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Even though CI engines are more efcient than SI engines due to their ability to operate at a greater compression ratio, a leaner
charge, and lower throttle losses, they have higher PM and nitrogen oxide emissions. Te induction system modifcation with
fuel port injection is used as a parameter in RCCI engine operations for controlling emission through in-cylinder charge
reactivity and combustion phasing. By varying the amount of hydrous bioethanol in the premixed fuel injection ratio, the
engine’s performance and emissions are greatly afected. In this study, an experimental investigation of a triple-fuel RCCI
engine running on port-injected gasoline-bioethanol blend and direct-injected diesel fuel was conducted. Taguchi’s exper-
imental design method was employed to assess the impact of various independent variables utilizing three set levels and two
factors with the L9 orthogonal array. From the fndings, the delta value shows the highest average response for each factor.
Engine speed has the largest efect on the signal-to-noise ratio (SNR) with the (delta value of: 10.7446, rank = 1), and the delta
value of 38.96, rank = 1, has the largest efect on the response of means at engine speeds of 3000 rpm.Te premixed fuel ratio of
G25BE75 (delta: 87.30, rank = 1) has the largest efect on the standard deviation. Te lines are not parallel in all emission and
performance cases except for Tb and CO2, which are close to parallel. Te best means in engine speed and premixed blended
fuel ratio were NOx, CO, HC, and brake power. At 3000 rpm, the speed had the larger main efect plots of SNR. Te premixed
fuel ratio of G25BE75 had higher main efect plots for means and standard deviations. Te residues appear to have been
dispersed normally based on a straight line by using a normal probability plot. Te data are normally distributed, as
demonstrated by the normal probability plot, and the factors had an impact on the response. Conferring to the experiment
result, a high engine speed and higher ethanol content in the RCCI premixed fuel are preferred for reducing nitrogen oxides
(NOx) and carbon dioxide (CO2), while unburned hydrocarbons (UHCs) and carbon monoxide (CO) showed a slight increase.

1. Introduction

Ecological pollution and the world energy crisis force in-
vestigators to fnd renewable, hygienic energy sources and
advanced combustion technologies [1]. Many advanced low-
temperature combustion (LTC) technologies, such as HCCI
[2], PCCI [3], PPCI [4], and RCCI [5, 6], respectively, have
been proposed to improve the combustion efciency and

reduce emissions of internal combustion engines. Te RCCI
combustion, which belongs to the dual-fuel mode, regulates
the ratio of two fuels with diferent reactivity, of which one is
injected through the port and the other is directly injected to
control the ignition and combustion process [7]. Hence, the
RCCI has received widespread attention. Due to the higher
compression ratios [8], leaner charges [9], and lower throttle
losses [10], spark ignition engines and compression ignition
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engines are typically more efcient. However, the difculty
of CIE is their increased emissions of particulate matter
(PM) andNOx. Under the present and upcoming legislation,
vehicles must obey strict rules for both pollution and fuel
efciency [11]. Tese problems demanded the development
of an advanced engine technology as well as an alternative
fuel to fossil fuels that is both efcient and emits negligible
emissions [12]. Several innovative CI combustion methods
have been investigated to reduce emissions in a cylinder
while retaining higher thermal efciency [13]. To address
future demands for cleaner and more efcient power plants,
the majority of current techniques are classifed as LTC
engines [14, 15]. It was found that RCCI combustion was
able to operate with low NOx and soot emissions [16], even
though it still needs further investigation, with higher in-
dicated efciency. However, due to load extension limita-
tions caused by high PRR, high UHC, and carbon monoxide
emissions in crevice volumes, an inferior part-load per-
formance and high load operation could not be achieved
with power outputs comparable to those of a normal
combustion compression ignition engine. Te fndings
showed that RCCI was attained under the investigated test
settings, and the key elements for the operation were
revealed during the tests. Overall, the results show the vi-
ability of using diesel-ethanol [17] in compression ignition
engines with RCCI combustion [18]. Tey recommended
conducting further studies at various speeds to broaden how
the engines with wet-ethanol PFI operate. In addition,
a durability study is recommended as a part of the future
research to assess these technologies over a longer period,
and future analyses should additionally include PM and HC
to maintain the integrity of the study [11]. MPRR, extensive
HC and CO emissions in crevice volumes, and poor part-
load performance put limits on load extension. However, the
majority of earlier studies are conducted on ethanol, gas-
oline, NG, and CNG, with each alone as a low-reactivity
port-injected fuel, and tested under RCCI engine operations.
Nevertheless, a research gap arises due to several studies
conducted with premixed alcohol or petrol fuel alone having
high CO and UHC emissions as stated by Pan et al., 2021
[19]. Higher CO and UHC emissions from the unique fuel
RCCI experimental results showed that it is possible to si-
multaneously achieve ultra-low engine-out emissions of
NOx and PM and lower CO and UHC as Žvar Baškovič et al.
[20] indicated. Terefore, it is of great importance to test
ethanol-gasoline blends in an up-to-date LTC concept of the
RCCI, which enables its use for injection into the intake
manifold. Tis is due to ethanol’s advantage of the cooling
efect and its oxygen content in composition to reduce
oxygen defciency in the engine at the time of combustion. In
this regard, the combustion, performance, and emissions of
the diesel engine fueled with EGB and diesel at high premix
ratios are investigated in the present study. Te intention of
this study is also to use sustainable ethanol for fossil energy
replacement with innovative RCCI engines to reduce NOx
and PM and to fnd the operating condition for lower CO
and HC (Gharehghani et al.) [21, 22].

