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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu The hike in fuel prices and rapid depletion of fuel reserves have compelled scientists to focus on
Keywords: energy conservation, environmental protection, engine performance improvement, and cost
Fuel injection parameters saving. The prime objective of the study is to compare the empirical results with response surface
Diesel engine methodology (RSM) optimized results in order to check the accuracy of model designed by RSM.
Optimization Therefore, the current study examines the effect of fuel injection parameters (nozzle opening
Filter smoke number pressure and protrusion) on diesel engine performance and exhaust emissions. RSM technique
Desirability was applied to predict engine performance and exhaust emission parameters along with their

optimization. The brake thermal efficiency (BTE) was incremented by 1.23 % for protrusion from
1.5 to 2.5 mm under 240 bar nozzle opening pressure (NOP). BTE was increased by 0.94 and 4.51
% for 1.5 and 2.5 mm protrusion respectively. CO emission was decremented by 4.47 and 11.31 %
for 1.5 and 2.5 mm protrusion respectively when the NOP changed from 230 to 240 bar. RSM
model optimized input conditions 240 bar pressure, 2.5 mm protrusion, and 1935.67 engine rpm.
The engine was again tested on RSM-optimized conditions and the highest absolute percentage
error (APE) of 4.42 % was obtained for NOx emission, while the lowest APE of 2.89 % was ob-
tained for BSFC.

1. Introduction

Compression Ignition (CI) engines have potentially contributed to socio-economic growth due to their inclusive range of appli-
cations in agriculture, transportation, industries, and power generation [1,2]. The transportation sector solely consumes around 33 %
of global energy and served as primary source of pollution in the environment like the global warming, greenhouse effect, acid rains,
and smog [3,4]. Fossil fuels served as the primary fuel to power diesel engines, but their immense utilization results in their depletion
in approximately the next 50 years [5]. Energy Information Administration (EIA) has projected that global energy consumption will be
upsurged by 56 % in 2040 in comparison with 2010 [6]. Therefore, the environmental threats, increase in fossil fuel demand, and their
depletion in the near future are forcing engineers to make progress in efficient technology [7]. During the last couple of decades, the
automotive sector has paid attention on the improvement of advanced technologies related to emission control due to the escalating
dynamic market trends for successfully reducing the emission problems along with better fuel economy. It is important to have an
atmosphere within environmental standards for industries. For this purpose, different manufacturers and engineers are making their
efforts to advance distinct strategies in operations for a reduction in exhaust emission of petrol as well as diesel engine. Moreover,
automotive manufacturers have imposed strict standards related to emissions to make advanced engine models comply with them. A
detailed review of the literature reveals three conventional methods for the improvement in engine performance; (i) fuel preprocessing
[8,9] (ii) improvement in engine design [10,11] (iii) post-processing of engine exhaust [12]. In fuel preprocessing, the combustion
attributes of conventional fuels can be amended by fusing minute fractions of nanoparticles, emulsions, biogas, and biodiesel etc. in
petroleum fuel [3,13-15]. The engine design can be improved through a fuel injection system and combustion chamber modification in
order to achieve better performance [16-18]. The processing of engine exhaust includes the mitigation of hazardous pollutants in the
emissions through catalytic convertors and recirculating them through the engine for better performance [19,20].

The design of combustion chamber and injection nozzle are the two important parameters to decrease exhaust emission along with
improved fuel economy. The spray pattern developed by diesel fuel injector has a significant impact on engine performance. Inter-
mittent fuel spray formed under high temperature and pressure usually possess higher turbulence and momentum, which lead to good
spray formation in engine cylinder [21]. The geometrical parameters of injector nozzle have been reported to affect the transient
behavior of fuel spray jet formation for various conditions of pressures such as needle opening, ambient pressure and injection pressure
[22-24]. Also, the spray patterns are directly influenced by different parameters for example the spray orifices and cone angles with
their shape, length and diameter, the particular position of the fuel injector with respect to piston forming combustion chamber and lift
of needle. The formation of spray jet as well as its impingement depends on these designed variables which show their direct effect on
exhaust of engine. The number of spray orifices that forms a jet is very important as for as air fuel mixture is concerned. There exists a
direct relation between homogeneity of fuel-air mixture and number of orifices. The combustion process during such condition will
produce less exhaust emission [25,26]. Pandian et al. [27] varied injection timing (IT) from 18 to 30° BTDC and found reduction in HC
and CO at the cost of higher NOx emission. They observed that BTE improved along with lower HC and CO along with higher NOx
emission for upsurge in injection pressure (IP). Also, it is identified that higher injection pressure for moderate protrusion generated
better results in terms of higher BTE, lower BSFC, CO and HC emissions.

Agarwal et al. [28] conducted experiment on 510.7 cc CI engine under two distinct fuel injection pressures (1000 and 500 bars) and
injection timings. The pressure variations and heat release rate showed better combustion characteristics under lower pressure of 500
bars, however higher-pressure of 1000 bars resulted knocking. The higher combustion and heat release rate was observed for advances
injection timings even at earlier combustion stage. The engine performance was improved at lower injection pressure resulting into
higher BTE for all engine loading conditions. The performance and emission parameters can be further improved through advancement
in the injection timing. The concentration of particulates reduced significantly for higher injection pressure under all loading con-
ditions. It can be credited to prolonged air-fuel mixing time before combustion stroke under advanced injection timings. However, the
particulate concentration first rises than decline with retarding injection timing under lower injection pressure due to more sensitive
nature of mixing towards cylinder temperature and pressure before combustion stroke.
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Hawi et al. [29] found that for 50-150 MPa injection pressure, the vapor penetration increase up to 21.5, 24.4 and 33.2 % for
tetradecane, methyl oleate and diesel respectively. For density from 15 to 25 kg/m?, the wider spray cone angle increases by 11.8, 13.8
and 9.6 % for tetradecane, methyl oleate and diesel respectively. While shorter vapor penetration increases by 11, 9.2 and 13.1 %
respectively. They found least reduction in spray cone angle for higher injection pressure. Kushwaha and Ismail [30] performed
experiment on 553 cc diesel engine by employing two fuels (HHO gas and diesel fuel) and studied their performance by varying fuel
injection parameters. They found that the increase in tip penetration length increased the BTE, decreased BSFC, decline in HC, CO and
CO», but the NOx emission increased.

