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Graphical Abstract: 

Abstract: This study focuses on the experimental analysis of the effects of dynamic injection pressures on diesel engine spray, com-

bustion, and emission characteristics. Increasing the fuel injection pressure shortens the fuel injection delay and overall fuel injection 

duration. A higher fuel injection pressure increases the spray tip penetration. Increasing the fuel injection pressure increased the peak 

in-cylinder pressure, peak rate of pressure increase, peak rate of heat release, and peak gas mean temperature. As the in-cylinder 

pressure and rate of heat release increased, the indicated mean effective pressure tended to increase. A higher fuel injection pressure 

shortens the ignition delay, advances combustion phasing, and shortens the overall combustion duration. As the indicated mean effec-

tive pressure and rate of heat release increase, the fuel conversion and combustion efficiency tend to improve. Increasing the fuel 

injection pressure led to an increase in the ringing intensity. At higher fuel injection pressures, the combustion noise level tends to 

increase.  As the fuel injection pressure increases, CO, CO2, and HC emissions decrease. However, increasing the fuel injection pressure 

contributed to an increase in the gas mean temperature and rate of heat release, which leads to greater NOx emissions. 
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 Nomenclatures 

ABDC After before dead center 

ATDC After top dead center 

BBDC Before top dead center 

BTDC Before top dead center 

CA Crank angle 

CD Combustion duration (10%MFB~90%MFB) 

CNL Combustion noise level 

CO Carbon monoxide 

CO2 Carbon dioxide 

CRDI Common rail direct injection 

CVC Constant volume chamber 
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EGT Exhaust gas temperature 

ET Energizing time of injector 

GMT Gas mean temperature 

HC Hydrocarbon 

IMEP Indicated mean effective pressure 

MFB Mass fraction burned 

MPa Mega pascal 

NOx Nitrogen oxides 

O2 Oxygen 

RI Ringing intensity 

ROHR Rate of heat release 

ROPR  Rate of pressure rise 

ROPRpeak Peak rate of pressure rise 

rpm revolutions per minute 

SOE    Start of energizing 

SOI    Start of injection 

STP    Spray tip penetration 

TDC   Top dead center 

mf Fuel injection mass 

mintake Intake air mass at intake valve closing 

Pamb Ambient pressure 

Pinj Injection pressure 

Ppeak Peak in-cylinder pressure 

QLEV Lower heating value 

SMD Sauter mean diameter 

Tind Indicated torque 

Tpeak Peak gas mean temperature 

Vd Displacement 

Vivc Cylinder volume at intake valve closing 

Wind Indicated work 

ቀ
𝒅𝑷

𝒅𝒕
ቁ

𝒑𝒆𝒂𝒌
 Peak rate of pressure rise relating with time 

β Constant value 

λ Lambda 

γ Specific heat ratio 

ρair Air density 

vl Function of valve lift 

ϴvod,intake Intake valve opening duration 

ϴvod,exhaust Exhaust valve opening duration 

ϴIVO Intake valve opening angle 

ϴEVO Exhaust valve opening angle 

ηfc Fuel conversion efficiency 

ηcomb Fuel combustion efficiency 

1. Introduction

Much research has been conducted on fuel injection systems 

to improve diesel engine performance and reduce emissions. 

Electronic injectors and common rail systems for diesel engines 

have dramatically improved fuel injection techniques, contrib-

uting significantly to greater fuel efficiency, improving perfor-

mance, and reducing emissions. Improvements in the fuel injec-

tion system of diesel engines have led to various controllable in-

jection factors such as fuel injection timing, injection method 

(e.g., multistage), and fuel injection pressure. In diesel engines, 

fuel injection pressure variation is a key factor that significantly 

affects combustion quality, engine performance, fuel efficiency, 

and emissions as well as engine noise and vibration characteris-

tics. In particular, it has a strong influence on combustion param-

eters such as ignition delay, in-cylinder pressure, ROPR, and 

ROHR, including spray characteristics. In general, an increase in 

the fuel injection pressure shortens the ignition delay, thereby in-

creasing the peak in-cylinder pressure, peak ROPR, and peak 

ROHR. In addition, a higher injection pressure increases turbu-

lent kinetic energy and decreases the size of fuel droplets, thereby 

promoting atomization. Therefore, a superior air-fuel mixture 

forms at a faster rate, shortening the ignition delay is shorter. This 

phenomenon leads to rapid burning of the injected fuel at the be-

ginning of combustion, that is, during the premixed combustion 

period, and has a significant impact on engine noise and vibration 

levels [1]-[4]. 