Te results of the experiments are analyzed to establish
the minimum emissions and higher performances; estimate

the contributions of individual parameters to the response
by using the Taguchi method; and show the response under
optimum conditions by investigating themain efects of each
parameter. Te main efect plot for the SNR is the engine
speed, and for means and standard deviation, the main efect
plots are the premixed fuel ratio at G25/E75. According to
the result, CO and UHC emissions are reduced at G50E50
which is unusual in RCCI engines, and NOx and CO2 are
reduced at a blend ratio of G25E75 fuel.

2. Materials and Methodology

2.1. Experimental Design. Even though there are many
widely used orthogonal arrays, each array is suited for
a specifc amount of independent design variables and levels
[23]. Te most efective way to experiment to examine the
impact of various independent variables each of which has
three set levels and two factors is to use a L9 orthogonal array
[24]. Te relationship between speed and the characteristics
of the fuel is a typical example of an interaction. To properly
reveal all factors infuencing performance and emission
characteristics, the common orthogonal arrays help defne
the bare minimum of tests necessary [25]. Baseline exper-
iments were conducted on a horizontally mounted, 4-stroke,
naturally aspirated, 0.309-liter, water-cooled, single-cylin-
der, directly injected diesel engine having the specifcations
shown in Table 1. Te fuel with the physiochemical prop-
erties of fuels shown in Table 2 is supplied to the engine
through direct injection, and a hydrous bioethanol-gasoline
fuel blend is injected into the intake manifold by port fuel
injection (PFI). As a consequence of the forced parameters, it
was decided to employ performance and emission process
factors, such as engine speed and premixed gasoline-bio-
ethanol blend ratios, to assess the efects of the test samples
on the emission properties. Te experimental fndings are
displayed in Table 3. Te engine setup test rig with the data
acquisition system was directly coupled to the dynamometer
found at Jimma University Institute of Technology (JiT) as
shown in Figure 1. Te second experiment was carried out
on the same engine that had been modifed for the RCCI
engine to improve efciency and reduce emissions. For the
port fuel injection system controlling mechanism, an
Arduino board electronic microcontroller is used for con-
trolling the injection volume of the blended fuel. Te per-
formance and emission characteristics of blends and diesel
fuels are investigated by using maximum loads (80%),
varying engine speeds, and fuel ratios as variables to assess
the combustion phase, at which the efciency is the highest.
Te study employed an 80% one-stage direct-injection
technique for diesel fuel and 20% fuel blends for PFI. Ex-
periments are performed at constant engine load, varying
speeds, and diferent premixed fuel ratios in both RCCI and
baseline combustion engine modes. Te experiments were
limited to a minimum engine speed of 1600 and a maximum
engine speed of 3000 rpm due to the excessively unstable
RCCI engine combustion at higher rpm. Te premixed ratio
(rp) is defned as the ratio of port-injected fuel energy to the
total fuel energy injected, as shown in the following equation
[26]:
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rp �
m ×(LHV)GBE

M ×(LHV)D + m ×(LHV)GBE
, (1)

where M and m are the mass fow rates of primary and sec-
ondary fuels, respectively, and LHV is the lower heating value of
the respective fuels. Where D is diesel fuel, GBE is gasoline-
bioethanol blend rp is the premixed ratio of G25BE75 and
G50BE50 percent of the port injected fuel.Te start of diesel fuel
injection (SOI) timing was kept constant in all experiments at
14° CA bTDC.

