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In this study, the effect of using pure ethanol in different operating conditions of a spark ignition
engine was experimentally investigated, and a backpropagation artificial neural network (ANN)
model was developed to estimate the engine performance and exhaust emissions. For this
purpose, the spark ignition (SI) engine having a compression ratio (CR) of 8.5:1, a single
cylinder and air-cooled was used in the engine tests experiments, and the ANN model was
created with using the C# programming language. The engine tests were, firstly, conducted for
four varied CR, three types of air excess coefficient (AEC) and three different ignition timing
(IGT) at 2400 rpm, and the performance and exhaust emission of the engine were recorded.
Secondly, the performance and exhaust emission values of SI engine for the same test conditions
were estimated with a backpropagation ANN model. The ANN model was trained with the data
obtained from the experimental study. The engine torque, brake specific fuel consumption
(BSFC), hydrocarbon (HC) emission and carbon dioxide (COz2) emission results obtained from
the pure ethanol were compared with those of the gasoline. The comparison was made separately
for the same test conditions, and the changes were given as a percentage into the paper.
Furthermore, the estimated performance and emission values obtained from the ANN trained
with experimental data are compared with verification experiments. According to the results, it
can be seen that the percentage change in the difference between the values obtained from the
verification experiments, and the estimated results is acceptable. When the results are generally
evaluated, it is observed that is improved of the performance and exhaust emissions as using
pure ethanol at lowering the IGT and increasing the CR. When all tests are evaluated according
to the best results, it is shown that engine torque and BSFC increased respectively about 11%
and 51% (20 CA) on average while CO2 and HC emissions reduced about 6% and 49.2% on
average. In addition, it is seen that the ANN model can be used to estimate the performance and
emissions of an Sl engine using alternative fuels.

Keywords: Avrtificial neural network; Ethanol; Engine performance; Exhaust emissions

1. Introduction

In today's world, energy has become the priority
policy of states. It is emphasized that the
strategy plans on the energy consistently have
limited current petroleum reserves. Gasoline is

a petroleum-based fuels. The carbon emissions
that occur during its production and using in
engines are harmful to the environment. The
studies made to find more environmentally
friendly and energy efficient by researchers
continue gaining speed. On the other hand,
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researchers perform engine tests by adjusting
engine variables such as ignition advance (IT),
compression ratio (CR), air excess coefficient
(AEC), etc. in order to obtain high efficiency
through the use of alternative fuel.

Many of today's researchers have focused on the
search for alternative fuels to reduce the risk of
depletion of fossil fuels [1]. In this context, it
appears to focus the research conducted on the
use of alcohols such as ethanol and methanol as
a fuel alternative to gasoline. In previous studies
[2-4], it has been emphasized that the
performance and emissions of a spark-ignition
(SI) engine in which ethanol and methanol are
used as fuels under different operating
conditions are improved compared to gasoline.
Ethanol (C2HsOH) which can be produced from
agricultural yields containing glucose is a
renewable alternative-fuel type. It can be
utilized as pure or blended with other fuels
(gasoline and diesel) in an engine [5, 6]. In
addition, some studies have emphasized the
improvement of thermal efficiency and exhaust
emission (CO, smoke) when using ethanol as a
mixture fuel with other alternative fuels [7]. It is
very important to investigate in detail the effect
of alternative fuels on engine performance and
exhaust emissions in many operating conditions.
But detailed engine tests are costly and take a lot
of time. Therefore, in multivariable motor
experiments, it is better to evaluate performance
with modeling techniques [8]. However, the
development of a correct model for the
operation of an engine is very difficult due to
complicated processes. Modeling performance
and exhaust emission of an engine using
artificial neural network (ANN) is one of the
preferred methods. This model can be used to
estimate the desired output parameters when
sufficient experimental data is available [9].

In the literature, there are many studies in using
of pure ethanol and its blend as an alternative
fuel in SI engine at varied operating conditions
such as CR [10-14], IGT [13,15,16] and AEC
[17-19]. When these studies on the use of
ethanol as fuel are examined, it is generally
reported that is the improvement of the engine
performance by increasing the CR and higher
than the gasoline. At the same time, it was
emphasized that there is a general improvement
in exhaust emissions. In addition, it has been
stated that retarding IGT and increasing AEC (at

around 1.3) has a positive effect on engine
performance and exhaust emissions of an SI
engine using ethanol [8-17]. In addition, in a
study using biodiesel as fuel, performance and
emission estimates were made with an artificial
neural network, and it was emphasized that the
results obtained were reliable and accurate [8].
In another similar study, the predicted results
seem to have reached a high correlation
coefficient [20]. In an alternative fueled study in
which the ANN is used to predict cyclical
variability, it is emphasized that can play an
important role in reducing exhaust emissions
and enhancing engine performance with using
of ANN [21]. In another work using ANN for
predicting a homogeneous charge compression
ignition engine performance using alcohol fuel,
it has been stated that engine design and
performance optimization of the ANN may be
used [22].

