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ABSTRACT: In this study, the effects of ethanol-butanol/gasoline blends (EB0%, EB10%, and
EB20%) on spark ignition engine performance and emissions were investigated for the different
compression ratios (6.0:1, 8.0:1, and 10.0:1), and different load conditions (2kW, 4kW, and 6kW).
Based on the experimental results, the response surface methodology has been used to develop
a model and to estimate the outputs of brake thermal efficiency, brake-specific energy consumption,
carbon monoxide, hydrocarbon, and oxides of nitrogen. The optimum operating conditions, 9.970%
of the ethanol-butanol blend, 10.0:1 compression ratio, and 6 kW of engine load were obtained
through the desirability approach of response surface methodology. Brake thermal efficiency, brake-
specific energy consumption, carbon monoxide, hydrocarbon, and oxides of nitrogen at optimum
conditions are 35.041 %, 0.493 kg/kWh, 0.217 %, 213.575 ppm, and 1263.787 ppm, respectively.
Moreover, the developed models have higher R? values near 1, and the optimum responses
are obtained with a higher desirability value of 0.768. Ethanol-butanol/gasoline blends improved
the brake thermal efficiency, carbon monoxide, and hydrocarbons. Whereas it increased the brake-
specific energy consumption and oxides of nitrogen. In addition, the validation test results illustrate
that the acceptable error rate between the optimized value obtained through the desirability approach
of response surface methodology and experimental values is below 7%.
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INTRODUCTION

The global energy demand and environmental issues sources everywhere [1,2]. In the transport sector,
are the keys to creating the need for alternate energy electrical, gaseous, and liquid fuels are the primary energy
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sources, but liquid fossil fuels have been dominating
for more than a century. However, fossil fuels produce
dangerous emissions, which affect the environment
directly and indirectly. As a result, the environment starts
to get damaged [3-6]. Many countries have implemented
strict emission norms to reduce the impact of fossil fuel
emissions and create an interest in researchers in finding
alternate energy sources, especially for the automobile
sector [7,8].

Alcohol-based fuels have a long history as alternate
fuels to reduce exhaust emissions and improve the
performance of internal combustion engines [9]. Besides
being a renewable and readily available resource,
vegetable oils can also be used as an alternative to fossil
fuels, increasing interest. But, these vegetable oil-based
alternative fuels are preferably used in diesel engines [10-14].
Extensive research has been carried out on oxygenated
alcohols such as methanol, ethanol, and butanol with
gasoline and concluded that oxygenated alcohols have the
potential to reduce exhaust gas emissions and improve
energy efficiencies [15-21]. Alcohol fuels can be used
in a near CO,-neutral manner in engines through efficient
biomass conversion, which may be considered an essential
renewable solution [22]. Ethanol is the most attractive
alcohol fuel to use with gasoline in internal combustion
engines due to its favorable properties and its production
from renewable sources. Several studies [23-30] have
concluded that ethanol-blended gasoline fuel significantly
improves torque, mean effective pressure, brake power, brake
thermal efficiency, volumetric efficiency, combustion
efficiency, cylinder pressure, cylinder temperature, and
flame speed.

Elfasakhany [15] researched the five different fuels as
ethanol (E), methanol (M), n-butanol (nB), isobutanol (iB),
and acetone (AC) blended with gasoline and compared under
the same blending rates of 3%, 7% and 10% by volume
with gasoline and same engine working conditions to
identify the effective blending fuel with gasoline. Results
showed that E blends produce maximum power output
from the engine, and M blends produce maximum output
torque and volumetric efficiency. Also, the nB and iB blends
are the worst among all other test fuels. Thangavel et al., [31]
investigated ethanol-gasoline and n-butanol-gasoline
blends in the PFI Sl engine. Two separate injectors
are mounted in the intake manifold to inject gasoline and
oxygenates separately. The engine operated with ethanol-
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gasoline produced higher torque and engine efficiency.
E30S blend produced 5.2% higher torque and 1% higher
efficiency than gasoline. Using 60% of n-butanol by mass
with gasoline increases HC emission and reduces
the efficiency and torque of the engine because of poor
vaporization of n-butanol. The study concluded that
the torque and efficiency of the ethanol-gasoline blend are
comparatively higher than the n-butanol-gasoline blend.
But in recent experimental works, n-butanol has been
shown better oxygenate fuel for spark-ignition engines,
and also this will be the next generation fuel [32]. Butanol
has properties very similar to gasoline and can be blended
with gasoline in any blending ratio without any engine
modifications. However, many studies have found that
butanol improves engine efficiency and reduces exhaust
emissions [33-35]. According to the investigations, [36,37]
n-butanol has superior properties compared to ethanol,
including the ability to blend with gasoline without
any restrictions as well as higher energy content. It can also
be transported through existing facilities as a blended form
without risk of water contamination. In addition, n-butanol
has a lower octane number compared to gasoline, which
reduces knocking at the higher compression ratio
condition. n-butanol has a much lower latent heat
of vaporization (582 kJ/kg) than ethanol (904 kJ/kg)
and can solve engine cold start and ignition problems.
These properties indicate that n-butanol has the potential
to overcome the drawbacks of ethanol as an alternate fuel
in Sl engines [38]. Fagundez [39] investigated pure
n-butanol and a blend of n-butanol/ethanol as fuels
in a spark ignition engine and concluded that n-butanol
blends are safe and can be used as fuel, especially with
ethanol. [40] found that n-butanol-gasoline blends
improve the brake thermal efficiency and reduce peak in-
cylinder temperature in Sl direct injection gasoline
engines. By comparing six different n-butanol-gasoline
blends, they concluded that Bu40 (Butanol 40%) is
the most suitable fuel. The n-butanol-gasoline blends
can reduce CO and NOx emissions but increase HC
emissions. Also, [41] introducing ethanol/butanol-gasoline
blends at different ratios (0, 2, 5, 10, 15, and 20%) into
unmodified engines showed a clear improvement in performance
and smooth engine operation under different operating
conditions. The CO and HC emissions reduced noticeably
as compared to conventional gasoline fuel.

