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Abstract: A numerical study was carried out to investigate the effectiveness of the charge air cooling method 
on the exhaust gas emission reduction when applied to a four-stroke marine generator diesel engine at full 
load. The AVL FIRE 2018a software was used to perform three-dimension (3D) simulations of the combustion 
process and emission formations inside the engine cylinder operating with various charge air temperatures 
(CATs). The simulation results were then verified by measured values obtained from experiments in the Green 
Ship Technology laboratory (GSTLab), Korea. The simulation results showed In-Cylinder peak pressure 
increase tendencies as the CAT decreased from 360 K to 320 K, leading to an increase in the brake mean 
effective pressure (BMEP) by 10.74%. At the same time, the In-Cylinder peak temperature was decreased, 
resulting in a reduction in NO emission by 33.85%. Soot, CO, and CO2 emissions were also reduced by 63.92, 
44.66, and 3.22%, respectively. In addition, the CAT cooling method also reduced specific fuel oil 
consumption (SFOC) by 9.68% due to the increase in the indicated efficiency. This study would be a useful 
material for operating engines in cases of trying to reduce exhaust gas emissions from existing engines without 
any additional emission post-treatment device. 
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1. Introduction 

Due to the increasing environmental hazards of 
marine engine exhaust emissions as well as the 
International Maritime Organization (IMO) 
emission regulations are becoming increasingly 
strict, reducing exhaust gas emissions from 
marine engines is mandatory for new and 
existing vessels in use [1]. Figure 1 shows stricter 
regulations on NOx emission from ships, in 
which 80% NOx emission from ships must be cut 
off from January of 2016 [2].  

Theoretically, marine exhaust gas emission 
reduction approaches are divided into three 
categories, including (1) pre-treatment; (2) 
internal treatment; and (3) post-treatment [3]. 
Figure 2 shows a summary of exhaust gas 
emission reduction approaches applied on MAN 
B&W engines [3]. 

 
Figure 1. IMO’s regulation on NOx emission [2]. 

In pre-treatment approaches, fuels, the main 
factor that affect the engine’s combustion and 
emission characteristics are substituted or 
handled prior to being supplied to engines. 
Regarding substitute fuels, various gas fuels are 
currently being increasingly employed in marine 
engines to reduce engine exhaust gas emissions. 
LNG (composed of mainly methane - CH4), 
ethane (C2H6), LPG (composed of mainly  
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propane - C3H8), butane (C4H10), dimethyl ether 
(DME)… have been proven to be suitable diesel 
alternatives in diesel engines to reduce exhaust 
emissions while maintaining engine power [1] 
[4]-[17]. Effects of various gaseous alternative 
fuels on emission characteristics of marine 
engines can be found in our previous study [18]. 
Another way to pre-treat fuels is emulsifying 
liquid fuels by water to create emulsified fuels. 
Water in emulsified fuels will get the heat of 

combustion gas inside the engine cylinder to 
evaporate, resulting in a reduction in the In-
Cylinder peak temperature and thus NO 
emissions. This approach had demonstrated 
advantages in terms of exhaust gas emission 
reductions, however, engines need to be 
modified to use alternative gaseous fuels which 
have low cetane number (low reactivity fuels). 
Modifying diesel engines into dual-fuel (DF) 
engines for instance. 

 
Figure 2. Exhaust gas emission reduction technologies from marine diesel engines [2]. 

In internal treatment approaches, the combustion 
of fuel inside the engine cylinder will be 
modified towards the goal of achieving lower 
exhaust gas emissions. Using fuel injection 
timing adjustment, injection strategy 
modification, lean or rich combustions, pre-
chamber type combustion, etc. are examples of 
this method. The effectiveness of the multiple 
injection strategies on exhaust gas emission 
reduction in marine engines can be found in our 
previous study [19]. In addition, the method of 
adding water to the engine combustion chamber 

to reduce the peak temperature in the cylinder or 
modifying the engine working cycle (exhaust gas 
recirculation - EGR is an example) is also an 
effective way to reduce emissions. They are also 
being effectively used in the marine industry 
today. In post-treatment approaches, it is 
necessary to equip exhaust gas post-treatment 
devices to treat the exhaust gas after it has left the 
engine. Using a selective catalytic reduction 
(SCR) system for NOx reduction is an example 
of this method. These methods don’t require 
modifications on fuels or existing engines, but 
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exhaust gas post-treatment devices are 
mandatory. This increases additional costs and 
makes the engine room become more cramped.  

