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Abstract 

The increasingly stringent limits on pollutant emissions from internal 
combustion engine-powered vehicles require the optimization of 
advanced combustion systems by means of virtual development and 
simulation tools. Among the gaseous emissions from spark-ignition 
engines, the unburned hydrocarbon (HC) emissions are the most 
challenging species to simulate because of the complexity of the 
multiple physical and chemical mechanisms that contribute to their 
emission. These mechanisms are mainly three-dimensional (3D) 
resulting from multi-phase physics – e.g., fuel injection, oil-film layer, 
etc. – and are difficult to predict even in complex 3D computational 
fluid-dynamic (CFD) simulations. Phenomenological models 
describing the relationships between the physical-chemical 
phenomena are of great interest for the modeling and simplification of 
such complex mechanisms. In addition, phenomenological models can 
be applied within simplified simulation environments, e.g., 0D-1D 
engine simulations, to enable predictions of HC emissions for a wide 
range of operating conditions. In this work, the development of 
phenomenological models to account for HC emissions from piston 
top-land crevices, wall flame quenching, and oil-film 
adsorption/desorption mechanisms is explained in detail. The model 
development is based on measurements and models from a single 
cylinder direct injection (DI) spark ignition (SI) research engine. 
Common modeling hypotheses and approaches from literature have 
been verified and further developed with 3D-CFD simulations. In 
particular, assumptions regarding local temperature and air-fuel ratio, 
which are necessary for HC modeling, have been developed on the 
basis of a zone post-processing of the 3D-CFD results. Additionally, a 
novel approach to describe HC post-oxidation, which is based on 0D-
chemistry calculations, has been developed. The HC models have been 
implemented within a GT-POWER model of the engine in conjunction 
with a 0D two-zone combustion chamber description. The accuracy of 
the developed models has been tested against a large experimental 
database with varying engine load, speed, air to fuel ratio, valve timing, 
and oil/coolant temperature. The deviation in the HC emission 
prediction is mainly within 20% at warm engine operation. Higher 
deviations are observed at cold engine conditions because of the 
absence of secondary HC models which have not been considered in 
the present work. 

Introduction 

The internal combustion engine has a central role in the transportation 
sector and, according to forecasts [1–3], will continue to be relevant 
for mobility in the coming decades. In the last decades, virtual engine 
development has been established as a tool to shorten the development 
time of new engines and to optimize the engine design [4–9]. This is 

needed to meet the challenging engineering targets required by the 
market and legislator [10]. Since pollutant emissions are a particular 
focus within the legislation, the availability of predictive models that 
can be used in the engine development phase is crucial. However, 
pollutant emission modeling requires the consideration of multiple 
physical and chemical phenomena taking place in the combustion 
chamber, e.g., mixture formation, spray-wall interactions, chemical 
kinetics, etc., which are complex and transient [11].  

In the engine concept phase, simplified 1D/0D model simulations are 
very useful to estimate engine behavior in the whole operating range. 
However, the simplified environment requires the introduction of a 
phenomenological description of phenomena that are not considered 
in the basic model solution. In [11], the authors presented the global 
results of phenomenological HC models implemented within a GT-
POWER model together with different modeling approaches for 
carbon monoxide and nitrogen oxides. The development of the 
phenomenological models presented in [11] is described here in detail. 
Particular attention is given to the verification of the modeling 
hypotheses and assumptions on the basis of the comparison with a 
specific post-processing of 3D-CFD simulations, which are performed 
with the methodology presented in [12]. Major contributions of the 
work presented in the following are the verification of commonly 
assumed modeling hypotheses with 3D-CFD, the extensive validation 
database, and a newly-developed HC post-oxidation model based on 
0D chemistry calculations. 

Hydrocarbon emission from SI engines 

Unburned HCs are a product of incomplete combustion, like CO [11, 
13]. In contrast to CO, the equilibrium levels are very low and the 
oxidation rates fast [14]. Different literature studies identified and 
quantified the main sources of HC emissions [7, 15–19] as crevices 
(piston-ring pack, valves, spark plug, cylinder head gasket, etc.), flame 
quenching, oil-film, and fuel film. Historically, exhaust valve leakage 
has been considered a source of HC emissions, but it is not an 
observable issue anymore [20]. This has been also verified by the 
authors with fast HC measurements in the exhaust port, as shown in 
[21]. Additionally, combustion chamber deposits can also be a source 
of HC emissions because they can adsorb and desorb hydrocarbons. 
However, the amount of deposits varies greatly with engine use and 
ageing, so its contribution to total HC emissions is difficult to estimate. 
Lastly, the blow-by, which is the leakage of exhaust gases from the 
combustion chamber into the crankcase of the engine, has an impact 
on HC emission balance. However, also in this case, the quantification 
is very challenging. Figure 1 shows a summary of HC emission sources 
in DI SI engines on the basis of the summary provided by Dorsch et al. 
[7]. The quantification of the contribution of the single mechanisms 
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varies in a wide range because it is dependent on engine design, fuel 
type, operating mode, engine state, etc. Due to these circumstances, the 
validation of HC emission models is generally very challenging. 

 

Figure 1: Sources of HC emissions in SI DI engines [13] based on 
Dorsch et al [7] 

In general, the process leading to the final HC emissions can be divided 
into two phases [11, 13]: 

• "Formation" is the process in which the fuel or the air-fuel 
mixture escape the main combustion process.  