3. Result and Discussion

Te Taguchi experimental design method is preferred for
optimization strategies to solve the drawbacks of multifactorial
and full factorial designs that are connected to the outcomes
that can be attained through extensive experimentation. Te

Taguchi technique is employed in this study to identify the key
factors that make the greatest contributions to the variation in
response parameters of interest. It recommends an orthogonal
array for laying out the experiments which is a signifcant part.
Instead of varying one factor at a time, all factors are varied
simultaneously as per the design array and the response values
are observed. It can evaluate several factors in a minimum
number of tests. In this research, the Taguchi experimental
design method uses the three set levels and two factors with the
L9 orthogonal array.

3.1. Taguchi Analysis of Emission and Performance vs. Speed
and Premixed Blended Fuel Ratio. Linear model analysis of
the signal-to-noise ratio, means, and the standard deviation
versus engine speed and premixed hydrous bioethanol fuel
ratio; the main efect plot of signal-to-noise ratio, means,

Table 1: Engine model and specifcations.

Engine type, company EA300-E2-NB, Kubota
No of cylinder and stroke 1 and 4 stroke
Bore ∗ stroke 75.0 ∗ 70.0mm
Output power at 3,000 rpm 5.1KW
Swept volume 0.309 L
Connecting rod ratio 0.25
Noise level 95 dB (A)
Compression ratio 23
Maximum speed 3000 rpm

Table 2: Physiochemical properties of fuels.

Properties Ethanol Gasoline Diesel
Auto ignition temperature (°C) 420 300 —
Flashpoint (°C) 13 45 93
Density at 15°C 0.79 0.720 0.840
Adiabatic FT @ (25°C) 2234 2289 2600
Molecular weight 46 (95–120) 198–202
Reid vapor pressure (KPa) 17 41–65 —
Cetane number 7 17 54.6
Latent heat (KJ/kg) 904 380–500 904
RON 106 Min 92 CN-48
MON 89 81–89 —
LHV (MJ/kg) 26.8 42.4 42.5
Total sulfur (% wt) — Max 0.05 —
FBP temperature (°C) — Max 225 380

Table 3: L9 Experimental results of the engine emissions and performance.

Speed PMF-ratio NOx CO CO2 HC BT BP SNR LSTD STD Mean CV
2200 0 41 0.251 4.04 21 14.16016 3.28355 −25.9286 2.73238 15.369 13.9558 1.10129
2200 25/75 36 0.512 2.62 53 15.18555 3.5058 −28.6084 3.06736 21.485 18.4706 1.16321
2200 50/50 37 0.73 2.34 30 15.23438 3.84225 −26.2357 2.73921 15.475 14.8578 1.04152
2600 0 92 0.677 4.79 23 14.16016 3.87003 −31.8714 3.54794 34.742 23.0829 1.50509
2600 25/75 38 2.692 1.94 313 14.16016 3.84225 −42.2028 4.81697 123.59 62.2724 1.98466
2600 50/50 69 0.92 2.49 34 15.18555 4.52167 −30.1249 3.27898 26.549 21.0195 1.26305
3000 0 152 1.058 6.41 48 14.11133 4.51805 −36.3127 4.07015 58.566 37.6829 1.55417
3000 25/75 33 4.537 3.85 510 14.16016 4.52167 −46.3923 5.3162 203.61 95.0115 2.14299
3000 50/50 115 1.652 3.64 50 14.16016 4.43393 −34.2491 3.80119 44.754 31.481 1.42163
Engine speed in rpm and the premixed fuel ratio in percent volume; NOx andHC emissions are in particulate per million; CO and CO2 are in percent volume;
BP is the brake power in kW and BT is the brake torque in N-m. SNR: signal-to-noise ratio; LSTD: least square standard deviations; STD: standard deviation;
CV: coefcients of variance.
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standard deviation; and the interaction plots, residual plots
of SNR, means, and standard deviation are clearly shown in
the subsequent sections.

