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Abstract 

Diesel engine pollutant emissions legislation is becoming more and 

more stringent. New driving cycles, including increasingly severe 

transient engine operating conditions and low ambient-temperature 

conditions, extend considerably the engine operating domain to be 

optimized to attain the expected engine performance. Technological 

innovations, such as high pressure injection systems, Exhaust Gas 

Recirculation (EGR) loops and intake pressure boosting systems 

allow significant improvement of engine performance. Nevertheless, 

because of the high number of calibration parameters, combustion 

optimization becomes expensive in terms of resources. System 

simulation is a promising tool to perform virtual experiments and 

consequently to reduce costs, however models must account for 

relevant in-cylinder physics to be sensitive to the impact of 

technology on combustion and pollutant formation. In particular, soot 

is one of the major pollutants of Diesel engines and its kinetic is 

highly dependent on local mixture properties into the cylinder. This is 

a challenge for 0-Dimensional (0D) combustion approaches, as it 

implies 3-Dimensional (3D) phenomena. In this work, to tackle this 

aspect, the 0D Dual Flame Model (DFM) combustion model was 

enriched with quasi dimensional features based on the conceptual 

spray combustion model proposed by Sandia National Laboratories 

(SNL). This allows to identify local key phenomena depending on 

mixture thermochemical properties driving soot kinetics. The model 

was tested on a comprehensive experimental database generated at 

IFP Energies nouvelles (IFPEN), to investigate the capability of the 

new approach to predict the impact of engine operating conditions, 

injection strategy and dilution rate on soot emissions. The quality of 

the results and the reduced computational time make this approach 

suitable for engine design and control activities. 

Introduction 

Severer constraints on pollutant emissions and fuel consumption led 

Compression Ignition (CI) Diesel engine manufacturers to develop 

new technologies making more complex the controllability of the 

overall system. During the calibration phase of the engine, 

manufacturers have to account for a large number of parameters to 

reach their targets: injection patterns and phasing, turbocharging 

behavior, EGR strategies, cooling system control, energy recovery 

management, etc. Furthermore, due to the increasing synergy 

between engine combustion chamber and exhaust after-treatment 

technologies, it is essential to consider global optimization 

approaches to obtain optimum conditions for meeting high 

conversion efficiencies in after-treatment systems. Soot is one of the 

major pollutant species produced by the combustion process of 

Internal Combustion Engines (ICE), and in particular it concerns 

Diesel engine architectures. Because of the danger it represents for 

human health, soot emission legislations are becoming increasingly 

severe. Moreover, soot is also responsible for thermal losses due to 

radiative heat exchange with the combustion chamber walls, which 

impacts the thermodynamic efficiency of the engine cycle and, 

consequently, the engine fuel consumption [1,2,3,4]. To face these 

challenges, the scientific community and car manufacturers focused 

their research activities on the understanding of the physical 

processes holding the soot formation process into the combustion 

chamber. The present understanding is supported by experimental 

results [5,6] and detailed Computational Fluid Dynamics (CFD) 

computations [7,8]. Literature studies agree on the complexity of soot 

formation process and kinetics, especially in Diesel engines, where 

they take place in a stratified mixture, in terms of temperature and 

composition, at high-temperature and high-pressure conditions; 

furthermore, these processes involve thousands of chemical species at 

different phase states. Despite the potential of the experimental and 

numerical approaches, limits are reached in both of them, mainly due 

to resources limitations. Regarding experiments, full metal engine 

test bench facilities allow to obtain steady-state engine-operating-

condition soot-emissions as a function of the engine calibration; 

nevertheless, such a tests do not give access to the visualization of the 

physics taking place into the reactive mixture originating soot. The 

visualization of the physics requires optical access facilities which, in 

turn, often operate far from the real-engine in-cylinder conditions. 

However, both of those approaches are not suitable for engine 

calibration purposes, due to the large number of engine parameters to 

be optimized. CFD is a complementary tool to experiments, as it 

gives a deeper insight of the complex physical processes occurring in 

the combustion chamber. Nevertheless, to model accurately soot 

kinetics, two major physical aspects still limit an intensive use of 

these techniques: 

 gaseous phase chemistry must account for hundreds of species 

and thousands of reactions to be able to predict soot precursors 

formation, 

 multi-phase mechanisms, responsible for the evolution of soot 

particles during the combustion process, such as nucleation, 

coalescence, coagulation or surface growing must be correctly 

described; this requires to have access to detailed information 

about the mass and the size of soot particles in the reactive 

mixture. 

Both these aspects highlight the need for important and costly 

computational resources. For this reason, to fill the gap between 

experiments and 3D CFD computations, 0D and Quasi-Dimensional 

(QD) combustion models are very promising tools [9,10,11,12,13]. 