In this study, a backpropagation ANN model
was created with the C # programming language
for estimating engine performance and exhaust
emissions of an Sl engine fueled pure ethanol.
In order to improve the performance and
exhaust emissions of a motor using ethanol, the
engine was tested at four different CR and three
varied IGT and AEC values at a constant engine
speed of 2400 rpm. With the experimental data
obtained, ANN was also trained and a model
was developed for estimating performance and
exhaust emissions.

Table 1. Some properties of the test fuels [10,23]

Property Gasoline  Ethanol
Molar C/H ratio 0.44-0.50 0.33
Density (g/cm? at 20° C) 0.72-0.76 0.790
Lower heating value

(ki/kg) 44300 26900
Stqlchlometrlc air/fuel 146 9.0
ratio

Oxygen (%Wt) - 34.73
RON/MON 95/85 108.6/89.7
éuct)o—lgmtlon temperature g 44 363
Boiling point (°C) 27-225 78.3
Heat of wvaporization

(ki/kg) 349 923
Flammable limits

(%volume) 1.4-7.6 3.5-15
Stoichiometric flame 0.34 041
speed (m/s)

Adiabatic flame 2002 1920

temperature (°C)
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2. Materials and Methods
2.1. The engine test procedures

In the experiments, it was used an Sl engine
having air-cooled, 196 cc, four-stroke and
single-cylinder. The engine’s CR was 8.5:1, and
it had a magneto ignition system and a
carbureted fuel system. Gasoline and pure
ethanol were used as test fuel. The ethanol with
a purity of 99% was purchased from MERCK,
and some properties of test fuels were seen in
Table 1.

It is used that the test setup consists of an electric
dynamometer, an exhaust gas analyzer, an air
and fuel metering system in order to define
engine performance and exhaust emission
characteristics. The exhaust emission values
were determined with an MRU DELTA 1600L
exhaust gas analyzer while the engine moment
value is measured by a load cell mounted on the
dynamometer body. The data obtained with the
help of the air and fuel measurement system are
used for the massive air and fuel consumption of
the test engine.

All engine tests were conducted with a full
throttle opening and a constant engine speed
(2400 rpm), which corresponds to the maximum
torque in the original operating conditions. The
test engine’s original ignition timing was CA of
23° before top dead center, and the original
compression ratio of this engine was 8.5:1. The
experiments were carried out with four varied
CR (8.0:1, 8.5:1, 9.0:1, and 9.5:1) at each AEC
value and three different IT (20, 23, and 26 °CA)
at each CR while the engine was running at three
different AEC values (0.9, 1.0, and 1.1). The
carburetor main body is extended and a tapered
adjusting screw is inserted in order to change of
AEC. It was located with extra sealing for 8.0:1
of CR whereas the test engine’s cylinder head
was milled to obtain CR of 9.0:1 and 9.5:1.
Triggering pulley of the magneto ignition
system was replaced in the fitting position in
order to set the IGT of 20° CA and 26° CA in
the tests. The engine performance and exhaust
emission characteristics were extracted with the
help of the data obtained from the experiments.

2.2. The modeling with ANN

Artificial neural network (ANN) is an
information technology developed by inspiring
the human brain's information-processing
technique. ANN simulates the operation of the

simple biological nervous system. A common
type of ANN is a multi-layer perceptron which
consists of at least three layers of nodes.
Backpropagation algorithm is a method used in
ANN to calculate the error contribution of each
neuron after processing a series of data [24].
ANN consists of three main layers. These are
input, hidden, and output layers. A neuron in
input layer takes in input data from external to
the network. The neurons in the hidden layer
process the data interacting with each other and
transfer it to the output layer. The network's
estimates or classifications are exported by the
output layer [25]. The backpropagation ANN
model used in the study is shown in Fig.1.