Te control factor settings that minimize the variability
brought on by the noise factors are identifed by the SNR.
Minitab computes the average signal-to-noise ratio for each
level of each control factor as well as the SNR for each
combination of control factors.When the procedure selected
the option when “larger is better” from the signal-to-noise
ratios; the frst option’s experimental objective is to maxi-
mize the response with favorable data features according to
the following equation:

S

N
� −10 × log 􏽘

yi

n
􏼒 􏼓 ×

yi

n
􏼒 􏼓􏼒 􏼓􏼔 􏼕, (2)

where yi are the measured property values and n is the total
number of experiments. In trials, to boost performance and
emission, it was found that the two variables’ engine speed
and premixed gasoline-bioethanol blend ratio were the
most efective ones. In linear model analysis, statistical
signifcance refers to the determination of whether the
estimated coefcient of the independent variable is dif-
ferent from zero, as shown in Table 4. Te estimated model
coefcients represent the relationships between the in-
dependent variables and the mean of the dependent var-
iable, as shown in Table 5. In linear model analysis, the
estimated model coefcients do not directly represent the
standard deviations of the variables involved, as shown in
Table 6.

3.1.1. Linear Model Analysis: SNR vs. Speed and Premixed
Fuel Blend Ratio. Analysis of variance (ANOVA): the major
goal of the analysis is to pinpoint and investigate the sig-
nifcant variables that afect an internal combustion engine’s
performance and emission levels and also to determine the
impact of the efective parameters on the quality charac-
teristic. Te total squared deviations of the overall mean are
used in the analysis of variance. Te efect of each

experimental component can be divided based on its con-
tribution and inaccuracy. Te parameter with the highest
mean square value is determined to be the most important
one, and it afects the operation and emission characteristics
of an internal combustion engine with the premixed fuels
blend. Tables 7–9 present the ANOVA’s fndings. Te
percentage contribution of each of the design parameters is

O

A. Fuel tank B. Fuel pump D. Fuel meter E. PFI F. Blended F. Pump
G. Fuel gauge H. Diesel fuel line I. D. Injector J. Reactors K. Engine L. Dynamometer
M. E. Manifold N. Computer O. Controller P. Intake Manifold DAQ-Data acquisition system

C. Fuel filter

Figure 1: Engine test rig setup and Arduino board microcontroller.

Table 4: Estimated model coefcients for SNR.

Term Coef SE coef T P value
Constant 6.3988 0.7713 8.296 0.001
Speed 2200 −5.7546 1.0908 −5.276 0.006
Speed 2600 0.7647 1.0908 0.701 0.522
PMF ratio −3.7985 1.0908 −3.482 0.025
PMF ratio 25/75 2.9879 1.0908 2.739 0.052
PMF ratio: premixed fuel blend ratio; SNR: signal-to-noise ratio; SE coef:
signifcant error coefcient; Coef; coefcient; P: statistical signifcance;
S� 2.3139; R-Sq� 92.05%; R-Sq(adj)� 84.09%.

Table 5: Estimated model coefcients for means.

Term Coef SE coef T P value
Constant 35.3149 5.528 6.389 0.003
Speed 2200 −19.5536 7.817 −2.501 0.067
Speed 2600 0.1433 7.817 0.018 0.986
PMF ratio −10.4077 7.817 −1.331 0.254
PMF ratio 25/75 23.2699 7.817 2.977 0.041
S� 16.5833; R-Sq� 81.11%; R-Sq (adj)� 62.22%.

Table 6: Estimated model coefcients for standard deviation.

Term Coef SE coef T P value
Constant 60.460 14.17 4.266 0.013
Speed 2200 −43.017 20.04 −2.146 0.098
Speed 2600 1.167 20.04 0.058 0.956
PMF ratio −24.234 20.04 −1.209 0.293
PMF ratio 25/75 55.768 20.04 2.783 0.050
S� 42.5134; R-Sq� 77.49%; R-Sq (adj)� 54.98%.
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represented by p, andMS is the mean square of a component
discovered by dividing its sum of squares and degrees of
freedom. For each factor, the degree of freedom is 2. Te
second factor, speed, is therefore determined to be the most
signifcant element that contributes to and infuences the
performance and emission characteristics of an RCCI in-
ternal combustion engine based on the analysis, which fnds
that it has the maximum mean square value. Te degrees of
freedom, successive sums of squares, mean square (MS), T-
statistic from theMS, and p value can all be obtained from an
analysis of variance. Analysis of variance (ANOVA) fndings
are presented in Table 7 is speed, in Table 8 is premixed
blended fuel ratio, and in Table 9 is premixed blended fuel
ratio is signifcant in SNR, means, and standard deviation,
respectively. Te analysis is deemed signifcant at a level of
5% with a 95% confdence level. Te column of p values in
this Table 7 shows which of the efective parameter is
a crucial one and has the most impact.