• "Post-oxidation" is the oxidation of the previously formed 
HC after the main combustion phase, if the temperature is 
high enough and sufficient oxygen is available.  
 

In the following, the formation process of selected sources of HC 
(piston top-land crevice, flame wall quenching, oil-film 
adsorption/desorption) and the post-oxidation process are described 
more in detail regarding their physics and their modeling approaches. 
The selection of the sources has been based on their importance as well 
as on their possibility to be modeled within a 0D model.  

Piston top-land crevice 

In general, crevices are narrow zones in the combustion chamber in 
which the air-fuel mixture is compressed. These mixture components 
partially or completely escape the main combustion process because 
the flame quenches in these zones due to high surface-to-volume ratios 
[15]. After the peak combustion pressure has been reached, the mixture 
stored in the crevices can flow back into the main combustion chamber 
and can be further oxidized, if the conditions are favorable. Even if the 
crevices are very small, the higher density of the mixture in these zones 
results in a high amount of unburned mixture trapped there (about 7% 
at part-load are estimated by Alkidas [17] and Eng [22]). Therefore, 
combustion chamber crevices are considered the main source of HC 
emissions in many literature sources [15, 23–26]. Multiple studies [20, 
27–31] investigated the contribution of the combustion chamber 
crevices, with major focus on the piston-ring pack and the effect of its 
geometry on HC emissions. At least during warm engine operation, the 
piston top-land crevice is considered the main source of HC emissions. 
Therefore, this is the most common modeled source within 1D/0D 
engine models [6, 7, 20, 24, 26, 32–36].  

The most common approach is to assume a certain volume filled with 
unburned mixture in combination with the ideal gas law. The 
temperature of the crevice is often assumed as an average between the 
wall temperatures of piston and liner. Some approaches [37–41] 
extended the model with consideration of the volumes and dynamics 
between the rings and the blow-by. However, these models are of 

difficult parametrization and calibration because the discharge 
coefficients between the volumes (in reality resulting from the 
complex design, dynamics, and thermal expansion) need to be 
assumed. Vera and Ghandhi [41] estimated that the mixture which 
comes from the volumes between the rings is almost the same amount 
that is lost because of blow-by.  

Wall flame quenching 

Due to the high heat flux to the combustion chamber walls, the flame 
extinguishes at a certain distance from the walls. This phenomenon 
results in a thin layer of unburned mixture near the walls, which 
escapes the main combustion event. The distance at which the flame 
quenches, called quenching distance, is estimated in the order of few 
tens to few hundreds of µm (50-400 µm [23], 50-100 µm [15], 15-100 
µm [42]). Daniel [43] in 1957 was the first to visualize the wall flame 
quenching phenomenon and initial studies identified this as the major 
source of HC emissions in internal combustion engines. From the 80s, 
it was recognized [16] that its contribution should be quite limited, in 
the range of 5-10% at warm engine operation [7, 16, 32, 44]. Indeed, 
it was shown by experiments from Lo Russo et al. [44] that the 
quenched layer expands in the hot burned gases and the majority of the 
HCs can still oxidize. For this reason, the contribution of wall flame-
quenching is often neglected in phenomenological models. However, 
the contribution of wall flame-quenching should increase at engine 
operation with lean air-fuel ratio conditions or after a cold start  [16]. 

Hasse et al. [45, 46] investigated the wall flame quenching of methane 
flames in comparison to iso-octane and showed that the biggest 
difference regarded the post-oxidation. The Sorét effect and the 
thermal diffusive transport for certain species appeared to be a limiting 
factor for the post-oxidation. Also Wu and Hochgreb [47] showed that 
in the post-flame oxidation of quenched layers, the convection is 
negligible in comparison to diffusion and kinetics, which are of central 
importance.  

Due to the limited contribution of wall flame quenching to total HC 
emissions, relatively few studies have focused on modeling this 
mechanism in 0D/1D engine simulations. The main approach, which 
is valid for thin reaction zone regimes, involves an estimation of the 
quenching distance as multiple of the flame thickness [48]. This 
coefficient of proportionality, which represents the relation between 
the heat release within the flame and the heat loss to the walls at 
quenching conditions, is known as Péclet number for the quenching 
problem (𝑃𝑒!) [23]. This number is normally assumed in the range of 
5-10 [19, 23, 42, 48, 49]. 

Oil-film adsorption/desorption 

The lubricating oil-film on the cylinder liner walls can adsorb fuel 
during the compression stroke and desorb it after the combustion. This 
results in additional HC emissions. This mechanism is due to the 
solubility of hydrocarbons in the oil film and is driven by the difference 
of fuel concentration between the air-fuel mixture and the oil-film. The 
adsorption and desorption of fuel in the oil-film are strongly influenced 
by the oil-fuel combination and by the oil temperature [15, 16, 26]. 
Schramm and Sorensen [50] investigated the solubility of different 
components in multiple oil types at different temperatures. They found 
out how the solubility increases for higher carbon atom numbers of the 
fuel component and for lower oil temperatures. 

Many literature studies [6, 7, 24, 26, 32, 33, 35, 51–55] modeled the 
variation of the concentration of the fuel in oil with the 2nd Fick’s law. 

