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Abstract
In this study, the effects of pilot injection on premixed charge compression ignition were investigated in a turbocharged diesel 
engine equipped with an endoscopic visualization system, and experiments were conducted under a speed of 1450 rpm at 
25% and 50% loads. Results indicated that as the pilot injection mass and timing increased, the diffusion flame advanced 
and the flame area expanded. However, when the pilot timing advanced to 70 °BTDC, the flame luminance remained nearly 
constant. Moreover, with increased pilot injection mass, the peak values of in-cylinder pressure and the heat release rate 
of the pilot injection combustion were increased, brake-specific fuel consumption (BSFC) slightly increased, soot initially 
decreased but then increased, nitrogen oxide  (NOX) was reduced by a maximum of 54%. The in-cylinder pressure peak 
value decreased with the advance of pilot injection timing, and the main combustion exhibited a lower heat release rate. 
Nevertheless,  NOX increased significantly, and soot decreased initially but showed a slight increase at 25% load. RSM was 
used for finding the optimal pilot injection strategy to minimize BSFC and emissions. The optimal values found were a pilot 
injection timing of 50 °BTDC and a pilot injection mass of 4.4 mg for 25% load, and corresponding values of 58.9 °BTDC 
and 5.5 mg for 50% load.
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1 Introduction

Direct injection (DI) diesel engines, known for their high 
thermal efficiency and reliability, have found extensive use in 
automobiles and various industrial applications, despite the 
challenges posed by fuel cells and electric vehicles [1]. To 
meet increasingly stringent emission regulations, advanced 
combustion modes like Homogeneous Charge Compres-
sion Ignition (HCCI) [2], premixed charge compression 
ignition (PCCI), and Reactivity-Controlled Compression 
Ignition (RCCI) [3, 4] were developed to create homogene-
ous air–fuel mixtures and optimize the combustion process. 
Among these combustion concepts, PCCI stands out due to 

its minimal to zero engine modification requirements [5]. 
This, combined with its exceptional fuel adaptability and 
low combustion noise, has resulted in its widespread adop-
tion within the diesel engine sector.

PCCI combustion, positioned between HCCI and con-
ventional combustion, relies on early injection, high fuel 
injection pressure, and exhaust gas recirculation (EGR) 
for its operation [6]. Due to the relatively simple injection 
pressure and EGR control, PCCI combustion research has 
predominantly concentrated on injection strategies. Jia 
et al. [7] investigated the impact of injection timings on the 
combustion and emission characteristics of a diesel-fueled 
PCCI engine. Their findings demonstrated that optimized 
injection timings led to a significant reduction in NOx emis-
sions due to low-temperature combustion (LTC). Zehni et al. 
[8] showed numerically that early injection timing results 
in lower maximum local equivalence ratios in PCCI com-
bustion, thereby reducing HC and CO emissions. However, 
excessively early injection timings can lead to fuel spray 
impingement on the cylinder walls, causing cylinder wall 
wetting, incomplete combustion, and subsequently, reduced 
power output and higher emissions. To mitigate wall wetting, 
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researchers have explored the use of small cone angle noz-
zles (within 100°) [9]. These nozzles increase the distance 
between the nozzle and cylinder wall, promoting greater fuel 
atomization before entry into the cylinder. Nevertheless, 
the effectiveness of this approach is limited. Early injec-
tion timings introduce additional challenges. Horbe et al. 
[10] conducted PCCI experiments with early injection and 
observed lower NOx and PM emissions alongside higher 
brake thermal efficiency (BTE). However, they noted that 
the higher rate of pressure rise reduced the operational range 
of PCCI combustion.

