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Abstract 

Energy conservation and emission reduction of marine diesel engine are always of great 
significance. A computational fluid dynamics (CFD) model of the marine diesel engine 
was established and validated with key experimental data. Based on this CFD model, a 
numerical simulation was performed to investigate the combustion and emission of 
marine diesel engine under different fuel temperatures. The results show that the fuel 
temperature is conducive to fuel spray and atomization. Fuel starts to burn earlier and 
burns better, which leads to a shorter ignition delay and combustion duration. The 
penetration length and the Sauter mean diameter are inversely proportional to the fuel 
temperature. Meanwhile, fuel temperature has a significant effect on NOx production 
from 4.75 mg at 273 K to 5.67 mg at 373 K, with an increase of 19.37%. But it has 
relatively slight effect on soot and CO2 emissions. The analysis of O, N and OH, H radicals 
in chemical reactions is provided to gain insight into the effects of fuel temperature. 
Finally, the cloud maps of temperature, equivalence ratio and NOx, soot distribution are 
compared to provide more support for the analysis. 
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1. Introduction 

Ships mainly driven by diesel engines [1], have greatly promoted the development of inland and 

marine transportation. It not only improves the quality of economy, but also causes increasingly 

serious problems of energy consumption and environmental pollution. The pollution caused by 

shipping does serious harm to the human body and the natural environment, especially the NOx and 

soot pollutant [2]. The greenhouse gas (GHG) emissions, which mainly relates to carbon dioxide 

(CO2) emission, also draw increasing attention recently [3, 4]. The concept of carbon neutral is also 

gaining popularity. For the sake of energy conservation and environmental protection, the 

International Maritime Organization (IMO) has issued more stringent restrictions to reduce NOx 

emissions for shipping [5, 6]. The NOx emission limits of high-speed diesel engine decrease from 9.8 

g/kW·h of previous Tier-I to 1.96 g/kW·h of latest Tier-III, with a huge reduction of 80%. What is 

more, emission standards for serious pollutants will become stricter in the future. Currently, the main 

emission reduction technologies of marine diesel engine have achieved effective results. For example, 

the Exhaust Gas Recirculation (EGR) [7, 8], Selective Catalytic Reduction (SCR) [9] and using 

alternative fuel [10-12] and so on. Marine diesel engine should always keep up with the time and 

meet the needs of industry. 
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1.1 Fuel temperature condition 

Operation of a marine diesel engine aims to be efficient, clean and low-carbon [13, 14]. It involves a 

variety of factors such as fuel characteristics [15], engine mechanical structure [16] and the exhaust 

after-treatment system [17-19]. The optimization of fuel temperature is one of the benchmarks of fuel 

supply system [20]. According to previous research, liquid fuel will evaporate into vapor before 

burning. Fuel viscosity, which is described as the frictional resistance between fuel molecules, hinders 

the fuel dispersion. Fuel temperature affects the fuel viscosity, and then makes a considerable 

influence on the formation of combustible mixture. Finally, it determines the quality of combustion 

and the formation of pollutants. On the other hand, temperature is a fundamental parameter in 

combustion analysis. Fuel has different states at different fuel temperatures. The ambient temperature 

also has an effect on the chemical reaction proceeding. 

Deepening the understanding of fuel temperature is one aspect of basic research on internal 

combustion engines. First, fuel temperature has an impact on the fuel spray and the formation of 

combustible mixtures. Due to the diffuse combustion of diesel engines, it has strict requirements on 

the quality of the combustible mixture to achieve clean and efficient combustion. Experiment on flash 

boiling spray showed that the increase of fuel temperature caused larger initial fuel dispersion. And 

the fineness of droplets was greater [21]. Visual experiment indicated that the fuel temperature played 

an important role in the process of nozzle flow and spray [22]. Combustion experiment on a diesel 

burner nozzle showed that the increase of fuel temperature had no obvious effect on the effective flow 

area of the nozzle. Its fuel conditions were set at 15℃, 45℃ and 75℃ [23]. In addition, the application 

of alternative fuels requires fuel temperature studies. Czechlowski et al. [24] did research on biodiesel 

from animal fats. Experimental results showed that the fuel temperature evidently affected the NOx 

emissions. The temperature increased by 50℃ and the emission decreased by 6% averagely. 