Wall quenching 
(5-7%)

Piston top-land 
and ring-pack  

crevice (40-90%)

Several crevices

Blow-by

Flame quenching 
(<10%)

Oil-film (5-30%)
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For the calculation of the diffusion coefficient, which is needed for this 
calculation, empirical expressions can be found in literature for 
specific oil-fuel combinations, as summarized by Janssen [32] and 
Dorsch et al. [7]. An alternative approach to overcome the 1D solution 
of the 2nd Fick’s law was presented in [56] and applied afterwards by 
Dorsch et al. [7] too. Both approaches show plausible trends of oil-film 
HC emissions.  

HC post-oxidation in the expansion phase 

In general, the unburned fuel that results from the above-mentioned 
HC formation mechanisms can still be partially oxidized in the 
expansion phase. The post-oxidation of these HCs depends on the fuel 
used, the temperature, the oxygen content, and the residence time. 
Immediately after combustion, the unburned HCs, which are 
predominantly in the vicinity of the walls, diffuse in the hot burned 
gases, and high post-oxidation rates are possible. In the expansion 
phase, the temperature drops rapidly and the oxidation rate is reduced. 
Unburned mixture from crevices and flame quenching can be easily 
oxidized due to the oxygen content. On the other hand, the oil-film 
releases fuel vapor, which needs to mix with the bulk gases to find 
oxygen for the oxidation. Cheng et al. [16] estimated the proportion of 
post-oxidation of HCs from fuel sources (e.g., oil-film, deposits) to be 
1/3 and 2/3 for HCs from mixture sources (e.g., quenching, crevices). 
Eng [22] estimated the global HC oxidation in the expansion to be 
about 70%. 

Literature approaches to model post-oxidation can be mainly 
differentiated [32] into threshold approaches [56, 57] (around 1500 K), 
and one-step kinetics [6, 7, 23, 26, 33, 58–61]. Janssen [32] and Dorsch 
et al. [7] gave an overview of the parameters used in different literature 
studies. Often, the different values come from calibration of the 
Arrhenius parameters of the one-step chemistry [6, 58]. 

Methodology 

Experimental setup 

Engine 

The measurement data used for the test of the simulation models were 
obtained with a SI DI research single-cylinder engine (SCE). The 
experimental setup and the measurement methodology have been 
already extensively described in [11–13, 21, 62]. The DI injector and 
the spark plug have a central location in the combustion chamber. The 
intake ports are symmetrical and designed to achieve a high tumble 
level. The main data of the engine are reported in Table 1 and a scheme 
of the engine is shown in Figure 2. 

Table 1: SCE main data. 

Displacement 400 cm³ 

Bore / Stroke 75 mm / 90.5 mm 

Compression ratio 11.84 

Intake/exhaust event length (1 mm) 186° CA 

Intake/exhaust cam phasing range 55° CA 

Fuel injection pressure 200 bar 

Start of injection -280° CA aTDCF 

 

 

Figure 2: Schematic of SCE with location of the low-pressure 
indication sensor positions (intake and exhaust) [11]. 

Fuel 

The experiments have been conducted with a conventional market 
gasoline fuel (RON95E5) and its toluene reference fuel (TRF) 
surrogate with ethanol addition. In [62], it was shown that the TRF 
surrogate could accurately replicate the behavior of the market 
gasoline regarding global combustion and gaseous emission 
characteristics. In this work, the measurement data with the surrogate 
fuel are used for the validation of the simulation models because of the 
simpler chemical composition of the surrogate. The surrogate fuel 
composition in mass percentage is 51.8% iso-octane, 13.3% n-heptane, 
28.8% toluene, and 6.1% ethanol. 

Test plan 

The measurement points considered for HC model validation include 
variations of indicated mean effective pressure (𝑝"#), relative air-fuel 
ratio (λ), intake valve opening timing (𝛼$%&), and exhaust valve closing 
timing (𝛼'%(), at different speeds (𝑛') both at warm and cold engine 
conditions (oil and coolant temperature conditioned at 90 or 30 °C, 
respectively). If not varied, the base valve timing at 1 mm lift is 𝛼$%& =
380° and 𝛼'%( = 356° CA aTDCF. 

Simulation setup 

Base model 

The base GT-POWER model used to implement the HC sub-models 
includes the engine geometry between the low-pressure (intake and 
exhaust) indication sensors, as depicted in Figure 2. The measured 
instantaneous pressures and average temperatures are imposed at the 
model boundaries in order to concentrate on the combustion system 
[11]. To focus on the emission modeling, the combustion profile (xb) 
from the measurements, which has been evaluated by means of a three-
pressure analysis (TPA) [63], has been imposed for each operating 
point. The TPA combustion profiles are calculated on the basis of the 
measured HC and CO emissions, thus, the maximum reached fuel 
burned fraction is always lower than 1 [11]. The combustion chamber 
is described with a two-zone model for the evaluation of burned and 
unburned zone temperatures. More details about the base simulation 
model can be found in [11]. 

Development of the HC sub-models 

Zone post-processing of RANS 3D-CFD simulations 

The gaseous pollutant formation and the HC crevice mechanism in 
particular have been investigated by means of RANS 3D-CFD 
simulations with CONVERGE v2.4 using the methodology presented 
in [12]. These 3D-CFD investigations were used to evaluate quantities 
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of interest in the combustion chamber and refine the hypotheses for the 
HC sub-models to be developed in the two-zone 0D combustion 
chamber model. In particular, a geometric post-processing of the 3D-
CFD output has been developed in MATLAB. The cylinder cell 
domain was divided into different zones and, in each zone, average 
emission concentrations, air-fuel ratios, and temperatures are 
evaluated.  

