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Abstract 
 

The present work is aimed at unfolding the effect of fuel supply parameters such as Fuel injection pressure (FIP), Start of injection tim-

ing (SOI), Pilot-main injection intervals (PMII) on performance and emission characteristics of 20 % blend of Jatropha curcas biodiesel 

(J20) under light load operation of a diesel engine. The experiments were designed using design of experiments based on the fractional 

factorial design of Response surface methodology (RSM). Multiple regression models developed using RSM for measured responses like 

nitrogen oxides (NOX), SOOT, hydrocarbon (HC), Brake specific fuel consumption (BSFC) and Brake thermal efficiency (BTE), were 

found to be statistically significant by Analysis of variance (ANOVA). Interactive effects among FIP, SOI and PMII were analyzed using 

response surface graphs that were fitted using developed RSM models. Optimization was performed using the desirability approach of 

the RSM for lesser emissions and BSFC simultaneously with superior BTE. A FIP of 134.11 MPa, SOI of 6.4 BTDC, and PMII of 5.8 

CA were found to be optimal values for J20 in the test engine of 21 kW at 1800 rpm. The results of this study show that at optimal input 

parameters, the values of the NOX, SOOT, HC, BSFC and BTE with a high desirability of 96.7 % are 603.44 ppm, 0.037 FSN, 12.73 

ppm, 233.26 g/kW h and 37.31 %, respectively.  
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1. Introduction 

The increasingly stricter exhaust emission regulation and 

the danger of fossil fuels depletion propelled the application of 

renewable sources. Among the renewable alternatives, bio-

diesels have attracted more attention as alternatives to diesel 

engine fuels. The newly released proposed regulations by the 

US Environmental Protection Agency (EPA) for the 2014–

2017 Renewable fuel standard (RFS) requires a significant 

rising for biodiesels ranging from 1.63 to 1.90 billion gallons 

yearly [1]. In the “Directive EC 2003/96”, the European Un-

ion rules that the blending ratio fossil diesel and biodiesel 

much be greater than 5.75 % [2]. Generally, biodiesels are 

produced via triglyceride transesterification from plant vege-

table oils and used cooking oils or animal fats [3-5]. The ad-

vantages of biodiesels, besides their environmental friendli-

ness and renewability, are their higher cetane number and 

lower sulfur, enhanced lubrication properties and higher bio-

degradability [6, 7]. 

During the last decade, biodiesels have been widespread in-

vestigated in various diesel engines [8-10]. Many valuable 

researches have been conducted on the effect of biodiesels on 

exhaust emissions and performance compared to fossil diesel 

[11, 12]. Hwaichyuan et al. [13], using crude Calophyllum 

inophyllum oil, found the biodiesel to be effective in reducing 

fuel consumption, carbon monoxide (CO) and smoke emis-

sions, while slightly increasing oxides of nitrogen (NOX) 

emissions. Cheik et al. [14] investigated the effects of engine 

load and speed on emissions using biodiesel blends. They 

found that Particulate matter (PM) and CO emissions were 

extremely related to engine load, while Unburned hydro-

carbon (UHC) emissions increased with engine speed. 

Since biodiesels have some physicochemical properties dif-

ferent from conventional diesel, it is important to research the 

influence of various fuel supply parameters on emission char-

acteristics and economy of biodiesels. Jeon et al. [7] con-

ducted an experimental study on an optical CI engine fueled 

with biodiesel. Lower flame temperature was observed as the 

pilot fuel mass increased. Deshmukh et al. [15] reported that 

straight vegetable oils had longer injection delays at low injec-

tion pressures. They attributed this phenomenon to their 

higher viscosity. Torres et al. [16] examined the impact of 

biodiesel on various injection system parameters, such as 

maximum injection pressure and injection duration, and injec- 
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tion timing. 