RSM comprised of statistical and mathematical methods which are valuable for problem analysis in which response is influenced by
multiple factors. It provides multi objective optimization of all the responses influenced by multiple factors [31].

Chaurasia et al. [32] investigated the impact of variable injection timing from 17.5 to 29.5° on diesel engine performance. They
observed the increase in fuel consumption from 17.5 to 26.5° and decrease slightly at 29.5°. The opposite trend was observed for brake
thermal efficiency. Moreover, the exhaust gas temperature (EGT) decreases with the increase in injection timing because at early
injection, more amount of fuel burns in the premixed combustion period which result into higher combustion in-cylinder temperature.
The cylinder pressure was increased and ignition delay was decreased when injection timing increased. In case of emissions, CO; and
NOx were increased with the increase in injection timing, but smoke emissions were decreased. Rajak et al. [33] examined the impact
of compression ratio on engine performance. They found that increasing the compression ratio (CR) improved the performance of the
engine in terms of peak cylinder pressure, combustion temperature, knocking tendency, NOx emission and a reduction in brake mean
effective pressure, volumetric efficiency, and smoke emission.

Verma et al. [34] characterized the roselle fuel blends, researchers used experimental and empirical approaches while operating at
engine loads of 25, 50, 75, and 100 %, and with fuel injection timings of 19°, 21°, 23°, 25°, and 27° before top dead center. Results
indicate that for 20 % blend with the change of injection timing from 19° bTDC to 27° bTDC at full load, brake specific fuel con-
sumption and exhaust gas temperature was increased by 15.84 % and 4.60 % respectively, while brake thermal efficiency decreases by
4.4 %. Also, an 18.89 % reduction in smoke, 5.26 % increase in CO2, and 12.94 % increase in NOx were observed. In addition, an
empirical model for full range characterization was created. With an r-squared value of 0.9980 + 0.0011, the artificial neural network
model constructed to characterize all 10 variables was able to predict satisfactorily. With improved FIT, Blend LA20 showed greater
EGT, ignition delay, and maximum rate of pressure rise. with improved FIT, NOx emissions increased. With enhanced FIT, CO2
emissions increased while smoke emissions dropped. Rajak et al. [35] studied the impact of load on spray tip penetration and spray
cone angle with the increase in load. Both of these parameters were increased with the increase in load. They also observed that B20
biodiesel possessed highest spray tip penetration and lower spray cone angle.

RSM is an efficient and cost-effective tool that not only provides comparison between the predicted and experimental results but
also enables us to analyze the experimental factors [36]. Moreover, it optimizes the experimental data which results in saving of the
time and resources [37]. The current RSM technique has been used by many scientists for engine performance optimization [38].

Table 1
Comparison between previous research and current study.
Author Operating Parameters Output parameters Combustion parameters RSM
Engine Engine
performance emissions
Yang et al. [41] Nozzle opening pressures and injection timings ~ BTE, BSFC NOx, CO, and ICP, HRR X
HC
Khayum and Nozzle opening pressures, biogas flow rate and ~ BTE, BSFC and NO, CO,HCand  ICP, HRR, ID and combustion X
Murugan [42] injection timings EGT smoke duration
Khayum et al. [23] Nozzle opening pressure BTE, BSFC and HC, NO and cylinder pressure X
EGT smoke
Gulmez and Nuran Nozzle opening pressure and injection timings Torque, EGT and S02, C02, CO X X
[43] BTE and NOX
Soudagar et al. [44] Injection timings and injection opening BTE, BSFC CO,HCandNOx  ICP, HRR, X
pressure
Molina et al. [45] Injection timings ISFC Soot, CO, HC Start of Combustion, X
and NOx Combustion Duration, Combustion
phase, In cylinder pressure
Sharma et al. [46] Injection timings and injection opening BTE, EGT X Peak combustion pressure v
pressure
Karthic et al. [47] Injection timings and injection pressure BTE, BSFC Smoke, CO, HC Ignition delay, In cylinder X
and NOx pressure, HRR
Mohamed et al. [48] Palm biodiesel blend, torque, injection BSFC Smoke, CO X v
pressure, compression ratio, and injection
timing.
Sathiyamoorthi [49] Injection pressure, and injection timing BTE, BSFC Smoke, CO, HC X v
and NOx
Sathiyamoorthi [50] EGR%, Injection pressure, and injection timing ~ BTE, BSFC Smoke, CO, HC X v
and NOx
Current Study Nozzle opening pressure, protrusion and Brake power, FSN, CO, HC X v
engine speed BSFC, BTE and NOx
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Samet uslu [39] used different biodiesel blends in CI engine for its performance optimization. He found more optimized results for RSM
as compared to Artificial Neural Network (ANN) technique. The R? values by RSM model was above 0.90, however, the R? values by
ANN model were in range of 0.88-0.95. However, the mean relative error (MRE) and root mean square error (RMSE) in case of all
responses were found lower. The optimum responses were identified as 0.126 %, 196.25 ppm, 155.49 °C, 0.126 %, 69.11 %, 30.75 %
for HC, NOx, EGT, CO, smoke and BTE for optimum operating factors (17.88 % palm oil percentage, 780-W engine load and 35 °CA
injection advance). Baranitharan et al. [40] compared RSM and ANN techniques for the evaluation and optimization of engine factors
for ternary (biodiesel/diesel/tert-butyl hydroxyl quinone) fuel blends. The study was conducted under different engine loads and
compression ratios. The RSM optimized values were 22.01 % BTE, 8.33 % CO», 9.33kg/kWh BSFC, 0.67 % CO, 224 ppm HC and 351
ppm NOx emissions. Moreover, the R? values for RSM and ANN were found 0.991 and 0.998 respectively. Usman et al. conducted
experiment on hydroxy gas (HHO) enriched diesel fuel and optimized the diesel engine performance through RSM. Analysis of variance
(ANOVA) results depicted good fit for all developed quadratic models. The user-defined historical RSM design of empirical study
recognized optimum HHO flow rate (8 L/min) and engine load (41 %), with 0.733 composite desirability and absolute percentage error
(APE) below 5 %. The literature review discloses that RSM has been considerably applied to optimize CI engine performance for
alternative fuels.