Among the mentioned exhaust gas reduction 
approaches, charge air cooling, one of the 
internal treatment methods, has been found as the 
simplest method to reduce effectively engine 
exhaust gas emissions without any modification 
on fuels, engines as well as using any post-
treatment device. In addition, it can be easily 
applied to any existing engine by simply 
adjusting the CAT cooling system to reduce CAT 
[20]-[23]. 

In order to better understand the effects of 
CAT on the combustion process and emission 
characteristics of the engine, we performed 
numerical simulations of the combustion inside 
the engine cylinder of a four-stroke generator 
diesel engine at the full load with various CATs. 
The AVL FIRE R2018a simulation software with 
its state-of-the-art models has been proven to be 
suitable for simulating combustion and emission 
formation inside gasoline, diesel, and DF engines 
with high accuracy [24]. Therefore, this software 
was used to perform 3D simulations to calculate 
the combustion process and emission formations 
inside the engine cylinder. The combustion 
process of the engine with five various CATs was 
simulated to analyze the effects of CAT on the 
In-Cylinder pressure, temperature, and emission 
characteristics. The simulation results were then 
verified by measured values obtained from 
experiments in the Green Ship Technology 
laboratory (GSTLab), Busan, Korea. 

2. Numerical analysis 

2.1. Engine specifications and simulation 
conditions 

The object of this research was a four-stroke 
generator diesel marine engine. The engine has 
V-type 4-stroke 8-cylinders with a cam-driven 
fuel oil supply system. And it is charged with 
inter-cooled compressed air supplied by two 

exhaust-gas turbochargers. The specifications of 
the engine are shown in table 1. 

In this study, numerous simulations of the 
combustion process of the engine running with 
various CATs at the full load were simulated. 
The simulation results among all simulation 
cases were then compared to analyze the effects 
of CAT on the In-Cylinder temperature, pressure, 
and emission characteristics of the engine. The 
results are presented in detail in section 3. 

Table 1. Simulated engine specifications. 

Parameters Value Unit 

Manufacturer Doosan, Korea. 

Engine type 4-stroke, V-type, 8-cylinder, 
Turbocharged & Intercooler 

Power x rpm @ 
100% load 

484 kW @ 1800 rpm [33.1 
kW/liter @ 1800rpm] 

BMEP 2.3 MPa 

SFOC 129.8 Liters/h 

Bore x Stroke 128 x 142 mm 

Displacement 14.618 liters 

Compression 
ratio 

14.6:1 

Injection nozzle Multi-hole type 

IVC 360 ABDC 

EVO 620 ATDC 

2.2.  CFD simulation models 

The AVL FIRE simulation software with its 
state-of-the-art models has been proven to be 
suitable for simulating combustion and emission 
formation inside gasoline, diesel, and DF engines 
with high accuracy [24]. The AVL FIRE ESE 
Diesel platform was used to models the working 
process of the engine from the intake valve 
closing (IVC) to the exhaust valve opening 
(EVO). The simulation process consisted of three  
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steps: (1) pre-processing, (2) processing, and (3) 
post-processing. The first step included declaring 
general engine parameters, building 
computational domains, creating movable 
computational meshes, and setting up the 
simulation parameters. The solutions were 
calculated in the second step. In the third step, the 
simulation results were analyzed and reported. 
After obtaining the simulation results, the 
simulation results and measured results were 
compared for the validation purpose of the 
simulation models. This process was repeated 
until the simulation and measured results 
matched.  