To address these issues, researchers have implemented 
pilot injection strategies. The pilot injection coupled with 
proper main injection timing diminishes the average in-cyl-
inder temperature for decreasing  NOX emission. On the other 
hand, pilot injection will cause a higher maximum tempera-
ture before main injection, and lean burn zone compared to 
single injection. The reason is because the combustion of 
pilot injection fuel could increase the temperature in-cylin-
der before main injection. When the fuel of main injection 
enters the high temperature zone during the main injection, 
the fuel combustions more quickly, so polycyclic aromatic 
hydrocarbons (PAHs) formation rates reduce [11]. Cao et al. 
[12] observed that pilot injection enhances the flame propa-
gation speed of the main injection, resulting in a more uni-
form distribution of soot concentration. They also noted the 
sensitivity of ignition delay to pilot injection timing and the 
enhancement of main combustion with higher pilot injec-
tion mass. Lu et al. [6] conducted numerical simulations 
on the pilot injection strategy of a PCCI diesel engine. By 
optimizing the pilot injection strategy at an engine speed 
of 1000 r/min, they achieved a remarkable 38.5% reduction 
in NOx emissions and a one-order-of-magnitude decrease 
in soot emissions. Additionally, the gross indicated ther-
mal efficiency increased by 8.66%. Herfatmanesh et al. [13] 
revealed that the use of pilot injection led to reductions in 
both soot and NOx emissions but resulted in an approxi-
mately 26% increase in Unburned Hydrocarbon (UHC) 
emissions. Qiu et al. [14] conducted experimental research 
to investigate various pilot injection strategies. Their find-
ings indicated that advancing pilot injection timing led to 
a decrease in peak in-cylinder pressure and ignition delay. 
Moreover, an increase in pilot injection fuel mass resulted in 
higher heat release rates during pilot injection combustion 
and an increased maximum rate of pressure rise. However, 
one study discovered that when the pilot injection mass ratio 
exceeded 40%, the brake mean effective pressure (BMEP) 
significantly decreased [15]. Wang et al. [16] conducted 
matching tests between multiple injection strategies and dif-
ferent typical working conditions of a diesel engine. Their 
results demonstrated that significant reductions in NOx 
and soot emissions could be achieved when a diesel engine 
operated under low-speed, low-load conditions, especially 

when using a combination of a large pilot-main interval and 
a small pilot injection mass. Huang et al. [17] found that a 
small pilot-main interval could decrease energy loss, CO 
emissions, and improve BTE. Furthermore, pilot injections 
are effective in reducing combustion noise, particularly at 
engine idle [18], with reductions of up to 5–8 dB generally 
obtained when compared to single injection strategies [19].

Prior research has extensively investigated the impact of 
pilot injection strategies in PCCI combustion conditions. 
However, these studies have primarily focused on macro-
level performance aspects of diesel engines, neglecting 
detailed analysis of in-cylinder visualizations pertaining 
to spray formations, mixture compositions, and combus-
tion characteristics. In order to bridge this gap, the present 
experimental study adopts a unique approach by employ-
ing endoscopic visualization techniques to examine spatial 
distribution of both spray patterns and flame propagation in 
a diesel engine. Notably, unlike optical engines, the endo-
scopic visualization system enables assessments without 
necessitating extensive engine modifications that could 
potentially alter in-cylinder mixing and combustion. In addi-
tion to these visual assessments, the study also encompasses 
analysis of key engine performance parameters including 
in-cylinder pressure, heat release rate, fuel consumption, and 
emissions, as well as optimization of pilot injection param-
eters. These comprehensive investigations aim to provide 
valuable insights into the effects of pilot injection strate-
gies on both micro-scale in-cylinder phenomena and overall 
engine performance.

2  Experimental apparatus and procedures

2.1  Experimental setup

The main specifications of the test engine are listed in 
Table 1. The test engine is an inline four-cylinder, four-
stroke, turbocharged diesel engine, fitted with a Bosch Com-
mon Rail injection system. In order to capture the real-time 
combustion flame in cylinder, the test engine was equipped 

Table 1  The main specifications of the test engine

Description Specification

Engine type Four-cylinder 
diesel 
engine

Bore (mm) 95
Stroke (mm) 100
Compression ratio 17.5
Displacement (L) 2.83
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with an endoscopic visualization system through the engine 
cylinder head.

Schematic of test system is indicated in Fig. 1. The 
injection parameters were controlled by using calibration 
software (ETAS INCA 6.2). The in-cylinder pressure was 
measured by a piezoelectric pressure transducer (Kistler 
6125B01). Through the in-cylinder pressure data, the HRR 

was calculated on the basis of the First Law of Thermody-
namics. Fuel consumption was measured using a gravimet-
ric fuel flow meter (AVL 735S). The exhaust gases emis-
sions were detected with the HORIBA MEXA-7200D. The 
exhaust soot was obtained by a smoke analyzer (AVL 415S) 
that displays results directly in Filter Smoke Number (FSN), 
and the FSN value can be converted into unit g/h using an 
empirical equation obtained from AVL [20]. The accuracies 
and uncertainties of the measuring instruments utilized in 
this study are shown in Table 2.