3.1.2. Linear Model Analysis: Means vs. Speed and Premixed
Fuel Blend Ratio.

3.1.3. Linear Model Analysis: Standard Deviation vs. Speed
and Premixed Blended Fuel Ratio. Main efects plot: the
signal-to-noise ratio, means, and standard deviations are just
a few examples of the factors that the major efect plots display
as they relate to the response characteristic. As a result, as
shown in Figure 2, for the main efect plots of the signal-to-
noise ratios, the speed had a larger main infuence. Te pre-
mixed blended fuel ratio, as seen in Figures 3 and 4, had
a bigger main efect, according to the main efects plots for
means and standard deviations. Individual standard deviations
are used to calculate interval plots at the 95% confdence level of
NOx and CO2 to determine which premixed blend ratios of
low-reactivity fuel have a signifcant efect on emissions and
engine speed. Figures 5(a) and 5(b) clearly show the maximum
NOx and CO2 levels at all baseline and minimum at all 25/75
RCCI engine combustion modes.

Residual plots of SNR, means, and standard deviation:
Figures 6–8 display the residual plots for SNRs, means, and
standard deviations, respectively. A residual plot is a graph
where the independent variable is on the horizontal axis and
the residuals are displayed on the vertical axis. A linear re-
gression model is adequate for the data if the dots in a residual
plot are randomly distributed across the horizontal axis;
otherwise, a nonlinear model is preferable. A linear model
ofers a respectable ft to the data, as evidenced by the residual
plot’s seemingly randompattern. Although there can be a small
nonlinearity in the middle, the data seem to be mostly linear.
Overall, for these data at this level, linear regression is adequate.
Figure 6 displays the residual plot of S/N ratios. Tis design is
used to check whether the model adheres to the analyses’
underlying assumptions. Te residual plots and each residual
plot’s interpretation are as follows:

(i) By using a normal probability plot, abnormality is
found.Te residues appear to be dispersed normally
in an essentially straight line. Te data are normally
distributed, as demonstrated by the normal

probability plot above, and the factors have an
impact on the response, as seen in Figures 6–8.

(ii) Outliers, missing higher-order terms, and non-
constant variance are found by using the residuals
vs. ftted values display. Around 0, the residuals
ought to be dispersed randomly. Te residuals vs.
ftted values plot shown above shows that the
variance is consistent and that there are no outliers
in the data.

(iii) Te residuals’ histogram plot aids in the identif-
cation of many peaks, outliers, and abnormalities.
Te histogram should roughly be bell-shaped and
symmetric. Te histogram of the residual points is
depicted in the abovementioned plot, and it is seen
that it is roughly symmetric and bell-shaped.

(iv) Te plot of residuals versus order helps in detecting
the time dependence of residuals. Te residuals
should exhibit no clear pattern. Te above-
mentioned residuals versus order plot indicated the
random pattern of the residuals.

Delta value shows the diference between the highest
average response values for each factor. According to the
present investigation, speed has the largest efect on the
signal-to-noise ratio with the delta value of 38.96, rank=1,
and has the largest efect on the response table of means with
the delta value of 38.96, rank = 1. Te premixed fuel ratio
(delta: 87.30, rank = 1) has the largest efect on the standard
deviations, but (delta: 84.87, rank = 2) has the lowest efect
on the standard deviations in all options as is shown in
Table 10. Te box plots of brake power and brake torque at
a 95% confdence level are shown in Figures 9(a) and 9(b),
and both are inversely proportional to each other.

Table 7: Analysis of variance (ANOVA) for SNR.