The common testing of the diesel engine for biodiesel-

diesel blends under all possible operating conditions of vary-

ing injection parameters is both time consuming and expen-

sive [17-19]. As a feasible substitute, engine performance and 

emissions can be modeled using Response surface methodol-

ogy (RSM) [20]. RSM is a collection of statistical and 

mathematical techniques applied in the progression of a 

proper functional relationship between the response and the 

input parameters. Dhole et al. [21] developed mathematical 

models to relate the brake thermal efficiency, Unburnt hydro-

carbons (UHC), CO and NOX by varying engine parameters 

like Load and H2 fuel substitution using RSM. Lee et al. [22] 

performed optimization of the fuel injection control of diesel 

engines using RSM, and found that NOX and PM emissions 

can be reduced simultaneously while no substantial increase in 

fuel consumption. Jagannath et al. [18] optimized a single 

cylinder diesel engine with respect to brake power, fuel econ-

omy and smoke emissions through experimental investigation 

and RSM. 

The purpose of this study was focused on the performance 

and emissions analysis of diesel engine on 20 % blend of Jat-

ropha curcas biodiesel (J20) with different injection strategies. 

RSM and desirability function were employed to optimize the 

fuel supply parameters (FIP, SOI and PMII) which would be 

resulting in improved performance with lesser emissions.  

 

2. Experimental setup and procedure  

2.1 Fuel properties 

While studies have mostly shown SOOT decrease for 

higher ratio biodiesel blends, it is equally true that the fuel 

consumption is higher than diesel, especially mixing ratio 

more than 20 % [8]. Hence, the Jatropha curcas biodiesel 

blend (80 % diesel and 20 % jatropha curcas oil by volume, 

named J20) was employed in this study. Blending was per-

formed by a blending machine at 4000 rpm for 25-30 min. 

The general properties of Jatropha curcas, 0# diesel are shown 

in Table 1. 

 

2.2 Engine test bench 

The experiments were on a four-cylinder, water-cooled, tur-

bocharged diesel engine. Test engine specifications are re-

ported in Table 2, and a schematic of the experimental setup is 

shown in Fig. 1. To control the load and speed of the diesel 

engine, AC dynamometer (AVL INDYS22-410934-1BV-1) 

was connected to the engine. The fuel injection parameters 

were controlled by a Bosch common rail direct injection sys-

tem, and a gravimetric fuel flow-meter (AVL 735S) was 

equipped. FIP, PMII and SOI timing were controlled using 

INCA based Engine management system (EMS), which has 

flexibility for user defined control of various fuel injection 

parameters. The experiments were carried out for 25 % of load 

(21 kW) at a speed of 1800 rpm. All pilot injection quantity 

was 3 mg. 

An emission analyzer (HORIBA MEXA 7100D) was used 

to measure HC, CO and NOX in the exhaust. The measuring 

principle of HC was the hydrogen flame ionization detection 

method, while CO was measured via the nondispersive infra-

red method. And the chemiluminescent method was adopted 

to quantify NOX emission. Furthermore, a filter paper smoke 

meter (AVL 415) was used to measure the Filter smoke num-

ber (FSN). 

 

2.3 Experimental design 

We applied RSM for the experimental design and optimiza-

tion with the software Design Expert (trial version 8.0.5, Stat-

Ease). Fractional factorial design was employed for RSM in 

Table 1. Property of Jatropha curcas oil and diesel. 
 

Property Unit Jatropha curcas 0# diesel 

Density at 20 °C kg/mm3 912 839 

Lower heating value MJ/kg 37.55 42.5 

Kinematic viscosity at 

40 °C 
mm2/s 33.490 3.048 

Cetane number  51 40-55 

Flash point °C 279 67 

 

 

Table 2. Engine main technical data. 
 

Engine type In-line 4 cylinders 

Bore/stroke 102 mm/118 mm 

Compression ratio 17 

Displacement 3857 cc 

Fuel injection system Bosch common rail 

Rated power 105kW@2800 rpm 

 

 
 

Fig. 1. Schematic diagram of experimental system. 
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the experimental design. Three experiment parameters, includ-

ing the Fuel injection pressure (FIP), the Start of injection 

timing (SOI), and the Pilot-main injection intervals (PMII), 

were selected as independent parameters on the exhaust emis-

sions, NOX (ppm), SOOT (FSN), HC (ppm), as well as BSFC 

(g/kW h) and BTE (%) as responses. The experimental design 

consisted of 80 runs and the experimental range and level of 

the process independent parameters determined in preliminary 

experiments are given in Table 3. 