The fuel injection pressure also affects exhaust emission levels 

from diesel engines. As the fuel injection pressure increases from 

low to high, CO and HC emissions are generally reduced because 

more combustible mixtures are formed. However, in the case of 

NOx emissions, which are sensitive to combustion temperature, 

an increase in the fuel injection pressure has a negative effect on 

NOx reduction because it increases the ROHR [1][5][6]. 

The purpose of this study was to experimentally analyze the 

effect of dynamic fuel injection pressures (40 MPa ~100 MPa, 10 

MPa units) on the spray, combustion, and emission characteris-

tics. The spray characteristics-injection delay, spray tip penetra-

tion, and spray average speed-were analyzed from recorded spray 

images. In the combustion investigation, combustion parameters 

with dynamic injection pressures were calculated by applying the 

in-cylinder pressure and various theoretical methods. In addition, 

various emissions, such as HC, CO, CO2, and NOx, were ana-

lyzed with fuel injection pressures. A single-cylinder CRDI die-

sel engine was used for the experiment. For spray visualization, 
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the fuel injection pressure was varied in the CVC connected to 

the test engine, and fuel was supplied from the common rail of 

the test engine. 

2. Experimental System

2.1 Experimental Setup 

Figure 1 shows the experimental devices used to analyze the 

effect of the fuel injection pressure on the spray, combustion, and 

exhaust emission characteristics of a diesel engine.  

Figure 1: Schematic illustration of the experimental system 

A single-cylinder diesel engine with a high-pressure injection 

system and a common rail system that can precisely control fuel 

pressure was used in this study and was equipped with a sole-

noid-driven injector. The main specifications of the single-cylin-

der diesel engine used in this study are summarized in Table 1.  

Various devices were constructed for this study. The engine 

speed was constantly controlled by an electric motor. A spray vis-

ualization system was connected to the test engine, and the tests 

were performed under the same conditions.  

Table 1: Specifications of the test engine 

Item Descriptions 

Engine type 4-stroke, Single-cylinder CRDI 

Number of cylinder 1 

Bore × Stroke 83 mm × 92 mm 

Compression ratio 17.7 : 1 

Displacement 498 cc 

Valve timing 

IVO BTDC 7 CA 

IVC BTDC 43 CA 

EVO BBDC 52 CA 

EVC ATDC 6 CA 

Table 2 lists the main functions of the various components to 

provide a comprehensive illustration of the experimental setup 

used in this study. 

Table 2: Function of the main devices for the experimental sys-

tem 

Instruments Main function (Model) 

Test engine Single-cylinder CRDI diesel engine 

22 kW electric motor 
Precise speed control  
(HV2 induction motor) 

Injection controller Injection control (ZB-5100) 

Exhaust gas analyzer Emission analysis (Testo-350K) 

Piezoelectric pressure 
sensor 

Measuring in-cylinder pressure 
(Type 6056A) 

Amplifier 
Measuring in-cylinder pressure 
(Type 5018) 

Combustion analyzer 
Analyzing combustion characteristic 
(MT-7000S) 

Engine control system 
Controlling parameters  
(ET and Pinj of injector, Engine rpm) 

High speed camera 
Fuel spray capture 
(Photron FASTCAM SA2) 

1 kW optical lamp Light source for spray image capture 

2.2 Experimental Conditions and Test Fuel 

In this study, pilot injection was not applied to analyze the ef-

fects of fuel pressure injection on the combustion and exhaust 

emission characteristics.  

The fuel injection timing was fixed at BTDC4 CA, and the fuel 

injection pressure was changed in 10 MPa intervals from 40 MPa 

to 100 MPa. In the fuel injection pressure variation test, the en-

gine speed was fixed at 1000 rpm.  

An experimental investigation was conducted with the fuel in-

jection amount set to 15 mg, and when the injection pressure was 

changed, the ET was adjusted to maintain a constant fuel injec-

tion mass. The in-cylinder pressure was averaged by measuring 

500 cycles.  

The ROPR, ROHR, IMEP, and combustion parameters were 

calculated using the measured cylinder pressure. To analyze the 

spray characteristics resulting from changes in the fuel injection 

pressure under the same conditions, the fuel supply system was 

directly connected to the test engine. The test fuel used in the 

naval vessels was high-sulfur diesel.  

