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Abstract 

Increasing demands on higher performance and lower fuel consumption and emissions 

have led the path for internal combustion engine development; this race is nowadays 

directly related to CO2 emissions reduction. To drive engine development and reduce 

the time-to-market, the employment of numerical analysis is mandatory. This requires 

a continuous improvement of the simulation models toward real predictive analyses 

able to reduce the experimental R&D efforts. 

In this framework, 1D numerical codes are fundamental tools for system design, 

energy management optimization, and calibration. The present work is focused on the 

improvement of the phenomenological turbulence model, originally conceived to 

describe turbulence evolution in tumble-promoting engines. 

The turbulence model is developed with reference to a SI heavy-duty CNG engine 

derived from a diesel engine. In this architecture, due to the flat cylinder head, 

turbulence is also generated by swirl and squish flow motions, in addition to tumble 

motion. The presented turbulence model is validated against 3D CFD results, 

demonstrating to properly predict turbulence and swirl/tumble evolution under two 

different operating conditions, without the need for any case-dependent tuning. 

The developed turbulence model is coupled to a phenomenological combustion model 

based on the fractal geometry theory applied to the flame front surface, where the 

turbulence is assumed to support flame propagation through an enhancement of the 

flame front area with respect to the laminar counterpart. The combustion model is 

validated against an extensive experimental dataset, composed of 25 operating points 

at different engine rotational speeds and loads. The numerical/experimental 

comparisons of global performance parameters are satisfactory, leading to maximum 

errors around ±2% for the BSFC, ±2 deg for the main combustion events, and ±1 bar 

for the in-cylinder peak pressure. Burn rate profiles are very well captured by the 

combustion model at changing operating conditions, not requiring any case-dependent 

tuning. The presented results demonstrate that the turbulence/combustion models 

could constitute a reliable virtual test facility, contributing to supporting and driving 

experimental activities. 

1. Introduction 

Since the 1950s, the economic growth generated by industrial development has derived 

an unprecedented and accelerating human-induced global change with a significant 

impact on air pollution and consequent health risks [1] 

The increasing demand for low-emission and high efficiency of Internal Combustion 

Engines (ICE), together with the need of reducing time to market, has led to the 

development of more and more advanced design tools.  

Greenhouse gases like carbon dioxide (CO2) emitted due to road transport account for 

almost 26% of total CO2 emissions from European Union in 2020 [2]. Other emissions 

are also known to be harmful to human health. For example, soot emitted from Diesel 

engines, which was previously classified as probably carcinogenic to humans in 1988, 

was, in 2012, reclassified as carcinogenic to humans (group 1) by an agency under the 

World Health Organization [3].  
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The solution to these ambitious challenges requires a series of harmonized actions, 

such as a growing share of renewable sources, the reduction of carbon fuel use, 

improvements in energy conversion efficiency, and structural changes in the economy, 

all driven and supported by the introduction of stringent legislation. 

Regarding Heavy-Duty (HD) commercial vehicles the Compressed and Liquefied 

Natural Gas (CNG and LNG), nowadays, and the bio-methane (bio-NG) and Power-

To-Gas methane (PTG) in the future, represent high potential co-solutions to match 

the mid-term and long-term neutral climate targets [4, 5, 6]. 

In this situation, it is essential to maintain affordable engine development costs. 

Companies, as well as researchers, utilize powerful software tools in conjunction with 

experimental investigations for this reason. From this perspective, it is essential to have 

mathematical models that can describe the various engine phenomenologies. 

Before the actual prototyping of ICEs, a variety of computer simulation tools are 

available to estimate their performance with varying degrees of precision. Depending 

on the desired level of detail, these simulation tools may be based on three-dimensional 

(3D), one-dimensional (1D), or zero-dimensional (0D) models. 

The purpose of this study is to contribute to the class of turbulence phenomenological 

models by describing the evolution of turbulence within the cylinder of an ICE. 

Following the validation of the turbulence model against the results of 3D-CFD 

simulations, the turbulence model is coupled with a predictive combustion model. 

Turbulence is one of the most important aspects in Spark Ignition (SI) engines as it 

can significantly affect burn rates, heat transfer rates, and combustion stability, and 

thus performance. 

Turbulence originates from a large-scale motion that occurs during the induction 

process, which mainly consists of tumble motion in modern SI engines with a pentroof 

cylinder head. Despite its significance, most of the 0D turbulence models rely on 

calibration factors when calculating the evolution of tumble motion and its conversion 

into turbulence. 

It is commonly understood that tumble motion contributes to the improvement of flame 

front velocity in SI engines. When the piston is near TDC, the tumble motion 

diminishes, resulting in an increase in the Turbulent Kinetic Energy (TKE). 

Most of CNG SI Heavy-Duty engines are derived from diesel engines, and properly 

converted to operate under SI mode. The combustion chamber is commonly located in 

the piston crown and a flat cylinder head is used [7]. In the case of a flat cylinder head 

with a bowl piston, tumble and swirl are both fundamental to the development of the 

turbulent motion field and the squish plays an important role, especially near the TDC. 

By fragmenting these flows into small-scale turbulent eddies, swirl, tumble, and squish 

flows increase the intensity of turbulence during late compression. This accelerates the 

rate of combustion and enhances the speed of turbulent flames [8]. 

The current literature presents various 0D phenomenological approaches to face the 

prediction of turbulence, most of them classified as k-ε and K-k models, where K and 

k are the mean and turbulent kinetic energy and ε is the turbulent dissipation rate. The 
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original proposals of k-ε models are reported in [9, 10], in which 0D equations of TKE, 

k, and dissipation rate, ε, are derived from 3D models. A preliminary attempt to 

consider the effect of ordered flow structures on turbulence is proposed in [11] in 

which source terms, related to the swirl and squish motions, are introduced. K-k models 

are a different method for analyzing the energy cascade mechanism that occurs 

between the mean and turbulent flow fields. In [12] a K-k model is developed, 

computing both tumble and swirl motions and their dissipation in turbulence, where 

the critical issue is the description of the flow structure decay during the compression 

stroke, due to the shear stresses. A more comprehensive approach is proposed in [13], 

which synthesizes the K-k and k-ε models, resulting in the so-called K-k-ε model, and 

describes directly the turbulence dissipation.  

Authors have made significant improvements to the family of K-k models [14, 15, 16], 

which demonstrated to properly sensing both the engine operating parameters, 

including the intake valve strategy and the engine geometrical features. In [18] the 

authors have extended the study, including the formulation of tumble and dissipation 

rate, resulting in the so-called K-k-T model, in which T is the tumble-associated 

specific angular momentum. 

The tumble motion directly affects the TKE in SI engines and the focus was primarily 

on developing flow models that consider tumble as the main promoter for turbulence 

generation and combustion enhancement [17]. Heavy-Duty SI engines fueled with 

CNG are mostly Diesel-derived, so the inlet flow motion is more similar to a 

Compression Ignition (CI) engine. For this reason, in the authors’ perspective, the 

development of a 0D model that accounts for all the sources of turbulence generation, 

that are tumble, swirl, and squish motion, appears attractive. 