The k-zeta-f turbulence model was used to 
simulate the turbulence of the fluid flow inside 
the engine cylinder. This is a four-equation 
turbulent model, so it had higher precision and 
better stability than the k–ɛ two-equation model 
[25]. In the CFD method, the mixing and 
transports of chemical species in combustion 
problems will be modeled by solving equations 
of conservations describing diffusion, the 
convection phenomenon, reaction sources, and 
concentrations for each component species. 
Therefore, species transport models must be used 
in conjunction with combustion models to model 
combustion problems. In this study, the species 
transport model provided by AVL FIRE in 
conjunction with the extended coherent flame 
model (ECFM) [26][27] was used to simulate the 
combustion process occurring inside the engine 
cylinder. The species transport model and the 
ECFM are presented in detail in Appendix A and 
B, respectively, in our previous research [28]. 
The diesel nozzle flow sub-model [27][29] was 
used to simulate the fuel injection process. This 
model offers a simple method to correct the 
injection velocities and initial droplet diameters 
due to cavitation. The breaking up and 
evaporation phenomena of fuel droplets were 
simulated using the WAVE and Dukowicz sub-
model respectively [27][29]. The Auto-Ignition 
model [27] was used to simulate the self-ignition 

phenomenon of the diesel fuel that occurs in a 
fuel direct injection diesel engine.  

To model NO formation inside the engine 
cylinder the extended Zeldovich mechanism has 
been used [27][30][31]. This chemical reaction 
mechanism comprises seven species and three 
reactions and has been proven to be able to highly 
accurately predict thermal NO formation inside 
engine cylinders over a wide range of 
equivalence ratios. The kinetic soot mechanism 
[27][30] was used to simulate the soot formation 
owing to the combustion process. The extended 
Zeldovich model and kinetic soot mechanism 
have been presented in detail in Appendix C and 
D, respectively, in our previous research [28]. 
The Walljet1 sub-model [27][29] was used to 
simulate the interaction between the fuel droplets 
and walls. Other CFD models can be found in the 
literature [27][29][30]. Table 2 summarises the 
numerical models used in this study. 

Table 2. Summary of the numerical models. 

Model Description 

Turbulence k-zeta-f 

Combustion Standard Species Transport Model  

Extended Coherent Flame Model -
ECFM 

Emission NO Extended 
Zeldovich model 

Soot Kinetic Soot 
formation model 

Ignition Auto-Ignition 
Model 

 

Atomization Breakup WAVE model 

Evaporation  Dukowicz Model 

Droplet-wall 
interaction 

Walljet1 model 

2.3. Computational mesh, boundary, and 
initial conditions 

The AVL FIRE ESE-Diesel platform was used to 
build a 2D engine combustion chamber geometry 
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and then create a computational mesh for the 
CFD analysis. Owing to the axial symmetry of 
the engine combustion chamber, the fuel nozzle 
of the engine had 12 identical holes, and to 
reduce the calculation time, only 1/12th of the 
entire 3D computational mesh of the combustion 
chamber was generated. The calculation was 
performed in series using a twelve-core 
processor and took approximately 36 h of CPU 
time. Figure 3 shows 1/12th of the entire 3D 
computational mesh of the combustion chamber 
at 25 crank angle degrees (CAD) after the top 
dead center (ATDC). 

 
Figure 3. One-twelfth portion of the entire 3D 

computational mesh of the combustion chamber 
 at 25 CAD ATDC. 

The boundary conditions (BCs) of the cylinder 
head, piston surface, and cylinder liner were 
defined as impermeable wall BCs. The cylinder 
geometry was symmetric around the cylinder 
axis; thus, the cyclic BCs were assigned to the 
cutting surfaces of the computational domain. 
The simulation started from the IVC of 35 CAD 
after the bottom dead center (ABDC) (IVC = 35 
CAD ABDC) to the EVO of 62 CAD before the 
bottom dead center (BBDC) (EVO = 62 CAD 
BBDC). The starting of injection (SOI) of the 
diesel fuel was taken at 12 CAD BTDC. The fuel 
injection duration of the engine was 7.5 ms. This 
means that the diesel fuel injection occurs in 32 
CAD, from 12 CAD BTDC to 20 CAD ATDC. 
The BCs and initial conditions for the numerical 
simulation cases were derived from experiments 
in GSTLab and were shown in table 3. 

Table 3. BCs and initial conditions  
for CFD analysis. 