The main physicochemical properties of the test fuel are pre-

sented in Table 3. Table 4 indicates the test conditions used to 

conduct this research. 



Hyungmin Leeㆍ Hyun Min Baek 

Journal of Advanced Marine Engineering and Technology, Vol. 48, No. 3, 2024. 6   118 

Table 3: Physiochemical properties of the naval vessel fuel 

Properties Values 

Carbon (wt %) 86.97 

Hydrogen (wt %) 12.64 

Density (kg/m3,15 oC) 849.4 

Kinematic viscosity (mm2/s) 3.621 

Cetane number 52.8 

Sulfur contents (wt%) 0.025 

Lower heating value (kJ/kg) 42,710 

Table 4: Experimental conditions 

Conditions Descriptions 

For engine operation 

Engine speed 1000 rpm 

Injection timing BTDC 4 CA 

Injection pressure (Pinj) 
40 MPa ~100 MPa 

(10 MPa units) 

Fuel injection mass (mf) 15 mg 

Coolant temperature 333 K 

Fuel temperature 313 K 

Intake temperature Room temperature 

Measuring 
Duration 

In-cylinder 
500 cycles 

Emission 

For macroscopic spray visualization 

Injection pressure (Pinj) 
40 MPa ~100 MPa 

(10 MPa units) 

Fuel injection mass (mf) 15 mg 

Ambient pressure (Pamb) 0.1 MPa 

Image recording 
16000 frame/s 

(256×256 pixels) 

2.3 Methodologies for Combustion Parameter, RI, and 

CNL Analysis 

In this study, indicators representing combustion parameters 

and engine performance were calculated by analyzing the meas-

ured in-cylinder pressure. In particular, the MFB was predicted 

using the ROHR by analyzing the measured in-cylinder pressure. 

 To analyze the vibration state of the engine according to 

changes in the fuel injection pressure, an RI analysis methodol-

ogy was applied without using a measuring device. The RI is a 

metric calculated using the peak in-cylinder pressure, the peak 

GMT, and the peak ROPR.  

Table 5 shows various equations for analyzing the combustion 

parameters and the RI and CNL characteristics according to the 

fuel injection pressure. To quantify the RI, the ROPR considering 

the change in CA was calculated as a function of time. 

 Additionally, in this paper, the peak ROHR, combustion dura-

tion, and statistical analysis were used to quantitatively evaluate 

the CNL characteristics [9]-[12]. 

Table 5: Combustion parameter and RI analysis methodologies 

Parameters Equations 

ROHR 
ௗொ

ௗఏ
=

ఊ

ఊିଵ
∙ 𝑃 ∙

ௗ௏

ௗఏ
+

ଵ

ఊିଵ
∙ 𝑉 ∙

ௗ௉

ௗఏ
 (1) 

In-cylinder 
temperature 

[7][8] 

𝑇(𝜃) =
௉(ఏ)∙௏(ఏ)

௠೔೙೟ೌೖ೐∙ோ
 (2) 

𝑚௜௡௧௔௞௘ = 𝑣௟ ∙ 𝜌௔௜௥ ∙ 𝑉ூ௏஼  

𝑣௟ =
1

2
ቐ𝑠𝑖𝑛 ቎360 ቌ

𝜃

𝜃௩௢ௗ,௜௡௧௔௞௘

−
1

𝜃
௩௢ௗ,

௜௡௧௔௞௘
௘௫௛௔௨௦௧

∙𝜃 ூ௏ை
ா௏ை

−
1

4
ቍ቏ + 1ቑ

IMEP 𝐼𝑀𝐸𝑃 =
∆ఏ

௏೏
∙ ∑ 𝑃(𝑖) ∙

ௗ௏(௜)

ௗఏ

௡మ
௜ୀ௡భ

  (3) 

Indicated torque 
and work 

𝑇௜௡ௗ =
ூொ௉ ∙ ௏೏

ସగ

𝑊௜௡ௗ = 𝐼𝑀𝐸𝑃 ∙ 𝑉ௗ 
 (4) 

Fuel conversion 
efficiency 

𝜂௙௖(%) =
ௐ೔೙೏

௠೑∙ொಽಶೇ
× 100  (5) 

Combustion 
efficiency 

𝜂஼௢௠௕(%) =
∫ ோைுோௗఏ

௠೑∙ொಽಶೇ
× 100  (6) 