1.1. Novelty

Table 1 entails the comparison between literature review and the current study. It can be observed that the most of research does
not include the application of response surface methodology (RSM) for the optimization of engine performance. Only few researchers
used RSM approach for engine performance optimization, but they do not include all engine performance and emission parameters.
They mostly include combustion parameters of engine, but these parameters automatically reflect through engine brake power, fuel
consumption, engine efficiency and emissions. For better combustion, engine will produce higher brake power at the cost of lower fuel
consumption and efficiency. The engine performance will be compromised for the worst combustion. Two aspects have been noticed
after reviewing the literature. One is that the researcher applied RSM only for optimization engine performance but did not validate the
RSM results, and ANOVA is also missing in the literature. Secondly, it is noticed that researchers applied RSM for limited engine
performance parameters. In present study, injection timing is not changed and there is no relative relation of injection timing with
compression pressure. However, the distance of injectors relative to the piston is increased by placing different thickness of washer at
the protrusion where injector has to be seated. This change has varied the time for fuel to reach the piston cavity. The very change is
done to see its impact on the performance and emissions which has not been given attention in the literature. Further, this study focuses
on RSM application on fuel injection parameters of diesel engine due to its benefits over machine learning optimizations. As RSM can
deal with nonlinear relationship among variable, multi objective optimization, quantify the importance of input and output variable
along with statistical assessment of optimized results. Moreover, RSM requires fewer experiments for than other optimization tech-
niques, which can save time and resources. RSM achieves this by using a combination of design of experiments and statistical models to
generate predictions for untested input conditions. RSM is multi objective optimization that include all input parameters (protrusion,
nozzle opening pressure and engine speed) and response variable (Brake power, BSFC, BTE, FSN, CO, HC and NOx). ANOVA analysis
has been made on the performance and emission parameters against input factors (protrusion, nozzle pressure and engine speed). At
last, the RSM predicted optimized results were validated via experimentation.

2. Materials and methodology

In the current study, turbo charged diesel engine was used and fuel injection parameters were varied to ascertain emission and
performance characteristics. The technical specification of engine and physicochemical properties of diesel fuel are mentioned in
Table 2 and Table 3 respectively.

2.1. Experimental setup

A three-cylinder, water cooled, 2.5-L diesel engine (model: MF 260) was retrofitted with eddy current dynamometer. The dyna-
mometer was mounted on inflexible base plate which takes shaft rotor assemblage inside metal casing. The engine shaft coupled with
engine rotor and rotates with crankshaft in order to synchronize with engine speed cutting magnetic lines. In consequence, the eddy
currents will be produced which opposes direction of shaft in clockwise direction. This opposition by eddy current actually served as
electric load and dissipates heat. The cooling water regularly circulates through pipes to reduce heat dissipation impact. The engine
rpm is measured by electro-magnetic pick-up device fixed on toothed wheel. The probe of exhaust gas analyzer (NOVA 7466LK) was

Table 2
Engine specification.
Parameters Specification
Engine capacity 25L
Engine make AD3.1524 by Perkins
Bore 91.44 mm
Stroke 127 mm
Compression ratio 16.5
Maximum Torque 171N-m
Maximum Power 34.6 kW
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Fuel properties.
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Properties Diesel ASTM standards
Physical state Liquid

(Specific gravity) 16:c 0.83-0.86 ASTM D1298
Stoichiometric Air to fuel ratio 145 -
(Viscosity)so-c 2.42 mm?/s ASTM D445
Boiling Range 160-366 °C ASTM D2887
Cetane rating 57.86 ASTM D613
Flash point 59 °C ASTM D92
Calorific value 44000 kJ/kg ASTM D240

inserted into exhaust manifold of engine in order to record steady state emissions. Fig. 1 displays the experimental setup including test
engine and all auxiliaries attached with it.

A smoke meter manufactured by the “AVL” was used in the experimentation in order to ascertain smoke value. The AVL smoke
meter determines the filter smoke number (FSN) and soot concentration by using the filter paper method. The AVL smoke meter
provides high measurement resolution and low detection limit of 0.001 FSN and 0.002 FSN respectively.

The primary purpose of the research study is to achieve the combination of design parameters (nozzle opening pressure, protrusion
and engine speed) which should be suitable for improved engine performance and reduced exhaust emissions. Three independent
variables (nozzle opening pressure, protrusion and engine speed) were used for the investigation of engine performance (brake power,
BSFC and BTE) along with exhaust emissions (CO, HC, NOx and FSN).

NOP was changed from 230 bar (original) to 240 bar (modified) with 1.5 mm (original) washer at the injector seat to the 2.5 mm
(modified) within a range of engine speed from 1000 to 2250 rpm. The engine was warmed up under control condition till it reached its
working temperature. Then, the performance and emission parameters were tested at full throttle of fuel injection pump. The load was
continuously added to bring the rpm down step by step. RSM technique was then applied on the experimental data in order to optimize
engine performance. RSM not only predict responses but also mentions the most optimum conditions for the maximum efficient results.
In order to check validation of RSM predicted values, the experiment than again performed only on optimum conditions.

