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ABSTRACT 

 

Soot particles, carbon monoxide, oxides of nitrogen, oxides of sulphur, and hydrocarbon 

are the emissions produced from diesel engine combustion. Those emissions species are 

undesirable since they give detrimental impacts to the atmosphere and human well-being. 

Several numerical investigations conducted by various researchers provide different soot 

mass concentration values. As an alternative, this study was carried out to investigate the 

soot mass level produced by a single cylinder diesel engine, using a commercial 

multidimensional computational fluid dynamic software. The result obtained from 

simulation effort was then validated by experimental testing during the same engine 

condition (engine speed of 1600 rpm at 40% load). Soot mass predicted by simulation 

gives a value of 3.43 × 10-8 kg at end of simulation, while measured soot mass via 

experimental testing gives a value of 1.52 × 10-8 kg. Both results differ by 56% thus 

indicating that the simple soot model applied was not sufficient to represent the actual 

soot mass emitted through exhaust manifold. This leads to the conclusion that more 

detailed soot model is needed to make the simulation results more meaningful and 

comparable to the experimental testing.  
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INTRODUCTION 

 

Global increase in the total number of on-road vehicles triggers the growing problem of 

air pollution due to exhaust emissions. Although the efforts in reducing and controlling 

the vehicle emissions are continuously undertaken all around the globe, it seems to be 

insufficient at this moment. More significant investigations and testing need to be carried 

out to ease the problem. Besides carbon monoxide (CO), oxides of nitrogen (NOx), oxides 

of sulphur (SOx), and hydrocarbon (HC), soot is another emission produced from diesel 

engine combustion [1-3]. As a major part of particulate matters (PM), it is undesirable as 

it gives bad impact to the atmosphere and human well-being. Soot and other exhaust 

emissions were proven to cause global warming, acid rain, smog, odours, respiratory and 

other health hazards [4-6]. Various researchers successfully demonstrated the poisonous 

effect of soot that affected human health [7-10] and its effect of decreasing the overall 

engine performances [11-14]. The pioneer countries in enforcing the emission control 

such US, Europe, Japan and China have become an example for other developing 

countries to do the same. European countries, for example, have taken appropriate actions 

to stringent the emission regulation for their government as summarised in Table 1 
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(example given is for light duty diesel powered vehicle or passenger car, GVW ≤ 

2500 kg).  

 

Table 1. Emission Standards implemented by European countries [15, 16]. 

 

Standard Date Implemented Particulate Mass  

(g/km) 

Particulate Number  

(#/km) 

Euro 1 July 1992 0.14 - 

Euro 2 January 1996 0.08 - 

Euro 3 January 2000 0.05 - 

Euro 4 January 2005 0.025 - 

Euro 5a September 2009 0.005 - 

Euro 5b September 2011 0.005 6 × 1011 

Euro 6 September 2014 0.005 6 × 1011 

 

Since decades ago, numerous techniques were introduced by researchers, 

manufacturers and government agencies with the aim to eliminate the emissions effects 

by improving the engine technologies, exhaust after-treatment devices and renewable 

energy enhancement [17-23]. Details physical and chemical characteristics of soot and 

other emissions from their multiple sources – in-cylinder, in exhaust and in-oil, are still 

actively debated and continuously investigated either experimentally or computationally 

[24, 25]. Although computational analyses require further validation process, its 

undisputable advantages in terms of time and cost saving should not be neglected. 

Furthermore, modern computer programs nowadays have been developed with high 

environment. Examples given here are the researchers who investigated the emissions 

characteristics but with various engine parameters using different computer software such 

as KIVA [26-32], Star-CD [33-35], open foam CFD [36, 37], AVL FIRE [38, 39], 

Converge CFD [40, 41] and also ANSYS Fluent [42-45]. Although there are many 

investigations conducted through several simulation software, the results reporting on 

soot mass concentration are varied. Therefore, as an alternative, this study is carried out 

using a commercial Computational Fluid Dynamic (CFD) software, CONVERGE CFD. 

This software is relatively recent, and its capability has not been fully explored. The 

objective of this study is to investigate the in-cylinder soot mass concentration via its 

formation and oxidation process, within pre-set engine conditions using a specific soot 

model. 