RI [9][10] 
𝑅𝐼 =  

ඥఊோ்೛೐ೌೖ

ଶఊ௉೛೐ೌೖ
 ൤𝛽 ቀ

ௗ௉

ௗ௧
ቁ

௣௘௔௞
൨  (7) 

＊𝛽 = 𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑣𝑎𝑙𝑢𝑒 (0.05𝑚𝑠) 

CNL [11][12] −0.544(CD) + 0.0275(𝑅𝑂𝐻𝑅)௣௘௔௞ + 85.526      (8) 

3. Results and Discussions

3.1 Macroscopic Spray Characteristics at Different Injec-

tion Pressures 

Figure 2 depicts the definition of the STP used to analyze 

macroscopic spray characteristics at different fuel injection pres-

sures.  

Figure 2: Definition of spray tip penetration 

The STP related to various injection pressures was defined as 

the distance from the nozzle tip of the injector to the spray tip 

boundary. The distance of the STP indicated in Figure 2 was de-

termined by converting the size of one pixel from the acquired 

image to a scale of 1 mm. 

Figure 3 shows the STP (a) and spray average speed (b) 
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simulated with the STP at various fuel injection pressures. The 

higher the fuel injection pressure was, the faster the SOI and the 

longer the STP in the same period after the SOE. In particular, at 

the time when the spray was fully developed (0.9375 ms) at 100 

MPa, the spray reach at 100 MPa was approximately 110 mm 

greater than that at 40 MPa.  

At the same atmospheric pressure, the higher the injection 

pressure was, the greater the momentum of the fuel droplets 

sprayed from the injector nozzle. The higher the momentum of 

the sprayed fuel particles was, the faster their relative speed with 

respect to the air. In addition, increasing the injection pressure 

increased the Reynolds number, which resulted in an increase in 

the fuel flow coefficient.  

Therefore, both the spraying velocity of the fuel injected from 

the nozzle tip and the average spraying speed in the same period 

increased [13]-[16]. 

(a) Spray tip penetration 

(b) Spray average speed 

Figure 3: Spray tip penetration (a) and spray average speed (b) 

at various injection pressures 

Figure 4 shows the ET, injection delay, and injection duration 

results under the same fuel injection conditions at different fuel 

injection pressures.  

Figure 4: Injection delay and duration at different injection pres-

sures 

The ET of the injector had to decrease to ensure that the fuel 

mass was the same because the initial injection amount increased 

significantly as the fuel injection pressure increased. Therefore, 

as the ET of the injector decreased, the fuel injection duration 

also decreased.  

The injection delay time tended to decrease as the fuel injec-

tion pressure increased. The higher the fuel injection pressure 

was, the lower the compressibility of the fuel; as a result, a higher 

pressure formed in the injector control chamber, which lifted the 

needle valve faster, reducing the injection delay time [13][17]. 

An image showing spray characteristics at various fuel injec-

tion pressures displayed in Figure 5.  

Figure 5: Spray characteristics at various injection pressures 
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As shown in Figure 5, spray visualization confirmed that the 

STP increased as the fuel injection pressure increased, and the 

injection delay became shorter in the same period.  

The spray characteristics confirmed through the macroscopic 

spray visualization are summarized in Table 6. As the fuel injec-

tion pressure increased, the STP became longer in the same pe-

riod, and the injection delay became shorter.  

To inject the same fuel mass as the fuel injection pressure in-

creased, the ET of the injector had to decrease, and the fuel in-

jection duration shortened accordingly. 

Table 6: Analysis of macroscopic spray visualization 

Pinj 
(MPa) 

STP 
(at 0.9375 ms) 

Injection time (mf=15 mg) 

Energizing Delay Duration 

40 Base 

50 133%↑ 18%↓ 20%↓ 6%↓ 

60 276%↑ 28%↓ 25%↓ 11%↓ 

70 440%↑ 33%↓ 30%↓ 19%↓ 

80 622%↑ 38%↓ 35%↓ 24%↓ 

90 763%↑ 41%↓ 40%↓ 27%↓ 

100 915%↑ 42%↓ 50%↓ 32%↓ 

3.2 Combustion Parameter Characteristics at Various In-

jection Pressures 

Figure 6 shows the effects of various fuel injection pressures 

on the in-cylinder pressure, ROHR, and ROPR. As the fuel injec-

tion pressure was increased from low pressure to high pressure, 

the in-cylinder pressure, ROHR, and ROPR increased.  