The turbulence model is used as a user sub-pattern in the fractal predictive combustion 

model [19]. This predictive combustion model was largely used in 0D/1D engine 

simulations, demonstrating its good predictive capabilities, after a proper calibration 

[19, 20]. Predictive models self-adjust for transient conditions and also the spatial 

resolution could give more detailed output (i.e. NOx, knock, heat transfer). 

Various combustion models for Spark-Ignition (SI) have been proposed for many 

years [21,22], trying to physically describe the main in-cylinder phenomena. Some of 

them are employed in proprietary or commercial 1D codes. Basic differences between 

them consist in the way the laminar-turbulent flame transition occurs and in the 

mechanism inducing the turbulence-related burn-rate enhancement [23,24]. Other 

approaches are also used, such as the one introduced in [25], where the combustion 

chamber is described as a stochastic reactor and the combustion is modeled by 

probability density functions. 

One of the most successful combustion models is the eddy burn-up model. It describes 

the flame entrainment and subsequent combustion of the unburned mixture and proved 

to agree with the experimental burned mass fraction trends [26,27]. In this article, the 

fractal combustion model approach is used. The fractal model tries to directly estimate 

the flame front wrinkling and related effects on the burning rate, as reported in several 

publications [28, 29, 30]. 

The novelty of this work consists of the characterization of a 0D turbulence model 

adapted to an engine in which the swirl motion component is predominant. The 
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turbulence model has been developed with particular attention to the real flow 

evolution inside the cylinder during all the engine phases. In the literature, there is no 

turbulence model of this type, adapted for spark ignition large bore engines and fuelled 

with CNG. 

The article is organized as follows. The next section presents the governing equations 

of the turbulence/flow model. This is followed by the description of the engine 

geometry and the setup of 3D-CFD runs that were used to calibrate and validate the 

proposed model. Subsequently, the fractal predictive combustion model is presented, 

explicating the link with the turbulence model. The combustion model is then validated 

against an extensive experimental dataset, in terms of global performance parameters 

and pressure cycle/burn rate profiles. The final section presents some conclusions of 

the current study and directions for future investigations. 

2. Engine Description and Experimental test 

The main features of the engine under study (Figure 1) are reported in Table 1. This 

engine is designed to guarantee long-distance when installed on heavy-duty trucks 

(over 16 tons of gross vehicle weight). It is a heavy-duty, turbocharged SI engine with 

a compression ratio of 12:1. The considered engine is retrofitted from a Compression 

Ignition (CI) application, through the installation of ported CNG injectors and spark-

plugs. The CNG is injected through a Multi Point Injection (MPI) system, and it is 

metered to ensure a close-to-stochiometric air/fuel mixture in the combustion chamber. 

The load control is realized by the waste-gated turbocharger at mid/high load, and by 

the throttle valve at low load. An intercooler is located after the compressor to limit 

the inlet temperature of the air. Each cylinder is equipped with a centred spark-plug, 

and two intake and exhaust valves, both with fixed timing (Figure 2). 

 

Figure 1 – Overview of the 6-cylinder 

engine under exam. 

 

Figure 2 - Layout of the intake and exhaust 

systems, with the piston at the TDC position 

(numerical domain for the 3D-CFD 

simulations). 

The experimental campaign is carried out at Istituto Motori (CNR), analyzing the 

engine at full- and part-load conditions. The engine is tested at five different speeds 

from 1100 up to 1900, for 5 different load levels. In total, 25 operating points, listed 

in Table 2, are investigated, identified by the couple engine speed and load 

(rpm@BMEP). For each condition, overall performance data, such as Brake Specific 

Fuel Consumption (BSFC), fuel rate, and emissions are collected. Additionally, the 

instantaneous pressure cycle is recorded through a pressure transducer, and post-
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processed to derive the angular positions of representative combustion stages (spark 

event and 10%, 50% as well as 75% of Mass Fraction Burned). 

Table 1. Main features of the selected CNG SI Heavy-Duty engine. 

Turbocharged SI Engine 

Cylinder Arrangement 6l (in-line) vertical 

Displacement, l 12.85 

Compression Ratio 12:1 

Stroke, mm 150 mm 

Bore, mm 135 mm 

Valves per cylinder 4 

Bowl depth ~30 mm 

Bowl radius ~37 mm 

Average squish height ~2.5 mm @ TDC 

Maximum brake power, 

kW 
338 @ 1900 rpm 

Maximum brake torque, 

Nm 

2000 @ 1100 / 1620 

rpm 

Injection System MPI 

Valve number 4 

IVO – IVC at 2 mm lift, 

CAD AFTDC 
383-515 

EVO – EVC at 2 mm lift, 

CAD AFTDC 
146-333 

External EGR NO 

Looking at combustion phasing in Table 2, expressed by the Crank Angle Degree 

(CAD) at which 50% of the mixture is burned (MFB50), it is evident that the engine 

works at knock-limited conditions for the higher loads. Whereas for BMEP levels 

below 13 bar, the typical optimal MFB50 around 8-10 CAD is detected, which leads to 

the maximum brake torque. 

Table 2. List of operating points. 

Case 
Operating 

condition 
SA MFB50 
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rpm @ BMEP [bar] CAD 

BFTDC 

CAD 

AFTDC 

1 

1900 

16.6 13.8 17.5 

2 13.3 16.6 14.1 

3 10.0 23.5 7.5 

4 6.6 26.2 6.6 

5 3.3 25.8 9.7 

6 

1620 

19.4 11.3 19.0 

7 15.6 13.4 16.4 

8 11.7 19.1 10.4 

9 7.8 24.3 7.0 

10 3.9 23.8 10.0 

11 

1500 

19.4 10.7 19.2 

12 15.6 13.0 16.1 

13 11.7 18.7 10.3 

14 7.8 23.0 7.5 

15 3.9 23.8 10.0 

16 

1300 

19.5 9.9 18.4 

17 15.6 12.2 15.2 

18 11.7 17.9 10.3 

19 7.8 20.8 8.9 

20 3.9 22.4 10.1 

21 

1100 

19.5 9.0 17.7 

22 15.6 11.1 15.0 

23 11.7 16.7 9.9 

24 7.8 18.3 9.9 

25 3.9 19.7 11.3 
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3. 0D In-Cylinder flow model 

A 1D model of the engine under study is developed within a 0D/1D modeling 

environment, where the engine is schematized through a network of 1D pipes and 0D 

volumes. The turbocharger system is handled by a standard map-based approach, 

whereas the in-cylinder phenomena are described by refined, in-house developed, 

phenomenological sub-models for turbulence, combustion, and heat transfer. 

