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1. Introduction 

Today, reducing the consumption of fossil fuels and their pol-

luting effects on the environment is a critical issue [1]. Diesel en-

gines are internal combustion engines widely used, especially in 

transportation [1, 2]. Diesel engines are more efficient than other 

internal combustion engines but emit harmful emissions [3, 24]. 

According to the report of the US Energy Information Administra-

tion (EIA), a 50% increase in world energy demand is projected 

until 2050. It is stated that Asia has the largest share of this increase 

in energy demand [4]. The increasing need for energy and the de-

sire to reduce harmful emissions push researchers to search for al-

ternative fuels. The world's primary energy sources are oil, coal 

and natural gas [5]. Among these fuels, natural gas stands out as a 

suitable alternative fuel that can be used to reduce emissions due 

to its low C/H ratio [6, 7, 43]. Natural gas can be used as a good 

alternative fuel in diesel engines when proper combustion condi-

tions are provided. It can be mixed with diesel and applied in dual 

fuel systems [8]. Christopher J. Ulishney et al. studied a dual-fuel 

engine running on natural gas and diesel at low load conditions.  

In their study, part of the diesel fuel was substituted with ethane, 

methane and propane and no EGR was used. It was observed that 

pure methane significantly affected the ignition delay. They re-

ported that the best efficiency was obtained in propane-containing 

mixed, while the opposite was true for methane [9]. Wojciech 

Tutak et al. used hydrogen-enriched natural gas in combination 

with diesel fuel in a dual-fuel engine. Natural gas was supplied by 

a CNG (Compressed Natural Gas) storage system. In the experi-

ments, diesel fuel was substituted with hydrogen, keeping the nat-

ural gas ratio constant. The experiments were performed at a con-

stant engine speed of 1500 rpm. It was reported that the combus-

tion time of the hydrogen-enriched natural gas-diesel mixture pro-
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vided better results than non- hydrogen-enriched natural gas. In ad-

dition, no increase in UHC and NOx emissions was observed [10]. 

Subrata Bhowmik et al. used ethanol addition to diesel fuel as a 

pilot fuel. The engine performance and emission values of this eth-

anol-blended diesel pilot fuel and natural gas mixture at different 

rates were investigated. It was reported that the efficiency in-

creased with a 5% ethanol blend in the pilot fuel and 0.02 kg/h 

natural gas flow from the intake manifold. NOx and CO emissions 

decreased under the same conditions [11].  

Pedrozu et al. [33] investigated dual-fuel combustion in a single-

cylinder compression ignition heavy-duty diesel engine at 0.6, 1.2 

and 1.8 Mpa engine load (IMEP) with natural gas containing 80.9, 

87.6 and 94.1% methane. In their study, they reported that as the 

methane content in natural gas decreased from 94.1% to 80.9%, 

NOx emissions increased, but UHC decreased. Additionally, they 

stated that they achieved higher efficiency at lower methane rates. 

Felayati et al. [34] stated that diesel-natural gas dual-fuel combus-

tion is more environmentally friendly than monodiesel fuel in 

terms of NOx and soot emissions, but has negative effects concern-

ing efficiency, carbon monoxide and unburned hydrocarbon emis-

sions. They aimed to stratify the air and natural gas mixture with a 

split natural gas injection system to improve engine efficiency and 

emissions in dual fuel combustion. They stated that keeping the 

natural gas injection advance longer in the split injection strategy 

increases engine performance but negatively affects emissions. 

They stated that this strategy has the potential to improve engine 

efficiency and emissions if the split injection ratio is optimized. 

Armin and Gholinia [35] investigated the engine performance at 

different compression ratios, staged injection systems and different 

injection times in a heavy-duty diesel engine with Reactivity Con-

trolled Compression Ignition. They reported that as the compres-

sion ratio increases, NOx emissions worsen, while HC and CO 

emissions decrease. They stated that delayed combustion occurs as 

the injection start time approaches the top dead center (from -50 

CA to -30 CA). They reported that as the injection start time ap-

proaches the top dead center, the in-cylinder pressure decreases 

and the HRR decreases accordingly. Park et al. [36] operated a 

heavy-duty natural gas engine with an engine volume of 11,000 cc, 

using natural gas fuels with different calorific values, without re-

stricting the air intake. In their studies, they carried out full load 

tests using fuels with calorific values of 9,800, 10,200 and 11,000 

kcal/Nm3 and evaluated the engine performance. They reported 

that the engine torque increased depending on the increase in cal-

orific value. They stated that while the least thermal efficiency was 

seen in the fuel with the lowest calorific value, the fuel with 10,200 

kcal/Nm3 calorific value (excluding 2000 rpm engine speed) 

reached the highest efficiency. They also reported that as the calo-

rific value increases, CO2 and CO emissions increase, while HC 

emissions decrease. Zhang et al. [37] aimed to improve engine ef-

ficiency and emissions by using different amounts of natural gas 

in a diesel-fuelled marine engine. They stated that as the ratio of 

natural gas and biodiesel increases, the start of combustion is de-

layed and natural gas has a greater effect on this. They also re-

ported that as the proportion of natural gas increases, NOx emis-

sions decrease, while unburned methane emissions increase. Liu et 

al. [38] aimed to optimize the diesel-natural gas fuel ratio and com-

bustion data in a dual-fuel diesel engine. According to their results, 

as the diesel pilot fuel ratio increased, the unburned methane ratio 

decreased. Additionally, NOx emissions were stated as 6.14, 16.71, 

3.24 and 8.38 g/kWh at the injection time -31.6, -25, -19.4 and -19 

CA, respectively. Although there is an unstable variability in NOx 

emissions depending on the diesel-natural gas fuel ratio, it can be 

said that NOx emissions increase as the pilot fuel ratio increases. 