2.2  Endoscopic visualization system

Combustion visualization was performed by using AVL 
513D Visioscope. This endoscopic visualization system 
includes an endoscope, a high-speed CCD camera, a light-
ing device and AVL’s Thermo Vision program. The first cyl-
inder head has been modified to obtain an optical path into 
the combustion chamber. Figure 2 indicates that two holes 
were machined in the first cylinder head for inserting the 
endoscope and lighting device, and the bowl-in-piston was 
also modified in order to avoid close contact between the 
components inserted and the reciprocating piston, as shown 
in the right side of Fig. 2.

Figure 3 shows the schematic diagram of endoscopic 
measurement. Additionally, the introduction of cool air sig-
nificantly enhances the endoscope’s capacity to withstand 
elevated thermal loads. The high-speed CCD Camera pro-
vides 640 × 480 pixel resolution at a frequency of 10 Hz. The 
CCD camera and the lighting device were synchronized to 

Fig. 1  Schematic diagram of test system

Table 2  Accuracies and uncertainties of the measurement instruments

Measuring instruments Range Accuracy Uncertainty

Dynamometer AVL INDYS22-410,934-1BV-1 Speed: 0–7000 r/min
Torque: 0–1400 N m

Speed: ± 1 r/min
Torque: ± 0.5% F.S

± 0.4%
± 0.4%

Fuel flow meter AVL 735S 0–125 kg/h ± 0.12% ± 1.0%
NOX HORIBA MEXA 7100D 0–10 ~ 500,1000 ~ 10,000 ppm ± 1 ppm ± 1.0%
Soot AVL 415S 0–10 FSN ± 1% 0.005 FSN + 3% 

of measured 
value

Fig. 2  Endoscope system and 
modified cylinder piston
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obtain accurate picture timing, with an angle encoder. The 
crank angle corresponding to each picture was converted 
from the exact time of taking picture recorded by the endo-
scopic visualization system, and the camera picture process-
ing method described in our previous paper [21].

2.3  Experimental procedure

The engine operating conditions are shown in Table 3. The 
fuel used in the experiment is 0# diesel, which is sourced 
from Sinopec. The test procedure was to operate the engine 
at low speed and loads (1450 r/min, 25% and 50% load), 

which took a relatively large proportion of emission control 
in the New European Driving Cycle (NEDC). For reducing 
the in-cylinder combustion temperature, Exhaust Gas Recir-
culation (EGR) system was employed, that also decreased 
inlet oxygen concentration from 21 to 16.5% (25% load) and 
17.5% (50% load). The pilot injection mass in percentage 
of the total injection mass is 0, 16.7%, 33.3%, 50% (25% 
load) and 0, 9.6%, 19.2%, 28.8% (50% load), respectively. 
Because the endoscopic visualization system cannot work 
in high temperature and pressure, 25% load was chosen for 
visual working operation. From 80 °BTDC to 60 °ATDC, 
the CCD camera captured pictures per two engine cycles 
with a step of 0.1° CA, so the interval between every two 
pictures is 160 ms.

3  Results and discussion

3.1  Effect of pilot injection mass on combustion

Figures 4 and 5 display the effect of injected mass in the 
pilot injection on the combustion characteristics compared 
with the single injection. The in-cylinder pressure and 
HRR are diagramed with different pilot masses. The pilot 
injection timing was fixed at 40 °BTDC (25% load) and 
60 °BTDC (50% load), respectively. It can be concluded 
from Figs. 4 and 5 that the pilot injection strategies induced 
higher combustion pressure compared with the single injec-
tion. The whole in-cylinder combustion process indicated 
two stages, that is, the heat release stage of pilot injection 
and heat release stage of main injection. Moreover, the main 
combustion started more quickly than single injection. It 
is mainly because of the in-cylinder thermal conditions by 
pilot promoted the main injection fuel to burn in advance. As 
the pilot injection mass raised, the HRR peak value of pilot 