Source DOF SS Adj SS Adj MS F P value
Speed 2 175.80 175.80 87.901 16.42 0.012
PMF-ratio 2 72.04 72.04 36.021 6.73 0.053
Residual error 4 21.42 21.42 5.354
Total 8 269.26
DOF: degree of freedom; SS: sum of the square; Adj SS: adjusted sum of
square; Adj MS: adjusted mean square.

Table 8: Analysis of variance (ANOVA) for means.

Source DOF SS Adj SS Adj MS F P value
Speed 2 2277 2277 1138.7 4.14 0.106
PMF ratio 2 2446 2446 1222.9 4.45 0.096
Residual error 4 1100 1100 275.0
Total 8 5823

Table 9: Analysis of variance for standard deviations.

Source DOF SS Adj SS Adj MS F P value
Speed 2 10810 10810 5405 2.99 0.161
PMF ratio 2 14075 14075 7038 3.89 0.115
Residual error 4 7230 7230 1807
Total 8 32114
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Figure 3: Main efect plot for means.
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Figure 4: Main efect plot for standard deviations.
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Individual standard deviations are used to
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Interval plot of CO2
95% CI for the Mean

Speed

PMF-Ratios

2200 2600 3000

25
/7

5-
RC

CI

50
/5

0-
RC

CI0

25
/7

5-
RC

CI

50
/5

0-
RC

CI0

25
/7

5-
RC

CI

50
/5

0-
RC

CI0

0
1
2
3
4
5
6
7

CO
2 

in
 %

 V
ol

(a)

Individual standard deviations are used to
calculate the intervals.
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Figure 5: Interval plot of (a) NOx and (b) CO2, which shows signifcant details of emissions.
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Figure 6: Residual plots for SNR.
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Figure 7: Residual plots for means.
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Figure 8: Residual plots for standard deviations.

Table 10: Response table for SNR, means, and standard deviation with the selected option “larger is better.”

Response table for SNR Response table for means Response table for STD
Level Speed PMF-ratio Level Speed PMF ratio Level Speed PMF ratio
1 0.6441 2.6002 1 15.76 24.91 1 17.44 36.23
2 7.1634 9.3867 2 35.46 58.58 2 61.63 116.23
3 11.3887 7.2094 3 54.73 22.45 3 102.31 28.93
∆ 10.7446 6.7865 ∆ 38.96 36.13 ∆ 84.87 87.30
Rank 1 2 Rank 1 2 Rank 2 1

Boxplot of Pb

3.2
3.4
3.6
3.8
4.0
4.2
4.4
4.6

Pb

2600 30002200
Speed

(a)

300026002200
Speed

Boxplot of Tb

14.0

14.2

14.4

14.6

14.8

15.0

15.2

Tb

(b)

Figure 9: Te box plots of (a) brake power and (b) brake torque at the 95% confdence level.

Table 11: Engine combustion, performance, and emission results and validations.

Ref Parameters
Results

Baseline and RCCI
CP HRR RI GIE NOx Soot UHC CO

[19] ↑ Rp G-D RCCI ↑ ↑ — ↑ ↓ ↓ ↑↑ ↓ Diesel-gasoline RCCI
[27] Peak load-MCP ↑↑ — — ↓ ↓ ↑ ↑ Diesel-alcohol RCCI
[28] Peak load ↑ ↑ ↓ ↓ — —
[29] Improving the PR of NG — ↓ ↓ ↓ ↓ ↑ ↑ Diesel-RCCI (NG/CNG/H2)
[30] 60CNG energy share — — ↑ ↑ ↓ ↓ ↑ ↓

Current work G25E75-RCCI ↑↑ ↑↑ — ≈ ↓↓ ↓↓CO2 ↑ ↑ At 3000 rpm (GE blend)
G50E50-RCCI ↑ ↑ — ↑ ↓ ↓ CO2 ≈ ↓ At 2200 and 2600 (GE blend)

D: diesel fuel; DI: direct injected; Rp: premixed ratio; G-D: gasoline diesel; MCP: maximum cylinder pressure; NG: natural gas; CNG: compressed natural gas;
↑↑: maximum; ↑: increased; ≈: average; ↓: reduced; G25E75 or G50E50: a blend ratio for the RCCI engine combustions for present investigation; Ref: referees;
GIE: growth-indicated efciency.
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Interaction Plot for NOx Data Means Interaction Plot for CO Data Means

Interaction Plot for CO2 Data Means Interaction Plot for HC Data Means
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Figure 10: Interaction plot for emissions and performances.

