
addition are 7.0% for A2, 10.1% for A5, 23.8% for A10,
and 34.4% for A20. In the 3D model, the variation of in-
cylinder HC with CAD is agree with test, that is, HC
formation through the end of cycle is less for higher
acetone ratios. The prominent constitutions for the
reduction of HC emissions are that acetone added fuel
blend passes to the gas phase more quickly at low
temperature, mixes with air at a more molecular level,
and increases the reaction speed. Thus, since acetone
basically improves combustion, HC emission decreases.

The present test and previous tests show [1, 3—5] that HC
formation reduces with increasing acetone ratio and mea-
sured HC values are comparatively close.

6.2.3 NO,: The NO, formation is related to the amount
of air taken into the cylinder and in-cylinder temperature.
Also, the main source of NO, is N, and O, in the air.
Therefore, as the amount of air intake increases, the amount
of the substance that can form NO, increases in the
cylinder. In the engine test, NO, formation is measured in
ppmvol. unit at values of 553, 573, 577, 705, and 1038 for
G100, A2, AS, AIl0, and A20, respectively. These
measured values yield that NO, formation has increased
by 3.6% for A2, 4.4% for AS, 27.6% for A10, and 87.8%
for A20 compared to G100. In the 3D model, EI NO, is
calculated in the unit of g/kg fuel, thus, a direct comparison
of NO, between the test and the model is not done. When
considering the test data for NO,, higher NO, for higher
acetone ratio is expected as the in-cylinder temperature
increase with acetone addition. NO, values given by other
tests are very high compared to present test and
inconsistently increase and decrease depending on
acetone ratio.

7. Conclusions

A comparative testing and engine modeling study is
presented for acetone-gasoline blend usage in an i-DSI
commercial car engine. Influence of fuel blends on
engine performance and exhaust emissions has been
investigated for neat gasoline and (G100) and four ace-
tone-gasoline blends (A2, A5, A10, A20). The investi-
gation has been done at 2800 rpm and WOT, which is
the maximum torque conditions given in the engine
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catalog. The study includes both testing and the 3D in-
cylinder combustion CFD model. A comprehensive
comparison with available acetone studies is also done.

In summary, results show that as the amount of acetone
in the blend increased, engine performance decreased
compared to gasoline. In terms of emissions, CO and HC
decreased while CO, and NO, increased with increasing
acetone ratio.

Main conclusions are summarized as follows:

1. In testing, torque reduction percentages with acetone
addition are not significant and 0.33% for A2, 0.66% for
AS, 0.84% for A10, and 1.45% for A20 compared to
gasoline.

2. In addition, BSFC compared to gasoline decreased at
very low levels of 0.27% for A2, 0.55% for AS, 0.79%
for A10 while it is increased 0.26% for A20.

3. Compared to gasoline test, there is a decrease in
volumetric efficiency by 3.2%, 6.4%, 5.1%, and 11.5%
for A2, AS, A10, and A20, respectively.

4. A detailed evaluation of related parameters (fuel
flowrate, vapor density, latent heat of vaporization,
volumetric efficiency, LHV) on the engine performance
show that torque reduction is reasonable with acetone
addition into gasoline as discussed in detail.

5. The torque reduction with increasing acetone ratio was
not observed in the previous three group of test engines
[1, 3, 5] which are small size engines with single
cylinder, single sparkplug, air-cooled and small volume
and may not be fully optimized as in the present i-DSI
commercial car engine. The tested engines are quite
different as the test engine specifications and test
conditions used in different tests in the literature are
comparatively shown in table 1.

6. When the temperature contours are examined for the 3D
in-cylinder combustion CFD analysis, flame propagates
slightly faster than gasoline with increasing acetone
ratio.

7. In the engine test, the CO production for blends is less
than the gasoline by 1.5% for A2, 4.0% for AS, 15.2%
for A10, and 33.6% for A20.

8. The CO, compared to gasoline is decreased 0.8% for A2
and increased 1.3% for A5, 4.6% for A10, and 11.4% for
A20. This trend is also observed for in-cylinder emis-
sions obtained from the 3D model.

9. In the present engine test, HC formation significantly
reduces almost in a linear manner from 221 ppmvol. for
G100 to 145 ppmvol. for A20. The reduction percent-
ages of HC with acetone addition are 7.0% for A2,
10.1% for AS, 23.8% for A10, and 34.4% for A20.

10. In the engine test, NO, formation is measured in
ppmvol. unit at values of 553, 573, 577, 705, and 1038
for G100, A2, AS, A10, and A20, respectively. These
measured values yield that NO, formation has increased
by 3.6% for A2, 4.4% for AS, 27.6% for A10, and 87.8%
for A20 compared to G100.
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Acetone indeed improves the combustion while its final
effect on engine performance is not found to be favorable.
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