Fig. 3  The schematic diagram of endoscopic measurement

Table 3  Engine test conditions

Description 25% load 50% load

Engine speed (rpm) 1450 1450
Main injection timing (°BTDC) 20 15
Injection pressure (MPa) 85 95
Intake temperature (K) 303 303
Pilot injection timing (°BTDC) 40, 50, 60, 70
Total injection mass (mg) 15 26
Pilot injection mass (mg) 0, 2.5, 5, 7.5

Fig. 4  In-cylinder pressure and HRR with different pilot injection masses (25% load)
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increased. However, the corresponding position remains 
essentially unaltered. In specific circumstances of engine 
operation, the in-cylinder temperature and pressure remain 
comparatively unvaried. Consequently, the initiation of 
combustion, as influenced by the pilot injection strategy, 
does not exhibit any significant variation based on altera-
tions in the mass of pilot injection [22]. Additionally, the 
increase in pilot injection mass caused a decrease in main 
injection mass, which resulted in lower HRR peak value of 
main injection.

It can also be observed from Fig. 4 that the pilot mass 
significantly affected the main combustion. This is due to 
the fact that, there was some overlap between the main injec-
tion duration and the pilot combustion. Similar trend is also 
found in Fig. 5; however, its effect was small. The pilot-main 
interval was wider under 50% load condition. Therefore, 

when the main mass injected into the cylinder, the pilot com-
bustion had finished already. Another reason is possible due 
to the ratio of pilot mass was less than 25% load.

Figure  6 presents the in-cylinder spray and ignition 
images under 25% engine load with pilot injection mass, 
from 20 °BTDC to 4 °BTDC. The first, second, and third 
row of Fig. 6 corresponds to 2.5, 5.0 and 7.5 mg pilot mass, 
respectively. In order to analyze conveniently, only the 
endoscopic viewing area was reserved for all images in the 
article. It can be noticed that the fuel of all operating condi-
tions has been almost atomized at 12 °BTDC. Diffuse flame 
did not appear for the pilot mass 2.5 mg, 5.0 mg conditions 
until 4 °BTDC. However, in case of 7.5 mg, less diffuse 
flame was found at 8 °BTDC and 4 °BTDC. The combus-
tion temperature before main combustion was greatly pro-
moted by a higher injection mass of pilot, which improved 

Fig. 5  In-cylinder pressure and HRR with different pilot injection masses (50% load)

Fig. 6  Spray and ignition 
images with different pilot 
masses
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the vaporization of main fuel and shortened the premixing 
time. Thus, the primary cause of diffuse flame is the defi-
ciency of premixing time.

Figure 7 shows the images of flame development at vari-
ous pilot mass under 25% engine load, from 2 °BTDC to 
6 °ATDC. The flame luminance of the first-row images in 
Fig. 7 is much weaker, and the flame area is small. When 
the pilot injection increased to 5.0 mg, the flame becomes 
brighter. A markedly brighter flame appears from 2 °BTDC 
to 2 °ATDC for the condition with a pilot injection mass of 
7.5 mg, and the flame area increases. But the flame becomes 
dim after 2 °ATDC. Based on the observations of flame 
images, it can be inferred that the flame area and luminos-
ity experienced an expansion as the mass of pilot injection 
increased. This can be attributed to the release of a higher 
amount of heat due to the larger pilot injection mass, subse-
quently leading to a shortened period of main combustion 
ignition delay. Therefore, there was an inadequate mixing 
of fuel and air, which increased the proportion of diffu-
sion combustion. This phenomenon ultimately facilitated 
the ignition of the main injection [23]. Moreover, this also 
means higher soot emission. Because flame intensity in the 
flame image determines by the thermal radiation from the 
soot particles formed in cylinder [24].

Figure 8 indicates the influences of the pilot injection 
mass on BSFC. As can be seen from Fig. 8, BSFC first 
reduces slightly, then increases with the rise of pilot quan-
tity. This is due to pilot-main injection strategy induced the 
main combustion phase ahead of time, more toward the 
Top Dead Center (TDC), so BSFC decreased. However, the 
increase in pilot mass led to more fuel impinging on the 
wall, this led the BSFC increased. Interestingly, when the 
pilot injection mass increased from 0 to 5 mg, the BSFC was 
not significantly increased under 50% engine load, as shown 

in Fig. 8b. This is due to the main combustion phase was 
nearly unchanged, because of longer interval between pilot 
and main injection, and minor ratio of pilot injection mass.