2.2. Uncertainty analysis

Extent of accuracy of measure response variables and degree of error in each measurement of experimental setup can be determined
through uncertainty analysis. Table 4 entails the measurable range of parameters, accuracy, and uncertainty in the ascertained values.
However, the total uncertainty of experimental setup (Uexp) evaluated through following equation [51]:

Uexp =[ (UHC)2 + (USpeed)2 + (Ul)ower)2 + (UFSN)2 + (UCO)2 + (UNOX)2 + (UBSFC)2 1 1/2

Uexp = [ (1) + (0.5)% + (1)% +(1)% + (1)* + (1)* + (0.5)*1 V2

Data Acquisition and
Control unit

AVL
Smoke h
Analyzer
<

AVL

Fuel Filter

AVL Fuel Flow Meter

Fuel Injection
Pump

Emission ’
Analyzer
i
AVL
Blow By - .
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Coolant
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Fig. 1. Experimental setup.



astm:D1298
astm:D445
astm:D2887
astm:D613
astm:D92
astm:D240

M. Usman et al.

Case Studies in Thermal Engineering 52 (2023) 103718

Table 4

Measurable range, Accuracy and Uncertainty in measurements.
Parameters Range measurable Accuracy Uncertainty (%)
HC 0-122.78 g/h +2g/h +1 %
Speed 0-12000 rpm +2 rpm +0.5
Power 0-500 kW +0.5 kW +1
co 0-828.88 g/h +4 g/h +1
Fuel consumption - 0.1 kg/kWh + 0.5
NOx 0-1546.44 g/h +6 g/h +1
FSN 0-10 % +1 % +1

Uexp = 2.3%

3. Results and discussion

3.1. Brake power (BP)

The trends of brake power with respect to engine speed and protrusion under 230 and 240 bar pressure can be seen in Fig. 2(a) and
(b) respectively. It can be noticed that brake power generally increases with engine speed. The maximum brake power of 44.71 kW was
obtained at 2250 rpm for 240 bar pressure and 1.5 mm protrusion. However, the minimum brake power of 17.53 kW was obtained at
1000 rpm for 240 bar pressure and 2.5 mm protrusion. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the
brake power increased by 0.60 %. At 240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the brake power decreased
by 3.26 %. For protrusion 1.5 mm, when the pressure was increased from 230 to 240 bar, the brake power was increased by 1.82 %. For
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Fig. 2. BP comparison (a) at lower NOP, (b) at higher NOP, and (c) between empirical and predicted values.
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protrusion 2.5 mm, when the pressure was increased from 230 to 240 bar, the brake power was decreased by 2.09 %. The engine
usually misfires at higher injection pressure around 100 MPa due to excessive evaporation prior to ignition is not enough for adequate
flame propagation [52]. The fuel droplets usually undergoes throttling process at higher injection pressure and these droplets end up
approximately in vapor phase which ultimately results better combustion [53]. At higher fuel injection pressure and injection period,
the more fuel spray impinge on cavity walls and mix with air along with reduction in nozzle area on extension of wall impingement
[54].

Fig. 2 (c) shows the comparison between the experimental and predicted values of brake power. The blue color points represent the
minimum brake power i.e., 17.53 kW whereas red color points show the maximum brake power i.e., 44.71 kW. ANOVA test is per-
formed for brake power and the results are tabulated in Table 5. The F and p values are calculated which are 890.04 and smaller than
0.0001, respectively show that the measured brake power is statistically significant. In addition, the regression analysis shows that the
data set is a good match with the regression line which shows that there is a very less difference between the predicted and actual
values. Table 5 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R?
value (0.9962) was approximately equal to +1 and fair compliance between adjusted (0.9950) and predicted R? (0.9926) was observed
with difference in their values equal to 0.01. The engine speed was radically contributed to accumulated variations with percentage
contribution (PC%) of 99.0525 % in comparison with NOP and protrusion which were 0.0052 and 0.0982 % respectively. The poor fit
in case of cubic and linear along with aliased nature of quadratic model are the main reasons for selection of best fitted quadratic
model. Equation (1) depicts actual regression expression for brake power.

Brake Power = 34.45-0.0631A-0.2748B + 12.68C-0.3363AB+0.4260AC+0.4614BC- 2.54C> (€8

Equation (1) shows the effect of independent variables on final response against each stipulated factor levels.

3.2. BSFC

The general trend of BSFC with the variation in engine speed and protrusion under 230 and 240 bar pressure can be observed from
Fig. 3(a) and (b) respectively. It can be observed that BSFC was higher in the beginning, than BSFC started declining to a minimum
value. However, after attaining the minimum value, the BSFC again started rising. This declining-rising behavior can be justified with
more fuel consumption at the start for dominating inertial effect and to make engine in running condition. The lowest BSFC indicates
optimum condition for engine operations and with the rise in engine speed, the more fuel started to consume for meeting higher power
requirement [5]. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the BSFC increased by 2.16 %. At 240 bar
pressure, when the protrusion increased from 1.5 to 2.5 mm, the BSFC decreased by 1.13 % as more uniform distribution in combustion
result into lower BSFC [55]. For protrusion 1.5 mm, when the pressure was increased from 230 to 240 bar, the BSFC was decreased by
1.24 %. For protrusion 2.5 mm, when the pressure was increased from 230 to 240 bar, the BSFC was decreased by 4.43 %. The decline
in BSFC can be reasoned to more effective fuel utilization at higher IP, as the improved fuel atomization linked with trivial delay in fuel
injection owing to higher needle lift pressure with same time period and low amount of fuel enters into combustion chamber [56,57].

Fig. 3 (c) shows the comparison between the experimental and predicted values of BSFC. The blue color points represent the
minimum BSFC i.e., 0.22kg/kWh whereas red color points show the maximum BSFC i.e., 0.28kg/kWh. ANOVA test is performed for
BSFC and the results are tabulated in Table 6. The F and p values are calculated which are 30.91 and smaller than 0.0001, respectively
show that the measured BSFC is statistically significant. In addition, the regression analysis shows that the data set is a good match with
the regression line which shows that there is a very less difference between the predicted and actual values.