Zheng et al. [39] evaluated the emissions of heavy-duty vehicle 

engines running on diesel, CNG and LNG using a portable emis-

sion meter. They observed that the CO and NOx emissions of 

heavy-duty engines running on CNG are higher than those of both 

LNG and diesel engines. They stated that the HC emissions of 

heavy-duty engines running on LNG are higher than both CNG 

and diesel engines. Thus, they stated that heavy-duty vehicles run-

ning on LNG and CNG are not suitable to replace diesel vehicles 

and cannot be described as more environmentally friendly than 

diesel vehicles. Shim et al. [41] compared conventional homoge-

neous-charged compression combustion, premixed-charged com-

bustion, and dual-fuel premixed-charged combustion to simultane-

ously reduce NOx and soot emissions. They stated that these three 

combustion technologies can reduce NOx and soot emissions 

equally. They reported that since single-fuel advanced combustion 

technologies cannot provide complete combustion, they have HC 

and CO emissions that are 38 times higher than conventional diesel 

combustion. Accordingly, they reported that the thermal efficiency 

decreased. They observed that HC emissions were 7.8 times higher 

in dual-fuel premix technology compared to conventional diesel 

combustion. They emphasized that dual-fuel premix-filled tech-

nology has efficiency problems and that this issue should be em-

phasized in future studies. Deng et al. [42] investigated different 

emission reduction technologies and the effects of using LNG in 

these engines to reduce the emissions of ship engines used in mar-

itime transportation. They stated that emission reduction methods 

(e.g., exhaust after-treatment system) could significantly reduce 

NOx and SOx emissions. However, these methods increase fuel 

consumption, take up a lot of space on the ship and cost high costs. 

It is thought that using LNG as fuel in ships is a good solution to 

reduce the harmful emissions produced by ship engines. However, 

they emphasize that LNG's storage difficulties, consuming a lot of 

space and the low thermal efficiency of LNG-fueled engines are 

challenges that must be overcome. They recommend that studies 

be conducted in the future that will contribute to overcoming this 

challenge. Liu et al. [43] designed a heavy-duty compression igni-

tion diesel engine with spark ignition to test it under stoichiometric 

and lean combustion conditions. In their study, they examined en-

gine performance and emissions in two different combustion con-

ditions without using EGR. While the in-cylinder pressure de-

creased by 10-15% under poor operating conditions, the volumet-

ric efficiency increased from 72% to 74%. The lean mixture also 

increased ignition delay. Therefore, they reported that CO emis-

sions decreased and thermal efficiency increased from 35% to 37%. 

They stated that the equivalence ratio significantly affects the 

emission rates, and that as the equivalence ratio increases, emis-

sions increase. They reported that spark plug ignition provided 
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positive results under natural gas operating conditions, regardless 

of the equivalence ratio. Ulishney and Dumitrescu [44] argue that 

positive results in terms of efficiency can be achieved by using a 

natural gas-diesel dual fuel system in vehicles operating in natural 

gas production areas. Therefore, they examined the performance 

and emission changes of a natural gas-diesel dual-fuel engine with 

different gas components under low load conditions. They re-

placed some diesel fuel with 100% methane, 90% methane - 10% 

ethane, 90% methane - 5% Propane - 5% ethane and 90% methane 

- 10% propane gas fuels as secondary fuel in a diesel engine. They 

did not use EGR in their experiments. 100% methane substitution 

caused the longest ignition delay. It was observed that the in-cyl-

inder pressure was highest with 90% methane - 10% propane sub-

stitution and lowest with 100% methane substitution. They re-

ported that 100% methane replacement had the lowest perfor-

mance. They suggested adding propane and ethane to methane to 

achieve better efficiency in dual-fuel engines. They reported that 

while CO2 and NOx emissions decreased in dual-fuel combustion, 

CO and HC emissions increased. Yousefi et al. [45] investigated 

the improvement of engine knocking and thermal efficiency with 

split and single diesel injection in a dual-fuel engine. They reported 

that in a single diesel injection, when the injection start time (SOI) 

was moved away from TDC (-10.5, -14 and -15 ATDC), the pres-

sure in the cylinder increased, but the knocking worsened. They 

reported that flame sparks in split diesel injection are slower and 

less homogeneous than in single diesel injection. They stated that 

as the injection start time in single diesel injection was increased 

from -10.5 to -15 ATDC, efficiency increased, but NOx emissions 

worsened. Jamrozik et al. [46] examined the effects of using natu-

ral gas-diesel dual fuel in a compression ignition engine on engine 

performance and emissions. In their studies, the natural gas substi-

tution rate varies from 0 to 90%. They reported that increasing the 

replacement rate of diesel fuel with natural gas (especially at rates 

higher than the 45% natural gas replacement rate) increased the 

ignition delay and shortened the combustion time. As a result, they 

stated that the maximum in-cylinder pressure and heat release rate 

decreased. They reported that increasing the natural gas ratio from 

0% to 90% caused the NOx ratio to increase. Zhou et al. [14] ex-

amined the change in soot emissions in different ejection strategies 

and different natural gas substitution rates. They used a single-cyl-

inder diesel engine in their study. They conducted tests at 0 – 40 - 

70% natural gas replacement rates. They observed that soot emis-

sions decreased as the natural gas substitution rate increased in 

both single and split injection strategies. Appswamy et al. [40] ex-

amined the performance changes at different natural gas ratios in 

an engine running on natural gas and diesel dual fuel. Engine ther-

mal efficiency reached the highest values when the natural gas re-

placement rate was lowest. They reported that NOx and soot emis-

sions decreased at higher natural gas substitution rates. 