They proved to be of fundamental importance by providing 

additional information to the raw experimental results, acquired at the 

test bench facilities, and allowing more consistent physical 

interpretations of cause and effect relationships between the main 
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engine calibration parameters and combustion and pollutant 

formation processes. Today, these techniques are complementary and 

allow to improve the understanding of soot formation. Recent 

experiments performed at SNL [14,15] and at IFPEN [16] aimed to 

improve the phenomenological Diesel spray model based on the 

conceptual model of Direct Injection (DI) Diesel combustion 

proposed in [17,18]. By mean of optical techniques such as Laser 

Induced Incandescence (LII) and Laser Extinction Method (LEM), it 

was possible to identify a correlation relying local spray features to 

soot formation/oxidation activities. The good correlation and 

consistency shown by those findings opened new perspectives for 

developing and integrating soot kinetics approaches into QD 

phenomenological combustion models. In [11] it was shown the 

potential of having a phenomenological description of the spray to 

allow a pertinent modeling of soot kinetics. However, the proposed 

approach was not integrated into a fully 0D physical combustion 

model, limiting the available information about combustion feeding 

the soot model. Furthermore, the work focused on a limited number 

of engine operating conditions, adopting single injection and no EGR 

strategies. Since then, new experiences were performed and the SNL 

phenomenological model of Diesel spray was improved [14,18,19]. 

In the present work, a detailed phenomenological spray model for 

modern Diesel engines, as proposed in [13,20], was integrated into 

the DFM combustion model developed at IFPEN [21]. The 

implemented approach was thought to integrate as much as possible 

the specificities of the physics holding soot kinetics: this includes fuel 

properties and detailed thermochemical properties of the reactive 

mixture, but also the phenomenology related to sprays evolutions and 

combustion, and injection-to-injection interactions. These features 

make it relevant for modern Diesel engine architectures applications, 

which, in order to deliver the best engine performance, require the 

integration of EGR loops and high pressure DI systems able to 

perform shaped and multiple injection strategies. At this development 

stage, the goal of the model is to determine qualitative soot emission 

trends as a function of engine calibration variations, in a reasonable 

computational time. This performance makes the model suitable for 

engine design and engine control development activities. 

Modeling approach 

The developed soot model was integrated into the DFM combustion 

model [21]: a physical 0D combustion model for Diesel applications, 

developed and continuously improved at IFPEN. The DFM 

formalism allows to represent with good accuracy the in-cylinder 

combustion process scenario, by accounting for the first order 

relevant physics impacting fuel oxidation. Such an approach presents 

several advantages: first, it allows to account for the impact of engine 

actuators on combustion (e.g. injection systems performing complex 

injection strategies, low pressure and high pressure EGR loops,…) 

and then to describe the pollutant emissions formation processes, like 

CO and NOx, whose chemical kinetics depends strongly on the in-

cylinder thermochemical conditions. According to [15], to get access 

to the thermochemical mixture properties holding the soot kinetics, a 

spray-model for modern Diesel engines based on the approach 

proposed in [13,20,22] was integrated into the DFM model to enrich 

the combustion scenario description given by the model. This spray 

model showed its potential for simulations of Diesel sprays, for 

single injection but also multiple injection strategies, for which 

injection-to-injection interactions cannot be neglected. The soot 

kinetics approach, integrated into the proposed spray model to 

describe soot production/destruction source terms, was inspired by 

the one proposed in [11], but modified to account for soot efficiency 

production and to make it suitable to describe combustion processes 

associated to multiple injection patterns. The different key aspects of 

the developed approach are detailed below. 

Combustion model 

The DFM follows from several years of research in Diesel 

combustion 0D modeling [12,21,23]. For each separate injection 

during an engine cycle, the DFM model considers a mixture cloud 

whose Auto-Ignition (AI) delay is computed. Both types of 

combustion encountered in CI engines, for all injections occurring 

during an engine cycle, are considered: a premixed-combustion 

process followed by a mixing-controlled combustion process. The 

model considers separate zones for burned and fresh gases. Each 

zone has its own thermodynamic state and mixture composition. The 

model uses a twelve-gas formalism to characterize the composition of 

each zone. This allows to account for CO and NOx kinetics. More 

information about the DFM combustion model can be found in [21]. 

Soot model 

The soot modeling approach retained in this work is based on the 

conceptual model of DI Diesel combustion originally proposed in [5] 

and then perfected by recent understanding achieved at SNL and 

IFPEN [6,18,24,]. It requires the knowledge of key local 

thermochemical properties of the spray, such as liquid penetration, 

gaseous penetration, lift-off length, etc. This information allows to 

compute local mixture compositions and temperatures, which are 

directly related to soot production and consumption. Further 

developments made the model suitable to simulate soot kinetics for 

engine operating conditions accounting for multiple injection 

strategies. The Diesel surrogate fuel used in this work is the DFL1, a 

surrogate generated at IFPEN characterized by the molecule 

C14.9H29.8. At present in the DFM, the developed spray model is 

dedicated to the computation of soot kinetics and it is only weakly 

coupled to the combustion heat release modeling
1
. All these aspects 

are detailed below. 

Spreading angle 

The spray-development modeling is based on the assumption of 

momentum conservation [17,25,26]. In fact, for Diesel applications, 

for which ambient gas densities are high and fuel droplet diameters 

are small (few micrometers), it is reasonable to suppose that fuel 

droplets and ambient gas have the same speed along the spray axis, 

and that the droplets momentum is transferred to the ambient gas 

without losses. When liquid fuel is injected into an ambient gas, 

divergence of the jet occurs. The spreading angle is determined by 

the turbulent entrainment of air into the spray region. Air entrainment 

results from shear stresses at the spray/ambient gas interface, which 

implies that it takes place mostly at the lateral surface of the spray. It 

depends on injector nozzle geometry (i.e. hole diameter and orifice 

aspect ratio), and fuel and ambient gas densities. The fuel fluid 

dynamics through the injector orifice is not completely understood 

today. Accordingly, the analytical expression of the spreading angle, 

Equation 1, proposed in [27], is an empirical correlation, function of 

                                                                 