Marcinkowski et al. [25] chose to do research on waste cooking oil methyl esters. And they 

generalized that it was worth adding preheating device before injection and the optimal fuel 

temperature for emission reduction was at least 70℃. Reactive radicals have an important influence 

on combustion chemistry and the formation of pollutants. The Clean Combustion Center team at Xi'an 

Jiaotong University has conducted research on natural gas blended with hydrogen. Hydrogen addition 

changes the concentration of H and OH radicals in the flame. 20% hydrogen addition coupled with 

25% EGR can reduce NOx emissions by 85~90%. The thermal efficiency is improved by 15% also. 

Diesel blending with oxygenated fuels (e.g. methanol) can regulate the concentration of OH, O in the 

reaction process. 10% oxygen content can reduce engine soot emissions by 40% and CO emissions 

by 50%. The present study on fuel temperature is a basic study on engine combustion. The results 

have necessary implications for the development of alternative fuel engines such as bio-diesel and 

some other cheap but poor-quality fuel. In addition, it analyzes the formation of pollutants from the 

perspective of radicals. The effect of fuel temperature on critical radicals should be include in the 

pollutant formation analysis. That is beneficial for combustion control theory. 

The simulation results can be broadly divided into two aspects. On the one hand, this paper 

investigates the effect of fuel temperature on the fuel spray and the final amount of pollutants 

generated. On the other hand, this paper analyzes the mechanism of pollutant generation from the 

perspective of chemical reactions. While the effect trend of fuel temperature on combustion and 

emissions can be predicted, the deeper details and extent of its effects on emissions, such as the 

sensitivity of pollutants to fuel temperature, are worth exploring. The topic was also inspired by 

combustion control theory. Achieving more precise in-cylinder combustion control to reduce 

pollutant generation in diesel engines is a viable route to meet increasingly stringent emission 

requirements. 

https://scholar.cnki.net/home/search?sw=6&sw-input=Damian%20Marcinkowski
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2. Introduction of simulation 

2.1 Simulation software 

With the rapid development of computer technology, the research of engine combustion and emission 

is more inclined to numerical simulation. Compared with the real engine experiment, the numerical 

simulation can not only greatly reduce the cost of research, but also more easily observe the details 

of the combustion process. And the output of simulation results is also detailed and diverse. Therefore, 

numerical simulation is convenient and practical for studying complex engine conditions [26]. In this 

paper, CONVERGE is chosen as the simulation software. It has obvious and praiseworthy advantages 

in the field of engine simulation [27, 28]. 

CONVERGE is a revolutionary computational fluid dynamics (CFD) program that eliminates the 

grid generation bottleneck from the simulation process. It adopts its patented grid generation 

technology to automatically generate a perfectly orthogonal, structured grid at runtime based on a 

surface STL file. At the same time, CONVERGE also provides convenient and efficient grid control 

technology including grid scaling, fixed embedding, and Adaptive Mesh Refinement (AMR). It is 

allowed to coarsen or refine the base grid size at specified locations and time to achieve the most 

reasonable and efficient grid layout. Thus, the highest calculation accuracy can be achieved under the 

minimum calculation load. The Fig. 1 shows the grid layout when the piston is at top dead center 

(TDC). For example, when the piston is at TDC, the species state in the fuel spray area will change 

dramatically. So the AMR grid control technology will make the grid in that area more dense in order 

to obtain more accurate simulation results. You can apply AMR technology based on species, velocity 

and temperature. A maximum refinement level can also be set to prevent grid from being over refined. 

What is more, CONVERGE has detailed mechanism chemical reaction solver and a large number of 

advanced spray, turbulence and emission sub-models. All these technologies greatly reduce the time 

and cost of engine numerical simulation and the accuracy and efficiency of calculation can also be 

guaranteed. 

2.2 Simulation model 

2.2.1 Model geometry 

The engine model is established based on a 6-cylinder 4-stroke marine diesel engine. And its main 

technical parameters are listed in Table 1.  

 

Table 1. Main engine parameters 

Technical Parameters  

Bore (mm) 137 

Stroke (mm) 165 

Speed (r/min) 1500 

Compression ratio 16 

Displacement (L) 14.6 

Power (kW·h) (100% load) 396 
Nozzle hole number 6 

 

Based on engine parameters, the CFD engine model used in this paper is established. The engine 

model is a simplified combustion chamber. And because of the symmetry of the cylinder, an engine 

sector (60°) is used in this simulation. It can reduce the time and cost required for simulation. With 

reasonable model setting, both accuracy and efficiency of simulation can also be guaranteed. 