In many studies in the literature, it has been stated that natural 

gas substitution reduces NOx and soot emissions while causing an 

increase in HC and CO emissions. In addition, the thermal effi-

ciency of natural gas-fueled combustion has generally remained 

low, and it is recommended that future studies be carried out to 

increase the efficiency of engines running on premixed natural gas 

fuel [41, 42]. It is thought that using natural gas as a secondary fuel 

in heavy-duty diesel engines without making major structural 

changes can provide positive results [44]. In this study, some of the 

diesel fuel was replaced with natural gas in a heavy-duty diesel 

engine and the engine performance and emission characteristics of 

natural gas substitution were investigated without making too 

many structural changes in the engine. In the present study, exper-

iments were carried out with pure diesel and natural gas mixtures 

at a constant engine speed of 660 rpm and torque ratios of 25, 50, 

75 and 100% (maximum torque 386 Nm). In the experiments with 

the natural gas mixture, natural gas was delivered to the cylinder 

premixed with air from the engine intake manifold at a constant 

flow rate of 1.29 g/sec. The natural gas supplied through the intake 

manifold replaces part of the air and slightly reduces the intake-air 

ratio. During the experiments, the air intake of the engine was not 

restricted, and maximum air intake was allowed. Experiments 

were conducted with pure diesel and natural gas mixtures at differ-

ent torque values, and aimed to investigate the engine performance 

and emission values of a heavy-duty diesel engine. 

2. Procedure of This Study  

2.1 The Test Setup and Materials  

The experiments in this study were conducted at Erciyes Uni-

versity motors laboratory. The experimental setup for the experi-

ments was set up as shown in Figure 1. As seen in the experimental 

setup diagram, the natural gas used in the natural gas mixture ex-

periments was supplied from the CNG tank. The natural gas in 

CNG form at 200 bar pressure was reduced to 1.5 bar pressure with 

the help of a regulator. It was then passed through a flow meter and 

delivered to the engine intake manifold. The diesel container was 

positioned on a precision scale, and the consumption was meas-

ured with a precision scale. Test data were obtained with an in-

cylinder pressure measurement system, dynamometer and exhaust 

analyzers.  

 
Fig. 1. The experimental setup 
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Figure 2 shows the diesel engine used as the test engine. The test 

engine has the same technical specifications as the engine in [17]. 

The test motor transmission shaft and eddy current are connected 

to the dynamometer. The highest torque, power and speed of the 

dynamometer are 600 Nm, 150 kW and 12.000 rpm, respectively. 

 
Fig. 2. Test engine 

For the experiments with natural gas-diesel mixture fuel, the nat-

ural gas in the CNG tank at 200 bar pressure was reduced to 1.5 

bar with a regulator. For this pressure reduction process, the 

“ALKAN 840” brand and model regulator, whose inlet pressure is 

max. 230 bar and outlet pressure can be adjusted in the range of 0-

10, was used. A heat exchanger was used to prevent overcooling 

during the drop from 200 bar pressure to 1.5 bar pressure. By cir-

culating the water heated by the 7.5 kW resistance with a circula-

tion motor, the gas temperature was tried to be kept at 15ºC - 20ºC. 

This whole setup is shown in Figure 3. 

 
Fig. 3. CNG storage, regulation and heat exchanger system 

At 1.5 bar pressure, the “ALICAT” brand flow controller and 

precision control valve shown in Figure 4 were used to control the 

flow rate of natural gas delivered to the engine intake manifold. 

Natural gas was injected into the intake manifold at a constant rate 

of 1.29 g/s. 

 
Fig. 4. Natural gas flow control unit 

The Desis-KF-H2W precision balance in Figure 5 was used to 

measure diesel fuel consumption. The sensitivity of the scale is 0.5 

grams. Every 5 minutes, diesel consumption was monitored. The 

properties of natural gas and pure diesel used as fuel in the experi-

ments [18] are given in Table 1. 

Table 1. Fuels Properties 

Contents                      
Natural 

Gas 
Diesel Units 

Methane 94.3054 - % 

Ethane 3.2621 - % 

Propane 1.2214 - % 

I-Butane 0.2451 - % 

N-Butane 0.3326 - % 

I-Pentane 0.1005 - % 

N-Pentane 0.0785 - % 

Hexane 0.0662 - % 

N2 0.2042 - % 

CO2 0.1840 - % 

Higher Heating Value 

(HHV) 
54.5 - MJ/kg 

Lower Heating Value 

(LHV) 
49.2 42.98 MJ/kg 

Density 0.734 820 kg/sm3, kg/m3 

Wobbe Index 63.57 - MJ/kg 

Cetane Number - 52 - 

Octane Number 120-125 - - 

Flash point  -188.5 56 °C 

Auto-ignition Tempera-

ture 
539-640 186–230 °C 

Viscosity  - 2.2 mm2 /s 

 
Fig. 5. Precision balance and fuel tank (left). Exhaust analyzer (right) 

Bosch BEA 060 brand emission analyzer was used to measure 

exhaust emission values (Figure 5). A piezoelectric sensor was 
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used for in-cylinder pressure measurement and the data was rec-

orded on the control panel. 