BCs Boundary Type/Condition 

Piston surface Mesh 
movement/Temp./570.15 K  

Cylinder liner  Wall/Temp./470.15 K 

Cylinder head Wall/Temp./570.15 K 

Segment cut Periodic/Inlet/outlet 

Initial Conditions Value 

Charge air temp. 47, 57, 67, 77 and 87 0C 

Charge air press. 3 Bar 

IVC 35 CAD ABDC 

EVO 62 CAD BBDC 

SOI 12 CAD BTDC 

Injection 
duration 

7.5 milliseconds (32 CAD) 

2.4. CFD simulation model validations 

The simulation results were verified by 
comparing them with the measured results 
obtained from engine experiments in GSTLab in 
the case of the CAT of 470C.  

The comparisons between the simulation and 
experiment results of the engine are shown in 
figure 4 below. It is obvious that the simulation 
and experiment results are in good agreement. In 
terms of brake mean efficient pressure (BMEP) 
and indicated specific power, the deviations 
between the simulated and experiment were only 
3.35% and 4.35%, respectively, whereas the 
deviations between the simulated and 
experimental brake specific fuel oil consumption 
(BSFOC) was 3.48%.  

These deviations are reasonable and prove the 
accuracy of the CFD simulation models. After 
validating the CFD simulation models, the 
validated models were applied to simulate the 
combustion and emission formations inside the 
engine cylinder in all cases of CAT. 
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3. Simulation results 

To clearly illustrate the effects of CAT on 
combustion and emission formations inside the 
engine cylinder, all the BCs and working 
conditions of the engine were remained 
unchanged, except for the difference in the CAT. 
In this section, the In-Cylinder pressure, 
temperature, and emissions in all simulation 
cases are presented and analyzed. 

3.1. In-Cylinder fluid flow turbulence 

Basically, the mean turbulence kinetic energy 
(TKE) reflects the turbulence intensity of the 
fluid flow inside the engine cylinder. TKE is the 
average kinetic energy in one unit of mass 
associated with eddies in turbulent flows in fluid 
dynamics. Physically, TKE is characterized by 
the fluctuations of the measured root-mean-
square (RMS) velocities. 

According to the Reynolds and Navier–Stokes 
equations, the TKE can be calculated by 
turbulence models, which are built based on the 
closure method. In general, the TKE is defined as 
half the sum of the velocity component variances 
(square of standard deviations), as shown in 
equation (1) [32]: 

𝑘𝑘 = 1
2
�(𝑢𝑢′)2������� + (𝑣𝑣′)2������ + (𝜔𝜔′)2��������, [𝑚𝑚

2

𝑠𝑠2
] (1) 

In Equation (1), 𝑘𝑘 , 𝑢𝑢′, 𝑣𝑣′, and 𝜔𝜔′ denote the 
TKE and the turbulent part of the horizontal (x- 
and y-axis) and vertical (z-axis) velocities of 
turbulence flow respectively. TKE is 
proportional to the square of the turbulence 
velocity components. In another word, TKE 
intensity indicates the intensity of the turbulence 
of the fluid flow in the engine cylinder. Higher 
TKEs indicate higher turbulence intensities of 
fluid flows. 

The mean TKEs of the fluid flow in the engine 
cylinder for all simulation cases are shown in 
figure 5. The simulation results showed that the 
maximum TKE decreased as the CAT decreased. 

This implies that the turbulence velocity of the 
fluid flow in the engine cylinder would be 
decreased if we reduce the CAT.  

The reasons may be due to the reduction in the 
reaction rate when the air temperature is reduced. 
The forward reaction rate for reaction 𝑟𝑟, 𝑘𝑘𝑓𝑓, 𝑟𝑟 is 
computed using the Arrhenius expression (2): 

𝑘𝑘𝑓𝑓,𝑟𝑟 = 𝐴𝐴𝑟𝑟𝑇𝑇𝛽𝛽𝑟𝑟𝑒𝑒−𝐸𝐸𝑎𝑎 𝑅𝑅𝑅𝑅⁄  (2) 

Where 𝐴𝐴𝑟𝑟  is Arrhenius pre-exponential 
factor; 𝛽𝛽𝑟𝑟  is temperature exponent; 𝐸𝐸𝑎𝑎  is 
activation energy; 𝑅𝑅  is the universal gas 
constant; 𝑇𝑇  is the absolute temperature. 
According to equation (2), it is obvious that the 
reaction rate will be decreased if the temperature 
decreases. This results in a reduction in the 
maximum TKE as shown in figure 5. 