The K-k-T turbulence model, previously presented by authors [31], considered not only 

an equation for the kinetic energy of the mean flow, K, and one of the turbulent flow, 

k, but also an equation for the specific angular momentum of the tumble motion, T. In 

tumble-assisted SI engines, this model is highly recommended, but in the engine under 

exam, where the combustion chamber is in the piston crown and the cylinder head has 

a flat geometry, the flow motion during the intake phase is mainly governed by the 

swirl motion rather than tumble one.  

𝑑𝑚𝐾

𝑑𝑡
= (𝑚̇𝐾)𝑖𝑛𝑐 − (𝑚̇𝐾)𝑜𝑢𝑡 + 𝑚𝐾

𝜌̇

𝜌
− 𝑃 − 𝑃𝑇 − 𝑃𝑆 + 𝐾̇𝑖𝑛𝑗 (1) 

𝑑𝑚𝑘

𝑑𝑡
= (𝑚̇𝑘)𝑖𝑛𝑐 − (𝑚̇𝑘)𝑜𝑢𝑡 +

2

3

𝜌̇

𝜌
(−𝑚𝜈𝑡

𝜌̇

𝜌
+ 𝑚𝑘) + 𝑃 + 𝑃𝑇 + 𝑃𝑆 − 𝑚𝜀 (2) 

𝑑𝑚𝑇

𝑑𝑡
= (𝑚̇𝑇)𝑖𝑛𝑐 − (𝑚̇𝑇)𝑜𝑢𝑡 − 𝑓𝑑𝑇

𝑚𝑇

𝑡𝑇
 (3) 

𝑑𝑚𝑆

𝑑𝑡
= (𝑚̇𝑆)𝑖𝑛𝑐 − (𝑚̇𝑆)𝑜𝑢𝑡 − 𝑓𝑑𝑆

𝑚𝑆

𝑡𝑆
 (4) 

 

The equations shown above govern the evolution of the following flow quantities: 

1. Mean kinetic energy 𝐾 = (1 2⁄ )𝑈2, where U is the mean velocity inside the 

cylinder. 

2. Turbulent kinetic energy 𝑘 = (3 2⁄ )𝑢′2, where u’ is the intensity of the 

turbulent field inside the cylinder, assumed to be homogeneous and isotropic. 

3. Specific angular momentum of the tumble motion 𝑇 = 𝑈𝑇𝑟𝑇, where UT is the 

tumble vortex velocity and rT is the tumble radius. The kinetic energy 

𝐾𝑇 related to tumble momentum is 𝑈𝑇
2/2. Tumble speed is commonly 

expressed in a non-dimensional form as tumble number 𝑁𝑇 = 𝑈𝑇/(𝜔𝑒𝑛𝑔𝑟𝑇), 

where 𝜔𝑒𝑛𝑔 is the engine angular speed. 

4. Specific angular momentum of the swirl motion 𝑆 = 𝑈𝑆𝑟𝑆, where US is the 

swirl vortex velocity and rS is the swirl radius. The kinetic energy 𝐾𝑆 related to 
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swirl momentum is 𝑈𝑆
2/2. As well as tumble number, swirl number is defined 

as: 𝑁𝑆 = 𝑈𝑆/(𝜔𝑒𝑛𝑔𝑟𝑆). 

The term m is the in-cylinder mass, while 𝐾̇𝑖𝑛𝑗 is the kinetic energy associated with 

possible direct fuel injection. 

3.1 Convective flows  

The first and the second term in the above equations describe incoming and outcoming 

convective flows through the valves. The following equations are used: 

(𝑚̇𝐾)𝑖𝑛𝑐 =
1

2
[𝑚̇𝑖𝑛𝑓(𝑐𝐾𝑖𝑛0𝑣𝐾𝑖𝑛𝑓)

2
+ 𝑚̇𝑒𝑥𝑓𝑣𝐾𝑒𝑥𝑓

2 + 𝑚̇𝑒𝑥𝑏𝑣𝐾𝑒𝑥𝑏
2 ] (5) 

(𝑚̇𝐾)𝑜𝑢𝑡 = 𝐾(𝑚̇𝑖𝑛𝑏 + 𝑚̇𝑒𝑥𝑓) (6) 

(𝑚̇𝑘)𝑖𝑛𝑐 = 0 (7) 

(𝑚̇𝑘)𝑜𝑢𝑡 = 𝑘(𝑚̇𝑖𝑛𝑏 + 𝑚̇𝑒𝑥𝑓) (8) 

(𝑚̇𝑇)𝑖𝑛𝑐 = 𝑟𝑇(𝑚̇𝑖𝑛𝑓𝑐𝑇𝑖𝑛0𝑣𝑇𝑖𝑛𝑓 − 𝑚̇𝑒𝑥𝑓𝑣𝑇𝑒𝑥𝑓 − 𝑚̇𝑒𝑥𝑏𝑣𝑇𝑒𝑥𝑏) (9) 

(𝑚𝑇̇ )𝑜𝑢𝑡 = 𝑇(𝑚̇𝑖𝑛𝑏 + 𝑚̇𝑒𝑥𝑓) (10) 

(𝑚𝑆̇ )𝑖𝑛𝑐 = 𝑟𝑆(𝑚̇𝑖𝑛𝑓𝑐𝑆𝑖𝑛𝑣𝑆𝑖𝑛𝑓 − 𝑚̇𝑒𝑥𝑓𝑐𝑆𝑒𝑥𝑣𝑆𝑒𝑥𝑓 − 𝑚̇𝑒𝑥𝑏𝑣𝑆𝑒𝑥𝑏) (11) 

(𝑚𝑆̇ )𝑜𝑢𝑡 = 𝑆(𝑚̇𝑖𝑛𝑏 + 𝑚̇𝑒𝑥𝑓) (12) 

 

Figure 3 – Schematic of valve flows. 

In the Equations above 𝑚̇𝑖𝑛 and 𝑚̇𝑒𝑥 indicate the mass flow passing through the intake 

and exhaust valves, respectively. The subscripts f and b indicate the directions of the 

flow through the valves, that can be forward or backward (Figure 3). Instantaneous 

mass flows are calculated through a simple nozzle-like model, accounting for the 

pressure difference across the valve and the effective flow area, related to the 

instantaneous flow coefficient and valve lift. 

In Equations 5, 9, and 11, the velocities vK, vT and vS include the flow losses through 

the valves. More precisely, they comprise the discharge, the tumble, and the swirl 

coefficients, respectively. These coefficients are automatically specified as a function 

of the valve lift. Even if the model does not explicitly describe the actual shape of 
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intake runners, the influence of intake port design on ordered and unordered motions 

is considered in the above coefficients. The possibility to tune the discharge, tumble, 

and swirl momentum is offered by the global multipliers cKin0, cTin0, cSin, and cSex. The 

last two terms of Equations 9 and 11 give a subtractive contribution to the tumble and 

swirl intensities, assuming that the exhaust flow, both in forward and backward 

direction, produces a reverse tumble and swirl, opposite to the ones produced by intake 

flows. 