1
 While the computed combustion scenario feeds the spray and 

indirectly the soot kinetics model, there is no retroaction of soot 

kinetics on combustion heat release rate computation. 
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the influencing parameters, that allows to have an estimate of the 

experimental spreading angle, : 
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where 
a  is the ambient gas density, 

lF  is the injected liquid fuel 

density and c is a constant modeling the impact of the injector orifice 

geometry on the spreading angle. Authors recommend c=0.26. The 

first term of Equation 1 takes into account the spreading-angle 

density-dependence, while the second term the contraction of the 

spray induced by the cooling of the entrained hot air. The spreading 

angle in the model,  in Figure 1, must be related to the measured 

angle, , in order to benefit of the correlation expressed by Equation 

1. By making the assumption of self-preserved flow in the spray, the 

tangents of these two angles are proportional one to the other:  

 

















2
tan

2
tan


a  (2) 

the value of a depends on the assumption retained to describe the 

velocity distribution of the gas over a cross section of the spray; in 

the case of a uniform velocity distribution assumption, the value 

a=0.75 was recommended in [28]. 

Fuel evaporation and liquid penetration 

The evaporation of the liquid fuel in the combustion chamber is the 

first and one of the most important aspects that must be handled in 

Diesel combustion modeling. Injected liquid fuel entrains hot 

ambient gas into the spray region, which allows its evaporation. 

Intuitively, the major factors that influence the rate of evaporation of 

a given mass of fuel are: 

 injected fuel temperature, 

 liquid/gas interface surface extent, 

 ambient-gas temperature, pressure and composition, 

 slip velocity between liquid fuel and surrounding gas. 

In the case of mixing controlled evaporation, as it is the case in 

Diesel engines, the local interphase transport rates of mass, 

momentum and energy that control liquid breakup and droplet 

evaporation must be fast relatively to turbulent mixing rates. In this 

limit, no local velocity or temperature differences exist between the 

phases in the spray, and locally the phases are in equilibrium [29]. 

Accordingly, turbulent mixing controls vaporization by determining 

the rate at which energy is entrained into the spray for heating and 

vaporizing the fuel. In turbulent mixing controlled regime, the 

influence of diameter and velocity droplet distributions on the 

evaporation process can be neglected. In [27] a scaling law 

describing the liquid penetration in the combustion chamber, 

calibrated on experiments, is proposed. By definition at a liquid 

penetration x=L, the fuel is completely vaporized and at 

thermodynamic equilibrium with the ambient gas (fuel saturation 

condition), Figure 1. The non-dimensional liquid-phase penetration-

length, L
~

, is obtained from Equation 3 for the coordinate x=L: 

 11
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where b is a constant coefficient, authors recommend b=0.41, and the 

variable B corresponds to the transfer number at the liquid/gas 

interface of the evaporating droplets. According to the hypotheses of 

the liquid length model, that is equilibrium at the interface, B 

represents both mass and thermal transfer numbers, BT and BM, 

respectively [24]. The dimensional expression of the liquid-phase 

penetration, L, is then obtained as: 

  xLL
~

 (4) 

where the penetration length scale, x+, is defined as:  
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with the diameter of the vena contracta, dvc, defined as: 

 
havc dCd   (6) 

in which Ca is the area contraction coefficient and dh is the injector 

holes diameter. 

 

Figure 1. Schematic of the idealized spray model used to develop the liquid 

length scaling law [27]. 

Gas penetration 

To describe the gaseous phase penetration, S, the retained approach 

was the one proposed in [17]. This approach reflects the fact that 

spray dynamics depends on momentum balance and, accordingly, it 

makes explicit the dependence between the spray opening angle and 

the spray penetration. Similarly to liquid length penetration, a scaling 

law was proposed to compute a non-dimensional gaseous penetration, 

S
~

: 
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in which n is a constant coefficient, authors recommend n=2.2, and 

t
~ represents a non-dimensional time defined as: 
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where t is the physical time from the Start Of Injection (SOI) and t+ is 

a time scale defined as: 
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in which Ueff represents the effective injection velocity computed as: 
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where 
injFm is the liquid fuel mass flow rate exiting from injector, Cv 

is the velocity coefficient accounting for the non-uniform velocity 

profile, and nh is the injector hole number. Then, physical spray 

penetration can be retrieved by mean of the following relation: 

  xSS
~

 (11) 

Figure 2 shows the model capability to predict spray penetrations in a 

constant volume vessel for different thermodynamic conditions of the 

ambient gas within the vessel. 

 

Figure 2. Gaseous-phase spray tip penetration. Experimental conditions: 

fuel=n-heptane, Ta=387 K, a=25 kg/m3 and dh=200 m. Comparison of 

computed spray penetrations with experimental data obtained in a high 
pressure vessel by [30]. 