The relationship between the input parameters and each re-

sponse could be depicted as a second-degree polynomial 

quadratic equation [23]: 

 

2

0

1 1 1, 1

k k k

i i ii i ij i ij

i i i j i

Y b b x b x b x x ε
= = = = +

= + + + +∑ ∑ ∑ ,          (1) 

 

where Y is the response, b0 is the model constant, k is the 

number of input parameters studied, bi is the regression coeffi-

cients of the individual linear effect, bii is the quadratic effect, 

bij is the interaction between the input parameters, while xi and 

xij are the input parameters, and ε is the error. 

 

3. Desirability approach and anova analysis  

3.1 Desirability approach 

In this work, the multi-response optimization was con-

ducted using design expert software. The desirability function 

is one of the most important multi-target optimization meth-

ods in mathematics. This methodology is based on construct-

ing a desirability function for each response, where each re-

sponse is transformed to a dimensionless individual desirabil-

ity (di) scale. The scale of the individual desirability function 

ranges between d = 0, which suggests that the response is 

completely unacceptable, and d = 1 suggests that the response 

is more desirable [18].  

Because the target of most responses in this study was to be 

minimized, thus the individual desirability (di) is described 

according the following equation [24]: 
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where i indicates the response, Y is the value of each response, 

L and H are the lower and upper limit of the response, respec-

tively. And s is the weight of the response.                                                                     

With the individual desirability, it is then possible to obtain 

the overall Desirability (D). The overall desirability function 

D is defined as the weighted geometric average of the individ-

ual desirability (di) according the following equation [25]: 
 

1 2 3
,m

m
D d d d d= …                         (3) 

 

where m is the number of responses studied in the optimiza-

tion process. Thus, the simultaneous optimization process is 

reduced to find the level of factors that demonstrate the maxi-

mum D.                                              
 

3.2 ANOVA analysis 

The experimentation responses of all 80 runs were analyzed 

by RSM. The corresponding response surface equations were 

established by regressive analysis and then tested by Analysis 

of variance (ANOVA) to evaluate the accuracy. Figs. 2-4 

show the normal probability plots of BSFC, NOX and SOOT, 

respectively. The residuals in each plot generate near the 

straight line, which means the errors are distributed normally 

Table 3. The range and level of the independent parameters. 
 

Range and level 
Independent variable 

-1 0 1 

FIP (MPa) 110 125 140 

SOI (BTDC) 1.5 6.5 11.5 

PMII (CA) 1 6 11 
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Fig. 2. Normal probability plot of the residual for the composite for 

response of BSFC. 
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Fig. 3. Normal probability plot of the residual for the composite for 

response of NOX. 
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[20]. Meanwhile, the residual plots versus fitted line for each 

response are shown in Figs. 5-7. The residuals are independ-

ently distributed with zero mean and a constant variance. The 

rest of the responses were also analyzed, their models were 

adequate and satisfied as well. 

The ANOVA for the input parameters is given in Table 4; 

the significance of the input parameter over the output re-

sponses as the p value was less than 0.05 [26, 27]; the model 

was significant with p values less than 0.0001. The regression 

statistics goodness of fit (R
2
) and the goodness of prediction 

(Adjusted R
2
) are described in Table 5. The R

2
 value signifies 

the total variability of response after considering the signifi-

cant factors and the Adjusted R
2
 value accounts for the num-

ber of predictors in the model [28]. It is obvious that the val-

ues indicate that the model fits the data fairly well. 

 

4. Results and discussion  

4.1 NOX emissions 

The response surface quadratic model of NOX emissions in 

terms of the experimental results was given as Eq. (4): 
 

2 2 2

-249.48  8.56 -7.37 -  0.29

0.16 *  -0.06 * 0.81 *

0.02  2.09 0.04 .

X
NO FIP SOI PMII

FIP SOI FIP PMII SOI PMII

FIP SOI PMII

= +

+ +

− + +

    (4) 
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Fig. 4. Normal probability plot of the residual for the composite for 

response of SOOT. 
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Fig. 5. Residual versus fitted line of the composites for the correspond-

ing responses of BSFC. 