In recent times instead of conducting experiments
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Table 1: Fuel Properties [26,37]

[ S.No Properties Ethanol n-Butanol Gasoline \
1 Molecular formula C,HsOH C4Hy,OH CsCopp
2 Molecular weight 46 74 95-120
3 Oxygen content (wt.%) 34.8 21.5 0
4 Octane number 108 89 >90
5 Density (kg/m?®) 785 810 740
6 Lower heating value (MJ/kg) 26.9 33.1 44.3
7 Latent heat of vaporization (kJ/kg) 840 716 349
8 Boiling temperature (°C) 78 118 38-204
9 Auto ignition temperature (°C) 425 343 228-470
\_ 10 Stoichiometric AFR 9.0 11.2 14.8 )

practically, the experiments are simulated with the help of
computer applications to reduce the time, cost, and effort
for many trials. Response Surface Methodology (RSM)
has been a preferred application in recent years. RSM is
the statistical method for modeling and analyzing engineering
problems influenced by several variables. The goal is
to find the relationship between the responses and input
variables also to optimize these variables [42,43]. In addition,
RSM can develop an analysis of variance (ANOVA) based
on the effects of input variables on the outputs [44].
In many experimental studies, RSM has been used to
optimize Sl engines using alcohol fuels. Uslu [45] studied
the effects of acetone-gasoline mixture performance and
emissions at different speeds and ignition advances on Sl
engines. Additionally, Artificial Neural Networks (ANN)
and RSM models were developed to predict and optimize
the results. The optimal operating factors are a 2% acetone
ratio, 1700 rpm of speed, and 11° of bTDC. The RSM
simulation shows that the R? values of all the responses are
higher than 0.96, and the obtained desirability value is
0.76523. Yaman et al., [46] experimented with three
different 1-heptanol percentages, three different compression
ratios, and three loads in a PFI spark ignition engine.
According to the experiment results, the optimized engine
variables found by RSM are 8% 1- heptanol percentage,
10.0:1 CR, and 6 kg engine load. Yusri et al., [47] optimized
engine performance and emissions of a four-cylinder, four-
stroke Sl engine using 2-butanol gasoline blended fuel
by RSM. The operating conditions are optimal at 3205 rpm,
and 15% 2-butanol is blended with gasoline to produce
32.2 kW, 0.66 MPa, 289.3 g/lkWh, 29.2% BP, BMEP,
BSFC, and BTE. As measured by exhaust emissions, NOX,
CO, CO,, and HC emissions are 858.7 ppm, 1.9%, 5.8%,
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and 51.3 ppm, respectively. In addition to optimizing Sl
engines using bio-ethanol fuel blends, Najafi et al., [48]
investigated the same optimization pattern for engines
using bio-ethanol fuel blends. Their optimum engine
operating condition is 3000 rpm and 10% bio-ethanol and
90% gasoline blend. Based on exhaust emissions of 3.5%
of CO, 12.8% of CO,, 136.6 ppm of HC, and 1300 ppm of NOX,
they generated 35.26 kW of power, 103.52 Nm of torque,
and 0.25 kg/kWh of BSFC. Sathyanarayanan et al., [49]
investigated the effect of diisopropyl ether (DIPE)-
gasoline mixtures performance and emission parameters
of twin-cylinder Sl engine and optimized using RSM.
The engine speed, compression ratio, and DIPE fuel blends
are input factors, and the optimal values obtained are
2000 rpm, 8 CR, and 25 %, respectively. The selected
output responses are BTE, SFC, HC, CO, and NOx, and
their predicted optimum values are 31.5332 %,
0.292285 kg/kWh, 31.6701 ppm, 0.138615 %, 708.333 ppm,
respectively. Uslu and Celik [50] investigated optimizing
the performance and emissions parameters of an engine
fuelled with 1-amyl alcohol/gasoline blends using the
ANN-supported RSM model. The optimal operating
parameters were 15% i-amyl alcohol, 2957 rpm engine
speed, and 8.31 CR. Similar investigations have been
conducted by Simsek and Uslu [51] but using fusel oil and
concluded that 30% of fusel oil, 8.39 compression ratio,
and 3777-watt engine load are the optimum operating
conditions, and the optimized responses are obtained
with a higher desirability value of 0.7685. Abdalla et al., [52]
also examined the fusel oil gasoline blends in SI engines
and optimized the parameters with less than 6% error
by RSM.