International Journal of Chemical Engineering 9



Te comparative analysis of the previous work with the
current investigation and its novelty is shown in Table 11.
Te lower carbon monoxide level at the blend ratio of
G50E50 is unusual in other RCCI Engines.

3.1.4. Interaction Plots for NOx, CO, CO2, HC, Tb, and Pb.
Te Minitab forms an interaction plot by plotting for two
factors the characteristic average for each combination of
factor levels. So, for two factors with three levels each,
Minitab plots six points that represent the six possible
combinations. Te levels of one factor are indicated on the
horizontal axis, whereas diferent colored lines and symbols
indicate the levels of the other factor. If the lines are parallel
to each other, then there is no interaction between the two
factors. If the lines are not parallel to each other, then there is
an interaction between the two factors. In these results, Tb
and CO2 lines are parallel, which means that the efect of one
factor on the response variable is consistent across diferent
levels of the other factor. Tis implies that the factors do not
interact, and their efects on the response variable are in-
dependent of each other. As shown in Figure 10, NOx, CO,
HC, and Pb had the strongest means in engine speed and

premixed blended fuel ratio.Te lines for NOx, CO, HC, and
Pb are not parallel, which indicates an interaction efect.Tis
means that the efect of one factor on the response variable
depends on the level of the other factor. In this case, it is
important to further analyze the nature of the interaction
and interpret the results accordingly. Te gasoline-ethanol
(25/75) blend and the speed of 3000 rpm show more impact
relative to all the others due to the cooling efects and oxygen
contents of the ethanol improving combustion efciency
that creates variation as shown in each graph.

3.1.5. Contour Plots of Performance and Emissions. Te focal
issues from the diesel engines are NOx and PM emissions.
Te contour plots of nitrogen oxides (in ppm) from the
exhaust of the engine are minimum at the lower brake power
and engine speed, while carbon dioxide (in % vol) emission
seems to be lower at low speed and maximum at lower brake
power but maximum at higher speed and higher brake
power as shown in Figures 11(a) and 11(b).

Figures 12(a) and 12(b) show the contour plots of carbon
monoxide and unburned hydrocarbon emission in per-
centage volume versus engine speed, respectively. Te CO is
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Figure 11: Te contour plot of (a) NOx and (b) CO2 of CDC and RCCI emission.
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Figure 12: Te contour plot of (a) CO vs. speed and (b) UHC vs. speed of CDC and RCCI emission.
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maximum (3-4% vol) and lower at speeds below 2500 rpm
and brake power below 4.2 kw, which is less than 1% vol.
Unburned hydrocarbon in less than 100 ppm emission at
below 2500 rpm in all engine brake power and 100-200 ppm
in all speeds is observed to be greater at the engine speeds of
more than 2500 rpm.

4. Conclusions

An experimental investigation of a triple-fuel RCCI engine
running on a port-injected hydrous bioethanol-gasoline
blend and direct-injected diesel fuel was conducted.
According to the investigation, the following conclusions are
drawn:

(1) Te delta value shows the highest average response
values for each factor. Te engine speed having
a (delta value of: 10.7446, rank = 1) has the largest
efect on the SNR, and delta 38.96, rank = 1, has the
largest efect on the response for means at engine
speeds of 3000 rpm. Te premixed fuel ratio of
G25BE75 (delta: 87.30, rank = 1) has the largest efect
on the standard deviation.

(2) Te interaction plot between the two factors in NOx,
CO, HC, and brake power had the strongest means
except brake torque and CO2, in speed and premixed
blended fuel ratio.

(3) Te speed had the larger main efect plots for SNR at
the engine speed of 3000 rpm that is to mean higher
engine speed and higher ethanol contents have
a good efect on the investigation. Te premixed
blended fuel ratio of G25E75 had the higher main
efect plots for means and standard deviations.

(4) Tis shows that the fuel ratio of G25E75 premixed
fuel and engine speed of 3000 rpm had the lowest
oxides of nitrogen and CO2 emissions at the mod-
ifed RCCI engine and had the highest NOx emis-
sions at the engine running with diesel fuel alone and
vice versa for CO and HC emissions.
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