2.2 Methods 

The experiments were carried out with pure diesel and natural 

gas mixtures at four different torque ratios. First, the dynamometer 

load value was gradually increased to determine the maximum 

torque value at a constant engine speed of 660 rpm. At 660 rpm, a 

maximum torque value of 386 Nm was reached and this torque 

value was taken as 100%. Then, experiments were carried out us-

ing torque ratios of 25, 50, 75, and 100%. After the tests with pure 

diesel were completed, the tests were started at constant natural gas 

flow. Natural gas was supplied to the cylinder using the intake 

manifold, pre-mixed with air, at a constant rate of 1.29 g/s. As the 

torque value increased, the engine speed was kept constant by 

changing/increasing the diesel fuel ratio. At 25, 50, 75, and 100% 

torque ratios, diesel was substituted with natural gas at 87, 81, 73, 

and 65%, respectively. Due to the increased torque, the proportion 

of diesel fuel in the mixture increased, and the natural gas substi-

tution decreased proportionally. However, the natural gas flow in 

terms of mass flow rate was kept constant at 1.29 g/sec. During the 

experiments, the engine air intake was not restricted, and maxi-

mum air intake was allowed. Experiments were conducted with 

pure diesel, natural gas-diesel mixture and engine performance and 

exhaust emission values were analyzed. The coding of different 

torques and fuel mixtures used in the experiments are shown in 

Table 2. 

Table 2. Naming the fuel type and torque values used in the  

experiments. 

Fuel code Explanation 

Diesel 25% pure diesel and 25% torque 

Diesel 50% pure diesel and 50% torque 

Diesel 75% pure diesel and 75% torque 

Diesel 100% pure diesel and 100% torque 

NGDiesel 25% diesel+1.29 g/sec CNG 25% torque 

NGDiesel 50% diesel+1.29 g/sec CNG 50% torque 

NGDiesel 75% diesel+1.29 g/sec CNG 75% torque 

NGDiesel 100% diesel+1.29 g/sec CNG 100% torque 

To measure exhaust emissions, the pipe coming from the emis-

sion analyzer was connected to the exhaust pipe, allowing the ex-

haust gas to reach the analyzer. Measurements were made and rec-

orded with the BEA 060 Bosch brand emission analyzer and the 

BEA 070 turbidity analyzer, as shown in Figure 6. 

 
Fig. 6. Emissions measurement 

3. Results and Discussion 

3.1 Break Thermal Efficiency 

Brake thermal efficiency (BTE) is a very important performance 

criterion in internal combustion engines [12]. It is an important in-

dicator of the conversion rate of the fuel mass injected into the cyl-

inder into work [13]. The ratio of the power produced by the engine 

to the energy of the fuel gives the thermal efficiency of the brake. 

The equation used in the calculations is shown in equation (1).   

  𝑩𝑻𝑬 =
𝑷𝒃

ṁ𝒇𝒙𝑳𝑯𝑽
   (%)                            (1) 

Equation (2) was used to calculate the lower heat value of fuel mix-

tures. 

  𝐿𝐻𝑉𝑘 =
𝑚𝑛𝑔𝑥𝐿𝐻𝑉𝑛𝑔+𝑚𝑑𝑥𝐿𝐻𝑉𝑑

𝑚𝑛𝑔+𝑚𝑑
                        (2) 

  
𝑑𝑄𝑛

𝑑Ɵ
=

Ɣ

Ɣ−1
𝑥𝑃𝑥

𝑑𝑉

𝑑Ɵ
+

1

Ɣ−1
𝑥𝑉𝑥

𝑑𝑃

𝑑Ɵ
                      (3) 

Heat release rates were computed according to equation 3. 

The BTE values and graphs obtained from the experiments are 

shown in Table 3 and Figure 7, respectively. The BTE values of 

natural gas mixture fuels were 157, 89, 53 and 28% lower than the 

BTE values obtained from pure diesel fuel at 25, 50, 75, and 100% 

torque ratios, respectively.  Auto-ignition temperature is one of 

the most important factors affecting BTE. As the methane content 

in the in-cylinder fuel mixing increased, the auto-ignition temper-

ature of the mixture increased and the combustion time shortened. 

For this reason, in experiments conducted with a natural gas mix-

ture, it was observed that BTE decreased compared to pure diesel. 

As the engine torque value increased, the pilot diesel fuel ratio in-

creased and the natural gas substitution ratio in the mixture de-

creased. An increase in BTE was observed due to the decrease in 

natural gas replacement rate with increasing torque. A better com-

bustion occurred because the auto-ignition temperature of the fill-

ing in the cylinder decreased. These results are consistent with the 

results of Deng et al. [42], Ulishney and Dumitrecu [44], and Jam-

rozik et al. [46]. As a result of the increase in the natural gas ratio, 

the auto-ignition temperature increased and led to a short combus-

tion time. Due to this situation, the decrease in HRR, along with 

the decreasing in-cylinder pressure, was effective in the decrease 

in BTE. This situation is mentioned in detail in the following par-

agraph. 