Many studies have been carried out on ethanol- gasoline
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7 Fuel type Unit ASTM EB10 | EB20
y ~ ~ 0.10 0.20
Pt (kg/m?) D1298-99 771 775
he (MJ/kg) D240 42,59 41.19
o (kg/kg) ~ 14.24 | 1378
k RON 2699 92.15 92.30j
Table 3: Test engine specification
gNo Description Specification h
1 Make Kirloskar VCR engine
2 Type Single cylinder, four stroke
3 Bore (mm) 87.50
4 Stroke (mm) 110.00
5 Connecting Rod length (mm) 234.00
6 Compression ratio 6.0:1-10.0:1
7 Swept volume (cc) 661.45
8 | Max. Power (kW @ 1800 rpm) 6.5
KQ Cooling type Water cooled )

| Sy A

Fig. 1: Photographic view of experimental setup

and butanol-gasoline mixtures as fuel and optimized
their operating parameters using Response Surface
Methodology (RSM). However, the detailed literature
shows no study has been carried out on the optimization
of dual oxygenates (ethanol/butanol) - gasoline mixture
in spark ignition engine with RSM. In this regard
the present study is carried out to enhance the performance
of Sl engines fueled with an ethanol-butanol-gasoline
mixture by optimizing both input and output operating
variables using the RSM method.

EXPERIMENTAL SECTION

Ethyl alcohol or ethanol is a colorless, transparent
liquid made from sugar by fermentation with yeast, corn,
barley, and vegetables. Also, butanol can be produced
from biomass, algae, corn, and plant materials that contain
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cellulose [53]. Table 1. shows the essential properties
of ethanol and butanol fuels.

Test fuel

In this experimental study, unleaded gasoline was used
as a base fuel. The tests were conducted for different
ethanol-butanol fuel blends with gasoline on a volume
basis. The proportions are EBO (100% gasoline), EB10
(10% Ethanol-butanol - 90% gasoline), and EB20 (20%
Ethanol-butanol - 80% gasoline), and these fuel blend
properties are listed in Table 2.

Experimental setup

The performance and emission characteristics were
examined in a single-cylinder, four-stroke water-cooled
variable compression ratio engine and a water-cooled
eddy current dynamometer loads it. Table 3 shows the
specifications of the test engine. The experiment
was conducted on three different ethanol-butanol fuel
blends ranging from 0% to 20% with gasoline and
compression ratios of 6:1, 8:1, and 10:1 at the loading
conditions from 2 kW to 6 kW. In-cylinder pressure
(CP) concerning Crank Angle (CA) was determined
using a pressure transducer, and a CA encoder was fitted
in the engine cylinder head and crankshaft, respectively.
The actual engine setup is presented in Fig. 1.

Experimental procedure

The experiment was conducted at three different ethanol-
butanol percentages with gasoline (EBO, EB10, and EB20),
three different compression ratios (6.0:1, 8.0:1, and 10.0:1),
and at three different load conditions (2 kW, 4 kW,
and 6 kW). Also, all the tests were conducted as per
the standard warm-up procedure and draining previous fuel
by allowing the engine to run for some time before
introducing a new fuel. Test readings are recorded
as an average of four times repeated experiment results.
Engine brake thermal efficiency and brake-specific fuel
consumption were recorded, and HC, CO, and NOx
were measured with the help of five gas analyzers.
The step-by-step experimental flow chart is presented
in Fig. 2.

Error analysis of experimental data

To know the correctness of the experimental result,
the uncertainty of the experiment needs to be assessed.
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Table 4: Measurement accuracy uncertainty details

( S. No Parameters measured Range Instrument Accuracy Estimated Uncertainty
Performance measuring instruments
1 Engine Speed (rpm) 0-1850 rpm +25 rpm +0.5%
2 Crank angle 0-360° +0.1° +0.5%
3 Pressure 0-350 bar + 1 bar +0.4%
4 Temperature 0-1500°C +1°C +0.15%
5 Time 0-60s +0.2s +0.25%
Properties measuring instruments
1 Density 0.60-1.160g/m? +0.01 g/m? 0.12
2 Octane analyzer 0-110 RON +1 0.1
Emission measuring instrument
1 CO, 0-20% vol +0.1% +0.25%
2 cO 0-10% vol +0.01% +0.25%
3 NOx 0-5000 ppm +1 +0.2%
4 HC 0-10000 ppm +1 +0.2%
L 5 0, 0-50% vol +0.01% +0.1% J
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Fig. 2: Experimental flow chart
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Uncertainty about the experimental observation arises
due to various errors in reading, environment, instrument
selection, instrument calibration, working conditions etc.
The uncertainty associated with each of the instrument
was calculated based on the instrument accuracy as per
procedures laid down by Holman (2012). The uncertainty
percentage of this experiment was calculated using
the formula,

n 1/
> W
i=1

Where Uxi is the uncertainty associated with each of
the measured values using the corresponding instrument.
The details of parameters measured and the range of
the instrument, the accuracy of the instrument, and %
uncertainty associated are listed in Table 4. The calculated
uncertainty for performance measurement, properties
measuring instrument, and emission instruments are
+ 0.654%, + 0.378 %, and + 0.463 % respectively.
For the complete experiment, the calculated uncertainty is
+1.495%.