Fudl type

Comression ratio

. '
Iamition tirning . N

Figure 1 Design of the developed ANN model.

Fuel type, compression ratio, ignition timing
and air excess coefficient are defined as the
input layer in this model. Engine torque, brake
specific fuel consumption, HC and CO;
emission values were estimated in the output
layer. In the model, it was developed an
interface with the C# programming language to
change variables such as the number of
intermediate neurons, momentum and learning
coefficient. With this interface, the experimental
result data is read from the excel table. The
ANN model was trained with experimental data,
and the engine performance and exhaust
emissions were estimated with the coefficients
obtained as a result of the training.
Approximately 70% of the data obtained from
all test conditions (such as CR, IGT, AEC, type
of fuel) were used in the training of ANN.

3. Results and Discussion
3.1. The engine test results

In this section, the engine torque, brake specific
fuel consumption (BSFC), HC and CO;
emission obtained from varied test conditions
are examined. The performance and emission
results obtained in gasoline and ethanol fueled
in the engine's original operating parameters are
given in the Fig.2.
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IGT: 23 CA, CR: 8.5:1_ AEC :1.0

A —0— Gasoline
——M -~ Ethanol

Engine BSFC HC
torque (gkWhx CO2 (%)
(Nm) 10 (ppm)x10
Gasoline| 11.10 27.88 15.60 13.70
Ethanol 1141 45 37 11.50 13.20

Figure 2. The value of engine performance and exhaust
emissions in the original operating parameter

When the Fig 2 is examined, it is seen that the
engine torque and BSFC increases with the
usage of pure ethanol as compared to gasoline
while the HC and CO emissions decrease.

The percent change of engine torque at the
varied test conditions such as IT, CR and AEC
as compared with those of gasoline are seen in
Table 2. In the Table 2, it is shown that the
engine torque increased with using of ethanol at
the IGT of 20 CA for all the test conditions
(AEC and CR) compared to gasoline. The
highest increase in the engine torque was about
21.57%, and it was found to be achieved with
CR of 9.5:1 and AEC of 1.0. As seen in the
Table 1, it is observed that the laminar burning
velocity and octane number of ethanol is higher
than gasoline. These properties of ethanol
shorten the burning time, and allow use at high
CR (9.5:1). Therefore, it is thought that the
retardation of the IGT (20 CA) causes to
increase the pressure within the combustion
chamber, and it is more favorable in terms of
engine torque. However, the lower heating value

of ethanol is lower than gasoline. This causes to
increase the amount of fuel consumed per unit
power. The percent change of the BSFC at the
varied test conditions such as IT, CR and AEC
as compared with those of gasoline are given in
Table 3. As illustrated in the Table 3, the BSFC
increased with the use of ethanol in generally.
This increase is greater in IGT of 26 CA while
IGT of 20 CA is less. The lowest increase was
found to be at 37.56%, and it was found to
provide this at a high CR (9.5:1), AEC of 1.0
and IGT of 20 CA. The percent change of the
HC and CO; emission at the varied test
conditions suchas IT, CR and AEC as compared
with those of gasoline are shown in Table 4 and
Table 5. Features such as low molar C/H ratio,
high oxygen content and stoichiometric flame
speed of ethanol compare to gasoline cause to
improve the combustion efficiency. It is seen
that the maximum reduction of HC emission by
using of ethanol is at a high CR (9.0:1) and low
IGT (20 CA), in Table 4. The highest reduction
was found to be 54.51%. However, under the
same operating conditions, it was determined
that CO. emissions increased slightly, in Table
5. Any data could not be obtained in some
experimental studies, and these tables were
specified as none. When all the experimental
results are evaluated together, it has been
observed that the use of ethanol at low IGT and
high CR improves generally the engine
performance and emissions in Sl engines.
Furthermore, it has been found that while the
engine performance values improve at low
AEC, exhaust emissions are slightly worsened.