Lift-off length 

The above sections explained how to characterize the mixture 

formation process within the spray region; this aspect has in fact a 

relevant influence on the combustion process and in particular on the 

lift-off length setting up. The lift-off length (lol) is defined as the 

distance between the nozzle tip and the most upstream-jet 

combustion location, corresponding to the lifted diffusion flame 

anchoring distance [24]. A relation coherent with the spray theory 

proposed in [31] that allows to compute the lol, was proposed in [32]: 

 
134.085.074.3

exp

 sthaaefflol ZdTUCClol   (12) 

where Clol is a calibration constant of the model, Cexp is a 

proportionality factor that was determined experimentally in [28], 

Cexp=7.04e8, Ta is the ambient gas temperature and Zst is the fuel 

mixture fraction at stoichiometry. The knowledge of the lol together 

with the fuel injection pattern and the air entrainment within the 

spray region upstream the lol allows to determine the thermochemical 

properties of the mixture at lol, which, according to [5,6,33], is the 

region where soot precursors are formed. More recently, [15,18] 

showed that fuel/air equivalence ratio at lol can be, with good 

accuracy, correlated to the soot volume fraction. 

Soot kinetics 

At lol, mixture burns at rich equivalence ratios in premixed-flame-

like combustion-process; combustion products then cross the spray to 

be eventually fully oxidized in a diffusion flame at the periphery of 

the spray. In this scenario, the Polycyclic Aromatic Hydrocarbons 

(PAH), soot precursors, are formed at the lol and then convected 

through the Diesel spray, where they mix with the hot combustion 

products producing then soot. Soot accumulates at the jet tip to be 

then oxidized by the diffusion flame [5,6]. Accordingly, lol is 

determinant for the characterization of soot formation. According to 

the approach proposed in [28], the mean equivalence ratio at lol, lol, 

can be univocally determined. Recently, the model improvements 

proposed by [14] allow to determine not only the mean equivalence 

ratio at a given axial coordinate of the spray, but also to have access 

to the velocity and fuel distribution profiles along the radial 

coordinate of the spray. This allows the computation of the 

equivalence ratio at lol on the axis of the spray, 0

lol : 
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where AFRst is the stoichiometric air/fuel ratio by mass and Cdistr is a 

coefficient that allows to pass from the mean spray cross section 

value of equivalence ratio at lol to the value of equivalence ratio 

along the spray axis. According to [14]., Cdistr=1.3. To describe soot 

kinetics by taking into account the above depicted combustion 

scenario, the retained approach was inspired by the one proposed by 

[11], built, in turn, on the model proposed by [34]. Equation 14 

describes the net soot mass variation within the combustion chamber: 
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In Equation 14, the first RHS term represents the soot production 

contribution, while the second RHS term represents the soot 

oxidation contribution; those terms are detailed by Equation 15 and 

Equation 16, respectively. Concerning soot production: 

 sp
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dif

RT

E

Flolsp

p

soot epmC
dt

dm


 5.00
 (15) 

where Csp is a calibration constant to adjust the model behavior to 

different fuels and engines,  is an efficiency factor varying in the 

interval [0,1], which enables soot production;  passes from one to 

zero by means of a smoothed transition function when 0

lol  values 

pass below the value of two, according to experimental results shown 

in [18,28]. 
difFm  represents the mass of fuel within the combustion 

chamber available to burn in diffusion combustion [21], p is the in-

cylinder pressure, Esp is the activation energy of the soot production 

reaction (Esp=52335 J/mol), R is the perfect gas constant and Tsp 

represents the adiabatic temperature of combustion at lol, relative to a 

fresh gas composition having fuel/ambient gas composition (in the 

most general case ambient gas is made of air, burned gas and diluent) 

and a temperature equal to that of vaporization (temperature at the 

liquid/gas interface) [24]. Concerning soot oxidation: 
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where Cso is a calibration constant to adjust the model behavior to 

different fuels and engines 
sm  represents the mass of soot within the 

combustion chamber, 
stOY 2
 is the oxygen mass fraction at 

stoichiometric conditions, Eso is the activation energy of the soot 

oxidation reaction (Eso=58615 J/mol) and Tso represents the adiabatic 

temperature of combustion in the region where soot is oxidized, that 

is the temperature relative to a stoichiometric diffusion flame, whose 

fresh gas temperature was assumed to be the same as the temperature 

of the soot formation region. Once all of the fuel is consumed, the 

oxidation of soot becomes dependent upon the bulk mean 

temperature and oxidation is quenched when the bulk mean 

temperature drops below 1000 K [35]. 

Multiple injection considerations 

The approach retained to model injection-to-injection interactions 

was the one developed in [22,36]. Figure 3 illustrates how, for a case 

of multiple injection, injections sprays interact with each other, and 

shows the information made available by the approach. In details, the 

injected fuel of the i-th injection penetrates within the combustion 

chamber and evaporates to form the i-th spray region; by assuming a 

conical spray shape, by means of Equation 11, it is possible to 

compute a spray volume and its temporal derivative, to have access to 

ambient air entrainment, 
iam , within the spray region, Figure 3. From 

a spray geometrical-development viewpoint, within the combustion 

chamber, it is assumed that injections sprays follow the same path 

and, growing within the cylinder, interact with each other. This 

allows to compute, continuously, for each injection, mean 

composition and equivalence ratio of the spray. 

 

Figure 3. Schematic of the multiple injection modeling approach. V is the 

cylinder volume, subscript i refers to the ith injection, VS represents the spray 
volume, Yx represents the mass fraction of the species x, subscript a indicates 

ambient gas and subscript  indicates tracer variables which, by definition, are 

combustion independent [22]. 

In combustion scenarii adopting multiple injection strategies, it is 

assumed that soot production is associated to thermochemical 

conditions characterizing the latest injection. 

Model validation and discussion 

To validate the developed approach to soot modeling, experimental 

data generated at IFPEN relative to a 4-cylinder DI Diesel engine 

were used. The engine specifications are given in Table 1. 