Table 6 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.9001) was approximately equal to +1 and fair compliance between adjusted (0.8710) and predicted R? (0.7830) was observed with
difference in their values equal to 0.01. Both engine speed and NOP were radically influenced on accumulated variations with per-
centage contribution (PC%) of 76.1904 and 5.9523 % in contrast with protrusion (0.0035 %) respectively. The poor fit in case of cubic
and linear along with aliased nature of quadratic model are the main reasons for selection of best fitted quadratic model. Equation (2)
depicts actual regression expression for BSFC.

BSFC = 0.2372-0.0039A + 0.0003B-0.0208C-0.0020AB+0.0042AC+0.0036BC- 0.0102C> (2)

Equation (2) shows the effect of independent variables on final response against each stipulated factor levels.

Table 5

ANOVA for reduced quadratic model (brake power).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 2414.99 7 345.00 890.04 < 0.0001 99.6164
A-Nozzle Pressure 0.1254 1 0.1254 0.3235 0.5748 0.0052
B-Protrusion 2.38 1 2.38 6.13 0.0208 0.0982
C-Speed 2401.32 1 2401.32 6194.99 < 0.0001 99.0525
AB 3.62 1 3.62 9.34 0.0054 0.1493
AC 2.77 1 2.77 7.14 0.0133 0.1143
BC 3.25 1 3.25 8.38 0.0080 0.1341
c? 30.45 1 30.45 78.55 < 0.0001 1.2560
Residual 9.30 24 0.3876 0.3836
Cor Total 2424.29 31
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Table 6

ANOVA for reduced quadratic model (BSFC).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 0.0075 7 0.0011 30.91 < 0.0001 89.2857
A-Nozzle Pressure 0.0005 1 0.0005 13.40 0.0012 5.9523
B-Protrusion 2.963E-06 1 2.963E-06 0.0850 0.7732 3.53E-02
C-Speed 0.0064 1 0.0064 184.75 < 0.0001 76.1904
AB 0.0001 1 0.0001 3.60 0.0697 1.1904
AC 0.0003 1 0.0003 7.64 0.0108 3.5714
BC 0.0002 1 0.0002 5.59 0.0265 2.3809
c? 0.0005 1 0.0005 14.05 0.0010 5.9523
Residual 0.0008 24 0.0000 9.5238
Cor Total 0.0084 31

3.3. Brake thermal efficiency (BTE)

The increasing-decreasing BTE trend with respect to engine speed and protrusion under 230 and 240 bar pressure can be seen from
Fig. 4 (a) and (b) respectively. BTE exhibits inverse relation with BSFC. Therefore, BTE was lower in the beginning, than it started to
increase to a peak value. After attaining the peak, the BTE started to decline. This behavior can be reasoned with the amount of fuel
consumption at lower and higher engine speeds. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the BTE
decreased by 2.23 %. The fuel combustion quality is greatly affect by spray penetration length such that better combustion may
produce by shorted spray lengths [58]. At 240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the BTE incremented
by 1.23 %. For protrusion 1.5 mm, when the pressure was incremented from 230 to 240 bar, the BTE was increased by 0.94 %. For
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Fig. 4. BTE comparison (a) under lower NOP, (b) under higher NOP, and (c) between empirical and predicted values.

protrusion 2.5 mm, when the pressure was increased from 230 to 240 bar, the BTE was increased by 4.51 %. The higher nozzle
pressures results increase in cylinder pressure and temperature which reduce combustion duration and heat release rate [59]. The
increase in protrusion can prevent the spray from touching the bottom plane of cylinder head which may disrupt combustion process
[60]. The quicker air flow may increase diesel penetration length by keeping it away from cylinder wall, resultantly BTE certainly
improved for higher protrusion [30]. Fig. 4 (c) shows the comparison between the experimental and predicted values of BTE. The blue
color points represent the minimum BTE i.e., 27.72 % whereas red color points show the maximum BTE i.e., 36.29 %. ANOVA test is
performed for BTE and the results are tabulated in Table 5. The F and p values are calculated which are 28.73 and smaller than 0.0001,
respectively show that the measured BTE is statistically significant. In addition, the regression analysis shows that the data set is a good
match with the regression line which shows that there is a very less difference between the predicted and actual values.

Table 7

ANOVA in reduced quadratic model (BTE).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 136.26 7 19.47 28.73 < 0.0001 89.3391
A-Nozzle Pressure 7.33 1 7.33 10.82 0.0031 4.8059
B-Protrusion 0.0368 1 0.0368 0.0542 0.8178 0.0241
C-Speed 118.82 1 118.82 175.36 < 0.0001 77.9045
AB 2.61 1 2.61 3.86 0.0613 1.7112
AC 3.42 1 3.42 5.04 0.0342 2.2423
BC 4.12 1 4.12 6.07 0.0213 2.7012
c? 6.22 1 6.22 9.18 0.0058 4.0781
Residual 16.26 24 0.6776 10.6608
Cor Total 152.52 31
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Table 7 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.8934) was approximately equal to +1 and fair compliance between adjusted (0.8623) and predicted R? (0.7744) was observed with
difference in their values equal to 0.01. Both engine speed and NOP were radically influenced on accumulated variations with per-
centage contribution (PC%) of 77.9045 and 4.8059 % in contrast to protrusion (0.0241 %) respectively. The poor fit in case of cubic
and linear along with aliased nature of quadratic model are the main reasons for selection of best fitted quadratic model. Equation (3)
depicts actual regression expression for BTE.

BTE = 33.30 + 0.4827A-0.0342B + 2.82C + 0.2857AB-0.4734AC-0.5194BC-1.15C? 3)

Equation (3) shows the effect of independent variables on final response against each stipulated factor levels.