3.2. In-Cylinder pressure 

The simulated In-Cylinder pressure diagrams for 
all the simulation cases are shown in Figure 6. 
The simulation results showed that the In-
Cylinder pressure peak was increased as CAT 
decreased. This is because the ignition delay (ID) 
time was longer when the CAT was decreased 
(figure 8).  

As has been known, the diesel droplets need 
time to receive heat for heating and vaporization, 
the diesel will not ignite immediately but after a 
few moments, which is the ID time. During the 
ID time, the injected diesel droplets will mix with 
air in the cylinder, forming a pre-mixed (diesel–
air) mixture. The ID time will become longer if 
the CAT is lower.  

The longer the ID time, the more fuel 
accumulates in the engine cylinder. Additionally, 
a longer ID time will shift the starting of 
combustion (SOC) closer to the top dead center 
(TDC). More accumulated fuel ignites closer to 
the TDC resulting in an increase in the In-
Cylinder pressure peaks as shown in figure 6. 
This phenomenon was also reported in [30][31]. 



A numerical study on the effects of charge air temperature… 

15 

 
Figure 4. Comparisons of simulation and experimental results. 

 
Figure 5. Mean TKEs of the fluid flow inside the engine cylinder in all simulation cases. 

 
Figure 6. Mean In-Cylinder pressure diagrams in all simulation cases. 

 

Figure 7. HRR diagrams in all simulation cases. 
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Analyzing the heat release rate (HRR) of 
combustions reinforces the above statement. As 
can be seen in figure 7, it is obvious that the HRR 
increased as the CAT decreased. In addition, the 
ID time was longer when the CAT was reduced. 
As HHR strongly depends on the burnt fuel 
amount, more heat will be released if there is 
more fuel accumulated in the engine cylinder for 
combustions. A longer ID time due to a lower 
CAT causes more fuel to accumulate in the 
engine cylinder during the ID period. As a result, 
more fuel ignites resulting in an increase in the 
HRR. Finally, more heat releases closer to the 
TDC resulting in an increase in the In-Cylinder 
pressure peak as mentioned above. 

 
Figure 8. ID time according to CAT. 

3.3. In-Cylinder Temperature and NO 
Emission  

The In-Cylinder temperature diagrams of all 
simulation cases are shown in figure 9. The 
simulation results showed reduction tendencies 
in the In-Cylinder peak temperature when the 
CAT was decreased. The same tendency was also 
reported in [20][23][33][34]. Physically, the 
compression temperature at the end of the 

compression process is proportional to the charge 
air temperature (the temperature of the air at the 
start of compression). Therefore, the 
compression temperature was decreased as the 
CAT decreased. As a result, the peak temperature 
was reduced accordingly as shown in figure 9. 

Figure 10 shows the NO emissions generated 
in all the combustion gases. It is obvious that the 
NO emission was decreased as the CAT 
decreased. It is universally known that NO is the 
main component and usually occupies more than 
90% of NOx emissions generated from internal 
combustion engines. Two typical chemical 
mechanisms are involved in NO formation: the 
thermal mechanism (Zeldovich mechanism) and 
the prompt mechanism (Fenimore mechanism). 
Indirect fuel injection diesel engines, only the 
NO thermal mechanism must be considered. 
Therefore, the extended Zelodovich NO 
emission model was used to simulate the NO 
formation in this study. According to the thermal 
mechanism, NO formation is considerably 
influenced by the In-Cylinder peak temperature 
and oxygen (O2) concentration within the engine 
cylinder. NO formation occurs in regions in the 
cylinder where the local temperature is above 
1800 K, and the formation rate increases 
significantly with an increase in the In-Cylinder 
peak temperature [27][35]. As shown in figure 9, 
the In-Cylinder peak temperature was decreased 
as the CAT decreased from 360 K to 320 K, 
resulting in a decrease in the NO emission by 
33.85% as shown in figure 10. This is the main 
purpose of reducing the CAT. 