3.2 Decay functions 

In the Equations 3 and 4, the terms 𝑓𝑑𝑇
𝑚𝑇

𝑡𝑇
 and 𝑓𝑑𝑆

𝑚𝑆

𝑡𝑆
 express the decay of the two 

main ordered motions due to the shear stresses with the combustion chamber walls. A 

decay function fd is used for the tumble and another one for the swirl, considering a 

characteristic time scale tT for the tumble and tS for the swirl. 

𝑓𝑑𝑇 = 𝑐𝑓𝑑0,𝑇 + 𝑐𝑓𝑑𝑚,𝑇 [max (
𝐵

𝐻
, 1) − 1] (13) 

𝑡𝑇 =
𝑟𝑇

𝑢′
 (14) 

𝑓𝑑𝑆 = 𝑐𝑓𝑑0,𝑆 + 𝑐𝑓𝑑𝑚,𝑆 |
𝑈𝑠𝑞

𝑈𝑆
| (15) 

𝑡𝑆 =
𝑟𝑆

𝑢′
 (16) 

Both decay functions for tumble and swirl are dependent on a fixed term and a time-

varying term. The former is active during the whole engine cycle and expresses the 

dissipation of ordered flow structures caused by internal viscous forces, while the latter 

takes into account the dissipation effects caused by the piston rising (Figure 4 

andFigure 5). Specifically, the second term of tumble decay indicates its collapse 

caused by the piston rising, and it is inversely proportional to the piston position, H, 

normalized by the cylinder bore, B (Figure 4). This component is supposed to be 

proportional to the ratio of the squish velocity, Usq, to the swirl velocity, US. To adjust 

the two contributions to tumble and swirl decays, Equations 13 and 15 present two 

parameters, cfd0,x and cfdm,x. Equations 14 and 16 show that the characteristic time 

scales, tT, and tS, of tumble and swirl are assumed to inversely depend on the turbulence 

intensity and directly on the related radii. The radii of tumble and swirl are calculated 

based on geometrical data of the cylinder and piston according to Equations 17 and 

18.  



Page 11 of 37 

 

Figure 4 - Qualitative sketch of the 

tumble vortex. 

 

Figure 5 - Qualitative sketch of the swirl 

vortex. 

𝑟𝑇,𝑆 = 𝑐𝑟0𝑇,𝑆 + 𝑐𝑟𝑚𝑇,𝑆

1

4
√𝐵𝜗

2 + (𝐻 + 𝑠𝑏𝑜𝑤𝑙)2 (17) 

𝐵𝜗 =
(𝑉𝑐𝑦𝑙 − 𝑉𝑏𝑜𝑤𝑙) ∙ 𝐵 + 𝑉𝑏𝑜𝑤𝑙 ∙ 𝑑𝑏𝑜𝑤𝑙

𝑉𝑐𝑦𝑙
 (18) 

In Equation 17, Bθ and (H+sbowl) are instantaneous representative dimensions along 

radial and axial directions around which ordered motions arise, whereas cr0T and crmT 

(or cr0S and crmS) are two parameters that allow the tumble (or swirl) radius to be 

adjusted. dbowl and sbowl are the diameter and the height of the piston bowl, respectively 

(Figure 6). Bθ is a time-variant parameter (Equation 18), it is equal to the bore B if the 

piston is at BDC, while it is equal to the bowl diameter if, ideally, there is no space 

between the top of the piston and the cylinder head. In the Equation 18, Vcyl is the 

instantaneous cylinder volume, and Vbowl is the piston bowl volume. 

The mean velocity of the squish motion inside the cylinder, Usq, is quantified by 

Equation 19 [33]. This velocity depends in turn on its axial, Ua, and radial, Ur, 

components that are related to main geometric characteristics of the cylinder and piston 

bowl and on the cylinder volume variation rate. 

𝑈𝑠𝑞 =
1

3
(𝑈𝑟 (1 +

𝑑𝑏𝑜𝑤𝑙

𝐵
) + 𝑈𝑎 (

𝑑𝑏𝑜𝑤𝑙

𝐵
)

2

) (19) 

𝑈𝑟 =
𝑑𝑉𝑐𝑦𝑙

𝑑𝑡
∙

𝑉𝑏𝑜𝑤𝑙

𝑉 ∙ (𝑉𝑐𝑦𝑙 − 𝑉𝑏𝑜𝑤𝑙)
∙

𝐵2 − 𝑑𝑏𝑜𝑤𝑙
2

4𝑑𝑏𝑜𝑤𝑙
 (20) 

𝑈𝑎 =
𝑑𝑉𝑐𝑦𝑙

𝑑𝑡
∙

𝑠𝑏𝑜𝑤𝑙

𝑉
 (21) 
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Figure 6 - Qualitative sketch of the main geometrical data of cylinder and piston. 

3.3 Production term 

The energy cascade mechanism is modelled by the terms P, PS and PT in Equations 1-

2. Those terms are subtractive for the kinetic energy K associated to the mean flow, 

while they are additional terms for the turbulent kinetic energy k.  

 

Figure 7 - Kinetic energies associated to mean, tumble, swirl and turbulent flows. 

Since most of the flow structures generated during the intake phase are unordered, the 

mean flow kinetic energy is significantly greater than the tumble and swirl-associated 

kinetic energies. In the engine design under study, the tumble motion is weak while 

the swirl motion is prominent. Due to the conservation of angular momentum, the swirl 

vortex velocity increases as the piston rises, and the swirl radius decreases as a result 

of the flow motion entering the piston bowl. Due to the high swirl vortex velocity, 

shear stresses and internal viscous forces increase the turbulence kinetic energy close 

to the TDC (Figure 7). 

The turbulent production due to unordered flows is computed by the difference 

between the overall mean flow kinetic energy K and the ones associated to the two 

ordered flow motions, 𝐾𝑇 and 𝐾𝑆. 

𝑃 = 𝑐𝑃𝐾𝑘𝑚
𝐾 − 𝐾𝑇 − 𝐾𝑆

𝑡𝑇𝑆
 (22) 

In the Equation above cPKk is a tuning constant to modulate the energy transfer from 

the mean flow to the turbulent one, tTS is a characteristic time scale determined by a 
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weighted average, Equation 23, depending on tumble and swirl intensities, Equation 

24. 

𝑡𝑇𝑆 = 𝑤𝑡𝑇 + (1 − 𝑤)𝑡𝑆 (23) 

𝑤 =
|𝑈𝑇|

√𝑈𝑇
2 + 𝑈𝑆

2
 (24) 

Ordered motions also contribute to turbulence production depending on their 

dissipation rates, modelled by the last terms in Equations 3 and 4. The productions of 

turbulent kinetic energy related to tumble and swirl decays are evaluated by 

differentiating tumble- and swirl-related kinetic energy definitions, as reported below: 

𝑃𝑋 =
𝑈𝑋

𝑟𝑋
(𝑓𝑑𝑋

𝑚𝑋

𝑡𝑋
) (25) 

where X indicates either swirl or tumble. 