Fig. 1 shows the details of the engine sector (60°) and some descriptions are given to better understand 

the model. First of all, the engine model consists of five integral surfaces. It includes the cylinder 

head, the cylinder wall and the piston bowl. And the other two surfaces named the cylinder front face 

and the cylinder back face are not the real surfaces. They are the longitudinal section of cylinder due 

to the use of engine sector. Secondly, the cylinder head is simplified to a plane. Finally, the simulation 
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starts when the intake valves close and ends when the exhaust valves open. It means that the 

combustion chamber is completely closed during the simulation. The simulation duration is from 

147 °CA before TDC to 135 °CA after TDC. To describe the location, a three-dimensional coordinate 

system is established at the cylinder axis. The XZ plane bisects the geometric model. 

 

Fig. 1 Combustion chamber at TDC 

 

 

Fig. 2 Top view of the combustion chamber 

2.2.2 Sub-models 

Reasonable model setting can make the numerical simulation accurately reflect the actual 

experimental situation. It is critical to select and verify suitable sub-models. The numerical simulation 

of diesel engine mainly includes three aspects: turbulent flow, spray process and combustion. Firstly, 

the gas flow in cylinder is an extremely complex three-dimensional turbulent motion. It significantly 

enhances the mixing rate of momentum, energy and species. The RANS RNG (Renormalization 

Group) k-ε model is used in the study [29]. RANS models are two-equation models that decompose 

the flow variables (e.g., velocity) into an ensemble mean and a fluctuating term. It introduces 

additional terms called the Reynolds stresses that represent the effects of turbulence. CONVERGE 

provides typical value for RANS RNG k-ε model settings. More information can be found in the 

CONVERGE manual. Secondly, the spray setting is crucial for fuel temperature research. Table 2 

below lists the main physical processes involved in the fuel spray and atomization. And its model 

options follow. 

Table 2. Spray models used in simulation 

Spray model process Model options 

Liquid injection Blob injection model 

Spray breakup KH-RT models 

Drop drag Dynamic drop drag 
Collision model NTC collision 

Collision outcomes Post collision outcomes 

Spray-wall interaction model Rebound/slide model 

Evaporation Frossling model 
Turbulent dispersion O'Rourke model 
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Fuel temperature has an effect on the properties of the fuel itself. It reflects on the process of fuel 

spray and breakup. Therefore, it is more necessary to clarify the KH-RT models in this simulation. 

The Kelvin-Helmholtz model can simulate a breakup due to aerodynamic force while the Rayleigh-

Taylor model is used to simulate a breakup due to drag force. CONVERGE allow you to run these 

two models concurrently. The fuel spray consists of two parts: liquid zone and gas-liquid mixing zone. 

As shown in Fig. 3, the KH model is responsible for drop breakup inside of the characteristic breakup 

distance 𝐿𝑏, while both KH and RT models are activated beyond the breakup distance. In this case, 

CONVERGE first checks if the RT mechanism can break up the drop. If not, the KH mechanism will 

be responsible for breakup. 

 

Fig. 3 Schematic of the KH-RT spray breakup model 

 

If the KH-RT breakup length model is activated, the breakup length 𝐿𝑏 can be specified as: 

𝐿𝑏 = 𝐶𝑏𝑙√
𝜌𝑙
𝜌𝑔
𝑑0 

Where 𝐶𝑏𝑙 indicates the breakup length constant, 𝜌𝑙 and 𝜌𝑔 represent the density of the liquid and 

the gas, respectively. The initial drop diameters are set equal to the nozzle hole diameter 𝑑0 which 

is guaranteed by Blob injection model. 

When only the KH mechanism works, that is to say, when simulating the spray breakup in the liquid 

zone, the KH model breakup time 𝜏𝐾𝐻 is specified as: 

𝜏𝐾𝐻 =
𝐵1
𝑢
√
𝜌𝑙
𝜌𝑔
𝑟0 

Which results in a breakup length 𝐿𝐾𝐻 = 𝑢𝜏𝐾𝐻  of 

𝐿𝐾𝐻 = 𝐵1√
𝜌𝑙
𝜌𝑔
𝑟0 

Where 𝑟0 is the nozzle hole radius, 𝑑0 = 2𝑟0. 𝑢 is the liquid-gas relative velocity. 𝐵1 is the KH 

breakup time constant. If 𝐿𝑏 is compared with 𝐿𝐾𝐻, it is clear that 𝐶𝑏𝑙 must equal 
𝐵1

2
 in order for 

𝐿𝑏 and 𝐿𝐾𝐻 to be consistent. Typical values for 𝐵1 are in the range of 5 to 100. Smaller values result 

in faster breakup. The value of 𝐵1 is determined as 7.0 in this simulation. The breakup time constant 

𝐵1 relates to the initial disturbance level on the liquid jet. Yet temperature slightly affects the state of 

the flow field [20]. This research ignores the initial disturbance caused by fuel temperature. All the 

injected fuels have the same state from the perspective of turbulence. It remains consistent across 

operating conditions. 