Figure 6: In-cylinder pressure, ROHR, and ROPR characteris-

tics at different injection pressures 

Considering the constant fuel injection timing (BTDC4 CA), 

Figure 6 shows that as the fuel injection pressure increased, the 

position of the peak in-cylinder pressure, peak ROHR, and peak 

ROPR shifted toward the TDC.  

This means that at higher injection pressures, a large amount 

of the initial fuel injected was burned during the premixed com-

bustion phase. In addition, a higher injection pressure promotes 

fuel atomization, allowing evaporated fuel to be evenly distrib-

uted inside the combustion chamber. Therefore, it improved the 

initial premixed combustion and promoted combustion quality. 

Figure 7 shows the peak in-cylinder pressure, peak ROPR, 

and peak ROHR at various fuel injection pressures. 

Figure 7: Peak in-cylinder pressure, ROPR, and ROHR charac-

teristics at different injection pressures 

The results confirmed that increasing the fuel injection pres-

sure caused an increase in three combustion parameters. This oc-

curred because, as shown in Figure 6, the intensity of the pre-

mixed combustion increased as a large amount of fuel was in-

jected at a high injection pressure. 

Figure 8 shows the effect of fuel injection pressure on the 

IMEP. Additionally, the indicated torque was calculated using 

Equation (4) in Table 5. The IMEP and indicated torque in-

creased as the fuel injection pressure increased. Under the same 

injection timing conditions, a higher injection pressure promoted 

fuel atomization and resulted in the formation of a better mixture.  

This phenomenon shortened the ignition delay time, improved 

the premixed combustion, and increased the ROHR. Therefore, 

the IMEP, an index of combustion performance, became even 

higher as the fuel injection pressure increased, and the indicated 

torque, which is proportional to the IMEP, also increased. 
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Figure 8: IMEP and indicated torque characteristics at various 

injection pressures 

Figure 9 represents the MFB characteristics according to the 

fuel injection pressure.  

Figure 9: Mass fraction burned and EGT characteristics at vari-

ous injection pressures 

The 10% MFB, traditionally defined as the ignition delay, 

tended to become shorter as the fuel injection pressure increased. 

Increasing the fuel injection pressure enhances the turbulent ki-

netic energy. In addition, the smaller the SMD of the fuel was, 

the greater the reduction in the fuel particle size. The decreased 

SMD of the fuel promoted the evaporation of the injected fuel. 

Consequently, a combustible air-fuel mixture was rapidly gener-

ated, and the ignition delay time was shortened. The overall fuel 

atomization condition was improved, and a combustible mixture 

was quickly formed; thus, the combustion rate increased and the 

combustion duration became shorter [18]-[20].  

The 50% MFB, representing the combustion phase, also tends 

to decrease as the fuel injection pressure increases, implying that 

premixed combustion occurred rapidly owing to the short 

ignition delay of the large amount of fuel injected. Moreover, as 

the fuel injection pressure increased, the reduction in the ET of 

the injector contributed to a decrease in the fuel injection dura-

tion. A high ROHR at the beginning of the combustion phase 

leads to a reduction in the overall combustion duration and ex-

haust gas temperature. 

Figure 10 shows the fuel conversion and combustion efficien-

cies calculated according to the fuel injection pressure using 

Equation (5) and (6) in Table 5.  

Figure 10: Fuel conversion efficiency and combustion efficiency 

characteristics at various injection pressures 

As the fuel injection pressure increased, the fuel conversion 

efficiency improved because the indicated work, which is pro-

portional to the IMEP, increased. The ROHR during the pre-

mixed combustion period was close to that of TDC, providing 

additional work for the piston during the expansion stroke. Under 

higher injection pressure conditions, fuel atomization occurred 

faster, resulting in accelerated air-fuel mixing inside the combus-

tion chamber and the rapid formation of a homogeneous mixture.  

Accordingly, the ignition delay time decreased, the intensity of 

premixed combustion increased, and the ROHR rapidly in-

creased. The combustion efficiency also improved with increas-

ing ROHR and combustion quality under high injection pressure 

conditions. 

Figure 11 shows the RI and CNL characteristics under various 

fuel injection pressure conditions. The RI, used to quantitatively 

evaluate the intensity of knocking caused by combustion, is 

closely related to engine vibration and noise. The RI of 5 MW/m2 

is assumed in this study [21].  