2

Response surface methodology

RSM is a statistical technique to model and analyses
the problems in which the number of variables influences
responses, and the aim is to optimize this response [54].
The relationship between dependent and independent
factors is unknown in most RSM-based problems. For this

3051



Iran. J. Chem. Chem. Eng.

reason, the starting stage of RSM is to find the approximate
efficient relationship between independent input variables
and dependent output variables [55]. The approximation
function is the first-order model if a linear relationship
is found between input and output factors. The first order
polynomial function is expressed in Equation (1) [56].

y=0+ XiBixi+ ¢ @

The higher order polynomial can be when model is
the second order function [57]

V= Bo+ XiBixi + X XK Biyxix; + € )

Wherey is the predicted response, K is the number of
factors, Xjand Xjare independent factors, and & is the
random experimental error or noise. 3 is the constant, f; iS
the linear coefficient, Bi j is the interactive coefficient, i is
the linear coefficient, and jis the quadratic coefficient.
Equation no.3 is used to calculate R?, equation no.4 is used
to calculate adjusted R? and Equations (5-7) is used
to calculate the predicted R? [58].

2 =1 _ | —_SSresiduar
R - 1 [Ssresidual"' SSmodel ] (3)
[M]

Adj.R* =1- [“mmrz% @
Af residual™ Ymodel
SSresidual™ SSmodel

PRESS = Y1, (e —1)? ©

e
N ™

Where SSis the sum of sequential squares, dfis the
degrees of freedom, and PRESS is the prediction error Sum
of squares; residual indicates diversityamount, and model
indicates how much diversity is explained in the model. n
is the number of the experimental run, e is the response
variable, and h;; is the diagonal element of the hat matrix.

Table 5 shows the input variable and the levels chosen
for this study. Table 6 shows the optimization setup of
input parameters and the importance level for all the
responses. In this optimization setup, based on the
literature review, authors have chosen fuel blend
concentration, CR, and engine load as inputs, and BTE,
BSFC, CO, HC, and NOx were considered as outputs.
The main objective of this study is to enhance the BTE and
reduce the emission level by optimizing the input
parameters. Thus, a higher rating importance “5” was given
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to BTE, CO, and HC. The design matrix was developed
using a central composite design in RSM, shown in Table
7. R? expresses the relationship between the developed
model and experimental results. The R? value close to
unity indicates that a developed model is significant [59].
Table 8 shows the model assessment, as a result, R? values
for BTE, BSEC, CO, HC, and NOx were 0.9817, 0.9725,
0.9973, 0.9693, and 0.9966, respectively, showing that the
models were highly significant and accurate. Table 9
displays the ANOVA results of the output responses. The
higher F and lower p values represent a better degree of
significance of the corresponding model. When a p-value
is under 0.05, it is considered significant [60]. The
predicted p-value for all the models is less than 0.05, which
suggests the models were significant with 95% of
confidence level [61]. The following are the regression
equations obtained for the output responses. Additionally,
these equations predict responses based on operating input
variables.

BTE = -26.43991 + 0.479527 * EB + 8.87480 * CR
+3.62852 * Load + 0.055625 * EB * CR + 0.025875 *
EB * Load - 0.0625000 CR * Load - 0.039886 * EB?
-0.482159 * CR2 - 0.138409 * Load? @)
BSEC = +2.32332 - 0.028705 * EB - 0.287466 * CR
—0.150670 * Load + 0.002812 * EB * CR — 0.001938 *
EB * Load + 0.008437 * CR * Load + 0.001023 * EB2 +
0.013068 * CR? + 0.004318 * Load? )

CO =+1.46777 - 0.016787 * EB - 0.150885 * CR

- 0.090498 * Load + 0.000375 * EB * CR + 0.000662 *
EB * Load - 0.000438 * CR * Load + 0.000160 * EB? +
0.006984 * CR2 + 0.005634 * Load? (10)

HC = +99.02273 - 0.123182 * EB + 60.97386 * CR +
3.85568 * Load - 0.556250 * EB * CR + 0.106250 *

EB * Load + 0.531250 * CR * Load + 0.075909 *
EB?-4.22727 * CR? - 2.35227 * Load? (11)
NOx = +667.29091 + 2.83727 * EB — 135.82455 *

CR +76.27273 * Load + 0.125000 * EB * CR —

1.50000 * EB * Load + 7.75000 * CR * Load + 1.42364 *
EB2 + 10.21591 * CR? - 2.28409 * Load? (12)
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4 Input Variables Levels )
Ethanol-Butanol Percentage (%) 0 10 20
Compression Ratio 6:1 8:1 10:1
\_ Load (kW) 2 4 6 )
Table 6: Optimization setup
/ Name Goal Lower Limit Upper Limit Importance \
A:Ethanol-Butanol Percentage is in range 0 20 3
B:Compression Ratio is in range 6 10 3
C:Load is in range 2 6 3
BTE maximize 16.33 34,51 5
BSEC minimize 0.42 0.97 3
Cco minimize 0.177 0.645 5
HC minimize 183 320 5
k NOx minimize 451 1647 3 /
Table 7: Design matrix
T ?:izziazzt?;g' Cor';ggzs'on Load (kW) | BTE (%) | BSEC (g/kwh) CO (%) (;)(r;) NOX (ppm)\
1 0 10 6 27.68 0. 52 0.288 258 1154
2 10 8 4 30.95 0.55 0.325 276 863
3 10 8 4 29.54 0.57 0.318 286 888
4 10 8 4 31.12 0.52 0.33 266 850
5 0 8 4 22.47 0.62 0.434 304 735
6 20 10 6 34.12 0.68 0.177 183 1647
7 0 10 2 19.54 0.62 0.487 294 649
8 10 8 6 34.51 0.42 0.264 245 1087
9 10 8 2 24.45 0.75 0.442 291 643
10 20 8 4 29.62 0.72 0.259 266 1298
11 20 6 2 16.33 0.97 0.451 281 1054
12 10 8 4 30.24 0.54 0.32 280 877
13 10 8 4 31.26 0.56 0.332 284 890
14 0 6 2 16.41 0.88 0.645 320 451
15 0 6 6 23.97 0.62 0.457 274 894
16 20 10 2 25.49 0.96 0.319 212 1200
17 20 6 6 27.54 0.58 0.312 245 1315
18 10 10 4 31.48 0.59 0.284 246 1046
19 10 6 4 24.73 0.65 0.4328 275 784
\ 20 10 8 4 29.67 0.58 0.318 270 855 /
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Table 8: Model assessment