Table 3. Brake Thermal Efficiency values (%) 

  

Diesel 

BTE 

values 

NGDiesel 

BTE val-

ues 

Diesel-

NGDiesel 

BTE dif-

ferences 

Efficiency 

ratio of Die-

sel compared 

to NGDiesel 

Torque 25% 24,11 9,37 14,74 157 

Torque 50% 32,51 17,21 15,3 89 

Torque 75% 36,56 23,86 12,7 53 

Torque 100% 36,93 28,77 8,16 28 



 

Kül and Akansu / International Journal of Automotive Science and Technology 7 (4): 360-371, 2023 

 

365 

 

 
Fig. 7. Brake Thermal Efficiency (BTE) 

In-cylinder pressure is the most important parameter for thermal 

efficiency, engine performance measurements and combustion 

analysis [26, 27]. The maximum in-cylinder pressure reached 

when the test engine is operated with a mixture of natural gas at all 

torque values (Figure 8) is lower than the maximum in-cylinder 

pressure reached when using pure diesel fuel. The maximum in-

cylinder pressure values obtained in the experiments with a mix-

ture of natural gas were 2.61, 3.75, 5.32, and 3.33 bar lower than 

the in-cylinder pressures obtained in the experiments with pure 

diesel fuel at 25, 50, 75, and 100% torque ratios, respectively. The 

decrease in in-cylinder pressure affected the BTE and the heat re-

lease rate (HRR), as shown in Figure 8. The maximum HRR val-

ues reached in the experiments with pure diesel are 72.99, 84.19, 

106.27, and 121.88 J/ºCA, while the maximum HRR values 

reached in the diesel-natural gas mixture are 64.47, 65.19, 71.35, 

82.7 J/ºCA, respectively. Since the auto-ignition temperature of 

natural gas is higher than that of pure diesel fuel as seen in     

Table 1, the auto-ignition temperature of the mixture increased. 

This situation made ignition difficult and caused retarded combus-

tion and slow combustion. In addition, natural gas is more resistant 

to combustion than diesel owing to its high-octane number [8, 15]. 

In the experiments conducted with a natural gas mixture, the high-

octane number of natural gas made combustion difficult, resulting 

in delayed and slow combustion [14-16]. In the experiments con-

ducted with a mixture of natural gas-diesel, the fact that the HRR 

curve between 360 - 380 CA is flatter and has more than one peak 

compared to pure diesel indicates that there is slow combustion; 

combustion is not complete. Even flame extinction may have oc-

curred in places. As can be seen in Figure 14, the fact that the UHC 

emission of a mixture of natural gas-diesel fuels is higher than that 

of pure diesel at all load conditions confirms that there is no com-

plete combustion, and therefore, unburned fuel is discharged from 

the exhaust. In addition, CO emission is higher than pure diesel at 

all load conditions in natural gas-diesel mixture experiments (Fig-

ure 12), indicating that not whole fuel injected into the cylinder 

burns and causes CO emission to increase. In addition, since the 

air intake was not restricted in the experiments and maximum air 

intake was allowed, it is predicted that an excessively lean mixture 

was formed in the cylinder. O2 emissions are 20.4%, 20.05, 19.5, 

18.8 for pure diesel and 20.4%, 19.9, 19.3, and 18.6 for dual fuel 

at 25, 50, 75, and 100% torque ratios, respectively. The high O2 

emissions support the prediction of an extremely lean mixture in 

the cylinder. Especially in the experiments with natural gas, it is 

thought that the combination of two negative parameters, such as 

the high-octane number of natural gas making combustion difficult 

and excessive air intake into the cylinder caused flame extinction 

in the cylinder. These conditions explain the decrease in the BTE 

value of the experiments with natural gas. Jinwen You et al. [31] 

reported that the highest flame spread rate of methane was realized 

at 𝜆=0.9. In this study, it is thought that if the air concentration in 

the cylinder is reduced and the lambda is brought to these levels, 

there will be an improvement in BTE.  

 
Fig. 8. In-cylinder Pressure and Heat Release Rate 
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In the previous paragraph, it is stated that when natural gas is 

added to diesel fuel, the in-cylinder pressure decreases, and conse-

quently, both the BTE and the heat release rate decrease. Important 

parameters affecting the change in in-cylinder pressure are ignition 

delay, pilot fuel injection time and the amount of oxygen in the 

combustion chamber (air/fuel ratio) [25]. In the experiments with 

dual fuel in the present study, the flow of natural gas premixed 

through the intake manifold was kept constant at 1.29 g/s. The fuel 

energy required by the engine due to the increasing torque ratio 

was met by increasing the diesel fuel ratio. When the test engine 

was operated with dual fuel, diesel fuel was substituted with 87%, 

81%, 73%, and 65% natural gas at 25, 50, 75, and 100% torque 

ratios, respectively. Natural gas is more combustion-resistant than 

diesel fuel because it has a high auto-ignition temperature and high 

octane number. Therefore, SOI (start of injection) should be earlier. 