3.4 Dissipation term 

In the Equation 2, the dissipation rate ε is determined through the Equation 26. 

𝐿𝑖 = 𝑐𝜇
3 4⁄ 𝑘3 2⁄

𝜀
 (26) 

where c is a constant and Li is the turbulence integral length scale. As demonstrated 

in prior research [16], this value varies marginally depending on the engine operations 

(speed, load, valve strategy, etc.), but largely depends on the engine type and 

combustion chamber shape. For this reason, the authors have opted to impose a 

sequence of S-shaped functions to describe the evolution of Li during the engine cycle. 

The parameters of these functions are chosen to accommodate the Li trend accord to 

results of 3D simulations. 

4. Results and discussion on turbulence model 

This section presents the predictions of the proposed 0D flow/turbulence model at 2 

operating conditions and compares them to the results obtained via 3D-CFD 

simulations, widely detailed in [34]. The operating conditions considered are at 1200 

rpm and 1900 rpm, whose main engine settings are listed in Table 3.  

The 3D-CFD simulations of the gas exchange process were performed with Lib-ICE 

software, which is a code based on the OpenFOAM technology and extensively used 

for simulating IC engines for both academical and industrial tasks [35, 36, 37]. The 

tumble and swirl radii, rT and rS, derived from 3D analyses are here defined as: 

𝑟𝑇 =
∑ 𝑚𝑖[(𝑥𝑖 − 𝑥𝐺)2

𝑐𝑦𝑙 + (𝑧𝑖 − 𝑧𝐺)2]

∑ 𝑚𝑖𝑐𝑦𝑙 √(𝑥𝑖 − 𝑥𝐺)2 + (𝑧𝑖 − 𝑧𝐺)2
 (27) 
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𝑟𝑆 =
∑ 𝑚𝑖[(𝑥𝑖 − 𝑥𝐺)2

𝑐𝑦𝑙 + (𝑦𝑖 − 𝑦𝐺)2]

∑ 𝑚𝑖𝑐𝑦𝑙 √(𝑥𝑖 − 𝑥𝐺)2 + (𝑦𝑖 − 𝑦𝐺)2
 (28) 

where mi is the mass in the ith cell; xi, yi, zi are the Cartesian coordinates of the ith cell 

center; and xG, yG, zG are the Cartesian coordinates of the in-cylinder mass center. The 

tumble and the swirl radii are here defined around the y-axis and z-axis, respectively 

(see Figure 2).  

A mono-cylindrical 1D model of the engine under study is developed within a 

commercial software (GT-Power) based on a 0D/1D modeling environment, where the 

engine is schematized through a network of 1D pipes and 0D volumes. The 0D 

flow/turbulence pattern is implemented as user sub-model using GT-Power tools and 

it ran in motored conditions just to evaluate the cold flow impact on turbulence 

generation, with no combustion influence. 

Table 3 - The investigated operating conditions. 

Operating condition Cruise 

135 mm 

230 mm 

Max power 

4 

-155°  BTDC @ 

0.25 mm lift 

Engine speed [rpm] 1200 1900 

Brake torque [Nm] 850 1700 

Brake power [kW] 100 338 

Air-fuel ratio 𝜆 1 1 

EGR [%] 14.5 11.2 

 

 

Figure 8 - Comparison between 3D-CFD and 0D results of tumble (a) and swirl (b) radii and 

normalized integral length scale (c). 
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The flow/turbulence model is tuned manually through a simple trial and error 

procedure to obtain a good match of all quantities of interest with 3D results. These 

last are synthesized in scalar quantities through mass-averaging process within the 

cylinder. Since 3D simulations started at the beginning of the exhaust phase, with null 

initial swirl, and covered a single engine cycle, a full cycle-by-cycle convergence is 

not reached. All the 0D/3D comparisons presented below cover intake, compression 

and a portion of expansion stroke, when cyclic convergence can be assumed adequate. 

The values of the flow/turbulence model constants after the tuning are listed in the 

Table 4. They are kept fixed for the tested operating conditions, with no case-

dependent specific tuning. 

As stated previously, in this K-k-T-S model, some variables, particularly those 

pertaining to the geometrical properties of the engine and combustion chamber, are not 

estimated but rather imposed based on established patterns. Using Equation 17, the 

radii of tumble and swirl are determined by modifying the cr0X and crmX parameters to 

match the 3D levels at BDC and TDC, respectively. Similarly, the integral length scale 

is computed by assigning levels at certain angular points (firing TDC, minimum and 

maximum levels during intake and compression strokes). Figure 8 demonstrates that 

the 0D patterns properly match the 3D counterparts, particularly during the intake and 

compression strokes, which are the most significant phases for a good forecast of 

combustion. 3D-CFD simulations revealed no notable variations in the outcomes of 

tumble/swirl radius and integral length scale for the two analyzed engine rotational 

speeds. Thus, 0D/3D assessment is only presented for the speed of 1900 rpm. 

Table 4 - Values of flow model tuning constants. 

Tuning constant Value Tuning constant Value 

cKin0 0.60 cSin 0.08 

cTin0 0.45 cSex 0.02 

cfd0,T 0.55 cfd0,S 0.05 

cfdm,T 1.0 cfdm,S 1.0 

cPKk 3.5 
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Figure 9 - Comparison between 3D-CFD and 0D results at 1200 rpm of mean flow velocity 

(a), tumble number (b), swirl number (c) and turbulence intensity (d). 

Figure 9 andFigure 10 shows that the overall behavior of the model is quite satisfactory 

in the comparison with 3D outcomes, for both the analyzed operating conditions. The 

mean flow velocity, the tumble number, the swirl number, and the turbulence intensity 

denote a very good agreement with the related 3D profiles, during most of the engine 

cycle. The mean flow velocity, tumble and swirl, increases during the intake phase due 

to incoming flow through the intake valve. According to expectations, those velocities 

appropriately scale with engine rotational speed, passing from 1200 rpm to 1900 rpm. 

After a partial decay during the ending part of the intake phase, mean flow velocity 

persists and even accelerates near TDC because of the swirl motion speeding up. The 

swirl radius reduces, approaching the TDC, due to the smaller volume available in the 

combustion chamber, so for the angular momentum conservation, the swirl velocity 
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enhances. The squish is not directly described by a dedicated equation, but its effects 

are indirectly taken into account as energy lost in the decay of the swirl. 

 

Figure 10 - Comparison between 3D-CFD and 0D results at 1900 rpm of mean flow velocity 

(a), tumble number (b), swirl number (c), and turbulence intensity (d). 