Table 1. Multi-cylinder DI Diesel engine used for the soot model validation. 

Displaced volume 2300 cc 

Stroke 101.3 mm  

Bore 85 mm  

Connecting Rod 157.3 mm  

Compression ratio 16:1 

Number of valves per cylinder 4 

Injection system Piezoelectric 

 

99 Engine Operating Points (EOP), representative of a complete 

engine map, with engine speed varying between 1000 and 2750 rpm 

and engine load ranging from 1 bar to full load were retained in this 

study, Figure 4. The engine is equipped with a high pressure EGR 

system which allows to attain up to 50% of  EGR rate. Figure 5 shows 

for which operating points the EGR strategy is activated, and the 

level of EGR rate. Multiple injection strategies were adopted over the 
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whole engine map: a single pilot plus main injection-strategy for the 

lower loads, and a double pilot plus main injection-strategy for the 

higher loads, Figure 6. 

 

Figure 4. Investigated EOPs of the multi-cylinder DI Diesel engine. 

 

Figure 5. EGR strategy definition for the multi-cylinder DI Diesel engine. 

 

Figure 6. Injection strategy definition for the multi-cylinder DI Diesel engine. 

The combustion process relative to experimental conditions were 

computed by the DFM combustion model. For this, the DFM was 

integrated into a numerical LMS Imagine.Lab AmesimTM simulator 

representative of a single-cylinder engine, as shown in Figure 7. 

 

Figure 7. Single-cylinder engine simulator used for the DFM combustion 

process computations. 

Model calibration and simulation results 

In this section the methodology used to calibrate the DFM 

combustion model and the new soot model will be presented, as well 

as the results obtained over the complete engine operating domain, 

Figure 4. 

Combustion model calibration 

 As a first step, the DFM combustion model was calibrated by using 

the automatic calibration process detailed in [21]: it consists in a 

four-steps sequential calibration process (1/AI; 2/combustion; 3/CO 

emission; 4/NOx emission) allowing to determine all parameters of 

the combustion and pollutant models, exception done here for the 
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soot model. The accuracy of simulation results relative to the 

investigated domain depends on the number and on the distribution 

on the domain of the operating points used for calibrating the model. 

In this work, as the goal was the development and the validation of a 

soot model, the complete engine map was used to calibrate at best the 

combustion process. The optimized combustion model parameters 

values are presented in Table 2. 

Table 2. Optimized DFM parameters for the multi-cylinder DI Diesel engine. 

AI 

Step 1 

kAI_1 1.7 

kAI_2 3.22 

kmag 5000.0 

Combustion 

Step 2 

Cturb 2.0 

Cdiss 0.068 

Ck 2.5 

Cg 7.98 

Cprem 0.75 

Cmul 5503.8 

res 0.41 

Cmix 3.5 

CO 

Step 3 

EaCO 8057.5 

AtCO 9990.0 

EaaCO 11992.5 

AttCO  0.00057 

FARdiff 0.98 

NO 

Step 4 

CoeffGFGB 0.0068 

EaNO 7266.9 

AtNO 0.5 

EaaNO 9519.0 

AttNO 0.47 

BGRNOx 3.56 

 

Combustion model results 

Final results after the combustion model calibration are reported in 

Figure 8 to Figure 15. In the figures, the 99 points are sorted in 

ascending engine-speed order, Figure 8 (above). As shown in Figure 8 

to Figure 13, the combustion process is correctly simulated, as the 

simulations predict with good accuracy Indicated Mean Effective 

Pressure (IMEP), Figure 8 and Figure 9, peak in-cylinder pressure, 

Figure 10 and Figure 11, and peak in-cylinder pressure location, Figure 

12 and Figure 13. 

 

Figure 8. Simulation results over the complete engine map: engine speed 

(above) and IMEP (below). 

 

Figure 9. Comparison of IMEP simulation results with experiments. Dashed 

lines represents +/-0.5 bar error bars; error type and statistics are given in the 

figure. 
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Figure 10. Simulation results over the complete engine map: peak in-cylinder 

pressure. 

 

Figure 11. Comparison of peak in-cylinder pressure simulation results with 

experiments. Dashed lines represents +/-4 bar error bars; error type and 

statistics are given in the figure. 

 

Figure 12. Simulation results over the complete engine map: peak in-cylinder 

pressure location. 

 

Figure 13. Comparison of peak in-cylinder pressure location simulation results 
with experiments. Dashed lines represents +/-2 CAD error bars; error type and 

statistics are given in the figure. 

Good agreement between simulation results and experiments was 

also found for dry NOx emissions, Figure 14 and Figure 15; this, being 

NOx emissions computations based on the thermochemical properties 

of the burned gas zone in the combustion chamber, supports the 

representativeness of the combustion scenario depicted by the DFM 

model within the combustion chamber. 

 

Figure 14. Simulation results over the complete engine map: dry NOx 

emissions. 
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Figure 15. Comparison of NOx emission simulation results with experiments. 

Dashed lines represents +/-20% error bars; error type and statistics are given 

in the figure. 