In this study, since SOI was kept constant at 16 CA BTDC, which 

was set for pure diesel fuel, delayed and slow combustion occurred 

in a mixture of natural gas. As a result, the thermal efficiency de-

creased compared to pure diesel. This situation is parallel to the 

studies of Felayati et al. [34], Armin & Gholinia [35], and Yousefi 

et al. [45]. The region indicated by the red ring in Figure 10 is the 

after (late) combustion zone. In this region, the HRR value of the 

mixture of natural gas is higher than diesel fuel. This confirms the 

delayed and slow combustion. To understand how the delayed 

combustion changes with decreasing natural gas substitution rate, 

the crank angle values at which pure diesel and a mixture of natural 

gas-diesel fuel reach the HRR of 40 J/ºCA shown in Figure 9 were 

analyzed. As indicated in Figure 9, pure diesel fuel reached 40 

J/ºCA HRR at 360.1919 CA at 25% torque - 87% natural gas sub-

stitution ratio. It decreased to 360.4971 crank angle at 50% torque 

- 81% natural gas substitution ratio. It then increased to 360.7146 

and 361.2889 CA at 75% torque-73% natural gas substitution and 

100% torque - 65% natural gas substitution, respectively. It can be 

said that the crank angle curve of pure diesel fuel reaching 40 

J/ºCA HRR shows a horizontal trend. However, the crank angle to 

reach the same HRR value of the mixture of natural gas-diesel fuel 

decreased continuously with increasing torque and decreasing nat-

ural gas substitution ratio. The crank angle to reach 40 J/ºCA HRR 

was obtained as 362.5503, 361.7788, 361.3231, 360.9436 CA at 

25, 50, 75, and 100% torque and 87, 81, 73 and 65% natural gas 

substitution ratios, respectively. 

The ignition delay is the time from the start of injection to the 

ignition point. During the ignition delay, starting with injection, the 

fuel vaporizes, mixes with air and reaches the ignition point [28]. 

Natural gas is more resistant to combustion than diesel owing to its 

higher octane number. Therefore, it needs a longer ignition delay. 

To extend the ignition delay, the injection start time should be ear-

lier [28]. Zhongshu Wang et al. [29] conducted experiments with 

a mixture of natural gas-diesel by varying the injection start times 

between -5º and 55º CA BTDC. They showed that the ignition de-

lay increased when the injection start time was increased from -5º 

CA BTDC to 55º CA BTDC in dual fuel experiments. They stated 

that the thermal efficiency increased with increasing ignition delay 

and the most ideal injection start time was 42.5º CA BTDC. In an-

other study, it was stated that as the injection start time is advanced 

(i.e., earlier than TDC), in-cylinder pressure increases and thermal 

efficiency increases [30]. The injection start time of the test engine 

used in this study is 16 CA BTDC. As in similar studies, it is 

thought that if the injection advance is increased as the natural gas 

substitution rate in the mixture increases, i.e., if it is moved earlier, 

an improvement in the BTE ratio will be achieved. In addition, if 

additives with high vapor pressure, such as acetone, are added to 

the diesel pilot fuel, faster vaporization of the pilot fuel can be 

achieved [32]. It is thought that the doped pilot fuel, which has a 

faster evaporation rate than pure diesel, can contribute to the igni-

tion of natural gas more quickly and increase thermal efficiency. 

 

 
Fig. 9. Crank angle at 40 J/ºCA HRR 

In addition, as shown in Figure 10, the distances a, b, c, d between 

pure diesel and dual fuel HRR curves calculated according to the 

points at 40 J/ºCA were 1.3584, 1.2817, 0.6085, and 0.3553 CA, 

respectively. Since delayed combustion decreases steadily in dual 

fuel due to increasing torque ratio and decreasing amount of natu-

ral gas in the mixture, the heat release rate (HRR) curves of the 

mixture of natural gas-diesel fuel approach those of pure diesel fuel. 

Based on these analyses, it was concluded that the delayed com-

bustion decreased with decreasing natural gas substitution rate in 

the mixture and increasing torque value. Especially in the experi-

ments with dual fuel, slow combustion and delayed combustion 

decreased, combustion timing improved, in-cylinder pressure in-

creased and BTE and HRR increased accordingly. 

3.2 Brake-Specific Fuel Consumption 

Brake-specific fuel consumption (BSFC) is an important param-

eter that indicates the fuel efficiency of an engine. Brake-specific 

fuel consumption refers to the amount of fuel consumed per power 

produced in internal combustion engines [8]. In this study, calcu-

lations were made according to equation 4: Pb represents brake 

power, ṁf represents fuel flow rate.    

 𝑏𝑠𝑓𝑐 =
ṁ𝑓

𝑃𝑏
 (𝑔/𝑘𝑊. ℎ)                           (4) 
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Fig. 10. Heat Release Rate  

 
Fig. 11. Brake-Specific Fuel Consumption (BSFC) 

Table 4. Brake-specific fuel consumption values (g/kWh) 

Torque Diesel NGDiesel 

Less fuel consumption rate 

of diesel compared to NG 

diesel (%) 

25% 350 793 127 

50% 259 436 68 

75% 231 318 38 

100% 228 267 17 

The results obtained in the experiments are presented in Table 4 

and Figure 11. The BSFC value of the mixture of natural gas is 127, 

68, 38, and 17% higher than pure diesel fuel at 25, 50, 75, and 100% 

torque ratios, respectively. In other words, it is seen that the fuel 

economy with a mixture of natural gas deteriorates by 127, 68, 38, 

and 17% at 25, 50, 75, and 100% torque ratios, respectively, com-

pared to pure diesel fuel.  One of the reasons for the low BTE 

values of fuels, with a mixture of natural gas is the high fuel energy 

consumption per unit of power. The start of injection time is an 

important element affecting the specific fuel consumption of the 

brake. If the fuel injection (SOI-start of injection) is not at the op-

timum value, engine efficiency and fuel consumption will deterio-

rate. Thus, not all fuels injected into the cylinder can burn and 

BSFC increases [17]. As mentioned in detail in the previous sec-

tion, it is thought that if the pilot SOI is moved earlier than 16 CA 

BTDC and the ignition delay is increased, it is possible to increase 

the efficiency in dual fuel experiments. 