 
Figure 9. Mean In-Cylinder temperature according to CAT.
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Figure 10. Mean NO mass fractions  

according to CAT. 

3.4. Soot Formation 

Soot is the main component of PM emissions 
[36]–[39]. Under high temperature and 
equivalence ratios (fuel-rich conditions), which 
are typically found in diesel diffusion 
combustions, hydrocarbon fuels have a strong 
tendency to form carbonaceous particles, that is 
soot. Under normal running conditions of 
engines, most soot formed in the early 
combustion stages is burnt due to oxidation with 
O2 in oxygen-rich areas inside the combustion 
chamber in the later stage of combustions. In 
diesel engines, the completeness of the soot 
oxidation process and thus the final generated 
amount of soot actually determine their particle 
emission characteristics [30]. The local 
equivalence (fuel/air) ratio (C/O and C/H-ratio), 
pressure, temperature, and residence time play 
the most important role during the soot formation 
of engines [30]. Soot particles are formed very 
early in the diffusion combustion process 
because of the dissociation of fuels under high 
temperature and high equivalence ratio 
conditions.  

Chemically, under ideal conditions, the 
oxidation of hydrocarbon fuels and O2 forms 
CO2 and H2O. The amount of oxygen necessary 
for complete oxidations is called the 
stoichiometric O2 requirement O2, stoichiometric, and 

can be calculated based on the following reaction 
equation [30]: 

𝐶𝐶𝑛𝑛𝐻𝐻𝑚𝑚𝑂𝑂𝑘𝑘 + �𝑛𝑛 + 𝑚𝑚
4
− 𝑘𝑘

2
�𝑂𝑂2 → 𝑛𝑛𝐶𝐶𝐶𝐶2 + 𝑚𝑚

2
𝐻𝐻2𝑂𝑂 (3) 

Where 𝑘𝑘 , 𝑛𝑛 , and 𝑚𝑚  respectively are the 
number of oxygen (O), carbon (C), and hydrogen 
(H) atoms of the reacting fuel. 

The actual amount of O2 available for 
combustion is expressed by the excess air ratio 𝜆𝜆 
or by its inversion, the equivalence ratio 𝜙𝜙: 

𝜙𝜙 = 1
𝜆𝜆

= 𝑂𝑂2,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝑂𝑂2

 (4) 

Figure 11 shows the mean soot mass fraction 
in the engine cylinder according to the engine 
CADs in all combustion cases. The simulation 
results showed a reduction tendency in soot 
formation when the CAT decreased. The same 
tendency was also reported in [35][36]. As 
widely known, soot is mostly formed in the fuel-
rich regions of combustions and strongly 
depends on local equivalence ratio (or excess air 
ratio) and temperature. As CAT decreased, the 
air density increased accordingly, resulting in an 
increase in the fresh air amount supplied to the 
engine cylinder. A higher supplied air amount 
resulted in an increase in the excess air ratio, as 
shown in figure 12. A higher excess air ratio (or 
a lower equivalence ratio) in the 320 K case 
resulted in a reduction in the soot emission by 
63.92% compared with the case 360 K as shown 
in figure 11. 

 
Figure 11. Mean soot mass fractions 

 according to CAT. 
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Figure 12. Excess air ratios according to CAT. 