As emerged from 3D analyses, tumble momentum presents comparable components 

around two principal axes (x-axis and y-axis) perpendicular to the cylinder symmetry 

axis (z-axis). For this reason, those momentum components are combined according 

to: 

𝑇𝑋𝑌 = √𝑇𝑋
2 + 𝑇𝑌

2 (29) 
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For sake of consistency, the absolute values of 0D-computed tumble number are 

compared to 3D results in Figure 9b and Figure 10b. The 0D prediction appears quite 

poor during the intake phase, and this is due to its incapability to reproduce multiple 

and unstructured tumble eddies generated during this phase in the engine under study 

[34]. The model accuracy drastically improves during the compression stroke, where 

tumble collapse towards TDC is quite well captured. 

Figure 9 andFigure 10 also depict the comparisons between the results of the presented 

K-k-T-S model and the ones of the K-k-T variant. The figures show that the novel 

model allows obtaining a better prediction of mean flow kinetic energy around the 

FTDC. On the opposite, the K-k-T model does not perceive the effect of swirl motion 

in sustaining the mean flow velocity when the piston moves around the FTDC. This 

reflects in an improved turbulence estimation by the K-k-T-S model, especially for the 

higher rotational speed. 

Looking at Figure 9b-c and Figure 10b-c, the tumble and swirl number profiles are 

overall satisfactorily reproduced during most of the engine cycle, with a higher 

accuracy towards the ending portion of the compression stroke, when the contribution 

of those motions to turbulence generation become more relevant. The turbulent 

intensity is satisfactorily predicted in the 0D pattern over the considered portion of the 

engine cycle. During the intake phase and the early stage of the compression stroke, 

0D turbulence prediction mainly relies on accuracy in the simulation of mean flow 

velocity. Near to the TDC, the characteristic speed-up of turbulence intensity is 

captured by the model through the cascade mechanisms of kinetic energy from 

unordered and ordered flows to smaller scales. 

5. Fractal Combustion model 

The turbulence model above presented is combined with a predictive combustion 

model, developed at the University of Naples in the last years [19]. This model 

assumes that the aerodynamic turbulence enhances the burn rate with respect to the 

one occurring under a laminar propagation, through an increased surface of the flame 

front. In particular, the fractal model directly describes the enhancement of this 

increased flame front surface, resorting to the concepts of fractal geometry. 

Experimental observations proved, indeed, that a wrinkled flame front presents a 

fractal behaviour, resulting in the auto-similarity of its basic structure [38, 39]. This 

gives the possibility to relate the turbulent flame front extent to the laminar one 

according to turbulence characteristic speed, time, and length scales. Under this 

assumption, the burning rate is expressed as: 

(
𝑑𝑚𝑏

𝑑𝑡
)

𝑓𝑟𝑎𝑐𝑡𝑎𝑙
= 𝜌𝑢𝐴𝑇𝑆𝐿 = 𝜌𝑢𝐴𝐿𝑆𝐿 (

𝐴𝑇  

𝐴𝐿
) = 𝜌𝑢𝐴𝐿𝑆𝐿 (

𝐿𝑚𝑎𝑥 

𝐿𝑚𝑖𝑛
)

𝐷3−2

 (30) 

𝜌𝑢 is the unburned gas density, 𝐴𝐿 and 𝐴𝑇 are the area of the laminar and turbulent 

flame front areas, and 𝑆𝐿 is the laminar flame speed. For the 𝐴𝐿 estimation, a tabulated 

approach is followed. To this aim, in a preliminary stage, an off-line procedure 

calculates the intersections between a smooth spherically shaped flame front centred 

at the spark plug, and a simplified geometry of the combustion chamber. A look-up 

table is created, which collects, at each piston position and flame radius, the burned 

gas volume and the flame front surface area. The above table is loaded and interpolated 

at run-time, based on the current piston position and burned gas volume. The flame 
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speed, 𝑆𝐿, is evaluated by an empirical correlation as a function of the thermodynamic 

state, equivalence ratio, and charge dilution, detailed in the next section. 𝐿𝑚𝑎𝑥 and 

𝐿𝑚𝑖𝑛 are the length scales of the maximum and minimum flame wrinkling. The former, 

(𝐿𝑚𝑎𝑥) is related to a macroscopic characteristic dimension of the flame front, function 

of the flame radius, the latter (𝐿𝑚𝑖𝑛 ) is taken equal to the size of the smallest turbulent 

eddy, namely the Kolmogorov length scale. This last, as well known, depends on the 

turbulence intensity and the integral length scale. Whereas, D3, defined as the flame 

front fractal dimension, is assumed to depend on turbulence intensity, 𝑢′, and laminar 

flame speed, 𝑆𝐿, by an empirical correlation, reported in [40]. 

The estimation of 𝐿𝑚𝑎𝑥, 𝐿𝑚𝑖𝑛 and 𝐷3 is based on the dedicated turbulence sub-model 

above presented. Eq. (30) applies to fully developed and freely propagating turbulent 

flame. Concerning the early flame development, a transition from laminar to turbulent 

combustion is introduced, as a function of a characteristic time scale of the turbulent 

flow field [41]. Whereas, for the combustion tail, a flame-wall interaction is taken into 

account according to [41], assuming a weighted average between a purely fractal 

burning rate and a laminar wall combustion. The laminar flame speed, 𝑆𝐿, is here 

estimated by the correlation presented in [42, 43, 44]. This is computed by the 1D 

simulations of planar flames burning pure methane in the air under wide ranges of 

pressure, temperature, and equivalence ratios. Those levels are in line with the ones 

occurring in the engine under study. 

The summarized fractal combustion model has been successfully applied to light-duty 

and high-performance gasoline engines in the past [45, 46, 47]. In addition, in [41] it 

has been compared, in terms of tuning efforts and predictive accuracy, to well-known 

approaches, such as the eddy burn-up model [48, 49]. The authors in [41] found that 

the fractal model is characterized by a reduced constant-to-constant cross-dependency, 

producing lower tuning efforts with respect to the eddy burn-up model. Each tuning 

parameter in the fractal model is designed to exert a local effect during a single phase 

of the combustion process (laminar-turbulent transition, fully turbulent flame 

propagation, and wall/flame interaction). Additionally, during the present activity, 

some preliminary calculations showed that the fractal model, at partial load, exhibited 

higher reliability in predicting the experimental data, in terms of both engine 

performance and burn rate shape, without the need to adjust any tuning parameter. 

These advantages are justified by the theoretical background of the fractal approach, 

since it is more directly founded on the combustion regime occurring in a SI engine, 

falling in the wrinkled-corrugated flamelets zone [50]. Indeed, the fractal model 

directly describes the enhancement of the flame front surface due to its interaction with 

the turbulence, reproducing the observations reported in several experimental activities 

[40-51]. As a final remark, it is worthwhile mentioning that the fractal combustion 

model is implemented, as well as the presented turbulence model, in the GT-Power 

environment under the form of user coding. 