Figure 3 depicts the different zones evaluated with the developed post-
processing. In the scheme, zc0 is the lowest vertical coordinate of the 
cylinder domain, which corresponds to the bottom of the piston top-
land crevice. zc1 and zc2 are respectively the minimum and the 
maximum height of the piston. The post-processing is run on the 3D-
CFD results and the evaluation is performed separately in five different 
zones, as indicated in Figure 3. Beyond the zone “Cylinder” that 
includes simply all the cells of the cylinder region, the zone 
“Combustion chamber” is evaluated by considering all the cells above 
the maximum piston height (zc2), which then excludes the piston top-
land crevice regions and the cells above the piston between zc1 and zc2. 
The other three zones are focused on the piston top-land crevice zone 
and are all of ring-like form. The zone “Crevice1” is the narrowest and 
deepest part of the piston top-land crevice. It includes all the cells 
between zc0 and zc1. The zone “Crevice2” is the higher part of the 
piston top-land crevice at the piston shoulder, which covers 
approximately 50% of the piston circumferential length. The Crevice2 
zone is partially a real crevice zone (on the yz plane, see Figure 3) and 
partially a crevice outlet zone (on the xz plane). The last zone evaluated 
is “Crevice-out”, which is a ring wide as the Crevice2 outlet and 
extended of 3 mm above the highest piston surface. This zone allows 
the evaluation of the crevice outflow. 

 

Figure 3: Schematic of the 3D-CFD zone post-processing in the 
combustion chamber with detail of the piston top-land crevice zone 
(dimensions are given in mm). 

Table 2 reports the seven operating points that have been simulated in 
3D-CFD with the methodology described in [12].  

Table 2: Operating point simulated with 3D-CFD. 

Operating 
Point 

𝑛!  
/ 1/min 

𝑝"#  
/ bar 

λ	
/ - 

2500-3-λ1.0 2500 3 1.0 
2500-8-λ1.0 2500 8 1.0 
2500-16-λ1.0 2500 16 1.0 
2500-10-λ0.9 2500 10 0.9 
2500-10-λ1.0 2500 10 1.0 
2500-10-λ1.5 2500 10 1.5 
4000-14-λ1.0 4000 14 1.0 

 

Figure 4 shows exemplary results of the zone post-processing for the 
operating point 2500-8-λ1.0.  

 

Figure 4: Exemplary results of the 3D-CFD zone post-processing for 
the operating point 2500-8-λ1.0: temperature, 𝜆, O2, CO, CO2, total 
HC. 

It can be observed that the temperature in the piston top-land region is 
lower in comparison to the main combustion chamber and that a richer 
mixture is present there. Furthermore, it is visible how the mixture in 
the zone Crevice1 remains almost completely unburned, with some 
inclusion of burned gas in the later expansion phase.  

Piston top-land crevice sub-model 

To model the contribution to the HC emissions from the piston top-
land crevice, an approach similar to other literature studies [6, 7, 24, 
26, 32, 33, 35, 36] has been considered. A crevice volume Vcrev, which 
corresponds to the volume between the piston profile and the liner up 
to the first compression ring, has been used in combination with the 
ideal gas law to calculate the mass in the crevice. This volume is 
approximately 0.2% of the engine displacement and about 2.3% of the 
compression volume [11]. The mass in the crevice at each crank angle 
𝛼 is calculated as: 

mcrev(𝛼)=
Vcrev ∙ pcyl(𝛼)
Rmix∙Tcrev(𝛼)

 (1) 

In which pcyl is the cylinder pressure, Tcrev is the temperature of the 
mixture in the crevice, and Rmix is the gas constant of the unburned 
mixture. The calculation of the crevice temperature Tcrev has been 
based on the 3D-CFD zone post-processing described in the previous 
paragraph. A function for Tcrev based on inputs available in GT-
POWER has been developed in order to approximate the temperature 
observed in the zone Crevice1 in 3D-CFD. The resulting function is: 

Tcrev(𝛼)=0.7∙	T)*(𝛼)	+0.3∙	
T+,-./ + 𝑇0,123-

2 	 (2) 

Here, T+,-./ and T0,123- are the liner and piston temperatures, 
respectively, and T)* is the unburned temperature of the two-zone 
model calculated by GT-POWER. Figure 5 shows a comparison 
between the average temperature from 3D-CFD calculated in the zone 
Crevice1 and the calculated crevice temperature Tcrev according to Eq. 
(2).  
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Figure 5: Comparison between the average temperature in the 3D-
CFD zone Crevice1 and the assumed crevice temperature Tcrev in GT-
POWER for all the investigated points in 3D-CFD [13]. 

The developed function shows a relatively good approximation of the 
trend observed with 3D-CFD up to 60° CA aTDCF. Deviations occur 
in the later expansion phase because of the inclusion of burned gases 
in the crevice zone. However, this assumption validated with 3D-CFD 
can be considered as a more accurate estimate of the real temperature 
compared to the assumption that the temperature of the mixture in the 
crevice is the liner temperature or an average of piston and liner 
temperatures, as observed in previous studies.  