Table 3 lists the temperature-dependent properties of the target fuel. It is provided by the liquid 

database of the CONVERGE software. 
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Table 3. Properties of the target fuel 

Temperature 
(K) 

Viscosity 
(N*s/m^2) 

Surface Tension 
(N/m) 

Heat of Vaporization 
(J/kg) 

Specific Heat 
(J/kg*K) 

270 0.0047 0.03001 332500 2167.515 

290 0.00345 0.02935 327500 2190.356 

310 0.0022 0.02804 321970 2233.681 

330 0.00152 0.02672 315910 2274.888 

350 0.00113 0.0254 309850 2315.209 

370 0.00088 0.02409 303790 2355.874 

 

The n-heptane is widely used as a single-component model of diesel fuel owing to its similar ignition 

characteristics and cetane number (CN) [30, 31]. The n-heptane is selected as the substitute for real 

diesel to participate in the combustion mechanism. It means that the target fuel has the properties of 

diesel fuel and burns as n-heptane. Its skeletal reaction mechanism (4 elements, 42 species, 168 

reactions) is provided by CONVERGE. The SAGE Detailed Chemistry Solver is selected as the 

combustion model. Finally, CONVERGE also provides various emission models to adapt to the 

emission analysis under different fuel temperature. The Extended Zeldovich model is selected for 

NOx formation and the Hiroyasu model is selected for soot. These models are described in the 

subsections of emissions analysis. The start of injection is at 9 °CA before TDC and it ends at 11 °CA 

after TDC. The injection duration is 20 °CA. There is no urea injection. 

2.3 Model validation 

Fig. 4 and Fig. 5 compare the simulation results with corresponding experimental data. Cylinder 

pressure, heat release rate (HRR) and NOx emissions are the validation standard. As shown in fig. 4 

and Fig. 5, the simulated curves of cylinder pressure and HRR are basically consistent with the 

experimental data. Although some details such as the Pmax and the average HRR are still inaccurate, 

the error is acceptable. Meanwhile, the final emission of NOx is equally close with only 4.58% errors. 

It is within acceptable range. Data comparisons are listed in Table 4. 

 

Table 4. Other data comparisons 

 Experiment Simulation Error (100%) 

Pmax (MPa) 11.57 11.5821 -0.10 

The time of Pmax (°CA) 11.71 11.615 0.81 
Average HRR (5-15°CA) (J/°CA) 244.136 248 -1.58 

NOx emissions (mg) 5.573 5.318 4.58 

 

 

Fig. 4 Model validation on cylinder pressure and NOx emissions 
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Fig. 5 Model validation on heat release rate (HRR) 

 

Fuel temperature is the single variable in this simulation. It is worth mentioning that the HRR in the 

simulation results is slightly higher than the experimental one, although the error range is acceptable. 

This is because the boundary is set by ignoring the wall heat transfer. In reality, there is always heat 

transfer between the wall surface and the outside world. 

2.4 Simulation scheme 

Engine speed of the experimental engine is 1500 rpm, which is classified as high-speed marine diesel 

engine. And it uses light diesel. Considering the actual working environment of the diesel engine and 

an allowable range of thermal properties of fuel, this paper attempts to expand the research range of 

fuel temperature to the limit. The final values of fuel temperature are determined as following: 

The lowest temperature is: 

0℃+273=273 K 

Lower temperature will result in higher fuel viscosity, which is not conducive to fuel injection and 

spray, even worse, it will plug the fuel injector. Higher injector rail pressure will be used to ensure 

the normal injection under such extreme condition. 

And the highest temperature is: 

100℃+273=373 K 

The fuel temperature should not be too high to prevent the fuel vaporization under high preheating 

temperature. At the same time, the fuel viscosity will also drop very low. It will cause poor lubrication 

of the injection equipment and accelerate wear. In a word, the fuel temperature and correlative fuel 

viscosity need to be controlled in an appropriate range. Such an extensive and detailed temperature 

setting is also a different point compared to other researchers. 

20 K is taken as the temperature interval, and the research conditions of fuel temperature are set at 

273 K, 293 K, 313 K, 333 K, 353 K and 373 K. Simulation results and discussion are presented in 

the next section. 