Concerning other modelling features, the Woschni correlation is adopted for the wall 

heat transfer modelling, as reported in [8]. Although knock phenomena occur for the 

considered CNG SI engine at the higher loads, at this stage of the research, this process 

is not simulated, focusing the study mainly on the validation of the combustion model. 
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6. Engine model set-up, tuning, and validation 

6.1 Model set-up 

A 1D model of the engine under study is developed within a 0D/1D modelling 

environment, where the engine is schematized through a network of 1D pipes and 0D 

volumes. The turbocharger system is handled by a standard map-based approach, 

whereas the in-cylinder phenomena are described by refined, in-house developed, 

phenomenological sub-models for turbulence, combustion, and heat transfer.  

To reproduce in the 1D model the same operating conditions experienced in the 

experimental campaign, some control parameters are imposed as a simulation input. 

More specifically, the fuel is automatically metered to match the measured air/fuel 

ratio, whereas two PIDs are introduced for load control. The former acts on the 

turbocharger wastegate opening, which targets the measured boost level. The latter 

modifies the throttle valve position, following the measured BMEP level. The 

experimentally-derived MFB50 is imposed in the simulations, iteratively adjusting the 

SA at run-time, until the prescribed MFB50 is matched. 

Although different correlations/models for the estimation of the friction losses are 

available in the current literature, at this stage of the activity, the experimental FMEP 

data are imposed in the 1D simulation. 

6.2 Model tuning 

The combustion model is firstly tuned at full load, to minimize the overall speed-

averaged error between the computed and experimental characteristics combustion 

angles. To this aim, 3 tuning constants have to be specified, each of them acting, as 

said, on a specific phase of the combustion process, namely the transition between an 

initially laminar to a fully-turbulent combustion, the fully-developed flame wrinkling, 

and the combustion tail. Using a trial-and-error procedure, a single set of tuning 

constants is identified, following the steps presented in [41]. 

In Figure 11, the results of the full-load tuning procedure are reported in terms of 

characteristic combustion events, namely SA, MFB10, MFB50, and MFB75. Since the 

MFB50 is imposed in the calculations, the combustion model accuracy can be mainly 

appreciated in terms of experimental/numerical comparison on the SA. 

A slow initial burning rate, expressed as [MFB10-SA] duration, is evident in the results. 

Being the considered engine retrofitted from a CI application, a low turbulence level 

is established inside the combustion chamber, which lengthens the transition from an 

initially laminar to a fully-turbulent combustion. Since the phenomenon is directly 

considered in the model, a good match of both the SA and the MFB10 can be observed. 

The burning speed during the combustion core, expressed in terms of [MFB50- MFB10], 

is also very well reproduced. Since the MFB90 is always hard to measure 

experimentally due to the inaccuracy to catch the end of combustion, MFB75 is 

considered to adjust the speed of the combustion tail. 
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Figure 11. Experimental vs numerical comparison of characteristic combustion angles at full 

load. 

6.3 Model validation 

Once tuned at full load, the combustion model is applied to the analysis of all the other 

operating points listed in Table 2, using the same set of previously defined tuning 

constants. Firstly, the model validation is proved in terms of global performance, 

where the Root Mean Squared Error (RMSE) is presented as a global indicator of the 

model accuracy. To show the model sensitivity to the engine load, in Figure 12-Figure 

18, the five load levels tested at each speed (see Table 2) have been differenced by 

various symbols and colours. 

In Figure 12 the measured and computed air flow rates are compared. The RMSE is 

rather low (10.92 kg/h) and all the analysed points are within the error band ± 5%, 

denoting an accurate schematization of the engine geometry, of the turbocharging 

system, and a proper specification of the valve flow coefficients. 

The experimental/numerical correlation between the main combustion events is 

reported in Figure 13-Figure 14, while in Figure 15 is showed the burn duration. 

Globally, the model produces with good accuracy the prediction of all these quantities. 

In particular, the SA is well-captured with an RMSE of about 1.15 CAD (Figure 13). 

Since the load spans from 20% to 100% of the full load, this result can be considered 

excellent, being the model capable to perceive the progressive advance of the spark 

timing at reducing load. This is obtained thanks to the ability to consider the 

superimposed effects of the simultaneous decrease of in-cylinder turbulence, pressure, 

and temperature. The good accuracy in the prediction of combustion phases for all load 

levels is further confirmed by Figure 14 in which the numerical/experimental 

correlation of MFB10 is shown. Even for the MFB10 the accuracy is very good, in fact, 

the error never exceeds ±2 CAD for all the prescribed loads, with an RMSE of 0.84 

CAD. 

The burn duration is again considered between 10% and 75% of the fuel burned. In 

Figure 15, the burn duration prediction is good in comparison with the measured 

counterparts, with an RMSE of 0.77 CAD, confirming the robustness of both 

combustion and turbulence models. 
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Figure 12. Experimental vs numerical airflow rate comparison. 

 

Figure 13. Experimental vs numerical spark advance comparison. 

The above combustion results can be considered satisfactory, taking into account that 

no case-dependent tuning is applied, and the assessment includes both full and part 

load operating points. The globally appropriate accuracy in the combustion process 

description is confirmed by the numerical/experimental comparisons of peak pressure 

level, depicted in Figure 16. The peak pressure level is to some extent overestimated / 

underestimated at high / low-load, but always inside a range of ±5%, with an RMSE 

of 0.74 bar. 
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Figure 14. Experimental vs numerical MFB 10 comparison. 

 

Figure 15. Experimental vs numerical Burn Duration 10-75 comparison. 

 

Figure 16. Experimental vs numerical pressure peak comparison. 
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Figure 17. Experimental vs numerical BSFC comparison. 

 

Figure 18. Experimental vs numerical turbine inlet temperature. 

As a further confirmation of the model reliability in terms of wall heat transfer, flow, 

and combustion prediction, the BSFC comparison is reported in Figure 17. All the 

operating points are included in the band ± 5%, with an RMSE equal to 2.31 g/kWh. 

The highest errors occur systematically at low loads, where the fuel consumption is 

slightly overestimated. 

In Figure 18 the correlation between experimental data and numerical results on 

turbine inlet temperature is shown. The accuracy is good, with an RMSE equal to 15.9 

K. A little overestimation for low load levels is observed, but numerical results are 

always in the range of ±5% of deviation, depicting a good calibration of both in-

cylinder and exhaust pipes wall heat transfer. 
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Figure 19. Experimental vs numerical comparison of in-cylinder pressure traces and burn rates 

at 1100rpm@ 19.5 (a), 11.7 (b), 3.9 (c) BMEP. 

A more impressive check of the simulation reliability is given by the 

experimental/numerical comparisons of the pressure traces and the related burn rates, 

shown in Figure 19-Figure 21. In particular, 9 representative operating points from 

Table 2 are selected, at different engine speeds and loads. The black lines represent the 

experimental traces, whereas the red ones correspond to the model outcomes. The 

comparison is done for mean pressure cycles, experimental traces are obtained for 200 

firing cycles with a percentual error of 1%. 