3.2  Effect of pilot injection mass on emissions

The pilot injection strategies have been extensively used to 
reduce the emission of  NOX. As described in Fig. 9,  NOX 
emission is obviously reduced compared with single injec-
tion. Moreover,  NOX emission reduces with the increase in 
pilot mass. The maximum reduction rates of  NOX are 54% 
(25% load) and 25% (50% load), respectively. The informa-
tion of soot was strongly affected by the fuel–air mixing 
process of pilot injection. From Fig. 9, it appears that soot 
emission reduces firstly. This may be due to the reason that 
increased pilot injection mass could improve the ratio of 
diffusion combustion, as shown in Fig. 7. Another reason is 

Fig. 7  Combustion process 
images with different pilot 
injection masses

Fig. 8  Influences of pilot injection mass on BSFC
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that the pilot combustion had immediate impact on the main 
combustion, increasing the average in-cylinder pressure and 
temperature of the main combustion, which is positive on 
the soot emission reduction. However, as the pilot injection 
mass increases further, the heat release also increases, lead-
ing to a shorter main injection ignition delay. Consequently, 
the reduced mixing time between fuel and air results in an 
uneven air/fuel mixture, leading to increased soot emissions 
[25]. Additionally, the increased pilot mass causes more fuel 
to impinge on the wall and shortens the ignition delay of 
the main injection, thereby negatively affecting the air–fuel 
mixture. Therefore, the finally generated soot was rise.

3.3  Effect of pilot injection timing on combustion

The effect of pilot injection timings on the in-cylinder pres-
sure and HRR is shown in Figs. 10 and 11. The pilot injec-
tion mass is 5 mg, and the main injection timing was set to 
20 °BTDC (25% load), 15 °BTDC (50% load), respectively. 
It can be concluded from Figs. 10 and 11 that pilot injec-
tion resulted in higher peak in-cylinder pressure and lower 
peak HRR than single injection. For instance, in the cases 
of 25% load shown in Fig. 10a, with the pilot injection tim-
ing advanced from − 40 °BTDC to − 70 °BTDC, the peak 
in-cylinder combustion pressure was increased and its cor-
responding crank angle moved ahead, and the main combus-
tion process was obviously accelerated. The observed phe-
nomenon can be attributed to the increase in fuel-gas mixing 
time caused by the earlier pilot injection. This increase is 
beneficial for the formation of the ignited mixture and accel-
erates the combustion speed [26]. Additionally, the main 
injection timing (20 °BTDC) was approached the peak of 
pilot combustion. This can be seen from the first peak HRR 
curves depicted in Fig. 10a. Consequently, the combustion 
performance was improved.

Fig. 9  Influences of pilot injection mass on  NOX and Soot emissions

Fig. 10  In-cylinder pressure and HRR with different pilot injection timings (25% load)



 Journal of the Brazilian Society of Mechanical Sciences and Engineering (2024) 46:7676 Page 8 of 14

In the cases of 50% load shown in Fig.  11b, with 
advanced injection timing of pilot, the in-cylinder pressure 
was decreased, and the main combustion showed lower heat 
release rate. The reason is that the combustion process of the 
pilot fuel was finished at about 17 °BTDC, except the pilot 
injection timing of 40 °BTDC. The earlier the end of the 
pilot fuel combustion, the less impact on the main injection 
fuel combustion process.

Figure 12 depicts the combustion images at various pilot 
timings by endoscopic visualization under 25% engine 
load, with a constant pilot mass condition (5 mg). It can be 
seen that luminous flames were not observed at CA5. The 
first appearance time of luminous flame advanced from 4.2 
°BTDC to 4.8 °BTDC with the advance of pilot injection 
timing, and the area of luminous flame zone increased. And 
the flame luminance becomes higher when the pilot injec-
tion timing advanced from 40 °BTDC to 60 °BTDC, which 
shows that advanced pilot injection timing results in higher 
in-cylinder pressure and temperature before main injection, 
causing shorter ignition delay of main combustion. However, 
the flame luminance remains almost the same when the pilot 
timing advanced to 70 °BTDC. This indicates that premature 
pilot injection timing has a limited effect on main combus-
tion. Moreover, it can be seen from the images of CA10, 
CA50, and CA90 that earlier pilot injection timing exhibits 
longer combustion duration. Here, CA5, CA10, CA50, and 
CA90 are defined as the crank angles at which 5%, 10%, 
50%, and 90% of total heat released.