3. Results and discussion 

An engine simulation was carried out to study the combustion and emission characteristics of marine 

diesel engine under different fuel temperatures. Compared with traditional experimental methods, the 

simulation is easier to observe the details of what happened in the combustion process and the 

formation of emissions. 

3.1 Effect of fuel temperature on combustion characteristics 

CA10 and CA90 are used to characterize the ignition delay and combustion duration of in-cylinder 

combustion, respectively. CA10 indicates the crank angle at which the amount of burned fuel reaches 

10 percent of its maximum value for the cycle. CA90 has a similar definition, representing the 
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moment when the fuel is basically burned out. As shown in Fig. 6 and Fig. 7 above, CA10 and CA90 

curves have a decline trend with the increase of fuel temperature. It can be explained that the increase 

of fuel temperature is conducive to fuel spray and atomization. The formation of combustible mixture 

is faster and of better quality. Fuel starts to burn earlier and burns better, which leads to a shorter 

ignition delay and smaller combustion duration. Higher fuel temperature will also lead to higher 

average temperature in combustion chamber. Diffusion combustion proceeds rapidly. Specially, there 

is a defective error in the CA10 value at 293 K. The magnitude of data difference is very small 

(1/1000). It is hard to tell if that is just a simulation error or something else. But despite the flaw in 

that chart, it basically reveals the effect trend of fuel temperature on ignition delay and combustion 

duration, which are more significant and instructive. 

 

 

Fig. 6 CA10 (Ignition delay) under different fuel temperatures 

 

 

Fig. 7 CA90 (Combustion duration) under different fuel temperatures 

 

3.2 Effect of fuel temperature on spray characteristics 

The penetration length (PL) and the Sauter mean diameter (SMD) are significant index which can be 

used to assess the condition of fuel spray and atomization. Its results are presented in Fig. 8 and Fig. 

9, respectively. Fuel temperatures tend to have regular impact on the PL during the injection. As 

shown in Fig. 8, the trend of PL under different fuel temperatures is highly consistent with each other. 

And under the same crank angle, penetration length is inversely proportional to the fuel temperature. 

This can be attributed to the decrease in viscosity due to the increase in fuel temperature. SMD can 

be used to assess the fineness of the fuel droplet. It is defined as the ratio of the volume of all droplets 

to its surface area. Smaller SMD indicates better atomization and faster evaporation of fuel. As 

introduced in the previous spray model, the initial size of injected droplets is equal to the nozzle 

diameter. A sharp rise is observed when the fuel starts to inject (-9 °CA). Intense combustion makes 
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the SMD curve fluctuate violently. The sharp fluctuation blurs the simulation results so an enlarged 

image with SMD data at 293 K, 333 K and 373 K is inserted. Higher fuel temperature tends to cause 

smaller SMD. The maximum deviation of SMD between 293 K and 373 K is nearly 36.56%. 

 

 

Fig. 8 Penetration length under different fuel temperatures 

 

 

Fig. 9 Sauter mean diameter under different fuel temperatures 

 

3.3 Effect of fuel temperature on emissions 

Fuel temperature affects fuel properties and in-cylinder combustion environment. Differences in 

combustion processes lead to differences in pollutant emissions. Fuel temperature has a significant 

effect on NOx generation. The final NOx generation basically increases with the increase of fuel 

temperature. At the same temperature interval, the deviations of NOx generation are different but 

unexpectedly regular. The smaller deviation of NOx generation is nearly 1.05% (from 273 K to 293 

K), while the larger deviation is nearly 7.46% (from 293 K to 313 K). The maximum deviation 

between 273 K and 373 K is 19.37%. Higher fuel temperature generally enhances the intensity of the 

combustion. The maximum combustion temperature becomes higher and there are more regions with 

suitable temperature and oxygen for NOx generation.  