The fuel mass in the piston top-land crevice mfuel,crev is calculated as: 

mfuel,crev(𝛼)=(1-	X9:)∙	X;).+ ∙mcrev(𝛼) (3) 

where X9: is the average residual gas (RG) mass fraction in the 
cylinder, and X;).+ is the fuel mass fraction in the unburned mixture 
evaluated with the assumed air-fuel ratio in the crevice 𝜆crev. On the 
basis of the 3D-CFD zone post-processing, 𝜆crev is assumed as the 
global 𝜆 multiplied by 0.95 to consider the observed richer air-fuel 
ratio observed in the crevice zone with 3D-CFD. Figure 6 presents a 
comparison between the assumed 𝜆crev and the average 𝜆 from 3D-
CFD in the zones Crevice1 and Crevice2. Even if some deviations are 
observable, the selected assumption represents a better estimation for 
this application than the global 𝜆 value. It is important to note that this 
assumption is based on this specific engine geometry, with this specific 
injection targeting, timing, and location. For different engines, this 
assumption would need to be revised. 

 

Figure 6: Comparison between the average 𝜆 in the 3D-CFD zones 
Crevice1 and Crevice2 and the assumed 𝜆crev in GT-POWER for all 
the investigated points in 3D-CFD. 

Figure 7 shows the fraction of total injected fuel calculated with the 
developed piston top-land crevice model for an exemplary operating 
point. It is possible to observe how, corresponding to the peak pressure, 
almost 7% of the injected fuel is contained in the piston top-land 
crevice. Even though the crevice volume is only about 2.3% of the 
compression volume, the higher density in the crevice and the richer 𝜆 
lead to this result. This value is comparable to the 7% estimated by 
Alkidas [17] and Eng [22]). 

 

Figure 7: Exemplary result of the crevice model in GT-POWER: 
fraction of total injected fuel contained in the crevice. Operating point: 
𝑛' = 2500 1/min, 𝑝"# = 8 bar, 𝜆 = 1.0. 

Flame wall quenching sub-model 

The estimation of the contribution of the flame wall quenching to the 
HC emissions is based on the calculation of the quenching distance 𝑑! 
[11]. This is done with the flame thickness 𝑙< as:  

d=(𝛼)=𝑙>(𝛼)∙	𝑃𝑒! =
𝐷"(𝛼)
𝑠?(𝛼)

∙	𝑃𝑒= (4) 

where 𝐷@ is the diffusion coefficient of the mixture, 𝑠? the laminar 
burning velocity, and 𝑃𝑒= is the Péclet number of the flame quenching. 
In this study, the 𝑃𝑒= was assumed as 7.7 from the work of Suckart et 
al. [42]. The calculation of the laminar burning velocity 𝑠? is 
performed according to the work of Hesse et al. [64] and the diffusion 
coefficient 𝐷@ is calculated according to the approach of Smooke and 
Giovangigli [65]. Both 𝑠? and 𝐷@ calculations are performed with the 
actual cylinder pressure and unburned temperature.  

For the calculation of 𝑠?, literature studies refer generically to 
unburned temperature or assume for quenching phenomena directly 
the wall temperature. However, the near-wall unburned temperature is 
expected to be higher than the wall temperature, but lower than the 
generic unburned temperature (not near-wall). For this reason, 
analogous to the crevice temperature calculation, the unburned 
temperature near the wall considered for the 𝑠? calculation is evaluated 
as a weighted average between the wall temperature (30%) and the 
unburned temperature calculated by GT-POWER (70%). 

For the calculation of the surfaces that are contacted by the flame, a 
simplified geometric spherical propagation model has been included 
in the simulation model by means of an additional FORTRAN user-
defined model within GT-POWER. The model calculates the flame 
radius at each time step on the basis of the fuel burning function 𝑥A. 
The output of the model are the surfaces of the combustion chamber 
parts exposed to the flame. The surfaces considered are the cylinder 
head including the valves, the piston, and the liner. 

At each time step between spark timing and the end of combustion, an 
increase in total quenching volume is calculated and the corresponding 
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fuel mass is evaluated with the actual pressure and near-wall 
temperature. The quenched mass is successively subject to post-
oxidation, which will be described in the following.  

Oil-film adsorption-desorption sub-model 

The calculation of the HC contribution from oil-film adsorption-
desorption is performed according to the work from Dent and 
Lakshminarayanan [56] also applied from Dorsch et al. [7], as already 
mentioned in [11]. With this formulation, the one-dimensional Fick’s 
law solution can be simplified by considering an effective penetration 
length of the fuel in the oil 𝛿3,+. In this work, 𝛿3,+ is calculated 
according to Norris and Hochgreb [66] for the oil type SAE10W-40, 
which was used at the test-bench, according to the parameters from 
Janssen [32]. With the calculation of the mass transfer coefficient of 
the gas and the oil, the mass flux of the fuel into the oil is calculated at 
each time step on the basis of the difference in fuel concentration 
between the mixture and in the oil film. For this calculation, the Henry 
constant 𝑘B of the fuel components in the oil is necessary. The Henry 
constant for the TRF fuel components (toluene, n-heptane and iso-
octane) in an SAE10W-40 oil has been taken from the data of 
Schramm and Sorenson [50], which report different values of the 
Henry constant at different oil temperatures. The Henry constant for 
ethanol has been estimated on the basis of the work of De Lima Ribeiro 
and Sodrè [67]. The Henry constant of the surrogate mixture is then 
calculated as a weighted average of the Henry constants of the 
component on the basis of the molar fractions. Multiple literature 
sources [26, 35, 56, 68] report an exponential trend of the Henry 
constant with oil temperature. For this reason, the calculated 𝑘B values 
for the fuel used in this work at discrete temperatures have been fitted 
with an exponential function over the oil temperature T3,+ in °C. The 
derived function for 𝑘B of the surrogate fuel used in this study (in bar) 
is: 

𝑘B,1)//=0.1311 ∙ 𝑒C.CECF∙T!"# (5) 

In the model, the temperature of the oil-film is assumed equal to the 
liner temperature. 