Soot model calibration 

The soot model presented above has to be calibrated to account for 

engine geometry and fuel formulation. For this, in the model 

formulation equations, several calibration parameters were 

introduced. However, some of these values were specified in the 

literature to best fit, with the proposed model, experiments. In this 

work, because of the lack of intermediate experimental results to get 

a deeper insight of the different physical phenomena occurring in the 

combustion chamber, those values were kept unchanged
2
. Regarding 

the values of the Ca and Cv coefficients, Equation 6 and Equation 10 

respectively, they were defined according to the work presented in 

[27]: Ca=0.84 and Cv=0.95. Being all the engine operating points 

relative to steady-state engine operating conditions, the temperature 

of the injected liquid fuel was set arbitrarily to 360 K for all points. 

The remaining soot-model parameters were calibrated manually
3
, in 

order to obtain the best results over the entire investigated engine 

domain. Their final values are stored in Table 3. 

Table 3. Soot-model calibration parameters. 

Soot 
Clol 0.87 

Csp 0.66 

Cso 1.1e-7 

 

                                                                 

2
 The soot model constants values that were fixed according to the 

values given in the literature are specified directly in the text of the 

paper. 

3
 Starting with Clol equal to unity, Csp and Cso are adjusted to fit at 

best the soot emission profile, by paying attention to reproduce soot 

emission peak amplitudes; if minimum values are overestimated / 

maximum values underestimated Clol coefficient is increased / 

reduced to reduce / enhance the soot production; then Csp and Cso are 

adjusted to fit at best the soot emission profile. 

Soot model results 

Final results, after the soot model calibration, are reported in Figure 16 

to Figure 20. The 99 points are sorted in ascending engine-speed 

order, Figure 8 (above). Figure 16 shows the comparison of the 

experimental soot emissions map versus the simulated soot emissions 

map. As it is shown, the model is able to quite well detect the engine 

operating conditions for which soot emissions are more important 

and localize them on the engine map. For the sake of clarity, the same 

results comparison is shown in the upper part of Figure 17, by using a 

different representation, showing soot emissions as a function of the 

EOPs. In the lower part of Figure 17, the major engine operating 

condition variables are plotted as well, to facilitate the interpretation 

of the results. As shown, the model is able to capture from a 

qualitative viewpoint, but also from an acceptable quantitative 

viewpoint, the evolutions of soot emissions. In particular it can be 

observed that the localization of the soot emission peaks and the 

trends of soot emissions are well represented, despite the fact the 

highest soot emission peaks are not always well reproduced in 

absolute values. 

 

Figure 16. Simulation results over the complete engine map: maps of soot 

emissions. 

 

Figure 17. Simulation results over the complete engine map: soot emissions 

(above); engine operating conditions (below). 

Figure 18 shows a scatter plot comparison of soot emission simulation 

results with experiments. 
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Figure 18. Comparison of soot emission simulation results with experiments. 

Dashed lines represents +/-40% error bars; error type and statistics are given 

in the figure. 

Figure 19 shows the soot emissions versus the EGR rate for all the 

engine operating domain. It is interesting to note that the model is 

able to represent the increase of soot emissions with the EGR rate. In 

the same fashion, Figure 20 shows the soot emissions versus the NOx 

emissions. Once again, it is interesting to note that the DFM 

combustion model is able to predict correct estimates for both NOx 

and soot emissions over the complete engine map, and correlate them 

consistently with experiments. This represents an interesting potential 

of the approach to be applied to engine design and engine control 

development activities. 

 

Figure 19. Simulation results over the complete engine map: soot emissions 

versus EGR rate. 

 

Figure 20. Simulation results over the complete engine map: soot emissions 

versus NOx emissions. 

Soot model sensitivity analysis  

This section is dedicated to the investigation of the response of the 

developed phenomenological soot model to single-parameter 

variations, relatively to a given engine operating condition. The study 

presented below is not supported by experimental data, hence, the 

model response can only be validated from a qualitative point of 

view. Nevertheless, the phenomenology described by the model will 

be analyzed and supported by observations coming from the literature 

[18,37,38,39]. The reference EOP that was retained is the EOP 

number 39, characterized by an IMEP=10.5 bar, engine-speed=1750 

rpm and EGR rate=26.5 %; experimental soot emissions for this EOP 

are 0.105 mg/cyc, which implies an underestimation of the simulated 

soot emissions of about 18 %, Figure 17. Figure 21 to Figure 30 

illustrate the combustion scenario relative to the considered EOP and 

detail the evolution of the different variables allowing to compute 

soot kinetics. In details, Figure 21 shows that for the considered EOP a 

double pilot plus main injection strategy was adopted. As shown, the 

DFM model is able to reproduce quite accurately the Heat Release 

Rate (HRR) of combustion. Figure 22 shows the mass of liquid fuel 

per injection within the cylinder. This result together with the one 

shown in Figure 23, which represents the evolution of the spray 

volume per injection, which is tightly related to the entrained mass of 

ambient gas within the spray per injection [20], allows to compute the 

evolution of the mean equivalence ratio within the spray per 

injection, Figure 24. It is worth to remark that the model does not 

account for spray/wall interaction. Accordingly, the spray evolution 

is representative of a free jet evolution in an ambient gas having the 

same mean thermodynamic properties of the combustion chamber 

and the chemical properties of the mean in-cylinder mixture at the 

beginning of the injection. 
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Figure 21. Reference engine operating conditions (EOP #39): fuel injection 
strategy (top); in-cylinder pressure (middle); HRR (bottom). Simulation (solid 

line), cylinder averaged experiment (dark dashed line) and i-th cylinder 

experiment (pale dashed line). 

 

Figure 22. Reference engine operating conditions (EOP #39): liquid mass of 

fuel per injection. 