 

800700600500400300

3

2

1

0

-1

-2

Fitted Value

R
e
si
d
u
a
l

Versus Fits

（response is NOx）

 

Fig. 6. Residual versus fitted line of the composites for the correspond-

ing responses of NOX. 

 

Table 4. Analysis of variance for responses (values of “p”). 
  

Source NOX SOOT HC BSFC BTE 

Model < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

FIP 0.0296 < 0.0001 < 0.0001 0.6356 0.9508 

SOI < 0.0001 < 0.0001 < 0.0001 0.0072 < 0.0001 

PMII 0.0031 0.0007 0.8311 0.2284 0.0051 

FIP*SOI 0.0028 0.2361 0.0092 0.0381 0.8570 

FIP*PMII 0.2242 < 0.0001 0.1696 0.5447 0.0402 

SOI*PMII < 0.0001 0.4321 0.0048 < 0.0001 < 0.0001 

FIP2 0.2359 0.3726 0.1648 0.5822 < 0.0001 

SOI2 < 0.0001 0.2728 0.9950 < 0.0001 0.2884 

PMII2 0.8366 < 0.0001 < 0.0001 < 0.0001 0.0024 

 
Table 5. Response surface model evaluation. 
  

Model NOX SOOT HC BSFC BTE 

Mean 511.46 ppm 0.050 FSN 14.85 ppm 
237.37 

g/kW h 
0.37 % 

Std.Dev 19.02 0.013 0.016 1.51 0.0001 

R2 0.9819 0.9656 0.9512 0.8941 0.9551 

Adj. R2 0.9796 0.9731 0.9678 0.8805 0.9409 

Pred. R2 0.9748 0.9843 0.9753 0.8596 0.9168 
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Fig. 7. Residual versus fitted line of the composites for the correspond-

ing responses of SOOT. 
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The interactive effect of FIP and PMII over NOX concentra-

tion in exhaust gases at a constant SOI of 1.5 BTDC is dem-

onstrated in Fig. 8. To better understand Fig. 8(a), a 2D con-

tour map (Fig. 8(b)) was added. As shown, the increasing 

injection pressure strengthened the NOX emissions. It is be-

cause higher fuel injection pressure improves the atomization 

and compresses the period of ignition delay, which makes 

faster combustion and higher in-cylinder gas temperature. 

Moreover, the presence of oxygen in J20 could also improve 

the combustion process. Due to superior combustion, under 

high temperatures nitrogen will react with oxygen to produce 

more NOX emissions [29]. NOX emission for J20 at 110 MPa 

was 346 ppm and it was 421 ppm at 140 MPa. 

The effect of pilot-main injection intervals on NOX emis-

sions was significantly different than fuel injection pressure. 

As the intervals increased from 1 CA to 8.4 CA, NOX emis-

sions decreased gradually. The in-cylinder temperature and 

pressure were reduced by pilot injection; the ignition delay 

period extended to form the quite thinner air-fuel mixture, 

then the combustion temperature lowered, and NOX emissions 

declined. However, NOX emissions were slightly increased 

from 8.4 CA to 11 CA. As the pilot-main intervals further 

increased, the longer ignition delay period triggered strong 

and rapid premixed combustion with high burning tempera-

ture, which promoted the production of NOX emissions.  

 

4.2 Soot emissions 

The developed quadratic model of SOOT emissions as fit-

ted based on RSM in terms of the experimental factors corre-

sponded to: 
 

2 2 2

0.066-(2.412E-004) -(5.492E-005)

 0.025 +(5.700E-006) *  -(1.042E

-004) * -(4.026E-004) * -(7.500E

-007)  +(1.642E-005) -(8.129E-004) .

SOOT FIP SOI

PMII FIP SOI

FIP PMII SOI PMII

FIP SOI PMII

=

+
    (5) 

 

Fig. 9 shows SOOT emission characteristics as a function 

of injection pressure and injection timing at a constant PMII of 

5 CA. As shown, decrease in SOOT emissions with increase 

in FIP was revealed. This is because of the presence of aro-

matic compounds and a lower carbon-to-hydrogen ratio in the 

blend [9]; on the other hand, the penetration of fuel spray in-

creased, mixing of the fuel and air promoted, which resulted in 

premixed or rapid combustion stage of the combustion process. 