4 Model BTE BSEC co HC NOX O\
Suggested Model Quadratic Quadratic Quadratic Quadratic Quadratic
sD 0.9888 0.0245 0.0075 7.49 22.21
Mean 27.06 0.6450 0.3597 267.80 959.00
R? 0.9817 0.9852 0.9973 0.9693 0.9966
Adjusted R? 0.9653 0.9718 0.9949 0.9417 0.9935
Predicted R? 0.8600 0.9162 0.9870 0.8709 0.9589
Adequate Precision 28.0205 31.1786 90.1492 24.8622 75.5184
Table 9: ANOVA results
4 BTE BSEC co HC NOX N\
Source
F-value p-value F-value p-value F-value p-value F-value p-value F-value p-value
Model 59.66 <0.0001 73.88 <0.0001| 413.60 <0.0001 35.10 <0.0001 321.46 <0.0001
AEE’;’;ZL’E:?”” 5424 |<00001| 7022 |<00001| 112608 | <0.0001 | 123.44 | <0.0001 | 1403.77 |<0.0001
B-Compression Ratio 87.98 <0.0001 18.10 0.0017 988.02 < 0.0001 72.82 <0.0001 291.05 <0.0001
C-Load 212.6 <0.0001| 307.39 <0.0001 1281.6 <0.0001 66.47 <0.0001 894.32 <0.0001
AB 10.13 0.0098 42.07 < 0.0001 8.06 0.0176 17.67 0.0018 0.1014 0.7567
AC 2.19 0.1696 19.96 0.0012 25.15 0.0005 0.6447 0.4407 14.60 0.0034
BC 0.511 0.4909 15.14 0.0030 0.4387 0.5227 0.6447 0.4407 15.59 0.0027
A? 44,75 <0.0001 47.80 < 0.0001 12.66 0.0052 2.83 0.1236 113.03 < 0.0001
B2 10.46 0.0090 12.49 0.0054 38.43 0.0001 14.03 0.0038 9.31 0.0122
c? 0.862 0.3750 1.36 0.2700 25.01 0.0005 4.34 0.0637 0.4655 0.5106
Cor Total 534.8 0.4061 0.2084 18261.20 1432000

RESULTS AND DISCUSSION

The next sections discuss the engine performance,
pollutants level and optimization and validation when
employing ethanol-butanol/gasoline blends.

Performance characteristics
Brake thermal efficiency

Brake thermal efficiency is the conversion efficiency
of the fuel used in the engine, indicating the useful power
produced from the chemical energy of the fuel [62,63].
Fig 3 shows the percentage of contribution of operating
parameters on BTE, depicting the impact of the
parameters. The engine load has the largest impact on BTE
at 38.88 %, followed by Compression Ratio (CR) and
ethanol-blend percentage (EB %) of 16.08 % and 9.91 %,
respectively. The interaction plots show that the engine
load significantly affects BTE. Fig. 4 (a) illustrates
that the effect of EB % at a lower compression ratio
was insignificant, but at a high compression ratio gives
a significant effect. Fig 4 (b) & (c) give a clear view
of the engine load interaction effect with CR and EB %.
Engine load significantly affects both lower and higher
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ranges of CR and EB %. The BTE is increasing
with engine load and CR because of higher in-cylinder
temperature and pressure, improving combustion
efficiency. Also, a higher compression ratio improves
expansion work output, and at high temperatures, the rate
of CO, formation is increased, thus releasing more energy
for the fuel combusted [64]. The relation between BTE
with EB %, CR, and load is mentioned in equation 8. Based
on this equation, the 3D surface plots of Load, CR, and EB %
versus BTE are developed and shown in Fig 5 (a), (b) & (c).
The CR and EB % influence BTE marginally, as present
in Fig 5 (a), but engine load affects BTE more effectively,
as depicted in fig 5 (b) and (c). BTE is highest when the load
is between 4 and 6 kW, and the EB percentage is between
10 to 20%. Also, the highest BTE can be observed when the
load is between 4 to 6 kW and compression ratio 8 to 10.
Compared to EBO, both EB10 and EB20 produce higher BTE
due to higher flame velocity, latent heat of vaporization,
and oxygen concentration improving combustion efficiency.
However, fig 6 shows that EB20 produces slightly lower BTE
compared to EE10 at a higher compression ratio condition.
The maximum 34.51% BTE was observed at CR8 and 6 kW
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BTE

C-Load - 38.88

B-CR - 16.08
AEB% A eer
B* —j 1.91
AB - |18

Pure Error *] 0.6201

AC | 0.4001
c# 01578

BC - 0.0934

¢} 5 10 15 20 25 30 35 40
Percentage of contribution (%)

Fig. 3: Percentage of contribution of input factors for BTE
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Fig. 4: Interaction plot of BTE for (a) Ethanol-Butanol % and CR (b) Ethanol-Butanol % and Load (c) CR and Load
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for EB10 fuel, which is 4.76% higher than EBO.