 

Figure 23. Reference engine operating conditions (EOP #39): spray volume 

per injection. 

 

Figure 24. Reference engine operating conditions (EOP #39): mean spray 

equivalence ratio per injection. 

Figure 25 shows the liquid fuel penetration within the cylinder. As the 

model does not account for spray/wall interaction, this variable is not 

impacted by the presence of the piston. As shown, because of the 

more and more severe thermodynamic conditions of the ambient gas 

mixture, the liquid penetration continuously reduces. Figure 26 shows 

the evolution of the lol per injection, while Figure 27 shows the 

equivalence ratio on the axis of the spray at the lol per injection. 
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Figure 25. Reference engine operating conditions (EOP #39): liquid 

penetration per injection. 

 

Figure 26. Reference engine operating conditions (EOP #39): lol per injection. 

 

Figure 27. Reference engine operating conditions (EOP #39): equivalence 

ratio at lol per injection. 

According to [40,41], during the combustion phase in engine 

configuration, contrarily to the constant volume vessel experiments 

observations [28], the lol continues to diminish during the injection 

phase and even during the expansion stroke, when density and 

temperature decrease. This phenomenon, due to the heating of the 

entrained ambient gas into the spray region [40,41,42], is well 

captured by the model, Figure 26. It is worth noting that the high 

values of equivalence ratios shown in Figure 27 for pilot injections 

(SP1 and SP2) are purely numerical issues and do not influence soot 

mass formation; this for two main reasons: 

 the masses of involved fuel are very small, 

 for that crank angle interval, they are not considered for the 

computation of soot kinetics, being the conditions at lol of the 

main injection the ones looked at to determine the soot mass 

formation, Equation 15. 

Figure 28 and Figure 29 respectively show the burned gas temperatures 

at lol and at stoichiometric conditions, these temperatures being 

responsible of soot kinetics of formation and oxidation, respectively. 

 

Figure 28. Reference engine operating conditions (EOP #39): temperature at 

lol per injection. 

 

Figure 29. Reference engine operating conditions (EOP #39): temperature at 

stoichiometry per injection. 
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Finally, Figure 30 shows the evolution of the simulated soot mass 

within the cylinder for the considered EOP. The presence of the first 

peak at the beginning of the main-injection combustion process is 

explained by the high temperature at lol due to the relatively lower 

equivalence ratio, thus impacting the temperature of soot oxidation at 

stoichiometry. 

 

Figure 30. Reference engine operating conditions (EOP #39): in-cylinder mass 

of soot. 

Based on the reference condition, single parameter variations were 

performed in order to investigate the impact of possible EOP 

calibration variations on soot production. These results are presented 

below. 

Injection pressure variation 

In this section, a variation of the injection pressure is operated. Figure 

31 shows the impact a variation of the injection pressure has on the 

injected fuel mass flow rate, while Figure 32 represents the variation 

of the in-cylinder pressure for the different operating conditions. As 

shown, an increasing of the injection pressure implies a faster 

introduction of the fuel mass, bringing to a faster HRR. Accordingly, 

spray volumes grow faster, Figure 33, and lols increase, as observed in 

[18,28], Figure 34, with a consequent decreasing of the equivalence 

ratio at lol, Figure 35, which, in turn, contributes to reduce soot 

production, Figure 36. Such a physical behavior was also experienced 

in [18,37,38]. 

 

Figure 31. Injection pressure variation: injected fuel mass flow rate. 

 

Figure 32. Injection pressure variation: in-cylinder pressure. 

 

Figure 33. Injection pressure variation: spray volume per injection. 
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Figure 34. Injection pressure variation: lol per injection. 

 

Figure 35. Injection pressure variation: equivalence ratio at lol per injection. 

 

Figure 36. Injection pressure variation: in-cylinder mass of soot. 

Main injection SOI variation 

In this section, a variation of injection timing, and in particular of the 

main-injection SOI, is operated. Figure 37 shows the impact a 

variation of injection timing has on the in-cylinder pressure for the 

different operating conditions. As shown, an increasing of the main 

injection SOI implies a faster HRR due to the more favorable 

thermodynamic conditions for combustion within the cylinder. 

According to [38], an increasing of SOI implies a decreasing of soot 

emissions: this is justified by the fact that the mean temperature 

within the cylinder is higher and for more time, with a consequent 

increasing of soot oxidation. The results given by the model confirms 

such a phenomenology and agree with literature, Figure 38. 

 

Figure 37. Injection timing variation: in-cylinder pressure. 

 

Figure 38. Injection timing variation: in-cylinder mass of soot. 

Injection pattern variation 

In this section, a variation of the injection pattern, maintaining 

unchanged the total injected fuel mass, is operated. In details, three 

configurations were tested: the reference case, a reduced main-

injection case, were both pilot injections masses were increased of 1 

mg, and an increased main-injection case, were pilot injections were 
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suppressed, Figure 39. Figure 40 shows the impact a variation of the 

injection pattern has on the in-cylinder pressure for the different 

operating conditions. As shown, an increasing of the pilot injections 

fuel masses implies more favorable thermodynamic conditions for the 

main injection fuel evaporation and combustion, Figure 40, which 

results in higher in-cylinder temperatures and, consequently, faster 

soot production and oxidation, Figure 41. This agrees with what was 

found in [37]. Nevertheless, because of the reduced main-injection 

fuel mass, the global soot emissions are lower for smaller main-

injection masses. 