From Fig. 9 also, SOOT emissions decreased sharply with the 

increasing SOI. This could be mainly due to better combustion 

on the basis of more mixing time by early injection. However, 

when injection timing was retarded and it came near Top dead 

center (TDC) during the compression stroke, this provided 

shorter ignition delay and led to higher fuel fraction burning in 

diffusion combustion, thereby increasing SOOT emissions. 

 

4.3 HC emissions 

Quadratic response surface model for HC emissions based 

on multi-regression analysis was presented as Eq. (6): 
 

2

2 2

24.72  0.405 -11.324 -  7.063

0.055 *  +0.026 *

1.213 * -(5.125E-003)  

0.893 0.474 .

HC FIP SOI PMII

FIP SOI FIP PMII

SOI PMII FIP

SOI PMII

= +

+

+

+ +

      (6)    

 

(a) Response surface  
 

 

(b) Contour 
 

Fig. 8. NOX variations against FIP and PMII. 

 

 
 

Fig. 9. Soot variations against FIP and SOI. 
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The interactive effect of FIP and PMII over HC concentra-

tion in exhaust gases at a constant FIP of 130 MPa is demon-

strated in Fig. 10. HC emission at 1.5 BTDC was remarkably 

higher than that at 5.5 and 11.5 BTDC due to inadequate mix-

ing induced by extremely short ignition delay thanks to later 

injection. Note that HC emissions increased a little when SOI 

increased from 5.5 to 11.5 BTDC. The main reason might be 

that when SOI was over advanced, minute quantities of fuel 

were trapped in the cylinder wall. Fig. 10 also shows that HC 

emissions considerably decreased with the increase of PMII. 

In general, the increase of PMII causes increasing cylinder 

pressure and mean temperature before main combustion, lead-

ing to more complete combustion in the expansion stroke. 

Therefore, HC emissions decreased with the increase of PMII. 

 

4.4 BTE and BSFC 

The response surface quadratic model of BTE and BSFC in 

terms of the experimental results is given as Eqs. (7) and (8): 

 

2 2 2

0.229 (9.552E-003) 0.018

- 0.29 -(4.619E-005) *

(2.323E-004) * -(5.283E-004) *

-(9.374E-006)  -(5.994E-004) -(7.035E-004)

BTE FIP SOI

PMII FIP SOI

FIP PMII SOI PMII

FIP SOI PMII

= + +

+
 

   (7)                                     

2

2 2

266.675 0.282 -3.462 -  0.970

+(8.996E-003) *  -(2.477E-003) *

0.080 * +(9.300E-004)  

0.108 0.068 .

BSFC FIP SOI PMII

FIP SOI FIP PMII

SOI PMII FIP

SOI PMII

= −

+

+ +

   (8) 

 

The effects of injection pressure and injection timing on 

BTE (at a constant PMII of 5 CA) are shown in Fig. 11. As 

can be seen, BTE increased with increasing injection pressure. 

Higher injection pressure is beneficial to obtaining a fine at-

omization for enhanced penetration of fuel to promote vapori-

zation in a short period and to gain better combustion effi-

ciency [30]. 

Fig. 12 shows the RSM plot of BSFC for various FIP and 

SOI at a constant PMII of 3 CA. From Fig. 12, BSFC in-

creased as the injection timing was retarded from 11.5 BTDC 

to 1.5 BTDC. The increasing of SOI caused increase in aver-

age BSFC by 2.16 %.  
 

4.5 Optimization 

Optimization is one of the most essential procedures in 

analysis of multi-target experiments. The above discussions 

on the impact of FIP, SOI and PMII on performances and 

emissions indicated that: 

(1) Advanced injection timings led to lower HC and SOOT 

emissions, higher BTE; 

(2) Higher injection pressures resulted in high values of 

NOX with lower SOOT and BSFC; 

(3) Larger PMII caused lower NOX and HC emissions. 

