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Abstract: The International Maritime Organization is tightening regulations on air pollution and greenhouse gas emission from ships. 

One of the resolution strategies for control is the use of the dual fuel diesel engine with natural gas, and it has been widely researched. 

In this study, a dual fuel diesel engine of 2000cc with common-rail system was adopted and the effects of common-rail pressure and 

mixing ratio of diesel oil and natural gas on the combustion and emission characteristics of the engine were investigated. A three-step 

common-rail pressure test was set with increments of 10 MPa and a four-step natural gas ratio test was set under two engine loads. 

As common-rail pressure was increased by 10 MPa, nitrogen oxides increased by 0.2 g/kWh. As natural gas ratio was increased, the 

specific energy consumption and nitrogen oxides decreased but carbon monoxide and total hydrocarbon emissions increased. 

COVIMEP increased with increasing mass fraction of natural gas at low load, which could be attributed to diffusion combustion at low 

loads. The effect of the COVIMEP value on the stability of operation was negligible. 
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1. Introduction
Fuel and combustion methods of internal combustion engines 

have been changed with rapid changes in climate change and air 

pollution in the 2000s. The strict Euro 6 and US'10 regulations 

came into effect in 2014 in Europe and 2010 in the USA. These 

regulations are concerned with nitrogen oxide (NOx) and 

particulate matter (PM) emissions. To reduce both NOx and PM 

emissions simultaneously in diesel engines, Kusaka et al. [1], 

Ishida et al. [2], Tagai et al. [3], and Saito et al. [4] investigated 

a premixed charge compression ignition (PCCI) engine fueled 

with natural gas (NG) and a small amount of gas oil as an 

ignition source. In dual fuel diesel engines, the combustion 

method is mainly to burn NG with flame by pilot injection of 

diesel oil. Many studies have investigated dual fuel diesel 

engines with NG. Wei and Geng [5] summarized the findings of 

their study as follows: ① In-cylinder pressure during the 

compression and initial periods of combustion is slightly lower 

and ignition delay is longer under the dual fuel mode. ② The 

dual fuel mode can significantly decrease the NOx, carbon 

dioxide (CO2) and PM emissions, but hydro-carbon (HC) and  

carbon monoxide (CO) emissions may increase. ③ The dual 

fuel mode suffers from low brake thermal efficiency (BTE), 

especially at low and intermediate loads, while under high 

engine load conditions, the BTE is similar or slightly higher 

compared to the normal diesel mode. ④ The coefficient of 

variation in indicated mean effective pressure (COVIMEP) of the 

dual fuel mode appears to be generally higher than that of the 

normal diesel mode and it decreases with increasing engine 

load. However, these results are common and do not meet the 

specifications of many diesel engines. Therefore, to 

commercialize dual fuel diesel engines, experimental results for 

individual diesel engines are required.  

Since early 2000, much research progress has been made in 

attempts to commercialize the dual fuel diesel engine [6]-[11]. 

However, the commercialization of dual fuel diesel engines has 

been achieved in only a fraction of vessels thus far. Therefore it 

is necessary to test the safety as well as the maximum torque 

and output according to various factors such as the NG mass 

fraction, pressure and timing of pilot injection, variable 

geometry turbo-charger (VGT), and exhaust gas recirculation 
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(EGR). In this study, the combustion and exhaust characteristics 

of a 2000cc four-cylinder diesel engine were investigated. The 

effects of pilot injection pressure and NG mixing ratio on 

combustion characteristics, such as maximum combustion 

pressure, ignition delay, and premixed combustion, and the 

effects on exhaust characteristics, such as nitrogen oxides, PM, 

CO, and THC, were investigated. 

2. Experimental Apparatus and Method

2.1 Experimental Apparatus 
Table 1 shows specifications of the tested diesel engine and 

Figure 1 shows a schematic diagram of the experimental 

equipment. The tested diesel engine (D4EA) is manufactured by 

Hyundai Motors. Its bore and stroke are 83 mm and 93 mm, 

respectively. Fuel injection timing, pilot injection, common rail 

pressure, EGR, and VGT can be controlled. Engine load was 

controlled using an eddy current type dynamometer (DYTEK-

130) manufactured by Hwangwoong Mechatronics Co., Ltd. All 

factors of the diesel engine were controlled using MotoHawk 

Control Solutions of Woodward Company on a personal 

computer in real time. The hardware consists of an electronic 

control unit (ECM565) and an injector driver (UID800). For the 

user interface, MotoTune software was used.  

Emissions of gases such CO, CO2, NOx, SOx, THC, and O2 

were measured using MK9000 manufactured by RBR Ltd. 