 

Figure 39. Injection pattern variation: injected fuel mass flow rate. 

 

Figure 40. Injection pattern variation: in-cylinder pressure. 

 

Figure 41. Injection pattern variation: mass of soot. 

EGR rate variation 

In this section, a variation of EGR rate is operated. Figure 42 shows 

the impact a variation of the EGR rate has on the in-cylinder pressure 

for the different operating conditions. As shown, an increasing of the 

EGR rate implies a slower combustion process and a reduction of the 

in-cylinder temperature. More in details, the presence of EGR in 

ambient gas, reduces the mass fraction of air, which implies an 

increasing of the lol [28], as shown in Figure 43; furthermore, a 

reduction of EGR rate, that is a reduction of inert gas within the 

reactive mixture, brings to higher combustion temperatures, in 

general, but in particular at stoichiometric conditions at which soot is 

oxidized, Figure 44, bringing to lower soot emissions at the end of the 

combustion process, Figure 45. Simulation results agree with what 

observed in [38]. 

 

Figure 42. EGR rate variation: in-cylinder pressure. 
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Figure 43. EGR rate variation: lol per injection. 

 

Figure 44. EGR rate variation: temperature at stoichiometry per injection. 

 

Figure 45. EGR rate variation: mass of soot. 

To assess the capability of the model to deal with engine calibration 

optimization to reduce pollutant emissions, a sweep of EGR rate was 

computed. For this, the burned gas mass fraction within the cylinder 

at Inlet Valve Closing (IVC) was varied from 0 % up to 30 % by 

steps of 2 %, Figure 46. In the figure, squares represent the simulation 

results (0% of burned gases on the RHS), while the circle represents 

the reference point belonging to the engine database, Figure 17. As 

shown, the DFM model predicts consistently the soot-NOx trade-off 

for a variation of the EGR rate. This is an encouraging result opening 

to further integration of system simulation for engine development 

processes. 

 

Figure 46. EGR rate variation: soot-NOx trade-off. 

Engine speed variation 

In this section, a variation of engine speed is operated. Figure 47 

shows the impact a variation of the engine speed has on the in-

cylinder pressure for the different operating conditions. As shown, an 

increasing of the engine speed implies a slower combustion process 

as a function of the crankshaft coordinate. In the same fashion, Figure 

48 illustrates the fact that fuel injection requires a wider crankshaft-

angle interval to be completed, at higher engine speed. As a result, at 

low engine speed a larger fraction of fuel combustion takes place 

close to the Top Dead Center (TDC), i.e. at higher pressure and 

temperature, conditions that improve the soot oxidation; moreover, at 

low engine speed, there is more time for soot oxidation. Both those 

factors lead to a decreasing of soot emissions with a decreasing of the 

engine speed, Figure 49. This result is in agreement with what was 

found in [38]. 
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Figure 47. Engine speed: in-cylinder pressure. 

 

Figure 48. Engine speed: in-cylinder liquid mass of fuel per injection. 

 

Figure 49. Engine speed: mass of soot. 

Conclusions 

This paper detailed the development of a spray-based 

phenomenological soot-model for Diesel engine. The approach, 

based on the conceptual Diesel combustion model proposed by SNL, 

computes relevant aspects related to the spray impacting the soot 

formation and oxidation. In particular, variables such as liquid length 

penetration and ambient gas entrainment within the spray region, but 

also the lift-off length and the mixture equivalence ratio at lift-off 

length, which was found to well correlate to soot formation intensity, 

are resolved all along the engine cycle simulation. The used 

formalism makes the model suitable to manage soot formation 

processes under multiple-injection strategies as well. The soot model 

was then integrated within the DFM combustion model to simulate 

real engine behaviors. These developments were tested over a 

complete engine database representative of the whole engine 

operating domain, in order to assess the potential of the new model to 

predict soot emissions. The model proved to be able to predict with 

good accuracy qualitative trends in soot emissions as a function of 

the engine calibration for the different engine operating conditions, 

but also, with an acceptable accuracy, quantitative soot emissions. As 

a further investigation, single parameter variations from a reference 

engine operating point were performed numerically, to further assess 

the robustness of the model, but also to investigate the model 

response, both in terms of soot emissions and capability to describe 

the underlying phenomenology. For this, variations of injection 

pressure, injection timing, injection pattern, EGR rate and engine 

speed were performed. The model showed consistent behaviors in 

terms of phenomenology and observed soot emissions variations 

were in agreement with what was found in the literature. 
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Definitions/Abbreviations 

0D 0-Dimensional 

3D 3-Dimensional 

AI Auto-Ignition 
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CFD Computational Fluid Dynamics 

CI Compression Ignition 

DFM Dual Flame Model 

DI Direct Injection 

EGR Exhaust Gas Recirculation 

EOP Engine Operating Point 

HRR Heat Release Rate 

ICE Internal Combustion Engine 

IFPEN IFP Energies nouvelles 

IMEP Indicated Mean Effective Pressure 

IVC Intake Valve Closing 

LEM Laser Extinction Method 

LII Laser Induced Incandescence 

lol Lift-off length 

PAH Polycyclic Aromatic Hydrocarbons 

QD Quasi-Dimensional 

RHS Right Hand Side 

SNL Sandia National Laboratories 

SOI Start Of Injection 

TDC Top Dead Center 

 

 

 

 

 

 

 

 