HC oxidation sub-model 

As mentioned in the introduction section, the majority of the fuel or 
the air-fuel mixture that escapes the main combustion event and could 
result in unburned HC emissions is oxidized during the expansion 
stroke in the combustion chamber. Thus, an oxidation sub-model is 
necessary to complement the above-described phenomenological HC 
formation sub-models.  

Most approaches in literature use a threshold temperature or one-step 
chemistry with an Arrhenius approach to describe HC oxidation 
independently from the specific HC source. The adoption of a 
threshold temperature is quite empirical and cannot really consider the 
effect of mixture dilution, even if it can reproduce the measured HC 
trends up to a certain extent. The Arrhenius approach has a more 
physical basis, but the parametrization is quite arbitrary. In summary, 
the oxidation with one-step kinetics seems to require empirical 
calibration.  

In this study [11, 13], it was preferred to use physical models, to verify 
some assumptions with 3D-CFD, and to generally not introduce any 
calibration factor. For this reason, a novel methodology for HC 
oxidation modeling has been developed in this work on the basis of 0D 
constant volume reactor calculations performed with the software 

LOGEresearch. These have been performed at different temperatures 
and pressure levels, for different gas compositions with the kinetic 
mechanism from Cai et al. [69]. The output of this kind of calculations 
are the trends of the species concentration over time. In order to 
describe how much HC mass is oxidized, a specific post-processing of 
the 0D-reactor simulations has been developed. The calculation of a 
fuel-equivalent oxidation rate 𝑟HI has been defined as: 

𝑟3J(t)=1 −
∑ 𝑋#(𝑡)# ∙ 𝑐#
∑ 𝑋#(0)# ∙ 𝑐#

 (6) 

in which 𝑖 indicates all the HC molecules, 𝑐# is the number of carbon 
atoms of the HC molecule 𝑖. The trends of 𝑟3J were calculated for each 
single 0D-reactor calculation. Figure 8 shows two exemplary results of 
the 0D-reactor calculations and the corresponding calculation of 𝑟HI. 

 

Figure 8: Exemplary results of 0D-reactor and 𝑟HI(t) calculations: 
𝑝 = 5 bar, 𝜆 = 1, XKL 	= 0%, for two different temperatures, 𝑇	 =
	1300 K (top) and 𝑇	 = 	1500 K (bottom). The mass fraction of fuel 
species plotted with full lines, of partially oxidized HC species with 
dashed lines, and 𝑟HI(t)with the thick dash-dotted black line. 

The calculations of 𝑟3J have been divided in two groups. The first one 
is related to the HC sub-models that release air-fuel mixture (crevices 
and quenching) and considers an unburned mixture composition. The 
second group of calculations refers to oil-film fuel desorption, in which 
only fuel is released in the burned mixture. The corresponding 𝑟HI are 
identified with 𝑟3J,@,J and 𝑟3J,;).+, respectively. For the calculation of 
𝑟3J,@,J, the 0D-reactor calculations have been performed according to 
the following discretization: pressure between 1 and 50 bar in 2 bar 
steps; temperature between 1000 and 2000 K in 50 K steps; 𝜆 equal to 
0.9, 1.0, 1.1, 1.5; X9: equal to 0, 5, 10%. For the calculation of 𝑟3J,;).+, 
the same discretization regarding pressure and temperature has been 
adopted, however, a composition that represents burned gases has been 
estimated on the basis of measured exhaust compositions for different 
𝜆 values. Within these assumed burned gas compositions, the oxygen 
mole fraction varies from 0.25% for 𝜆 = 0.9 to 7.2% for 𝜆 = 1.5. 
Figure 9 shows exemplary maps of 𝑟3J,@,J and 𝑟3J,;).+ at two different 
times. It is observable how 𝑟3J increases with time and how the values 
for 𝑟3J,;).+ are noticeably lower than the values of 𝑟3J,@,J due to the 
low oxygen content in comparison to the unburned mixture. The values 
of 𝑟3J,@,J and 𝑟3J,;).+ are implemented within the GT-POWER model 
as maps in function of pressure, temperature, 𝜆, X9:, and time (in order 
to interpolate for different simulation time steps). 
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Figure 9: Exemplary maps of 𝑟HI,"#I and 𝑟HI,MNOP for a given 
composition at two different times. 

The oxidation process works similarly for all the HC sources, even if 
the calculations are performed separately. At each time step, the HC 
sub-models calculate a certain HC mass Δ𝑚BQ that is formed. This 
corresponds for the three HC sub-models respectively to: the fuel mass 
in the air-fuel mixture released from the piston top-land crevice, the 
fuel mass in the quenched air-fuel mixture on the walls, and to the fuel 
desorbed from the oil-film. This Δ𝑚BQ is summed up at each step with 
the total HC mass (model specific) 𝑚BQ non-oxidized from the 
previous step. The oxidized mass at each time step is calculated by 
multiplying the 𝑚BQ by the oxidation ratio corresponding to one time-
step 𝑟3J(𝑡2,@.R12.0). This oxidized mass is then subtracted from the 
total 𝑚BQ with a time-step delay. Finally, the value of 𝑚BQ at exhaust 
valve closing (EVC) is converted in molar concentration (in ppmC3) 
with: 

𝑌BQ,Q$=
𝑚BQ(𝛼STQ)

𝑚UV+
∙
𝑀@,J2

𝑀;).+	
∙
𝑐;).+
3 ∙ 10W (7) 

where 𝑚UV+ is the total trapped mass in the cylinder, 𝑐;).+ is the number 
of carbon atoms in the fuel equal to 6.8 for the surrogate fuel, and 
𝑀@,J2 and 𝑀;).+ are the molar masses of the mixture and of the fuel. 