 

METHODS AND MATERIALS 

 

Pre-Processing Setup 

In this paper, the combustion process of a single-cylinder diesel engine was simulated 

using multidimensional CFD software, CONVERGE CFD. This software was developed 

by Convergent Science Inc, initiated by engine simulation experts, which purposely can 

be used for both engine and non-engine simulations. The simulation is based on the in-

house direct injection diesel engine, Yanmar TF90M. This horizontal, single cylinder, 4 

cycles, water-cooled diesel engine is mainly used for agricultural purposes. The engine 

has a bowl-in-piston and the schematic diagram for crown piston configuration is shown 

in Figure 1. The simulation was carried out for the close-cycle combustion environment 

from inlet valve closing (IVC) at -168° Crank Angle (CA) After Top Dead Centre 

(ATDC) to exhaust valve opening (EVO) at 138° CA ATDC. The detailed specification 
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of the engine, operating conditions, and initial conditions used in the software is shown 

in Tables 2-4. 

 

Table 2. Diesel engine specification. 

 

Parameters Specifications 

Engine type Water-cooled 4 cycle 

Engine capacity (cc) 493 

Number of cylinder 1 

Bore × Stroke 85 × 87 mm 

Injection system Direct injection 

Injection nozzle (n × Ø d) 4 × Ø 0.22 mm 

Compression ratio 18.0:1 

 

Table 3. Engine operating condition. 

 

Parameters Specifications 

Engine speed 1600 rpm (max. torque) 

Initial Swirl ratio 1.8 

Start of Injection (SOI) -18° ATDC 

Injection period 10° 

Injection pressure 196 bar 

Injection quantity 19 mg 

 

Table 4. Engine initial conditions. 

 

Parameters Specifications 

In-cylinder temperature 315 K 

In-cylinder pressure 105 KPa 

Piston head temperature 363 K 

Cylinder liner temperature 319 K 

Piston temperature 403 K 

 

Model of the combustion chamber was firstly generated using computer aided 

design (CAD) software, Siemens Unigraphic NX 10.0 before it was exported to the pre-

processing software, CONVERGE CFD for the geometry checking and clean-up [46]. 

Figure 2 shows the model of combustion chamber created by Unigraphic NX 10.0 and 

then cleaned-up by CONVERGE CFD. 

 

 
Figure 1. Piston bowl diagram. 
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Figure 2: Model of the combustion chamber created by Unigraphic NX 10.0 (above) 

and cleaned-up by CONVERGE CFD (below). 

 

Mathematical Modelling 

Using relatively simple soot model as a solver, net soot mass was simulated during the 

combustion process. Soot formation processes were solved by Hiroyasu soot formation 

[47], coupled with the Nagle and Strickland-Constable (NSC) [48] soot oxidation 

expressions. Soot formation equation can be written as [49]; 

 

)/(5.0 isf RTE

ifvi

sfi
ePNM

dt

dM 
       (1) 

 

where Msfi is the soot formation concentration, dt is the time step interval, N is soot 

particle formation multiplication factor, Mfvi is the fuel vapour concentration (considered 

as source of soot formation), P is the pressure, Esf is the activation energy for soot 

formation (12,500 cal/mole), R is the gas constant (1.987), and T is the in-cylinder 

temperature. The current time step is represented by I, while soot oxidation process 

equation can be written as follows [44]; 
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NSC 














     (2) 

 

where x is the surface fraction covered by more reactive side on the carbon surface 

(namely as A) and 1-x is the fraction covered by less reactive side (namely as B).  

The two-step model of soot calculation is considered sufficient for this 

investigation. Considering n-heptane (C7H16) as fuel, the reaction mechanism which 

contains 4 elements and 42 species is applied in this study to model diesel combustion 

chemistry. In addition to the soot model, other dedicated sub-models are used to solve 
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each sub-process, including spray breakup, turbulence, and combustion. These sub-

models are listed in Table 5. 

 

Table 5. The computational sub-models applied. 