3.3 Brake-Specific Fuel Consumption 

The combustion of hydrocarbon fuels releases harmful emissions, 

such as CO, CO2, NOx, PM, and SOx, to the environment and hu-

man health. These emissions are caused by the lack of ideal com-

bustion in the combustion chamber, pollutants in the fuels and the 

decomposition of nitrogen due to high temperatures [19, 20]. Re-

searchers are constantly working to reduce these emissions that 

threaten human and environmental health. In this study, the effect 

of the mixture of natural gas on exhaust emissions was experimen-

tally investigated. 

CO emission occurs when there is incomplete combustion. CO 

molecules cannot be converted to CO2 due to the lack of oxygen 

or low-temperature combustion and are discharged from the ex-

haust as CO [19,21]. The carbon monoxide emission amounts ob-

tained in the experiments are given in Figure 12. Diesel CO 

amounts were lower than fuels with a mixture of natural gas. Since 

the BTE values of pure diesel are higher, better combustion was 

realized in pure diesel operation and CO rates decreased. A de-

crease in CO values was observed due to the increase in thermal 

efficiency. The decrease in CO emission indicates a decrease in 

incomplete combustion. The higher BTE value of pure diesel fuel 

compared to fuels which is a mixture of natural gas, explains this 

situation. 
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Fig. 12. Carbon monoxide (CO) 

The combustion temperature in the combustion chamber and the 

length of the combustion time are effective in forming NOx emis-

sion. At high temperatures, N2 and O2 molecules react by decom-

posing into atoms, and NOx emission occurs as a result of this re-

action [22, 23]. NOx values obtained in the experiments are given 

in Figure 13. While no significant difference was observed in all 

torque values of pure diesel fuel, NOx values of fuels with a mix-

ture of natural gas increased with the increase in torque value. With 

increasing torque and decreasing natural gas substitution ratio in 

fuels with a mixture of natural gas, in-cylinder pressure increased, 

combustion tended to improve and incomplete combustion de-

creased. Increased in-cylinder pressure increased the in-cylinder 

temperature and increased the NOx content. At low loads in fuels 

with a mixture of natural gas, incomplete combustion due to a high 

natural gas substitution ratio resulted in low NOx emissions. As the 

load increased and the natural gas substitution ratio in the mixture 

decreased, the combustion improved. These results are parallel to 

the studies of Pedrozo et al. [33] and Zhang et al. [37]. Therefore, 

it is considered that the in-cylinder temperature increased and NOx 

emission increased due to the increased in-cylinder temperature. 

 
Fig. 13. Nitrogen oxides (NOx) 

 
Fig. 14. Unburned hydrocarbon (UHC) 

The most effective factor in the formation of unburned hydro-

carbon emissions is the air-fuel mixture ratio. Since there is not 

enough oxygen in rich mixtures, not all fuel can be burned and 

UHC emissions occur. In lean mixtures, high levels of UHC emis-

sions occur due to the deterioration of combustion and flame ex-

tinction [19]. The UHC emissions obtained in the experiments are 

presented in Figure 14. As can be seen from the graph, the highest 

UHC emission was realized at low load and the highest natural gas 

substitution rate. Then, with increasing torque value and decreas-

ing natural gas substitution ratio in the mixture, UHC emission 

tends to decrease. This is because with increasing torque and de-

creasing natural gas substitution ratio, the combustion in the cylin-

der improved compared to low loads and more fuel participated in 

the combustion in the cylinder, increasing the in-cylinder pressure. 

Accordingly, the BTE value increased. The decrease in UHC emis-

sion with increasing torque and decreasing natural gas substitution 

ratio confirms each other with the BTE curve. Moreover, the re-

sults are consistent with Liu et al. [38], Zheng et al. [39] and Shim 

et al. [41]. 

 
Fig. 15. Particulate Matter 

In this study, at 25, 50, 75, and 100% torque ratios, diesel was 

substituted with natural gas at 87, 81, 73, and 65%, respectively. 
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In experiments conducted with natural gas mixed fuels, it was ob-

served that PM was at a relatively higher level than diesel fuel at 

25, 50, and 75% torque values (Fig. 15). The reason for this is that 

at high natural gas replacement rate, combustion deteriorates and 

complete combustion cannot occur. At 100% torque, where natural 

gas substitution is minimal, the amount of PM was relatively lower 

than pure diesel. Results Zhou et al. It is compatible with the stud-

ies of [14]. 