3.5.  CO and CO2 Emissions 

The CO and CO2 emissions generated inside the 
engine cylinder in all combustion cases are 
shown in figures 13 and 14, respectively. The 
simulation results showed a reduction tendency 
in both CO and CO2 emissions when the CAT 
decreased. Specifically, CO and CO2 emissions 
were reduced by 44.66 and 3.22%, respectively, 
when the CAT reduced from 360 K to 320 K. As 
has been well known, CO is a product of 
incomplete combustions while CO2 is a product 
of complete combustions of hydrocarbon fuels. 
First, hydrocarbon fuels are oxidized to CO due 
to the oxidation process with O2, and then, CO is 
oxidized to form CO2 sequentially if the 
temperature inside the cylinder is high enough 
and there is still enough O2 for oxidation. 
Therefore, the CO2 formation strongly depends 
on the temperature and the O2 concentration 
inside the engine cylinder. Meanwhile, CO 
formation strongly depends on the combustion 
quality. As shown in figure 12, the excess air 
ratios in all CAT cases are more than unity, 
meaning that there is always enough O2 for 
reactive species oxidation during the combustion 
process. However, as the CAT decreased, the 
mean cylinder temperature decreased (figure 9). 
This is not favorable for the oxidation of CO to 
CO2, causing the amount of CO2 produced to be 
reduced as shown in figure 14.  

Regarding the reduction of CO emission when 
the CAT decreased, as can be clearly seen in 

figure 15a, the indicated efficiency of the 
combustion increased as the CAT decreased. 
Meaning that the combustion quality was 
increased when the CAT decreased leading to a 
reduction in CO formation as shown in figure 13. 
In conclusion, as CAT decreased, CO formation 
was decreased due to higher combustion quality 
combined with lower In-Cylinder mean 
temperature inhibiting CO oxidation resulted in a 
reduction in CO2 emission. This tendency was 
confirmed by studies in [40][41]. 

 
Figure 13. Mean CO mass fractions 

 according to CAT. 

3.6.  Effects of the CAT on engine output 

Effects of the CAT on indicated efficiency, 
BMEP, and BSFOC are shown in figures 15a, b, 
and c, respectively. As can be seen in figure 15a, 
the indicated efficiency was increased as the 
CAT decreased, resulting in an increase in the 
BMEP (figure 15b) and a decrease in the BSFOC 
(figure 15c). Specifically, the indicated 
efficiency was increased by 8.57% resulting in an 
increase in BMEP by 10.74% and a decrease in 
BSFOC by 9.68%, respectively, when the CAT 
decreased from 360 K to 320 K. The increase in 
the indicated efficiency could be explained as the 
better fuel atomization when the fuel was 
injected into a denser air environment in cases of 
lower temperatures of the charge air. The 
increase in BMEP and decrease in BSFOC are 
results of the increase in indicated efficiency. 

These findings indicate many advantages of 
the CAT cooling method. It is not only reductions 
in soot, NO, CO, CO2 emissions, and BSFOC but 
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also increases in indicated efficiency and BMEP. 
Even more amazing is these benefits can be 
achieved without fuel treatment or modifications 

in the engine, and the method can be easily 
applied to existing engines.

 
Figure 14. Mean CO2 mass fractions according to CAT. 

 
Figure 15. Indicated efficiency (a), BMEP (b), and BSFOC (c) of the engine according to CAT. 

4. Conclusions 

In this study, we numerically investigated the 
combustion process and emission characteristics 
inside the cylinder of a four-stroke marine 
generator diesel engine at full load operating with 
various CATs. 

The major results are summarized below. 
When the CAT reduced from 360 K to 320 K: 

• The maximum TKE decreased, implying 
that the turbulence velocity of the fluid flow in 
the engine cylinder would be decreased as the 
CAT decreased; 

• The In-Cylinder pressure peak was 
increased resulting in an increase of BMEP by 
10.74%; 

• The In-Cylinder peak temperature was 
decreased, resulting in a reduction in NO 
emission by 33.85%; 

• Soot, CO, and CO2 emissions were also 
reduced by 63.92, 44.66, and 3.22%, 
respectively; 

• The BSFOC was reduced by 9.68% due to 
an increase in the indicated efficiency.  

This study successfully analyzed the benefits 
of the CAT cooling method and would be a 
useful material for operating existing engines in 
cases of trying to reduce exhaust gas emissions 
without any fuel treatment, modifications in the 
engine, or use any additional emission post-
treatment device.  

It only dealt with one of the two important 
state parameters of the charge air, the 
temperature, without analyzing the influence of 
the charge air pressure on the combustion and 
exhaust gas emission characteristics of the 
engine. So this will be the direction of future 
work based on this research. 
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