Fuel temperature has little effect on the soot emission. The soot generation reaches its maximum at 

about 13 °CA (shortly after the end of the fuel injection). Maximum generation is inversely 

proportional to fuel temperature. The lower fuel temperature is deteriorating the combustion. But the 

final generation of soot is not much significant under different fuel temperatures. The histogram in 

Fig. 11 indicates the final generation of soot. The maximum deviation in soot quality is only 0.023 

mg. Although lower fuel temperatures lead to higher soot production, the final emission of soot is not 

much different due to the oxidation in the later stages of combustion. It is concluded that fuel 

temperature has little effect on soot emission. 
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Fig. 10 NOx emissions under different fuel temperatures 

 

 

Fig. 11 Soot emission under different fuel temperatures 

 

 

Fig. 12 CO2 emission under different fuel temperatures 

 

Fig. 12 shows the CO2 generation under different crank angles. In the rising section of the curve, the 

generation is regularly proportional to the fuel temperature. But the final generation of CO2 is not 

much different. As the histogram illustrates, the final generation of CO2 decreases with the increase 

of fuel temperature. Although higher fuel temperature can intensify combustion, CO2 does not 

increase as a result of more intense combustion, but rather decreases. Fuel temperature has only a 

slight effect on CO2 emission from the perspective of final generation.  

3.4 Effect of fuel temperature on radicals 

The formation of emission is based on the combustion reaction mechanism. The main pollutants of 

marine diesel engine are NOx, soot and CO2. In terms of NOx, this paper mainly analyzes the 
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formation of thermal NO. Thermal NO is generated by N2 in a high temperature oxygen-rich 

environment. Its reaction mechanism can be described as follows: 

𝑂 + 𝑁2 ⇔𝑁𝑂 +𝑁                              (1) 

𝑁 + 𝑂2 ⇔ 𝑁𝑂 +𝑂                              (2) 

𝑁 + 𝑂𝐻 ⇔ 𝑁𝑂 + 𝐻                              (3) 

These three reactions are called the Extended Zeldovich Mechanism. Because of the strong chemical 

triple bond of N2 molecule, high activation energy is needed to drive the reaction (1). Its reaction rate 

determines the formation rate of thermal NO. Reaction (3) will surpass reaction (1) in the fuel-rich 

region. The concentration of O, N and OH radicals affect the NO generation. 

Soot is generated by fuel pyrolysis under high temperature and anoxic conditions. As for diesel engine, 

most of the fuel is injected into the cylinder after ignition and burned as diffusion combustion. 

Combustion and soot are almost co-occurring. During soot oxidation, the excess air coefficient of the 

diesel engine is larger. The supply of O2 is sufficient. Higher fuel temperature also increases the 

concentration of OH and H radicals. The presence of OH and H radicals is beneficial for the oxidation 

of soot. For similar examples it can refer to hydrogen-blended combustion of natural gas and 

oxygenated fuels for diesel engines (e.g. methanol). 

CO is an important intermediate product in the combustion of hydrocarbon fuels. The detailed 

mechanism of its generation is still under investigation. It is generally believed that the fuel molecules 

are oxidized at high temperatures to produce CO through the following steps: 

𝑅𝐻 → 𝑅 → 𝑅𝑂2 → 𝑅𝐶𝐻𝑂 → 𝑅𝐶𝑂 → 𝐶𝑂 

The oxidation of CO is mainly carried out by the following reaction equation. The oxidation of CO 

when containing OH radicals is much faster than containing O2. 

𝐶𝑂 + 𝑂𝐻 ⇔ 𝐶𝑂2 +𝐻                             (4) 

Almost all the heat released by combustion is in this reaction. This has an impact on the heat release 

rate (HRR) and the power output of the engine. Both back and forward reaction rates of the reaction 

(4) are high. It can be considered to reach equilibrium instantaneously. The concentrations of CO and 

CO2 can be related by the equilibrium constant K: 

[𝐶𝑂] =
1

𝐾
•
[𝐶𝑂2][𝐻]

[𝑂𝐻]
 

The [] represents concentration. The equilibrium constant K decreases with increasing temperature. 

Higher fuel temperature leads to higher temperature in combustion chamber. The equilibrium 

constant K of reaction (4) decreases, resulting in a lower conversion from CO to CO2. So CO2 

emission decreases with higher fuel temperature, as the histogram in Fig. 12 illustrates. 

 

 

Fig. 13 Effect of fuel temperature on O radicals 
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O radicals are formed by the pyrolysis of O2 involved in the combustion process. As can be seen from 

Figure 13, the number of O radicals increases as the combustion reaction proceeds and reaches a 

maximum at about 17 °CA. After that the consumption rate of O radicals takes the main role and the 

number of O radicals gradually decreases. Basically, the concentration of O radicals is proportional 

to the fuel temperature. Higher fuel temperatures facilitate the pyrolysis of O2, resulting in more O 

generation. The increase in O concentration favors the production of NO as reaction (1) indicates. 

Then O radicals are consumed for oxidation. Its concentration reduces. In the later stage of the 

combustion, when the piston has been moving down, the concentration of O radicals is observed to 

be inversely proportional to the fuel temperature. The turning point is at approximately 37.5 °CA. 