Table 2 shows its specification, and it has a margin of error 

within 2%. Fuel consumption was measured using an electronic 

scale, CUW-6200H manufactured by CAS Company. The flow 

rate of intake air was measured by the differential pressure of a 

laminar flow meter (LFE-100B) manufactured by Sokken 

Corporation, and it was calculated in mass units according to 

the conversion formula. Regarding pressure sensors for the 

combustion chamber, intake, and exhaust, type 6125C and 

4045A5 manufactured by Kistler were used for high pressure 

and low pressure, respectively. A rotary encoder (E6C2-CWZ) 

manufactured by OMRON Corporation was used to obtain the 

trigger signal and an external clock source. To monitor 

operating conditions of the engine, temperatures of intake and 

exhaust gases, input and output of cooling water, and fuel and 

lubricant oil were measured using data acquisition equipment 

manufactured by the National Instrument Corporation and the 

software was coded in LabView.  

Table 1: Specification of tested engine 

Description Specification 
Model HYUNDAI D4EA 

Engine type Water-cooled 4 stroke 
diesel engine with CRDI 

Number of cylinders 4 
Displacement volume 1991 cc 

Bore × stroke 83mm × 92mm 
Maximum power 84/4000 kW/rpm 
Compression ratio 17.7 

2.2 Experimental Method 
All tests were carried out at 2,000 rpm and engine loads of 

11.7 kW and 23.0 kW were applied. The pilot injection timing 

of diesel fuel was 13°BTDC. The common rail pressure and the 

NG mass fraction were set as shown in Table 3. As the pilot 

injection period of the diesel fuel was made constant properly, 

the NG mass fraction became deviated. All experiments were 

accomplished after a settling period of about 5 min after 

changing conditions. 

Combustion chamber pressure and intake and exhaust 

pressure were acquired every 0.5° of crank angle per cycle, and 

1440 data were acquired. A total of 100 cycles were run and the 

ensemble average was taken. Various temperature and exhaust 

emission data were acquired every second, measured for three 

minutes, and stored in a computer. Fuel consumption was 

measured by electronic balance for 5 min. 

Figure 1: Experimental apparatus diagram 
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Table 2: Specifications of emission measurement equipment 

Item Type Scale Resolution 
CO   (ppm) Electrochemical 0-20,000 1 
CO2   (%) Electrochemical 0-10 0.01 

NO   (ppm) Electrochemical 0-5,000 1 
NO2 (ppm) Electrochemical 0-2,000 1 
SO2  (ppm) Electrochemical 0-5,000 1 
THC (ppm) NDIR 0-60,000 1 
O2       (%) Electrochemical 0-25 0.01 

Table 3: Experimental conditions for each load 

Load (kW) Pcr (MPa) Mass fraction of NG(%) 

11.7 
50 0 26.5 52.4 70.4 
60 0 26.5 46.3 63.2 
70 0 25.8 46.6 64.5 

23.0 
60 0 27.2 54.0 86.6 
70 0 23.7 38.3 74.9 
80 0 21.9 43.3 74.0 

(a) Common-rail pressure of 50 MPa at pilot injection 

(b) Common-rail pressure of 60 MPa at pilot injection 

(c) Common-rail pressure of 70MPa at pilot injection 

Figure 2: Combustion characteristics with common-rail pres-

sure and mass fraction of NG under an engine load of 11.7kW 

(a) Common-rail pressure of 60 MPa at pilot injection 

(b) Common-rail pressure of 70 MPa at pilot injection 

(c) Common-rail pressure of 80 MPa at pilot injection 

Figure 3: Combustion characteristics with common-rail pres-

sure and mass fraction of NG on engine load 23.0kW 

3. Results and Discussion

3.1 Combustion characteristics 
Figure 2 shows the variation of combustion pressure (Pcyl) 

and heat release rate (HRR) in the combustion chamber 

according to the pressure of the common rail and the NG mass 

fraction at the low load of 11.7 kW. The solid black line is only 

for diesel, and the long green dotted line represents 25% of the 

NG mass fraction, the red dotted line represents 50%, and the 

blue double dotted line represents 70% or more. 
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As the NG mass fraction was increased, the ignition delay 

increased gradually because the amount of injected diesel oil 

decreased. Diffusion combustion was observed when the NG 

fraction was about 70%. With increasing common rail pressure, 

the combustion chamber pressure increased by 0.2–0.3 MPa, 

but there was no significant effect on the difference in 

combustion characteristics. 

Figure 3 shows the variation of combustion pressure and 

heat release rate at the low load of 23.0 kW. Contrary to the low 

load, as the NG mass fraction was increased, the amount of 

premixed combustion increased and the pressure in the 

combustion chamber increased significantly. No increase in 

combustion chamber pressure was observed with increasing 

common rail pressure. This is because the surrounding 

temperature in the combustion chamber increases with 

increasing load, and the combustion acceleration phenomenon 

occurs. 