The agreement between experimental/numerical pressure trends is quite good in terms 

of global shape, timing and peak levels for all the analysed operating points. During 

the compression stroke, a slight underestimation of the pressure traces is visible with 

a higher extent at increasing load. The underestimation of the pressure traces could be 

probably due to the prediction of a slightly faster combustion, with delayed beginning, 

which reflects in lower pressure levels around the TDC. At this stage of the research, 

a model of kernel development is not considered, but this is expected to improve the 

model predictivity. Another possible reason for pressure mismatch around the TDC 

could be some inaccuracy in the experimental measurement of the boost level, which 

is targeted in the model by the turbocharger WG control. Regarding the burn rate, the 

model well follows the experimental profiles, detecting the evident slow-down when 

the load decreases. The demonstrated accuracy of the combustion model, as already 
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mentioned, mainly relies on the capability to perceive superimposed effects of in-

cylinder, turbulence, pressure, temperature, and residual content. 

For sake of completeness, 1D the simulations are repeated with experimental SA 

imposed and the corresponding results are plotted in Figure 19-Figure 21 with blue 

lines. In this case, the model tuning is kept unchanged to have a fair comparison with 

results with MFB50 imposed. The figures put into evidence that the model accuracy 

slightly worsens when imposing the SA instead of the MFB50. This modelling lack is 

expected to improve with a better description of the early combustion stage, including 

the flame kernel formation and development.  

 

Figure 20. Experimental vs numerical comparison of in-cylinder pressure traces and burn rates 

at 1500 rpm@ 19.4 (a), 11.7 (b), 3.9 (c) BMEP. 
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Figure 21. Experimental vs numerical comparison of in-cylinder pressure traces and burn rates 

at 1900 rpm@ 16.6 (a), 10.0 (b), 3.3 (c) BMEP. 

7. Conclusions 

The main topic of this work was to use the predictive capabilities of a fractal 

combustion model, through the coupling with an appropriate turbulence model suitable 

for large bore engines, including swirl motion interacting with the squish motion as a 

turbulence production source in addition to tumble collapse. The developed models 

are adopted to simulate the operation of an SI CNG heavy-duty engine retrofitted from 

a CI Diesel engine, where the intake port and piston shape are conceived to promote 

swirl motion within the cylinder. 

The turbulence model is hence embedded in a phenomenological combustion model 

to simulate the engine behaviour under various operating conditions, different in terms 

of rotational speed and load. Once tuned, the fractal model accuracy was verified in 

terms of both global performance, combustion phasing, and pressure traces against an 

extensive experimental dataset composed of 25 operating points. The results 

underlined the model capability in predicting air flow rate and BSFC, with a reasonable 

error band of ±2%. Concerning the pressure traces and the burn rates, the 

experimental/numerical agreement is satisfactory in all operating points. This also 

reflects in a good prediction of the main combustion events and durations. It is worth 

underlining that the results were obtained using a unique set of tuning constants for all 
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the operating points, demonstrating that the physics behind the model is accurate 

enough to utilize it in a predictive way. 

Acronyms 

0D/1D/3D Zero/One/Three–Dimensional 

AFTDC After Firing Top dead center 

BFTDC Before Firing Top dead center 

BMEP Brake mean effective pressure 

BSFC Brake specific fuel consumption 

CAD Crank angle degree 

CFD Computational Fluid Dynamics 

CI Compression Ignition 

CNG Compressed Natural Gas 

EGR Exhaust Gas Recirculation 

EOI End of Injection 

FMEP Friction Mean Effective Pressure 

FTDC Firing Top dead center 

HD Heavy Duty 

ICE Internal Combustion Engine 

IMEP Indicated Mean Effective Pressure  

LNG Liquefied Natural Gas 

MFB Mass fraction burned 

MPI Multi Point Injection 

PTG Power-to-Gas 

RMSE Root Mean Square Error 

SA Spark advance 

SI Spark ignition 

TCO Total Cost Ownership 

TDC Top Dead Center 

TKE Turbulent Kinetic Energy 

 

Symbols 

AL Flame front laminar area 

AT Flame front turbulent area 

B Cylinder bore 

Bq Characteristic dimension of in-cylinder charge along radial direction 
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cfd0,S, cfdm,S Tuning constants of swirl decay function 

cfd0,T, cfdm,T Tuning constants of tumble decay function 

cKin0 Tuning constant of inlet flow coefficient 

cPKk Tuning constant of turbulent production 

cr0,S, crm,S Parameters for swirl radius adjustment 

cr0,T, crm,T Parameters for tumble radius adjustment 

cSin, cSex Tuning constants of swirl flow coefficient 

cTin0 Tuning constant of tumble flow coefficient 

D3 Flame front fractal dimension 

dbowl Piston bowl diameter 

fd,S Decay function of swirl 

fd,T Decay function of tumble 

H Piston position referred to cylinder head 

k Turbulent kinetic energy 

K Mean flow kinetic energy 
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KS Kinetic energy related to swirl motion 

ksq Kinetic energy related to squish motion 

KS Kinetic energy related to swirl motion 

KT Kinetic energy related to tumble motion 

Li Integral Length Scale 

Lmax Flame wrinkling maximum scale 

Lmin Flame wrinkling minimum scale 

m Mass 

Nswirl Swirl number 

Ntumble Tumble number 

P Turbulence production 

p Pressure 

rS Swirl radius 

rT Tumble radius 

S Swirl momentum 

sbowl Piston bowl height 

SL Laminar flame speed 

SL0 Unstretched Laminar flame speed 

ST Turbulent flame speed 
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t Time 

T Temperature, Tumble momentum 

tS Characteristic time scale of swirl 

tT Characteristic time scale of tumble 

tTS Weighted average characteristic time scale 

U Mean flow velocity 

u’ Turbulence intensity 

Ua Axial mean flow velocity 

Ur Radial mean flow velocity 

US Swirl velocity 

Usq Squish velocity 

UT Tumble velocity 

v Flow velocity throughout the valve 

V(θ) Instantaneous combustion chamber volume 

Vcyl Cylinder volume 

 

Greeks 

α Temperature ratio exponent of laminar flame speed correlation 
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β Pressure ratio exponent of laminar flame speed correlation 

φ Air/fuel equivalence ratio 

ε Dissipation rate 

λ Relative air-to-fuel ratio 

νt Turbulent viscosity 

ρ Density 

ω Angular velocity 

 

Subscripts 

0 Room conditions 

10 / 50 / 90 Referring to 10 / 50 / 90% of mass fraction burned 

b Burned 

eng Referred engine 

exb Backward flow through the exhaust valve 

exf Forward flow through the exhaust valve 

inb Backward flow through the intake valve 

inc Incoming flow inside the cylinder 

inf Forward flow through the intake valve 
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K Related to mean flow kinetic energy 

max Maximum value 

min Minimum value 

out Outcoming flow from the cylinder 

S Related to swirl motion 

T Related to tumble motion 

u Unburned 

 

Superscripts 

̇  Time derivative 
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