Figure 13 represents the effect of the pilot injection tim-
ings on BSFC. With the advance of pilot injection timings, 
BSFC at 25% load notably increased. As mentioned above, 
the main fuel was sprayed in the combustion process of pilot 
fuel, so the combustion phase is advanced away from the 
TDC, and the combustion efficiency decreases. However, 
for 50% load conditions, it is the other way round. This is 

primarily because the main injection occurs behind the pilot 
combustion, as shown in Fig. 11b.

3.4  Effect of pilot injection timing on emissions

Figures 14 and 15 show the effects of pilot injection timing 
on  NOX and soot emission at 25% and 50% load. As can be 
seen in Fig. 14, the  NOX emissions are lower than single 
injection. Additionally, with the advance of pilot injection 
timing, more  NOX emissions were exhausted. It is mainly 
due to the fact that an earlier combustion phase was caused 
by the pilot fuel. Moreover, more mixture of fuel and air 
were transported into the premixed combustion process and 
HRR was increased. As a result, the combustion tempera-
ture in-cylinder increased, and this may be due to that  NOX 
formation increases with advanced pilot injection timing. 
Figure 15 indicates the effects of pilot injection timings on 
the soot emissions. It could be concluded that pilot injection 
could improve the soot emissions. Nevertheless, when pilot 
injection timing was advanced more than 60 °BTDC, the 
exhausted soot emission approximately remained constant 
or even increased. This could be attributed to advancing pilot 
injection timing resulted in more fuel impinging on the wall. 
This is the same reason why the soot emissions at 7.5 mg 
conditions are higher than single injection.

3.5  Optimization

In this section, we utilize response surface methodology 
(RSM) to optimize the pilot injection parameters. RSM 
is a mathematical and statistical method [27] employed 
to optimize the response affected by multiple independent 
variables. Equation (1) represents a second-order polynomial 
equation used to predict the output response while consider-
ing the input factors.

Fig. 11  In-cylinder pressure and HRR with different pilot injection timings (50% load)
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In Eq. (1), Y represents the response, xi and xij denote the 
input parameters, b0 corresponds to the constant coefficient, 
k indicates the number of factors, bi, bii and bij represent the 
regression coefficients, and ε represents the unanticipated 
error.

The optimization process is illustrated with an example 
of 25% load. Design-Expert 8.0 software was selected to 
apply RSM. The input variables were pilot injection mass 
(0, 2.5, 5, 7.5 mg) and timing (40, 50, 60, 70 °BTDC). The 
response variables were BSFC (g/kW. h),  NOX (g/h) and 
Soot (g/h). Table 4 displays the ANOVA results, which con-
firm the validity of the RSM models through the values of 
R2, adjusted R2, and predicted R2. Figure 16 presents the nor-
mal probability plots of residual for the responses, indicating 
that the data points are nearly distributed in a straight line, 
and the errors follow a normal distribution, thus validating 
the credibility of the RSM models.

(1)Y = b0 +

k
∑

i=1

bixi +

k
∑

i=1

biix
2

i
+

k
∑

i=1,j=i+1

bijxixij + �

Fig. 12  Combustion process images under different pilot injection timings

Fig. 13  Effect of pilot injection timing on BSFC
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Figure 17 shows the interactive impacts of the pilot injec-
tion mass and timing on BSFC. BSFC is lowest at about 
2.5 mg pilot injection mass and then rises rapidly with the 
increase in pilot injection mass. It is worth noting that at a 
retarded pilot injection timing, the BSFC is more affected 
by pilot injection mass at 50% load.

