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Abstract

In a diesel engine, soot was produced due to incomplete fuel combustion in a combustion chamber. Some of this
soot sticks to the cylinder wall and interferes with lubricant oil. This soot causes the lubricant oil to contaminate and
this increases its viscosity. Contamination of lubricant oil is one of the major causes of engine wear. Therefore, the
focus of this study is on soot movement in diesel engine that is the initial step to avoid contamination of lubricant
oil. This work uses the data of the formation of soot particles from Kiva-3v obtained from previous investigation
and then simulated it by a Matlab routine. Kiva-3v produced velocity vectors of the soot, fuel, temperature, pressure
and others. Matlab routine uses trilinear interpolation and fourth order Runge Kutta method in order to calculate soot
movement in a combustion chamber. In addition, the influence of drag force is considered in the calculation to
achieve a higher accuracy. The objective of this study is to compare soot particle movement between 8° ATDC and
18° ATDC. Results show that 8 ATDC has a high risk to contaminate lubrication oil in certain location compare to
18° ATDC.
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Nomenclature

Fy drag force

p density of fluid

v velocity of the object relative to the fluid
A cross sectional area

Cy drag coefficient

rho radial direction of x axis

0 angular

z axial direction of z axis
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Introduction

For some years, an outbreak of activities related to the fossil fuel is significant in some sectors especially
transportation. However, fossil fuel is very limited on the earth and it is beginning to diminish. As a result, it may
not be possible to provide the amount of energy demanded by the world in the future. Nevertheless, world fossil fuel
consumption has been increasing due to the world energy demand. Diesel engine is one example of using fossil fuel
(diesel) to run its operation. It has been extensively and widely used as an alternative power source due to some
characteristics such as energy efficiency, durability, packaging efficiency and fuel safety [1]. In fact, diesel engine is
an internal combustion engine which uses the heat of compression to initiate ignition to burn the fuel that has been
injected into the combustion chamber. Despite these advantages, the diesel engine produces a lot of gas emissions
such as soot, nitrogen oxides (NOXx), sulfur oxides (SOx) and noise emissions [2]. Soot which causes contamination
of lubrication oil is one of the major influences of increased in engine wears [3]. The wear mechanism due to the
soot is still not fully understood. Hence a fundamental study in this area is needed.

Generally, internal combustion of engine produces soot due to incomplete fuel combustion. The methods used to
injected and ignited fuel are among the causes of soot formation. In diesel engines, fuel is injected during the
compression stroke and ignited spontaneously from the compression pressure [4]. Bonatesta et al. [5] investigated
on soot distribution in a diesel engine by using CFD software, Kiva-3v. Kiva-3v is a reliable software to simulate
the soot formation in a diesel engine combustion chamber [5]. The software implements a two stage of Hiroyasu
soot model in the simulation. The two stage soot models are for soot formation and soot oxidation [6]. Soot particle
size prediction along its path by using combination of Hiroyasu’s soot formation and Nagle and Strickland-
Constable soot oxidation rate expression as discussed in [7]. However this study, did not take wall deposition
mechanisms such as electrophoresis, inertial deposition, gravitational sedimentation and thermophoresis into
consideration. According to [8], in order to identify and understand soot formation, wall deposition mechanisms are
important to be explored. The studies by Hong et al. [9] carried out a model for soot formation process in diesel
engine but the result of the model was different from the experimental result. Besides that Christopher et al. [10]
also carried out a simplified model for soot formation by using CFD simulation. Mancaruso et al [11] carried out an
experimental method to analyze combustion process in transparent engine. By this method, soot concentration can
be investigated and identified clearly. The objective of this study is to analyze soot movement at 8° ATDC and 18°
ATDC in a cylinder of a diesel engine and to predict the possibility of soot particles to stick to the wall of the
cylinders.

Kiva-3v, and Engine specification

Kiva-3v was used in previous investigation to obtain data of in-cylinder soot formation. The data obtained from
the Kiva-3v simulation included velocity vectors of the soot, fuel, temperature and pressure [7]. It employed a two
step model: Hiroyasu’s soot formation [12] and Nagle and Strickland-Constable soot oxidation [13] rate
expressions. The engine has a bowl-in-piston and flat cylinder head face configuration, with a seven-hole injector
installed vertically and centrally.