3.4. Filter smoke number (FSN)

FSN is an indicator of soot quantity presence in exhaust gasses. The variation in the trend of FSN with engine speed and protrusion
for 230 and 240 bar pressure can be observed from Fig. 5 (a) and (b) respectively. It is noticeable that FSN is higher at lower speed, and
it tends to be lower at higher engine speed. The higher FSN at lower engine speed is due to higher fuel consumption in order to tune
engine in working condition by overcoming inertial effects. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the
FSN decreased by 6.31 %. At 240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the FSN decreased by 19.69 %. For
protrusion 1.5 mm, when the pressure was increased from 230 to 240 bar, the FSN was increased by 0.68 %. For protrusion 2.5 mm,
when the pressure was increased from 230 to 240 bar, the FSN was decreased by 13.07 %. The in cylinder temperature at lower
pressure and protrusion is not suitable for oxidation which mainly responsible for formation of rich mixture and increased smoke
emissions [61]. At higher pressure (240 bar) and longer protrusion (2.5 mm), the least indication of soot quality was found in com-
parison with other combination. It can be credited to better brake thermal efficiency under such condition. Moreover, the higher
injection pressure consequently shortens the ignition delay especially for larger fuel mass. The higher pressure also reduces the flame
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Fig. 5. FSN comparison (a) under lower NOP, (b) under higher NOP, and (c) between empirical and predicted values.
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area and consequently more unburned fuel left owing to higher evaporation and heat absorption [52]. As per the previous literature
[62,63], the oxidation rate becomes sufficient to improve air-fuel droplets mixing and resultantly produce higher cylinder tempera-
ture. The prolonged ignition period and higher combustion temperature mainly responsible for attenuation of smoke and soot
emissions.

Fig. 5 (c) shows the comparison between the experimental and predicted values of FSN. The blue color points represent the
minimum FSN i.e., 1.28 % whereas red color points show the maximum FSN i.e., 7.31 %. ANOVA test is performed for FSN and the
results are tabulated in Table 8. The F and p values are calculated which are 74.90 and smaller than 0.0001, respectively show that the
measured FSN is statistically significant. In addition, the regression analysis shows that the data set is a good match with the regression
line which shows that there is a very less difference between the predicted and empirical values.

Table 8 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.8892) was approximately equal to +1 and fair compliance between adjusted (0.8773) and predicted R? (0.8509) was observed with
difference in their values equal to 0.01. The poor fit in case of cubic and linear along with aliased nature of quadratic model are the
main reasons for selection of best fitted quadratic model. Equation (4) depicts actual regression expression for FSN.

FSN = 5.10-0.2890B-2.59C-1.45C2 4)

Equation (4) shows the effect of independent variables on final response against each stipulated factor levels.

3.5. CO emission

Fig. 6(a) and (b) demonstrates the change in CO emission with respect to fuel injection pressure, engine speed and nozzle pene-
tration length (protrusion). It can be clearly seen from figures that fuel injection pressure is the most significant factor in declining the
CO emission. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the CO emission increased by 3.82 %. At 240 bar
pressure, when the protrusion increased from 1.5 to 2.5 mm, the CO emission decreased by 3.61 %. For protrusion 1.5 mm, when the
pressure was increased from 230 to 240 bar, the CO emission was decreased by 4.47 %. For protrusion 2.5 mm, when the pressure was
increased from 230 to 240 bar, the CO emission was decreased by 11.31 %. The higher fuel injection pressure finely atomizes fuel
molecules and increases spray penetration which ultimately results better combustion [47]. The results obtained in the current study
also coincides with previous research [41].

Fig. 6 (c) represents the comparative view among emprical and predicted values of CO emission. A blue color points represent the
minimum CO contentsi.e., 80 g/h whereas red color points show the maximum CO contents i.e., 215 g/h. ANOVA test is performed for
CO emissions and the results are tabulated in Table 9. The F and p values are calculated which are 200.61 and smaller than 0.0001,
respectively show that the measured CO contents are statistically significant. In addition, the regression analysis shows that the data set
is a good match with the regression line which shows that there is a very less difference between the predicted and empirical values.

Table 9 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.9747) was approximately equal to +1 and fair compliance between adjusted (0.9699) and predicted R? (0.9603) was observed with
difference in their values equal to 0.01. Both engine speed and NOP were radically influenced on accumulated variations with per-
centage contribution (PC%) of 78.5165 and 1.7480 % in contrast to protrusion (0.0009 %) respectively. The poor fit in case of cubic
and linear along with aliased nature of quadratic model are the main reasons for selection of best fitted quadratic model. Equation (5)
depicts actual regression expression for CO emission.

CO = 111.92-5.44A + 0.1250B + 53.33C-2.44AB+29.96C> (9]

Equation (5) shows the effect of independent variables on final response against each stipulated factor levels.

3.6. HC emission

Hydrocarbon (HC) emissions are the result of inappropriate mixing of air and fuel molecules or large sized fuel droplets [64]. It is
evident that HC emission decreases with the increase in pressure. It can be credited to good mixing between air and fuel mixture mainly
due to fine spray at higher pressure [47]. The hydrocarbon emission was higher initially but the trend was declined at higher rpm. The
general declining trend of HC emission along with engine speed (rpm) due to higher combustion temperature, lower flame quenching
to cylinder walls and adsorption or desorption in oil film [5]. Fig. 7(a) and (b) depicts the variation in HC emission with respect to
protrusion for 230 and 240 bar pressure respectively along with engine speed. At 230 bar pressure, when the protrusion increased from
1.5 to 2.5 mm, the HC emission increased by 2.86 %. At 240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the HC
emission decreased by 4.23 %. For protrusion 1.5 mm, when the pressure was increased from 230 to 240 bar, the HC emission was

Table 8

ANOVA in reduced quadratic model (FSN).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 124.10 3 41.37 74.90 < 0.0001 8.01E+01
B-Protrusion 2.67 1 2.67 4.84 0.0363 1.26E4+00
C-Speed 99.93 1 99.93 180.93 < 0.0001 2.71E-03
c? 9.97 1 9.97 18.06 0.0002 7.88E+01
Residual 15.47 28 0.5523 1.99E+01
Cor Total 139.57 31
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Source

Sum of Squares

df Mean Square F-value p-value PC%

Model 52756.48 5 10551.30 200.61 < 0.0001 97.4733
A-Nozzle Pressure 946.13 1 946.13 17.99 0.0002 1.7480
B-Protrusion 0.5000 1 0.5000 0.0095 0.9231 0.0009
C-Speed 42496.29 1 42496.29 807.96 < 0.0001 78.5165
AB 190.13 1 190.13 3.61 0.0684 0.3512
c? 4229.59 1 4229.59 80.41 < 0.0001 7.8146
Residual 1367.52 26 52.60 2.5266
Cor Total 54124.00 31

decreased by 1.86 %. For protrusion 2.5 mm, when the pressure was increased from 230 to 240 bar, the HC emission was decreased by
8.62 %.