 

As there was a trade-off between NOX, SOOT, HC, BTE 

and BSFC, it was crucial to optimize the FIP, SOI and PMII 

with the target of minimizing the BSFC and emissions and 

maximizing the BTE. The criterion for the majorization such 

as the target set for each response (NOX, SOOT, HC, BTE and 

 
 

Fig. 10. HC variations against PMII and SOI. 

 

 
 

Fig. 11. BTE variations against FIP and SOI. 

 

 

 
 

Fig. 12. BSFC variations against FIP and SOI. 
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BSFC), lower and upper limits used, weights used and impor-

tance of the factors is shown in Table 6. Optimization was 

carried out by using the desirability profile and its functions. 

In desirability based approach, various best solutions were 

obtained. The maximum desirability of 0.967 was chosen at 

the following fuel supply parameters such as 134.11 MPa of 

FIP, 6.4 BTDC of SOI, and 5.8 CA of PMII, which could be 

considered as the optimum parameters for the test engine hav-

ing 603.44 ppm of NOX, 0.037 FSN of SOOT, 12.73 ppm of 

HC, 233.26 g/kW.h of BSFC and 37.31 % of BTE. 

For validating the optimal solution, experiments were con-

ducted at the optimum fuel supply parameters. Test results 

were 620.62 ppm of NOX, 0.038 FSN of SOOT, 13.17 ppm of 

HC, 234.58 g/kW h of BSFC and 37.05 % of BTE. The rela-

tive errors were 2.84 %, 2.70 %, 3.46 %, 0.56 %, -0.69 %, 

respectively. Fig. 13 shows the comparison of RSM and ex-

perimental results. The validation results revealed that the 

RSM models developed were extremely reliable as the per-

centages of error in predictions were in a good fit. 

 

5. Conclusion  

The following were the conclusions arrived on performing 

several tests in a diesel engine fueled with J20 by varying the 

fuel injection pressure, start of injection timing and pilot-main 

injection intervals at different levels concurrently: 

·The design of experiments based on RSM was extremely 

beneficial to design the experiment. Moreover, the statis-

tical analysis contributed to identify the significant pa-

rameters which are most influencing the emission and 

performance characteristics. This design of experiment 

highly reduced the time and cost required by minimizing 

the number of tests to be performed and represented sta-

tistically proven models for all the responses. 

·Increase in injection pressure increases BTE with lesser 

BSFC for all SOI and PMII of the engine. 

·Advancing the injection timing from 1.5 BTDC to 11.5 

BTDC helped to reduce the SOOT and HC with increase 

in BTE. 

·At moderate pilot-main injection intervals, lesser NOX 

with low HC was founded. 

·At optimum injection parameters viz. FIP of 134.11 MPa, 

SOI of 6.4 BTDC with PMII of 5.8 CA, the values of the 

NOX, SOOT, HC, BSFC and BTE were found to be 

603.44 ppm, 0.037 FSN, 12.73 ppm, 233.26 g/kW h and 

37.31 %, respectively. Maximum relative error of RSM 

results with experiment data was less than 4 %. 
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Nomenclature------------------------------------------------------------------------ 

RSM  : Response surface methodology  

FIP    : Fuel injection pressure 

SOI   : Start of injection timing 

Table 6. Optimization criteria.  
 

Weight 
Parameter or response Lower limits Upper limits 

Upper Lower 
Importance Goal Desirability 

FIP (MPa) 110 140 1 1 3 In range 1 

SOI (BTDC) 1.5 11.5 1 1 3 In range 1 

PMII (CA) 1 11 1 1 3 In range 1 

NOX (ppm) 298.32 800.38 0.1 1 5 Minimize 0.983 

SOOT (FSN) 0.004 0.128 0.1 1 5 Minimize 0.952 

HC (ppm) 11.23 39.74 0.1 1 5 Minimize 0.975 

BSFC (g/kW h) 232.053 251.49 0.1 1 5 Minimize 0.982 

BTE (%) 0.34703 0.375706 1 0.1 5 Maximize 0.993 

Combined - -   - - 0.967 

 

 

 

Fig. 13. RSM and experimental results. 
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PMII : Pilot-main injection intervals 

NOX  : Nitrogen oxide 

PM  : Particulate matter 

ESC   : European steady state cycle 

BSFC  : Brake specific fuel consumption 
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