According to Equation (7) in Table 5, the RI is proportional 

to the peak GMT and time-based peak ROPR and inversely pro-

portional to the peak in-cylinder pressure. An increase in the fuel 

injection pressure caused the RI to increase.  
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Figure 11: RI and CNL characteristics at various injection pres-

sures 

As mentioned earlier, due to greater premixed combustion in-

tensity and excellent combustion quality, the peak in-cylinder 

pressure, peak ROPR, and peak mean gas temperature increase 

as the fuel injection pressure increases from low to high injection 

pressure. To evaluate the CNL based on the fuel injection pres-

sure, the overall combustion duration and peak ROHR from 

Equation (8) were applied in this study [8][11]. 

 As the fuel injection pressure increased, a homogeneous mix-

ture rapidly formed, shortening the ignition delay, and the large 

amount of fuel injected during the short fuel injection duration 

increased the intensity of the premixed combustion. 

Table 7: Combustion parameters 

Parameters 
Pinj (MPa) 

40 50 60 70 80 90 100 

Peak 
In-cylinder 

pressure 

Base 

3%↑ 7%↑ 13%↑ 15%↑ 20%↑ 21%↑ 

Peak ROPR 12%↑ 30%↑ 44%↑ 53%↑ 57%↑ 65%↑ 

Peak ROHR 2%↑ 8%↑ 19%↑ 25%↑ 30%↑ 36%↑ 

Peak GMT 4%↑ 9%↑ 14%↑ 16%↑ 17%↑ 19%↑ 

IMEP 7%↑ 16%↑ 27%↑ 33%↑ 38%↑ 47%↑ 

Tind 7%↑ 16%↑ 27%↑ 33%↑ 38%↑ 47%↑ 

𝜂௙௖ 7%↑ 16%↑ 27%↑ 33%↑ 38%↑ 47%↑ 

𝜂஼௢௠௕ 2%↑ 3%↑ 4%↑ 5%↑ 7%↑ 8%↑ 

Ignition delay 28%↓ 30%↓ 36%↓ 39%↓ 48%↓ 54%↓ 

Combustion 
phasing 

16%↓ 21%↓ 23%↓ 25%↓ 28%↓ 31%↓ 

Combustion 
duration 

9%↓ 17%↓ 20%↓ 24%↓ 27%↓ 29%↓ 

EGT 2%↓ 3%↓ 5%↓ 7%↓ 8%↓ 9%↓ 

RI 25%↑ 66%↑ 97%↑ 117%↑ 122%↑ 146%↑ 

CNL 2%↑ 3%↑ 4%↑ 5%↑ 7%↑ 8%↑ 

Therefore, the overall combustion period became shorter, and 

the peak ROHR increased; thus, the CNL also tended to increase. 

The combustion parameters at various fuel injection pressures are 

listed in Table 7. All combustion parameters, except MFB, such 

as ignition delay, combustion phasing, and combustion duration, 

increased as the fuel injection pressure increased from low to 

high injection pressure. 

3.3 Exhaust Emission Characteristics under Various Injec-

tion Pressures 

Figure 12 shows the O2, CO2, and lambda(λ) characteristics 

at various fuel injection pressures. 

Figure 12: O2, CO2, and lambda (λ) characteristics with various 

injection pressures 

As the fuel injection pressure increased, the O2 concentration 

in the exhaust gas decreased, whereas the CO2 concentration in-

creased. Increasing the fuel injection pressure promoted fuel at-

omization; moreover, considering a combustible mixture was 

quickly formed, the intensity of oxidation during the combustion 

process increased significantly.  

Therefore, the O2 concentration in the exhaust gas was re-

duced owing to rapid oxidation reactions. Active oxidation im-

proves the MFB of the injected fuel; therefore, the CO2 emissions 

increase as the fuel injection pressure increases. Additionally, ox-

idation becomes more complete as the fuel injection pressure in-

creases; thus, so lambda matches the stoichiometric values. 

The main causes of HC formation during the combustion pro-

cess of a diesel engine are the trapping of injected fuel in the 

crevices of the combustion chamber, incomplete oxidation of fuel 

at low temperatures, non-vaporized fuel films on walls, and local 

combustion of lean and rich mixtures in the combustion chamber. 

CO primarily forms by the combustion of extremely lean or rich 

mixtures.  
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When an overly lean mixture burns, flame propagation does 

not occur throughout the mixture, and thermal decomposition of 

the fuel occurs owing to partial oxidation, resulting in the emis-

sion of CO and HC.  