Brake specific energy consumption

Fig. 7 shows the percentage of contribution of
operating parameters on BSEC, depicting the impact
of the parameters. Among the operating parametrs engine
load is the most influincing factors to affect BSEC also EB
% affects BSEC moderately and CR perform
insignificantly.  Fig. 8 shows the interactive effects
of the input variables, and fig. 8 (a) displays the interaction
between EB% and CR with BSEC. The EB% has
an insignificant impact on lower CR, but at high CR
significantly affects the BSEC. The increase in fuel
consumption at a higher ethanol-butanol percentage is due
to the lower calorific value and increased latent heat and
burning rate of the fuel. Furthermore, the fuel consumption
was reduced at higher CR because of improved in-cylinder
pressure and temperature. Fig. 8 (b) & (c) portrays
the interactive effect of engine load with CR and EB%
on BSEC. Engine load produces a significant impact
on BSEC in both lower and higher ranges of CR and EB%.
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The higher load condition creates higher cylinder pressure
and temperature, which will improve the combustion
quality and reduces incomplete combustion, resulting
in reduced fuel consumption. The combustion temperature
for high loads is higher, and the fuel is used more
efficiently, resulting in better fuel economy [65]. The
relation between BSEC with EB %, CR, and load is
mentioned in equation 9. Based on this equation, the 3D
surface plots of Load, CR, and EB % versus BSEC
are developed and shown in fig. 9 (a), (b) & (c). The peak
fuel energy consumption has been observed in the zone
of least load condition (2kW) and highest EB% (EBZ20).
Also, the lower fuel consumption was noted in peak load
condition and EB10% condition, as indicated in Fig. 9 (b).
The variation of BSEC at all the compression ratio and fuel
blends are shown in fig. 10. At CR10, 6 kW load, and
EB10 operating conditions, the BSEC increased by 5.7%
compared to EBO. Still, at the same functional
condition, EB20 fuel consumes 30.7% higher BSEC than
EBO because the higher ethanol-butanol percentage affects
the overall calorific value of the fuel.
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Fig. 11: Percentage of contribution of input factors for CO

Emission characteristics
Carbon monoxide

Carbon monoxide (CO) is the emission produced
due to the lack of oxygen in the fuel-air mixture leading
to incomplete combustion. Fig. 11 shows the contribution
percentage of input variables on the CO emission,

Research Article

The relation between CO with EB %, CR, and load
is mentioned in equation 10. Based on this equation,
the 3D surface plots of Load, CR, and EB % versus CO
are developed and shown in Fig. 13 (a), (b) & (c) and
it has depicted that the lowest CO emission was observed
in the higher load, CR, and EB% zone. The CO
emission for different CR and loads are represented in fig.
14. Compared with EBO at CR10, 6 kW load and EB10
fuel reduced CO emissions by 19.1%. Under the same
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conditions, CO emissions were observed for EB20 fuel
to be a maximum 38.54% reduction than EBO due to
the EB% being the second major impact contributor to CO
emission, as represented in fig.11. Higher EB% enhances
the conversion efficiency of CO.

Hydrocarbon

Fig. 15 shows the percentage of contribution of input
variables on hydrocarbon (HC) emission. EB% has
the highest impact with 37.87 % on HC emission, followed
by CR and engine load with 22.34% and 20.39%,
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respectively. The incomplete combustion occurred due to
inhomogeneity in the fuel-air mixture, thus producing HC
emission in the exhaust. The interaction graphs are
presented in fig. 16, and fig. 16 (a) show that at the lower
CR condition, the EB% does not affect HC emission
significantly, but at the higher CR condition, the reduction
of HC emission with increasing EB% was observed most
significant effect. Increasing load and CR reduces HC
emission drastically, and as depicted in fig. 16 (b) and (c),
the interaction between load with CR affects HC emission
reduction in the same trend. This HC reduction is due to
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improved combustion temperature and higher oxygen
level in the fuel-air mixture, thus promoting complete
combustion and reducing incomplete combustion loss.
The relation between HC with EB %, CR, and load
is mentioned in equation 11. Based on this equation,
the 3D surface plots of Load, CR, and EB % versus HC
are developed and shown in fig. 17 (a), (b) & (c).
The lower HC emission was observed in loads 4 to 6 kW
and EB10% to EB20% also at 8 to 10 CR zone.
The 19.38% HC emission reduction compared to EBO
was observed at CR10, 6 kW load, and EB10 operating
conditions. Furthermore, a maximum of 29.07% of HC
emission reduction was noted for EB20 fuel compared
to EBO at the same functional condition. The higher
reduction is observed at EB20 because the contribution
of EB% is more significant than other operating variables
to affect HC emission, as shown in Fig.15. Fig. 18 shows
the amount of HC emission present in exhaust emission.
The higher EB% increases fuel volatility and increasing
CR and load improve flame speed due to higher
temperature, resulting in a notable HC emission reduction
in the exhaust.
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Oxides of nitrogen