Table 2. Percent change of the engine torque obtained by using ethanol compared to gasoline

IGT (CA) IGT (CA) IGT (CA)
20 23 26
AEC AEC AEC
CR 0.9 1.0 1.1 0.9 1.0 1.1 0.9 1.0 1.1
8.0:1 12.85 13.37 9.15 6.67 6.49 2.86 0.52 1.06 -1.95
8.5:1 6.08 10.39 6.73 1.91 2.75 -2.28 -0.90 -4.51 -7.85
9.0:1 12.37 9.70 6.98 7.96 2.72 -1.97 4.63 -3.52 -9.18
9.5:1 15.10 21.57 7.85 9.72 14.09 -2.63 none none -6.53

Table 3. Percent change of the BSFC obtained by using ethanol compared to gasoline

IGT (CA) IGT (CA) IGT (CA)
20 23 26
AEC AEC AEC
CR 0.9 1.0 11 0.9 1.0 11 0.9 1.0 11
80:1 4829 4751 5333  56.89 57.04 6271 6648 6548  70.69
85:1  57.75 5149 5681 6421 6275 7126 6886 7513 8162
9.0:1 4892 5245 5644 5501 6524 7071  59.94  73.33  84.28
95:1 45340 3756 5517 5252 4657  71.88  none none  79.06
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Table 4. Percent change of the HC emission obtained by using ethanol compared to gasoline

IGT (CA) IGT (CA) IGT (CA)
20 23 26
AEC AEC AEC
CR 0.9 1.0 1.1 0.9 1.0 1.1 0.9 1.0 1.1
8.0:1 -48.92  -51.67  -48.68 -41.12  -2256  -45.31 4.66 1429  -20.71
8.5:1 -48.54  -48.23  -39.80 -37.21  -41.33  -3243 1316 3662  -30.72
9.0:1 -46.34  -5451  -41.71  -33.33 -20 -34.68  -5.91 7258  -20.83
9.5:1 -51.66  -50.63  -40.20  -49.44  -19.61  -29.23 none none  -18.33
Table 5. Percent change of the CO, emission obtained by using ethanol compared to gasoline
IGT (CA) IGT (CA) IGT (CA)
20 23 26
AEC AEC AEC
CR 0.9 1.0 1.1 0.9 1.0 1.1 0.9 1.0 1.1
8.0:1 3.17 4.03 0 0.78 -1.54 -3.82 -3.08 -5.26 -6.82
8.5:1 0 5.51 -2.22 -2.21 -3.65 -6.47 -7.09 -7.14 -7.98
9.0:1 6.87 5.30 0 1.48 -4.26 -7.04 -1.46 -8.33 -9.09
9.5:1 10.48 6.25 6.35 7.14 472 0 none none -3.03

3.2. ANN Results

In this section, the comparison of the experimental results and the predicted results obtained from the

ANN model is shown in Fig. 3 (a, b, c, d).
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Figure 3. Comparison of the experimental results and the ANN results

When all the results are evaluated, it is seen that
the correlation coefficient R2, which shows the
correspondence between the estimation and the
experimental results, is close to 1. When each
graph is separately examined, it is determined to
be a similarity between the estimated values and

the experimental data. The error averages for the
differences are calculated as 1.56% for engine
torque, 1.89% for BSFC, 7.54% for HC and
0.94% for CO:a. It is seen that the error rates are
within acceptable limits. The results showed
that ANN could be wused to determine
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performance and emissions with very different
variables in alternative fuel studies.

4. Conclusion

In this paper, it was investigated the effect of
varied operating parameters such as CR, AEC
and CR on the engine performance and exhaust
emission of Sl engine used of alternative fuel. In
addition, the performance and exhaust emission
of the engine were estimated with an ANN
model created C# programming language. The
results are as follows:

. When all the results were evaluated, the
engine torque with the use of ethanol increased
by an average of 7.25% compared to gasoline. It
was determined that the highest increase
occurred at IGT of 20 CA and reached the
highest value with increasing the CR at AEC of
1.0. The BSFC has increased in general, but an
improvement has been observed with the
increase in the engine torque.

. The HC and CO: emissions obtained
from using ethanol were reduced by about 28%
and 0.8% on average for all studies compared to
gasoline. The reduction in HC emission was
found to be greater at 20 CA (IGT). However,
the CO. emission raised slightly under the same
operating conditions.

. It has been found that the R2 values
obtained from the ANN model are close to 1 for
all output parameters. In addition, it has been
determined that the percentages of the
difference between the predicted with the
experimental results are in acceptable levels.
The results have been shown that the
backpropagation ANN can be used in extensive
studies investigating the effect of alternative
fuel on engine performance and emissions.

. It has been determined that the use of
ethanol as fuel in engine operating parameters
optimized for spark ignition engines will
improve engine performance and exhaust
emissions. With the established artificial neural
network model, these optimizations can be
made as well as estimated results without
experimentation.
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