4. Conclusion 

The present study aimed to investigate the diesel-natural gas 

dual fuel combustion characteristics in heavy-duty diesel engines 

with high emission values, such as maritime transportation. In ad-

dition, the feasibility of natural gas as a secondary fuel in existing 

heavy-duty diesel engines without making significant structural 

changes was investigated.  In this study, experiments were con-

ducted at 25, 50, 75, and 100% torque values using natural gas-

diesel mixtures and pure diesel fuel. The diesel engine, which has 

six cylinders, was used as the test engine, and engine performance 

and emission values were analyzed. 

Break-specific thermal efficiency:  In experiments conducted 

with pure diesel fuel, thermal efficiencies of 24.11, 32.51, 36.56 

and 36.93% were obtained at 25, 50, 75 and 100% torque values, 

respectively. However, in natural gas mixed experiments, thermal 

efficiencies of 9.37, 17.21, 23.86 and 28.72% were observed at the 

same torque values, respectively. In this study, at 25, 50, 75, and 

100% torque ratios, diesel was substituted with natural gas at 87, 

81, 73, and 65%, respectively. It has been observed that increasing 

the amount of natural gas in the fuel mixture causes a decrease in 

thermal efficiency. The high auto-ignition temperature of natural 

gas increased the auto-ignition temperature of the mixture in the 

cylinder. This situation caused delayed combustion and incom-

plete combustion. For this reason, thermal efficiency decreased in 

experiments conducted with natural gas additives. The current 

study is compatible with the findings in the literature that effi-

ciency decreases at natural gas contribution rates above 45%. In 

many studies in the literature, it is stated that thermal efficiency 

decreases if the natural gas ratio is high in natural gas-diesel dual-

fuel combustion. To solve this problem, further studies should be 

conducted on lower natural gas contribution rates and a gradual 

injection strategy. After the current study, new studies are planned 

to be conducted in this vision. 

Brake-specific fuel consumption: Thermal efficiency and 

BSFC are two interconnected motor performance factors. Increas-

ing BSFC directly affects the worsening of thermal efficiency. In 

this study, in the experiments conducted with pure diesel fuel, 350, 

259, 231 and 228 g/kWh BSFC were obtained at 25, 50, 75 and 

100% torque values, respectively. However, in natural gas mixed 

experiments, BSFC values of 793, 436, 318 and 267 g/kWh were 

observed at the same torque values, respectively. 

Exhaust emission changes: In experiments with natural gas 

mixing, it was observed that the amount of CO emissions was at 

higher levels compared to experiments using pure diesel fuel. It 

has been observed that the amount of CO in natural gas mixed fuels 

tends to decrease with increasing torque and decreasing natural gas 

replacement rates. However, it has a higher CO emission amount 

than pure diesel fuel in all conditions. This is because the natural 

gas substitution rate in the current study is high. The fact that nat-

ural gas is more resistant to combustion than diesel fuel has in-

creased its auto-ignition temperature. Thus, in the experiments 

with a natural gas mixture, not all fuel taken into the cylinder could 

participate in combustion. As a result, the amount of CO emissions 

increased. For the same reasons, UHC emissions have also wors-

ened compared to pure diesel fuel. It is thought that a more efficient 

combustion will occur if the dual fuel system is operated with less 

substitution rates at high torque values. It is also thought that CO 

and UHC emissions can be improved. It is planned to work with 

this strategy in further studies. 

While the amount of NOx was at its lowest levels at low loads 

where natural gas substitution was highest, it increased with the 

increase in torque value and decrease in natural gas substitution 

rate. It is thought that since complete combustion does not occur at 

high natural gas replacement rates, a relatively colder environment 

is formed in the cylinder and this causes a decrease in the amount 

of NOx emissions. 

A higher natural gas substitution rate at low loads disrupted 

combustion and complete combustion could not occur. It is ex-

pected that the amount of PM will increase as a result of incom-

plete combustion. The decrease in thermal efficiency already sup-

ports this situation. On the other hand, with the decrease in natural 

gas substitution at high load (100% torque), it has been observed 

that the PM emission amount of natural gas mixed fuel is relatively 

lower than that of pure diesel. It is thought that some natural gas 

additive can reduce PM emissions of diesel engines at high loads. 

5. Outlook 

Heavy-duty diesel engines are often used in maritime transpor-

tation. The most crucial handicaps of these engines are other emis-

sions, especially soot and NOx emissions. When the studies in the 

literature are examined, the use of natural gas in diesel engines has 

the potential to solve this problem. However, it is stated in the lit-

erature that there are some issues that require further study. In the 

light of this information, it is recommended to investigate them, 

such as the natural gas substitution rate, other gases contained in 

natural gas and the ability to store natural gas on ships. 
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UHC : Unburned Hydrocarbons 
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BTDC 

𝜆 
HDV 

ṁf 

Ɣ 

V 

m 

g 

rpm 

CA 

HHV 

LHV 

Nm 

HRR 

TDC 

Pb 

dQn/dƟ 

IP 

Ɵ 

: Before Top Dead Center 

: Lambda 

: Heavy-Duty Vehicle 

: Fuel flow rate 

: Heat capacity ratio 

: In-cylinder volume 

: mass 

: gram 

: revolutions per minute 

: Crank Angle 

: Higher Heating Value 

: Lower Heating Value 

: Newton meter 

: Heat Release Rate 

: Top Dead Center 

: Braking Power 

: Net heat release rate 

: In-cylinder Pressure 

: Crankshaft angle 
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