Regarding the oxidation of the HC from the wall quenching sub-
model, a small difference in comparison to the other models is present. 
A factor 𝑓! is used to multiply 𝑟HI(𝑡X#"ORYXOZ) in order to reduce the 
effective oxidation. Indeed, for the other sub-models (piston top-land 
crevice and oil-film), the Δ𝑚[( that is calculated at each time step is 
effectively an amount that re-enters the main combustion chamber and 
that is “available” for oxidation. In the case of the quenching sub-
model, an additional model that describes the diffusion of the quench 
layers in the burned gases is missing. Not all the quenched mixture is 
“available” for oxidation, but only the part that diffuses out of the 
quench-layers. Previous studies [45–47] showed how the Soret effect 
and the thermal diffusive transport from the quench layer is the limiting 
factor in the oxidation for certain fuels. For this reason, it was 
necessary to introduce the factor 𝑓! to limit the oxidation. This factor 
was determined in order to reproduce a better trend of HC over 𝜆 and 
was set to a calibrated constant value of 0.008. It is important to note 
that this value is empirical and has not a specific physical meaning, but 
can be interpreted as a diffusion resistance formulation. This value 
compensates only for the lack of an actual diffusion model for the 
quenched layers. Since it is an empirical factor, this value needs to be 
revised in case of usage of the model for other engines or fuels. 

The HC oxidation sub-model principle has been schematized in Figure 
10. 

 

Figure 10: Schematic of the working principle of the HC oxidation 
sub-model. 

The last point of the HC oxidation sub-model to be described concerns 
the temperature used for the determination of the 𝑟3J from the 
implemented maps. As shown in Figure 8, 𝑟3J is a function of a certain 
assumed oxidation temperature 𝑇3J, which in principle is different for 
each HC source. 𝑇3J represents the temperature of the HC mass that 
re-enters the combustion chamber and is available for oxidation. 
Regarding the piston top-land crevice model, the assumption regarding 
this 𝑇3J has been derived on the basis of the above-described 3D-CFD 
zone post-processing. In particular, the 3D-CFD zone “Crevice-out” 
(see Figure 3) has been identified as the zone in which the HC 
oxidation happens and the corresponding temperature has been 
evaluated.  

To reproduce in the GT-POWER model a similar trend of the 
temperature profile as observed in the CFD zone Crevice-out, a 
function for the crevice oxidation temperature T3J,U/.\ has been 
developed as: 

T3J,U/.\(𝛼) = 𝑤]^++(𝛼) ∙ T+,-./	+[1-𝑤]^++(𝛼)]∙T*(𝛼) (8) 

where 𝑤]^++ is the weighting factor for the liner wall temperature TP,-./ 
and T* the burned gas temperature calculated from GT-POWER. The 
factor 𝑤]^++ is equal to 0.2 up to 30° CA aTDCF, from 80° CA aTDCF 
is equal to 0.3, and in between it has a linear trend between 0.2 and 0.3. 
This approach is similar to the work of Sodré [59], who used a function 
with a 𝑤]^++ constantly equal to 0.3. This selected formulation for the 
crevice oxidation temperature, together with other assumptions like the 
crevice temperature, and the near-wall quenching temperature, are 
resulting from the flame propagation process in SI engines, as 
observed in 3D-CFD. It can be assumed that this hypothesis can be 
valid for similar SI engine geometries (passenger cars, similar 
bore/stroke ratio, central spark plug location). In case of different 
combustion systems, this assumption would need to be revised. Figure 
11 shows a comparison between the average temperature in the 3D-
CFD zone Crevice-out and the assumed temperature for the crevice 
oxidation THI,_`Oa. An overall good agreement can be observed, even 
if higher deviations can be seen for the operating point 2500-3-λ1.0. 
Nevertheless, no calibration or more complex formulations for T3J,U/.\ 
were attempted in order to keep the approach simple. 
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Figure 11: Comparison of the average temperature in the 3D-CFD 
zone Crevice-out with the THI,_`Oa calculated in GT-POWER.  

Regarding the quenching HC, a formula in analogy with THI,_`Oa is 
assumed, with the same weighting factor. The 3D-CFD zone Crevice-
out is actually a near-wall temperature and it is considered a good 
estimation of the near-wall burned temperature (different to the near-
wall unburned temperature used for the quenching HC calculation). 
For the oil-film HC sub-model, the oxidation temperature is assumed 
equal to burned zone temperature Tb with the assumption that the 
desorbed HCs from oil-film re-enter the burned zone. 