In the case of an overly rich mixture, sufficient time is not 

available for thorough fuel oxidation because sufficient air mix-

ing is not achieved. These phenomena are the main causes of CO 

and HC emissions [22]-[24].  

Figure 13 shows the emission characteristics of CO and HC at 

different fuel injection pressures. 

Figure 13: CO and HC emission characteristics at various injec-

tion pressures 

The CO and HC emission levels clearly decreased as the fuel 

injection pressure increased. An increase in the fuel injection 

pressure created a superior air–fuel mixture in the combustion 

chamber, resulting in a very high degree of oxidation.  

The higher the fuel injection pressure, the smaller the fuel 

droplets, resulting in the formation of a combustible mixture and 

better flame propagation, thus improving the combustion quality. 

Therefore, increasing the fuel injection pressure resulted in re-

duced CO and HC emissions.  

The main source of NOx emissions from internal combustion 

engines is the nitrogen in the air, which oxidizes at high temper-

atures during combustion; this NOx is called thermal NOx. The 

generation of NOx depends on the oxygen concentration, GMT 

during the combustion period, and the excess air coefficient [1] 

[25].  

Figure 14 shows the NOx emission characteristics at different 

fuel injection pressures. The NOx emission level gradually in-

creased as the fuel injection pressure increased toward the high-

pressure region. The fuel droplet size decreases at high fuel in-

jection pressures; therefore, the fuel spray evaporates rapidly. 

Therefore, it is difficult for the fuel spray to penetrate deep into 

the combustion chamber.  

As a result, the initial combustion rate becomes extremely 

high, resulting in an increase in the GMT during the combustion 

process. This phenomenon increases NOx emissions because 

NOx formation is sensitive to the GMT during combustion. The 

effect of the fuel injection pressure on the exhaust emission char-

acteristics, including lambda, is summarized in Table 8. O2, CO, 

NOx, and lambda decreased, whereas CO2 and NOx increased as 

the fuel injection pressure increased. 

Figure 14: NOx and peak GMT characteristics at various injection 

pressures 

Table 8: Exhaust emissions and Lambda (λ) 

Pinj  
(MPa) 

Exhaust emissions and Lambda (λ) 

O2 CO2 CO HC NOx λ 

40 Base 

50 3%↓ 3%↑ 5%↓ 3%↓ 30%↑ 4%↓ 

60 8%↓ 10%↑ 11%↓ 5%↓ 66%↑ 9%↓ 

70 16%↓ 16%↑ 14%↓ 7%↓ 96%↑ 16%↓ 

80 21%↓ 18%↑ 18%↓ 8%↓ 121%↑ 23%↓ 

90 28%↓ 20%↑ 20%↓ 11%↓ 137%↑ 27%↓ 

100 30%↓ 23%↑ 22%↓ 14%↓ 160%↑ 29%↓ 

4. Conclusions

An experimental analysis was conducted by applying high-sul-

fur diesel used in naval vessels to a single-cylinder CRDI diesel 

engine to determine the spray, combustion, and exhaust emission 

characteristics of a diesel engine at various fuel injection pres-

sures. The main conclusions drawn from the experimental inves-

tigation are summarized as follows: 
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1) A higher fuel injection pressure resulted in an increase the

STP and average spray speed during the same period. Ad-

ditionally, both the injection delay and injection duration

were reduced.

2) A higher injection pressure resulted in an increase in the

peak in-cylinder pressure, peak ROPR, peak ROHR, and

peak GMT. In addition, the IMEP and the indicated torque

tended to increase because of the high ROHR as the injec-

tion pressure increased in the high-pressure region. There-

fore, the fuel conversion and combustion efficiency also

improved. Increasing the fuel injection pressure resulted in

the rapid formation of a superior combustible mixture,

shorter ignition delay time, rapid advance of combustion

phasing to the TDC, a decrease in the overall combustion

period and an increase in the exhaust gas temperature. In-

creasing the fuel injection pressure increased the RI and

CNL.

3) A superior combustible mixture was formed as the fuel in-

jection pressure increased, resulting in a reduction in CO

and HC, and an increase in CO2. Increasing the injection

pressure decreased the droplet size of the injected fuel, and

the fuel evaporated more quickly, increasing the initial

combustion intensity. Consequently, NOx emissions grad-

ually increased because of the higher ROHR and GMT dur-

ing the combustion process.
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