3.2 Cyclic variability 
Combustion stability is often expressed by COVIMEP, defined 

as follows [12]:  

𝐶𝐶𝐶𝐶𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 =  
𝜎𝜎𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�������� × 100   (1) 

where σIMEP is the standard deviation of net IMEP and 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼�������� 

is the average of the IMEP acquired for 100 cycles. 

Figure 4 shows the change in COVIMEP. COVIMEP appeared 

to increase with increasing NG mass fraction under the low load 

of 11.7 kW, but the driving characteristics appear to be stable 

without any increase under the medium load of 23.0 kW. This is 

related to the increase in diffusion combustion with increasing 

mass ratio at low load, as shown earlier in Figure 2. 

Considering that unstable operation corresponds to a value of 

COVIMEP over 10% [12], there was no unstable operation in this 

experiment. 

Figure 4: COVIMEP change with mass fraction of NG under 

each engine load 

3.3 Emission Characteristics 
Figure 5 shows the change in NOx emission according to 

common rail pressure and NG mass fraction. (a) is at the engine 

load of 11.7 kW and (b) is 23.0 kW. At 11.7 kW, there was no 

significant decrease in NOx with increasing NG mass fraction, 

and the lower the common rail pressure, the smaller NOx 

emissions. NOx increased significantly with increasing NG 

mass fraction, and the emission was slightly more when the 

common rail pressure was 70 MPa at 23.0 kW. 

(a) Engine load of 11.7kW 

(b) Engine load of 23.0kW 

Figure 5: NOx emission change with common-rail pressure and 

mass fraction of NG under engine load 

(a) Engine load of 11.7kW 
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(b) Engine load of 23.0kW 

Figure 6: CO emission change with common-rail pressure and 

mass fraction of NG under engine load 

Figure 6 shows the change in CO emission according to 

common rail pressure and NG mass fraction. Under the engine 

load of 11.7 kW, there was little change in CO emissions due to 

common rail pressure, and it appeared to increase greatly with 

increasing mass fraction. This is because NG, which is difficult 

to burn with low surrounding temperature at low loads, affects 

the production of CO. Under 23.0 kW, no significant change 

was observed in CO emissions with increasing mass fraction, 

and it increased with increasing common rail pressure.  CO is 

considered to be produced more in richer areas in general. 

(a) Engine load of 11.7kW 

(b) Engine load of 23.0kW 

Figure 7: THC emission change with common-rail pressure and 

mass fraction of NG under engine load 

Figure 7 shows the change in THC emission according to 

common rail pressure and NG mass fraction. Regardless of the 

load, THC emission did not vary according to the common rail 

pressure, and it increased with increasing mass fraction. As the 

load was increased, THC decreased significantly. This may be 

due to the high probability of incomplete combustion at low 

loads. 

Figure 8 shows the change of CO2 emission according to 

common rail pressure and NG mass fraction. Under 11.7 kW, 

the higher the common rail pressure, the larger the CO2 

emissions. Similar values were observed under 23.0 kW 

regardless of the common rail pressure. As the NG mass 

fraction decreased, the CO2 emissions decreased, regardless of 

load, with a maximum reduction of 30%. Thus, NG is expected 

to have an excellent effect on reducing carbon dioxide, a 

greenhouse gas. 

(a) Engine load of 11.7kW 

(b) Engine load of 23.0kW 

Figure 8: CO2 emission change with common-rail pressure and 

mass fraction of NG under engine load 

4. Conclusion
Combustion and exhaust characteristics of a 2000cc four-

cylinder diesel engine were investigated to understand the 

effects of pilot injection pressure and NG mixing ratio on 

combustion. The main conclusions can be summarized is as 

follows:  



Effect of common-rail pressure and natural gas proportion on performance of dual fuel diesel engine 

Journal of Advanced Marine Engineering and Technology, Vol. 44, No. 2, 2020. 4       138 

1) As the NG mass fraction increased, diffusion combustion was

observed at 11.7 kW, and at 23.0 kW, the amount of premixed

combustion increased and the pressure in the combustion

chamber increased significantly.

2) COVIMEP increased as the NG mass fraction increased at a

low load of 11.7 kW, but stable driving characteristics were

observed without any increase at a medium load of 23.0 kW.

This is related to the characteristic of diffusion combustion at

low loads.

3) There was no significant decrease in NOx with increasing NG

mass fraction at 11.7 kW, but NOx markedly increased with

increasing NG mass fraction at 23.0 kW

4) THC emission did not vary with common rail pressure, but it

exhibited an increasing trend with increasing mass fraction.

5) As the NG mass fraction decreased, CO2 emissions

decreased, regardless of load. 
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