Fig. 19 displays the percentage of contribution of input
variables NOx emission. EB% contributes more effect
on NOx emission with 48.33%, followed by load and CR
with 30.79% and 10.02%, respectively. The NOx formation
depends on combustion temperature and oxygen content
present in the fuel-air mixture [66]. Fig. 20 (a) shows
the interaction between CR and EB% on NOx emission.
CR has a moderate effect on NOx formation, but EB%
substantially impacts NOx because the higher oxygen
percentage in the fuel-air mixture promotes NOX
formation. Fig. 20 (b) & (c) indicates that engine load and
EB% significantly affect NOx emission. Increasing load
enhances combustion temperature, which helps dissociation
reaction of O, in the combustion chamber, as well as
this dissociated free oxygen atoms, reach nitrogen
molecules and form NOx emissions [67]. The relation
between NOx with EB %, CR, and load is mentioned
in equation 12. Based on this equation, the 3D surface plots
of Load, CR, and EB % versus NOx are developed and
shown in Fig. 21 (a), (b) & (c). The highest NOx emission
zone was marked in all the graphs (Fig. 21 (a), (b) & (c))
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Table 10: Optimization solutions
'ﬁumber Ethanol-Butanol Percentage| Compression Ratio | Load BTE BSEC CcO HC NOx Desirability N
1 9.970 10.000 6.000 | 35.041 | 0493 | 0217 213.575 1263.787 0.768
2 10.027 10.000 6.000 | 35.063 | 0494 | 0216 213.379 1265.098 0.768
3 9.885 10.000 6.000 | 35.007 | 0492 | 0.217 213.884 1261.761 0.768
4 9.870 10.000 6.000 | 35.000 | 0492 | 0217 213.934 1261.426 0.768
5 9.922 9.983 6.000 | 35.031 | 0492 | 0.217 214.179 1260.711 0.768
6 10.049 9.982 6.000 | 35.082 | 0.493 | 0.216 213.769 1263.525 0.768
7 10.160 10.000 5985 | 35.091 | 0.495 | 0216 213.170 1266.664 0.768
8 9.891 9.934 6.000 | 35.046 | 0489 | 0.218 215.554 1254.265 0.768
9 10.161 9.911 6.000 | 35.162 | 0.490 | 0.216 215.178 1258.085 0.768
10 9.670 9.999 5971 | 34.872 | 0492 | 0219 215.207 1253.418 0.767
11 10.005 9.863 6.000 | 35.125 | 0486 | 0.218 216.917 1248.918 0.767
12 10.755 9.927 6.000 | 35363 | 0496 | 0.213 212.740 1274.687 0.767
13 10.333 9.830 6.000 | 35262 | 0.487 | 0.216 216.632 1252.971 0.767
14 10.260 9.803 6.000 | 35246 | 0486 | 0.217 217.544 1248.141 0.767
15 10.222 10.000 5.907 | 34.987 | 0.498 | 0.217 214.342 1259.440 0.766
16 10.085 10.000 5905 | 34932 | 0.497 | 0218 214.861 1255.900 0.766
17 9.308 9.786 6.000 | 34.873 | 0478 | 0.223 221.230 1224.448 0.766
18 10.083 9.999 5.806 | 34.768 | 0.501 | 0.220 216.596 1244.704 0.765
19 10.806 10.000 5.664 | 34.783 | 0.513 | 0.219 216.425 1247.144 0.762
20 11.087 10.000 5459 | 34510 | 0.524 | 0.223 218.712 1231.719 0.758
21 13.792 9.166 6.000 | 35948 | 0.496 | 0.209 221.636 1284.035 0.751
\_ 22 14.632 7.827 6.000 | 34.457 | 0473 | 0.244 240.770 1198.486 0725 )

NOx (ppm)

NOx (gpm
NOX (pprm)

20
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Fig. 21: Simultaneous effects of operating variables on NOx (a) CR and Ethanol-Butanol % (b) Load and Ethanol-Butanol % (c)

Load and CR

are peak conditions of the input variables because higher load and
CR increases combustion temperature and higher EB% increase
availability of oxygen concentration results to more reaction
between nitrogen and oxygen to form NOx. Fig. 22 shows
the NOx emission level present in the exhaust at different EB%,
CR, and load conditions. The increasing EB% in gasoline
reduces the combustion duration, increases flame velocity, and
thus increases flame temperature, resulting in higher NOx

Research Article

formation [68]. The percentage of NOx emission improvement
is 15.42% higher than EBO at CR10, 6 kW load, and EB10
operating conditions. However, at EB20, the obtained maximum
NOx emission is 42.72% more than EBO because of higher CR
and EB%.