 

Phenomenon  Model  

Soot formation Hiroyasu-NSC [47, 48] 

NOx formation Extended Zeldovich [50] 

Spray breakup KH-RT model [51, 52] 

Drop drag Dynamic model [53] 

Collision and coalescence NTC model [54] 

Spray-wall interaction Rebound/slide model [55, 56] 

Vaporization  Multi component fuel 

Turbulence  RNG k-Ɛ model [57] 

Combustion  SAGE [58] 

 

All these mathematical models are executed by solver and the results can be 

visualised using post-processing software, EnSight 10.1. This particular post-processor is 

primarily designed to animate or visualise the complex datasets obtained from 

computational analyses [59]. In this case, all the calculated results regarding soot mass as 

well as other gas emissions are well executed and presented in the next section. 

 

 
Figure 3. Total cells used in the simulation. 

 

Mesh Setup 

In this study, the overall mesh resolution of 1.0 mm was found to sufficiently produce 

grid independent results, as the comparison of different mesh sizes is clearly discussed in 

[60]. Meanwhile, injector region which is considered as the most important segment was 

set to 0.375 mm of mesh size. The meshing size for injector region will only be activated 

from -18° CA onwards. This extra feature of the software so-called Adaptive Mesh 

Refinement (AMR) reduces the computational time significantly as it allows users to 

customise their mesh setup according to certain spatial and temporal conditions. Figure 3 

shows the number of total cells of 624,556 during the start of the simulation and it keeps 

decreasing to the lowest number of 63,726 due to compression stroke of the engine. The 
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number of cells suddenly increases when AMR feature is activated and it keeps increasing 

until reaching its end value of 576,858 during the expansion stroke of the engine. This 

total cell number used indicates its effect during the critical simulation time (the start of 

ignition and through combustion process). As the smaller cell size used will increase the 

total cell number, hence more accurate calculation is expected. 

 

Experimental Validation 

As to validate the net soot mass obtained from computational analysis, an experimental 

testing was conducted during the same engine condition (engine speed of 1600 rpm at 

40% load). A combustion analyser, DEWE-5000, was facilitated to measure the in-

cylinder pressure of the engine. Meanwhile for soot mass calculation, smoke opacity was 

measured during the engine running by Bosch analyser, BEA 350. The conversion of 

opacity measured to soot mass concentration using Alkidas equation [61] is as below; 

 

𝐵𝑛 = 𝑁 × 10                             (3) 

 

𝐶 = 581.4 [𝑙𝑛 (
10

10−𝐵𝑛
)]

1.413

                                  (4) 

 

where Bn is Bosch number (in range 1 to 10), N is opacity in %, and C is soot mass 

concentration in mg/m3. This soot mass concentration is then multiplied by the in-cylinder 

volume during EVO (0.000478 m3) to acquire soot mass at that time. Finally, the soot 

mass measured by the equation is compared with soot mass concentration obtained by 

simulation. The experimental result obtained at exhaust manifold is assumed to be 

representable to the simulation result at EVO. 

 

RESULTS AND DISCUSSION 

 

In-cylinder Pressure Effects 

In-cylinder pressure is the greatest factor affecting any parameters on the sooting process 

by increasing all of the reaction rates involved in soot formation and oxidation. As 

pressure is increased, the rate of oxidation increases more rapidly than the rate of 

formation [62]. In order to discuss the effect of the pressure to the soot mass concentration 

in the next sub-section, the changes of this variable both from simulation and 

experimental setup are plotted and shown in Figure 4. Calculated pressure by simulation 

shows very well agreed with the experimental result, which leads to the assumption that 

net soot mass predicted by computational analysis are considerably similar to the actual 

result by experimental testing. Therefore, the changes of pressure values directly affect 

all of the reaction rates involved in soot formation and oxidation process as explained in 

the subsequent sub-section. 

 

Soot Mass Concentration 

Based on Hiroyasu soot model, net soot mass, ms is calculated by competition between 

soot mass formation rate and the soot mass oxidation rate, as follows [63];  

 

oxidation

s

formation

ss

dt

dm

dt

dm

dt

dm

















      (5) 
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Results from this mathematical model are clearly demonstrated in Figure 5. Soot 

formation begins concurrently with soot oxidation process just right after SOI takes place 

at -18° ATDC. Both processes keep increasing with different process rates. Based on Eq. 