Fig. 7 (c) shows the comparison between the experimental and predicted values of HC emission. The blue color points represent the
minimum HC contents i.e., 0.73 g/h whereas red color points show the maximum CO contents i.e., 1.1 g/h. ANOVA test is performed
for HC emissions and the results are tabulated in Table 10. The F and p values are calculated which are 178.43 and smaller than 0.0001,
respectively show that the measured HC contents are statistically significant. In addition, the regression analysis shows that the data set
is a good match with the regression line which shows that there is a very less difference between the predicted and empirical values.

Table 10 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.9772) was approximately equal to +1 and fair compliance between adjusted (0.9717) and predicted R? (0.9547) was observed with
difference in their values equal to 0.01. Both engine speed and NOP were radically influenced on accumulated variations with per-
centage contribution (PC%) of 86.8174 and 7.2932 % in contrast to protrusion (0.1170 %) respectively. The poor fit in case of cubic
and linear along with aliased nature of quadratic model are the main reasons for selection of best fitted quadratic model. Equation (6)
depicts actual regression expression for HC emission.

12
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Fig. 7. HC comparison (a) under lower NOP, (b) under higher NOP and (c) between empirical and predicted values.

Table 10

ANOVA in reduced quadratic model (HC emission).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 0.2506 6 0.0418 178.43 < 0.0001 97.7379
A-Nozzle Pressure 0.0187 1 0.0187 79.94 < 0.0001 7.2932
B-Protrusion 0.0003 1 0.0003 1.08 0.3083 0.1170
C-Speed 0.2226 1 0.2226 950.85 < 0.0001 86.8174
AB 0.0075 1 0.0075 32.05 < 0.0001 2.9251
AC 0.0017 1 0.0017 7.23 0.0126 0.6630
c? 0.0013 1 0.0013 5.60 0.0260 0.5070
Residual 0.0059 25 0.0002 2.3010
Cor Total 0.2564 31

HC = O.8657—0.0244A-0.0028B—0.1220(3—0.0153AB+0.01OSAC+0.01677C2 6)

Equation (6) shows the effect of independent variables on final response against each stipulated factor levels.

3.7. NOx emission

Fig. 8 (a) and (b) designates the formation of NOx contents against variation in engine speed and protrusion under 230 and 240 bar
pressure respectively. NOx emissions are the prime function of cylinder temperature. As the combustion temperature increases, NOx
will also increase. It has been studied that the for increase in fuel injection temperature, the fuel atomization gets better which result in
higher heat release rate and combustion temperature [47]. The highest NOx of 410 g/h was obtained at 2250 rpm, 2.5 mm protrusion
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and 240 bar pressure. At 230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the NOx emission decreased by 2.5 %. At
240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the NOx emission increased by 2.89 %. For protrusion 1.5 mm,
when the pressure was increased from 230 to 240 bar, the NOx emission was increased by 2.18 %. For protrusion 2.5 mm, when the
pressure was increased from 230 to 240 bar, the NOx emission was increased by 7.83 %. The combination of higher nozzle pressure and
protrusion significantly increased the NOx emission due to better fuel atomization and air-fuel mixture [65,66].

Fig. 8 (c) shows the comparison between the experimental and predicted values of NOx emission. The blue color points represent
the minimum NOx contents i.e., 209 g/h whereas red color points show the maximum NOx contents i.e., 410 g/h. ANOVA test is
performed for NOx emissions and the results are tabulated in Table 11. The F and p values are calculated which are 37.55 and smaller
than 0.0001, respectively show that the measured NOx contents are statistically significant. In addition, the regression analysis shows
that the data set is a good match with the regression line which shows that there is a very less difference between the predicted and
empirical values.

Table 11 comprising of p-values indicate that the factors including fuel blends, engine load and speed are significant. The R? value
(0.8009) was approximately equal to +1 and fair compliance between adjusted (0.7796) and predicted R? (0.7359) was observed with
difference in their values equal to 0.01. The poor fit in case of cubic and linear along with aliased nature of quadratic model are the
main reasons for selection of best fitted quadratic model. Equation (7) depicts actual regression expression for NOx emission.

NOx = 271.37 4 6.75A + 0.3125B + 77.19C )

Equation (7) shows the effect of independent variables on final response against each stipulated factor levels.

3.8. RSM based optimization

RSM is multi objective optimization technique in which multiple factors are optimized to achieve target output by developing
relation between input and response variables [67]. Design Expert software was employed to implement RSM on the empirical data
including engine performance and emission. An optimization setup demarcated in Table 12, is intended at maximizing brake power
and BTE. However, BSFC, CO, HC, FSN and NOy were targeted to their minimization. All response variables have been assigned with
the default weight of 3 in order to carry equal importance. Fig. 9 depicts that the engine operating conditions as optimized by RSM
model were 240 bar pressure, 2.5 mm protrusion and 1935.67 engine rpm. The response variables were achieved as 39.89 kW W brake
power, 0.23kg/kwh BSFC, 34.66 % BTE, 138.09 g/h CO emission, 0.77 g/h HC emission, 316.79 g/h NOx emission and 3.17 % FSN
with respect to optimal conditions.