This is because the higher fuel temperature intensifies the combustion and the average temperature 

during the expansion period is higher, which favors the participation of O radicals in the oxidation 

reaction. O radicals are consumed more. Higher generation is accompanied by higher oxidation. Its 

final amount conversely decreases with the increase in fuel temperature. 

 

 

Fig. 14 Effect of fuel temperature on N radicals 

 

The main effect of fuel temperature on the combustion process is to change the ambient temperature 

of the combustion reaction. As shown in Fig. 14, the concentration of N radicals regularly increased 

with the increase of fuel temperature. Higher fuel temperatures lead to higher N radical concentration. 

The reaction rate of reaction (1) determines the concentration of N radicals. It requires a high 

activation energy because of the strong chemical triple bonding of the N2 molecule. Only at high 

temperatures, the reaction rate is fast enough. Higher N concentration is conducive to the generation 

of NO. This is supported by the fact that NOx emissions increase with increasing fuel temperature. 

The maximum concentration of N radicals is at about 15 °CA. 

 

 

Fig. 15 Effect of fuel temperature on OH radicals 
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OH radicals has a highly significant effect on these three types of emissions. OH is the most dominant 

radical for fuel oxidation. Fig. 15 illustrates the effect of fuel temperature on OH radicals. The 

concentration of OH increases with the increase of fuel temperature. After that OH radicals are 

consumed in the later stage of combustion. Similar to O radicals, the concentration of OH radicals is 

observed to be inversely proportional to fuel temperature. The higher fuel temperature leads to higher 

average temperature in combustion chamber. Then the OH consumption is higher. The effect of fuel 

temperature on OH radicals have two opposite trends in the early and late stages of the combustion 

process. The turning point of the trend is approximately at 37 °CA. 

 

 

Fig. 16 Effect of fuel temperature on H radicals 

 

H radicals also matter for the combustion of hydrocarbon fuels. As illustrates in Fig. 16, it has similar 

trend comparing with O and OH radicals. The concentration of H increases with increasing fuel 

temperature. The maximum concentration is at about 15 °CA. In the later stage of combustion, it is 

also inversely proportional to fuel temperature due to the higher average temperature in combustion 

chamber. The turning point of the trend is approximately at 25 °CA. 

From the above analysis, it is known that the effect trends of fuel temperature on all radicals are one-

dimensional. The extent is given in the form of percentages. That could indicate the sensitivity of 

radicals to fuel temperature. Table 5 is below. And the units of data are consistent with the 

corresponding figures. The sensitivity of all radicals is around 15%. 

 

Table 5. The sensitivity of radicals to fuel temperature 

Radical Crank Angle 273 K 373 K Sensitivity 

O 20°CA 0.07421 0.08555 15.28% 

N 15°CA 3.43213 4.02676 17.33% 

OH 25°CA 1.38643 1.59855 15.30% 
H 15°CA 1.13525 1.28413 13.11% 

 

3.5 Effect of fuel temperature on power performance 

Fig. 17 is an overall display of the cylinder pressure results under different fuel temperatures with an 

enlarged view of the maximum pressure. The trend of cylinder pressure typically increases with the 

increase of fuel temperature, and so does the maximum pressure. Indicated mean effective pressure 

(IMEP) is a typical index to measure engine power performance. As shown in Fig. 18, IMEP is 

directly proportional to the fuel temperature. The higher the fuel temperature, the larger the IMEP of 

marine diesel engine. What is more, the maximum difference of IMEP between 273 K and 373 K is 

8.01KPa. 
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Fig. 17 Cylinder pressure under different fuel temperatures 

 

 

Fig. 18 IMEP under different fuel temperatures 

 

3.6 Three-dimensional simulation results 

CONVERGE can write cell-by-cell post output files at a user-specified frequency during the 

simulation. These files will be recognized and processed by 3D post-processing software such as 

EnSight, Tecplot and Fieldview. Tecplot is selected in this article. It can concatenate the simulation 

data into a 3D output, as if the entire combustion process is visually observed. Among the available 

3D output forms, the cloud map is chosen for analysis. The cloud map is a hypothetical slice of the 

engine. It shows the state of the engine on this slice and the parameters displayed are optional. 

The cloud maps of temperature, equivalent ratio and NOx, soot distribution are illustrated to analyze 

the formation of NOx and soot. The slice positions of these cloud maps are within the XZ plane. 