Figure 18 illustrates the interactive impacts of pilot injec-
tion mass and timing on  NOX. Similar to BSFC,  NOX is 

significantly influenced by the pilot injection mass, but the 
trends exhibit an opposite contrast:  NOX experiences a sharp 
decrease as the pilot injection mass increases. The mini-
mum  NOX values are depicted in Fig. 18, corresponding to 
1.9 g/h (25% load) and 38 g/h (50% load), achieved with a 
pilot injection mass of 7.5 mg and a pilot injection timing 
of 40 °BTDC. Figure 19 shows the interactive effects of 
pilot injection mass and timing on soot emission. According 
to the graphs, at 25% load, soot initially decrease sharply 
but then increase as both pilot injection mass and timing 
rise. However, at 50% load, pilot injection timing has weak 
impact on soot emissions when compared to the influence 
of pilot injection mass.

Optimizing the pilot injection mass and timing was 
crucial due to the trade-off between BSFC and emissions. 
The desirability profile and its functions were utilized for 

Fig. 14  Effect of pilot injection timing on  NOX

Fig. 15  Effect of pilot injection timing on Soot

Table 4  Results of ANOVA

Factors R2 Adjusted R2 Predicted R2

BSFC 0.9964 0.9945 0.9914
NOX 0.9938 0.9845 0.9409
Soot 0.9969 0.9832 0.8083
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(a) BSFC                          (b) NO X

(c) Soot

Fig. 16  Normal probability plot of the residual for the composite for responses

(a) 25% load (b) 50% load

Fig. 17  Interaction of pilot injection mass and timing on BSFC
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optimization. Multiple best solutions were obtained using 
the desirability-based approach. At 25% load, the pilot injec-
tion parameters of 50 °BTDC for pilot injection timing and 
4.4 mg for pilot injection mass yielded the maximum desira-
bility of 0.799. Similarly, at 50% load, the optimal responses 
were achieved with pilot injection timing of 58.9 °BTDC 
and pilot injection mass of 5.5 mg, resulting in a maximum 
desirability of 0.681.Validation experiments were conducted 

to assess the accuracy of the RSM optimal responses, and 
the results are shown in Table 5, demonstrating the reliabil-
ity of the optimization analysis. Comparing the experimen-
tal results with single injection in Figs. 13, 14 and 15, the 
improvements at 25% load included a 36.34% decrease in 
 NOX and a 23.68% decrease in Soot, with only a marginal 
1.39% increase in BSFC. At 50% load, there were reductions 
of 0.45% in BSFC, 8.92% in  NOX, and 11.53% in Soot.

(a) 25% load (b) 50% load

Fig. 18  Interaction of pilot injection mass and timing on  NOX

Fig. 19  Interaction of pilot injection mass and timing on Soot

Table 5  RSM and experimental 
results

Load Predicted Experiment Error%

25% 50% 25% 50% 25% 50%

BSFC 288.77 222.34 290 220 0.42 1.06
NOX 2.74 47.46 2.61 51 4.98 6.94
Soot 0.028 0.418 0.029 0.46 3.45 9.13
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4  Conclusions

In the current work, the effects of pilot injection on the 
combustion process and emission of a PCCI diesel engine 
equipped with an endoscopic visualization system were 
researched. The main conclusion is as follows:

(1) The increase in pilot injection mass results in a stronger 
flame luminance near TDC and the expansion of the 
flame area. However, after TDC, the flame lumi-
nance rapidly decreases. As the pilot injection timing 
advanced from 40 to 60 °BTDC, the first appearance 
time of the flame becomes earlier, and the flame lumi-
nance increases. Nevertheless, when the pilot injection 
timing is advanced to 70 °BTDC, the flame luminance 
remains almost the same. Moreover, earlier pilot injec-
tion timing exhibits longer combustion duration.

(2) The BSFC increases with the increase in pilot injection 
mass, soot decreased firstly and increased secondly, 
and the maximum reduction in  NOX is 54%. With the 
advancement of pilot injection timing,  NOX levels 
increase, the BSFC gets worse at 25% load, and at the 
same load, there is a decrease in soot initially, followed 
by an increase. Interestingly, at 50% load, there is a 
gradual decrease in Soot.

(3) By optimizing the pilot injection strategy, compared to 
single injection,  NOX and Soot decreased by 36.34% 
and 23.68%, respectively, at 25% load, with a weak 
increase in BSFC. At 50% load, BSFC,  NOX, and soot 
were reduced 0.45%, 8.92%, and 11.53%, respectively.
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