The composite desirability (D) analyses the statistical reliability of response variables of optimization setup. D value ranges from
zero to one with no unit, as one represents most effective optimization. D value was achieved as 0.712 for the designated targets, and
this is an obvious sign of favourable outcomes from optimization settings for all input and response variables. Fig. 10 represents both
composite (D) and individual desirability (d) for deep analysis and understanding of the effect of each response variables.

The highest and least d value were obtained for HC (0.89) and NOx (0.46) respectively. The numeric values indicates that any
change in HC emission would be responsible for the greatest variations in the model while any change in NOx would create minimum
variations on overall model. Table 13 displays the comparison between RSM predicted values and experimentally validated values. The
experimentation was then performed as per RSM optimized input factors (Nozzle pressure (240 bar), Protrusion (2.5 mm) and Engine
speed (1936 rpm)). The highest absolute percentage error (APE) of 4.42 % was obtained for NOx emission and lowest APE of 2.89 %
was obtained for BSFC.

4. Conclusions

The following conclusions were obtained on performing the experiment under different fuel injection conditions.

The brake power was increased by 1.82 % for 1.5 mm nozzle protrusion, when the pressure was increased from 230 to 240 bar. At
240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the BTE increased by 1.23 %.

FSN decreased by 19.69 % at 240 bar pressure, when the protrusion increased from 1.5 to 2.5 mm. CO emission was decreased by
4.47 and 11.31 % for protrusion 1.5-2.5 mm, when the pressure was increased from 230 to 240 bar, respectively.

e When the nozzle protrusion changed from 1.5 mm to 2.5 mm, the NOx emission was increased by 2.18 % and 7.83 %. However, at
230 bar pressure, when the protrusion increased from 1.5 to 2.5 mm, the HC emission increased by 2.86 %. Whereas for 240 bar
pressure, the HC emission decreased by 4.23 %.

The nozzle protrusion predominantly affected brake power as compared to nozzle opening pressure. The brake power decreased
with the increase in protrusion. The nozzle opening pressure (NOP) predominantly affected the fuel conversion efficiency of engine
as compared to protrusion. The higher NOP leads to better fuel atomization and air fuel mixing which ultimately reflects homo-
geneous air-fuel mixing and improved fuel conversion efficiency. FSN, CO and NOx possess inverse relation with nozzle opening
pressure and protrusion due to better fuel atomization at higher NOP and protrusion.

The engine operating conditions as optimized by RSM model were 240 bar pressure, 2.5 mm protrusion and 1935.67 engine rpm.
The response variables were achieved as 39.89 kW W brake power, 0.23kg/kwh BSFC, 34.66 % BTE, 138.09 g/h CO emission, 0.77
g/h HC emission, 316.79 g/h NOx emission and 3.17 % FSN with respect to these optimal conditions. The experiment was again
performed on the RSM optimized input factors. The highest absolute percentage error (APE) of 4.42 % was obtained for NOx
emission and lowest APE of 2.89 % was obtained for BSFC.

In future, combining RSM with CFD simulations will allow a more comprehensive optimization approach. The future of engine
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Fig. 8. NOx comparison (a) under lower NOP, (b) under higher NOP, and (c) between empirical and predicted values.

Table 11

ANOVA in reduced quadratic model (NOx emission).
Source Sum of Squares df Mean Square F-value p-value PC%
Model 92353.34 3 30784.45 37.55 < 0.0001 0.80
A-Nozzle Pressure 1458.00 1 1458.00 1.78 0.1931 0.012
B-Protrusion 3.13 1 3.13 0.0038 0.9512 2.72 E-05
C-Speed 90892.22 1 90892.22 110.88 < 0.0001 0.7883
Residual 22953.53 28 819.77 0.1990
Cor Total 1.153E+05 31

Table 12

Optimization setup.
Name Goal Lower Limit Upper Limit Lower Weight Upper Weight Importance
A: Nozzle Pressure In range 230 240 1 1 3
B: Protrusion In range 1.5 2.5 1 1 3
C: Speed In range 1000 2250 1 1 3
Brake Power maximize 17.5292 44.7056 1 1 3
BSFC minimize 0.219098 0.281438 1 1 3
BTE maximize 27.7245 36.2859 1 1 3
Cco minimize 80 215 1 1 3
HC minimize 0.73 1.1 1 1 3
NOx minimize 209 410 1 1 3
FSN minimize 1.284 7.305 1 1 3
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230 240 15 25 1000 2250
A:Nozzle Pressure = 240 B:Protrusion = 2.49999 C:Speed = 1935.67
17.5292 44,7056 0.219098 0281438 27.7245 36.2859
Brake Power = 39.8937 BSFC = 0.227706 BTE = 34.6553
80 215 0.73 11 209 410
CO = 138.087 HC = 0.771891 NOx = 316.797
Desirability = 0.712
1284 7305 Solution 1 out of 40
FSN = 3.16933

Fig. 9. Ramp charts for desirability function for each input and response parameters.
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Fig. 10. Desirability chart for optimization setup.

design will heavily rely on numerical simulations, and RSM can be used to create surrogate models that interact with CFD to optimize
parameters like combustion chamber geometry, injector design, and valve timing. Future engines may require real-time optimization
and adaptive control to respond to changing operating conditions and environmental regulations. RSM-based algorithms can
continuously adapt engine parameters to maximize performance and minimize emissions while maintaining compliance with
regulations.
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Table 13

Comparative analysis among optimized and empirical values.
Responses Input factors (Nozzle pressure (240 bar), Protrusion (2.5 mm) and Engine speed (1936 rpm))

RSM Predicted Empirical APE

BP (kW) 39.8937 38.6131 3.21
HC (g/h) 0.7719 0.7532 2.41
BSFC (kg/kWh) 0.2277 0.2211 2.89
NOx (g/h) 316.797 302.7946 4.42
BTE (%) 34.6553 33.4215 3.56
CO (g/h) 138.087 132.2045 4.26
FSN (%) 3.1693 3.0422 4.01
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