The simulations were carried out for the combustion system of a 4 valve DI diesel engine from inlet valve closing
(IVC) to exhaust valve opening (EVO). The specifications of the engine are bore x stroke: 86.0 x 86.0 mm, squish
height: 1.3 mm, compression ratio: 18.2:1 and displacement: 500 cm3, speed: 2500rpm. The details of the
specification of engine and mesh specification are shown in Tables 1 and 2 [7].
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Table 1 Specifications of the Engine

Parameters Specifications
Engine Type 4 valve DI diesel
Bore x Stroke 86.0 x 86.0 mm
Squish height 1.297140330 mm
Compression Ratio 18.2:1
Displacement 500 cm®

Piston Geometry Bowl-in-piston

Table 2 Specifications of the mesh configuration

Parameters Mesh configuration

Total number of cells 201,900

Number Azirputhal 150 . .

of cells Ragllal 37 (20 in bowl reg¥on)
Axial 39 (15 in bowl region)
Azimuthal ( ©) 2.4°

Resolution Radial (mm) 0.83-1.15
Axial (mm) 0.99 —3.63

Fig. 1 shows the top and side view of the mesh configuration of the piston. The data from experimental result by
[7] was used for the simulation and model validation.

Top view Side view

Fig. 1. Mesh configuration of piston bowl-in.
Soot Particle Tracking

By using MATLAB, the data for soot concentration that was used by [7] was employed to investigate the soot
movement in the combustion chamber. The mathematical algorithm used in the MATLAB routine are trilinear
interpolation and fourtth order Runge-Kutta. In this study, the drag force equation is included in the simulation to
determine soot movement. The drag force equation is:

Fq =3 pv2CsA (1)
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To analyze the movement of the soot particles, it is necessary to identify the initial position of the soot particle.
This can be found based on the zone of soot distribution with certain crank angle ATDC [6]. After selecting the
crank angle and zone, the starting coordinate in radial (rho), angular (0) and axial direction (z) were also decided.
Soot particle movement paths have been studied by considering reasonable crank angle. In this paper the reasonable
crank angles investigated are at 8° ATDC and 18° ATDC. The 8° ATDC is the intermediate of fuel injection which
contains soot particle moves towards the bowl wall. While 18° ATDC is the point where fuel injection is already
completed in the combustion chamber and soot formation process is dominating. Comparisons of the soot particle
based on these angles were carried out from the results of the simulation.

Results and Discussion

8° ATDC 18° ATDC
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Fig. 2. Radial sensitivity: tho= 1.5 cm-2.2 cm, 6 =25° and z=8.8 cm.

The data collected from this study were based on two crank angles: 8° ATDC and 18° ATDC. By considering rho
sensitivity, where rho=1.5cm-2.2cm, 0 =25° and z=8.8cm, both of the results were obtained as shown in Fig 2. The
results of the 8° ATDC showed that when rho is 1.5cm, soot particle movement went closer to the cylinder wall.
Soot particle that are closer and stick to the cylinder wall has a high potential to contaminate lubrication oil. Other
soot particle movements do not have the tendency to get closer to the cylinder wall. Result by 18° ATDC also
demonstrates a lower tendency for soot particle movement as 8° ATDC.

8° ATDC 18° ATDC
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Fig. 3. Angular sensitivity: rho= 1.8 cm, 6 =15°- 45° and z=8.8 cm.
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By considering angular sensitivity, the results of the 8 ATDC and 18° ATDC combustion setting showed that
their soot particle movements were totally different as illustrated in Fig 3. Soot particles formed during the 8°
ATDC have a high possibility to go near the cylinder wall. The result based on 18° ATDC shows that soot particle
moves to middle area of the cylinder wall. This can avoid the soot particle from mixing with the lubrication oil.
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Fig. 4. Radial sensitivity: tho= 1.8 cm, 6 =25° and z=8.5-9.1 cm.

Analysis of the soot particle movement by considering the sensitivity of radial were also carried out as shown in
Fig 4. The result showed is almost similar to Fig 3. Almost all of the soot particles move downwards in a counter
clockwise motion. Besides, the result indicated that soot particles have a higher risk to approach the wall for the 8°
ATDC setting compared to 18° ATDC.

Conclusion

The study shows that at 8° ATDC combustion configuration has a high potential to contaminate lubrication oil in
certain locations. Nevertheless further investigation in term of wall deposition mechanism and soot particle size is
needed. In addition the overall result shows that during 18° ATDC, soot particle does not moves closer to the
cylinder wall, hence it will not affect and contaminate the lubrication oil. As a result, this potentially increases the
performance and efficiency of diesel engine.
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