Fuel cluster is injected into the combustion chamber and then changes its direction of movement after 

hitting the wall. Fuel adheres to these wall surfaces so that the equivalent ratio in these areas is high. 

Combustion occurs where there is fuel distribution. So there is a certain similarity between these 

cloud maps. Fig. 19 and Fig. 20 show the cloud maps of equivalent ratio and temperature at 11 °CA, 

respectively. The cloud map of the equivalence ratio shows that the higher fuel temperature promotes 

the fuel spray and atomization. The equivalence ratio is higher in the area where the fuel cluster passes 

through. In other area of fuel diffusion, the equivalent ratio is smaller and more uniform (lighter color). 

Fuel starts to burn in the region with suitable equivalent ratio. So the temperature near the fuel cluster 

is higher. Higher fuel temperature leads to better fuel uniformity. The high temperature region 

becomes larger as well. 
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Fig. 19 Equivalent ratio at the same crank angle 

 

 

Fig. 20 Temperature cloud maps at the same crank angle 

 

 

Fig. 21 NOx distribution at the same crank angle 

 

 

Fig. 22 Soot distribution at the same crank angle 
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Fig. 21 illustrates NOx distribution under different fuel temperatures. Higher fuel temperatures lead 

to more intense fuel combustion. According to the previous literature, NOx is generally generated in 

the region with high temperature and sufficient oxygen [32]. As Fig.21 shows, the generation area of 

NOx is more extensive under higher fuel temperature, extending even to the corners of the combustion 

chamber. Soot is produced by the pyrolysis reactions of fuel under high temperature and anoxic 

conditions. The amount of soot reaches its peak shortly after the end of the fuel injection. Fuel 

injection ends at 11 °CA. So the soot distribution at 9 °CA is selected for analysis. As shown in Fig. 

22, lower fuel temperatures lead to more severe oxygen deficiency conditions. Soot production is 

more concentrated. 

An example is given here to give more support to the above analysis. Fig. 23 combines the cloud 

maps of temperature, equivalent ratio and NOx distribution at the same fuel temperature (273 K). It 

can be found that the location where NOx distributes is the high temperature area. And secondly the 

equivalent ratio at this location is appropriate. That is a typical and correct experimental phenomenon. 

 

 

Fig. 23 Temperature, equivalent ratio and NOx distribution at 273 K 

 

4. Conclusion 

To meet increasingly stringent emission requirements, the operation of a marine diesel engine needs 

to be more efficient, clean and low-carbon. In this article, a CFD model was built to simulate the 

effect of fuel temperature on combustion and emission of marine diesel engine. The final simulation 

results are described as following: 

(1) Fuel temperature influences combustion characteristics. Results of CA10 and CA90 show that 

higher fuel temperature makes the fuel start to burn earlier and burn better, which leads to a shorter 

ignition delay and combustion duration. 

(2) Higher fuel temperature is conducive to fuel spray and atomization. Combustible mixture is better 

and fuel combustion will be enhanced. The penetration length is inversely proportional to the fuel 

temperature. The Sauter mean diameter decreases with increasing fuel temperature. This can be 

attributed to the decrease in viscosity due to the increase in fuel temperature. 

(3) Fuel temperature has a significant effect on NOx production from 4.75 mg at 273 K to 5.67 mg at 

373 K, with an increase of 19.37%. But it has relatively slight effect on soot and CO2 emissions. The 

emissions of soot and CO2 do not change significantly as a result of the enhanced combustion. Soot 

increases under lower fuel temperature due to deteriorating combustion, while CO2 does not increase 

but rather decreases due to the low reaction rate. 

(4) Radicals (O, N, OH, H) extremely matter the formation of pollutants. The concentration of O, OH 

and H radicals increase basically with the increase in fuel temperature. But it is inversely proportional 

in the later stage of combustion. That can be attributed to the higher average temperature in 
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combustion chamber caused by higher fuel temperature. It motivates more radicals to participate in 

the combustion reaction. Higher temperature is accompanied by higher consumption. N radicals 

regularly increase with increasing fuel temperature. The sensitivity of all radicals to fuel temperature 

are around 15%. 

(5) Higher fuel temperature enhances engine power performance. The higher the fuel temperature, 

the larger the IMEP. 

(6) With the comparison of cloud maps, it also confirms the conclusion that higher fuel temperature 

is conducive to fuel spray and atomization. It benefits the subsequent combustion. The generation 

area of NOx is more extensive, extending even to the corners of the combustion chamber. Soot 

generation is more concentrated under lower fuel temperature. 
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