(3), net soot mass can be calculated and plotted. At the first stage, soot formation rate is 

higher than oxidation rate, thus resulting the net soot mass to keep increasing until its 

maximum value of 1.21 × 10-7 kg during 26.8° CA. Then, soot formation rate starts to 

stabilise while oxidation rate is still in the increasing trend, thus making the net soot mass 

start to decrease until its final value of 3.43 × 10-8 kg at the end of the simulation (EVO). 

This end value of the net soot mass is very important since it is considered to be the mass 

that emitted to the atmosphere through exhaust pipe.  

 
 

Figure 4. In-cylinder pressure comparison between experimental and computational 

result. 

 

 
 

Figure 5. Soot mass calculation based on Hiroyasu soot model and comparison to the 

experimental soot mass. 
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This value is then compared to the experimental result which is calculated by 

substituting the opacity conversion number into Alkidas equation. In this case, opacity 

measured was 12%, thus providing net soot mass concentration, C = 31.78 mg/ m3. Hence, 

the value of net soot mass at EVO with the volume, v = 0.000478 m3 will be, m = 1.52 × 

10-8 kg. This measured value is different to the predicted value from simulation by 56% 

error. The large variation of this end value is primarily due to simple soot model applied, 

which does not take into account other important soot sub-process (nucleation, 

condensation and coagulation) [60, 64]. Although the simulation results obtained here do 

not sufficiently represent the experimental result, it is still within the soot mass range as 

reported by Symonds et. al (2007) [65]. 

 

  

 

 
 

 

 

 

 

 

Figure 6. Soot mass concentration in combustion chamber along the simulation time. 

 

Figure 6 shows the visualisation of net soot mass concentration on a cross-

sectional plane view of the combustion chamber, which was post-processed. Plotting from 

0° CA to EVO, with every 40° CA of time interval, it is well comparable to the net soot 

mass in Fig. 5 during the combustion process. This qualitative result can provide an 

additional perspective on how the soot mass is distributed and concentrated inside 

combustion chamber. As depicted in the figure, heavier soot mass value is more 

concentrated at the centre and bottom part of the cylinder (i.e. squish/bowl region) instead 

of the upper side of the cylinder. As oxidation rate starts to increase higher than formation 

rate towards the end of simulation, almost all the lower soot mass values occupy’ the 

upper side and near the cylinder wall. These lighter soot particles are assumed to be 

emitted during exhaust stroke while a part of it will remain and be deposited onto the 

cylinder wall. 
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CONCLUSIONS 

 

In this study, investigation for in-cylinder soot mass concentration was carried out to 

simulate the soot mass concentration within the pre-set engine condition. Net soot mass 

reached its final value of 3.43 × 10-8 kg at the end of the simulation (EVO), which 

indicates that this is the value of soot mass that emitted to the atmosphere during exhaust 

stroke of the engine. Meanwhile, soot mass value through experimental testing was 1.52 

× 10-8 kg. This makes the predicted value from simulation of 56% error, due to disregard 

of the other important soot sub-process (nucleation, condensation, and coagulation). The 

qualitative results through post-processing method also give an additional viewpoint on 

how the soot mass is distributed and concentrated inside the combustion chamber. It was 

depicted that lighter soot mass particles are assumed to be emitted during exhaust stroke 

while heavier soot mass particles will remain and be deposited onto the cylinder wall. 

The present study contributes to the exhaust soot mass concentration in limited 

close-cycle investigation. Since Hiroyasu-NSC soot model is considered as a simple soot 

model and it only resolves the two-step equation from overall soot formation process, it 

is necessary to perform the analysis with a more complex mathematical model that will 

consider multi-steps equation. This advance soot model can resolve total soot mass, soot 

size distribution, soot volume fraction, and soot number density. This is to ensure that the 

results obtained are more comparable to the actual testing, thus providing more 

meaningful contribution to the exhaust emission regulation. In addition to the study of 

soot particle in a diesel engine, similar procedure is projected to investigate the soot 

problem in biodiesel or any other alternative fuels.  
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