Optimization and validation test
In this study, the numerical RSM optimization is used
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Table 11: Point prediction of engine performance and exhaust gas emission characteristics

/ Responses Combined \
Input Factors I
Performance Emission Desirability
I
0 20 1633 3451 0177 0.645
A:Ethanol Butanol Percentage = 9.97049 BTE = 35.0405 CO =0.216501
6 10 0.42 0.97 183 320
B:CR =10 BSEC = 0.493138 HC = 213.575
2 6 451 1647
\ Ciload = 5.99999 NOx = 1263.79 /
Table 12: Validation test results
4 EB (%) CR Load (KW) BTE (%) BSEC (kg/kWh) CO (%) HC (ppm) NOX (ppm) )
Predicted 9.970 10.0:1 6 35.041 0.493 0.217 213.575 1263.787
Actual 33.782 0.468 0.233 208.451 1332
\_ % of Error 3.72 5.34 6.87 2.46 5.12 )
Load 2 kW Load 4 kW Load 6 kW
1500 4 2000
1500 4
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1000
E gwoo-
é CZ>§ é 1000
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Fig. 22: Variation of NOx vs compression ratio (a) 2 kW (b) 4 kW (c) 6 kW

to predict the optimum operating parameters of the engine. the importance of output variables BSEC and NOXx
Based on the desirability approach, many best solutions are assigned 3 and for remaining variables are 5. According to
were found and listed in the table 10. Solution number 1 the optimization results, the optimum input operating
was selected for operating parameters with the highest conditions are 9.970 EB%, 10.0:1 CR, and 6 kW load.
desirability value of 0.768, with the main objectives Also, the optimum performance and emission parameters
of maximizing BTE and minimizing BSEC, CO, HC, and are 35.041% BTE, 0.493 kg/kWh BSEC, 0.217% CO,
NOx. The importance of the responses is assigned from 1 to 5, 213.57ppm HC, and 1263.787 ppm NOXx. Table 11 presents
indicating that they are least to most significant. In this case, the point prediction ramp graphs for all the parameters.
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A validation experiment is an essential to verify
the accuracy of the optimized operating parameters.
The experiment was conducted at 9.970 EB%, 10.0:1 CR,
and 6 kW of load condition. The RSM predicted results
were validated with the experimental results and tabulated
in Table 12. The test engine was configured with the closest
RSM predicted optimum parameters, and the output
was measured. The error percentage between the experimental
results and the RSM results is less than 7%, indicating
a good agreement.

CONCLUSIONS

This experiment examines ethanol-butanol blends
(0%, 10%, and 20%) on the performance and emission
characteristics of variable compression ratio engine at
various engine loads (2 kW, 4 kW, and 6 kW) and
compression ratios (6.0:1, 8.0:1, and 10.0:1) using RSM
to obtain optimum operating conditions. The following
results we obtained and summarized below,
o As per ANOVA analysis, all the established models are
statistically significant with a 95% confidence level.
o The most optimum operating conditions are obtained by
using the desirability approach of RSM. The optimum
operating conditions are 9.947% of EB %, 10.0:1 CR,
and 6 KW engine load.
e An optimum operating conditions, the performance
and emission are 35.041 % BTE, 0.493 kg/kWh BSEC,
0.217 % CO, 213.575 ppm HC, and 1263.787 ppm NOX.
e The maximum BTE was obtained at CR8, 6kW load,
and EB10 conditions, which is 4.76% higher than the EBO.
All the fuel blends enhanced the BTE at higher CR and
load conditions. Adding ethanol-butanol blends improves
BTE, CO, and HC but inversely affects BSEC and NOx
at higher load and CR.
e The study found that, at CR10, 6 kW load conditions
EB20 fuel produced 30.7% higher BSEC as compard
to EBO fuel. Emissions such as CO and HC were reduced
notably for all higher CR, load, and blending ratios,
and the maximum reduction values are 38.54% and
27.07% higher than EBO, respectively. However, the NOx
emission increased at all the higher operating conditions
because of enhanced oxygen percentage in fuel.
¢ The higher R? values indicate a higher significance of fit
of the model. The adjusted R? values for the developed
models of BTE, BSEC, CO, HC, and NOx are 0.9653,
0.9718, 0.9949, 0.9417, and 0.9935, respectively.
e The percentage of contribution graphs reveals that
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the EB % and load significantly affect all the responses.

e The accuracey of results predicted from RSM are validated
by the experimental results. The percentage of error
between the obtained from RSM and experimental is less
than than 7% for all the responses, which shows that
the developed models adequately describe the effects
of engine performance and emission characteristics.

The results show that ethanol-butanol/gasoline fuel
can be used in spark ignition engine to improve BTE and
reduce CO and HC emissions. The proposed RSM tool is
acceptable and successfully optimized the engine responses
according to the input factors chosen. A comparative study
of blending single and dual oxygenate with gasoline
can be done in the future.

Nomenclature

ANN artificial neural networks

ANOVA analysis of variance

BMEP brake mean effective pressure

BP brake power

BSEC brake specific energy consumption

bTDC before top dead center

BTE brake thermal efficiency

CA crank angle

CoO carbon monoxide

CO; carbon dioxide

CP in-cylinder pressure

CR compression ratio

EB ethanol-butanol

EBO pure gasoline

EB10 10% ethanol-butanol — 90% gasoline

EB20 20% ethanol-butanol — 80% gasoline

HC hydrocarbon

ht calorific value of fuel blend

NO nitrogen oxide

NOx oxides of nitrogen

0 oxygen

ppm parts per million

R? correlation coefficient

RON research octane number

RPM revolution per minute

RSM response surface methodology

Y volume fraction of oxygenate

Pt density of fuel blend

O stoichiometric air-fuel ratio of fuel blend
Received : Oct. 22,2022 ; Accepted : Jan. 30, 2023
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