Example of HC sub-model calculations 

Figure 12 reports exemplary results of the HC sub-models for one 
operating point. In particular, the HC formed from each sub-model as 
well as the remaining amount (non-oxidized) are shown together with 
the oxidation rate. Regarding the crevice model, all HCs released up to 
approximately 30° CA aTDCF are completely oxidized and at about 
65° CA the oxidation stops completely. In total, approximately 74% of 
the HCs released from the piston top-land crevice are oxidized in the 
expansion stroke. Regarding the quenching model, the oxidation of the 
quenched HC is slowed down because of the diffusion resistance factor 
𝑓!. Otherwise, since the formation of the quenching HC stops at the 
end of combustion when the 𝑟3J is still 1, the quenching HC would be 
quickly completely oxidized. Despite the low value of the factor 𝑓=, 
almost 95% of the formed HC mass is oxidized in the expansion stroke. 
Regarding the oil-film model, the low value of 𝑟3J,;).+ together with 
the relative late desorption of fuel from the oil-film results in a quite 
low percentage of HC oxidized in the expansion phase of about 8%. 

 

Figure 12: Exemplary results of the HC sub-models in GT-POWER: 
HC mass formed and non-oxidized, and oxidation rate 𝑟HI. Operating 
point: 𝑛' = 2500 1/min, 𝑝"# = 3 bar, 𝜆 = 1.0. 

Model results 

Figure 13 shows the results of the developed HC sub-models for all the 
analyzed operating points. Overall, a good capability to reproduce 
measured HC trends is observable. The crevice HCs represent the 
majority of the total HCs. The quenching HCs are overall very low 
with a small increase at lower load, especially in combination with 
higher valve overlap, and a more visible increase at lean operation due 
to the presence of the factor 𝑓!. In the case of the operating point at 
nS = 2500 1/min, p@, = 3 bar, λ = 1.5, the sensitive increase in 
quenching HC leads to an overestimation of the total HCs. This is 
probably a hint that a more physical model to describe the diffusion 
resistance in the quench layers could improve the model predictions at 
lean conditions. At cold engine conditions, the oil-HC emissions are 
almost doubled as to be expected from literature studies. However, the 
models in total are able to estimate approximately 50% of the measured 
HC emissions. This can result from the lack of additional HC models 
that account for other HC mechanisms, which are more relevant at cold 
engine operating conditions (e.g., fuel films or entry of liquid fuel in 
the oil).  

 

Figure 13: Results of the HC model compared with measurements for 
all the considered operating points. 

An overestimation of HC emissions is observed at higher loads in 
combination with higher speeds and increasing valve overlap. At these 
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conditions, the longer residence time at high temperatures of the 
unburned HCs contributes to a further reduction of the HC mass in the 
expansion stroke. However, the implemented HC model considers the 
oxidation in single time-steps and does not account for longer 
residence times than one time-step. For this reason, the oxidation 
model is expected to be the cause of these deviations. Additionally, the 
crevice volume is assumed as constant and no thermal expansion at 
higher engine power is considered. This could also be a possible source 
for deviation at higher loads. 

Figure 14 shows some of the results of Figure 13 organized in form of 
maps over engine speed, air-fuel ratio, and load. The black lines in the 
color scale identify deviations of ±15%. At warm condition, the 
majority of the range in terms of speed, load and air-fuel ratio shows 
deviations below 15% or 20%.  

 

Figure 14: Deviation maps of HC models to measured HC emissions 
as function of engine speed, air-fuel ratio, and load [11]. The crosses 
represent the simulated points, while the +15% and -15% deviation 
iso-lines are identified with full and dashed black lines, respectively. 

For the simulated points, the fraction of HC non-oxidized 𝑥[(,cHcRHI#d 
can be calculated as:  

𝑥[(,cHcRHI#d=
𝑚[(,cHcRHI#d

𝑚[(,MH`"Od
 (9) 

Figure 15 shows the amount of 𝑥[(,cHcRHI#d over engine load, speed, 
and air-fuel ratio. Cheng et al. [16] roughly estimated the non-oxidized 
HC fraction to be around 1/3 and Eng [22] to be 30%. The predicted 
values are not far from these estimations, but physical trends can be 
observed. At stoichiometric operation, a certain load-speed variability 
is present, which results in lower 𝑥[(,cHcRHI#d at higher speeds and 
loads. Regarding the air-fuel ratio dependency, lower oxidation is 
observed for leaner mixtures due to lower temperatures during the 
expansion stroke. 

 

Figure 15: Ratio of non-oxidized HC 𝑥[(,cHcRHI#d as function of 
engine speed, load and air-fuel ratio. 

Summary and conclusion 

This work shows the detailed development and implementation of 
phenomenological models to account for HC emissions from piston 
top-land crevice, wall flame-quenching, and oil-film adsorption for a 
SI DI engine within a two-zone 0D combustion chamber description. 
Starting from common modeling approaches, multiple assumptions 
mainly regarding the modeling of the piston top-land crevice have been 
based on 3D-CFD simulations. For this scope, a particular geometric 
post-processing of the 3D-CFD simulations has been developed. A 
newly-developed model to describe HC post-oxidation in the 
expansion stroke has been presented. This model is based on 0D-
chemistry calculations.  

As also to be expected from literature, the highest contribution to the 
simulated HC emissions is coming from the piston top-land crevice. 
Without any calibration, the models show to be able to predict the total 
HC emissions with an accuracy that is mainly within 15% to 20% at 
warm engine operating conditions. At cold engine conditions, the 
differences between the model results and the measured HC emission 
values is assumed to come from those HC sources which are more 
important at cold conditions, e.g., fuel films. An overestimation 
tendency is observed at high loads or rich conditions at higher speeds. 
This is probably due to the fact that, at the current state, the thermal 
expansion of the piston is not considered and that the post-oxidation 
does not account for longer residence times than one time-step. 
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