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Abstract

The aim of this thesis project is to study the combustion of ICE engines fu-
elled with natural gas, NG, and mixtures of natural gas with a percentage of
hydrogen, HCNG. The work is carried out to support the European research
project called GasOn whose target is to realize a sustainable and more efficient
mobility in Europe, improving the energy efficiency of the powertrain. The use
of low carbon alternative fuels like HCNG, will play in fact a fundamental role
on the de-carbonisation process and it is beneficial for the reduction of pollutant
emissions.
A powerful tool able to study the combustion process in engines is the Compu-
tational Fluid Dynamics, CFD, analysis: this approach is based on the theory of
the fluid mechanics and it allows to solve problems related to fluid flows. Nowa-
days, there are several software in the market able to run CFD simulations;
the commercial code used in this work is CONVERGE, provided by Conver-
gent Science GmbH (Austria) company where this thesis has been carried
out. Furthermore, thanks to the collaboration with Politecnico di Torino and
in particular with the DENERG laboratory, the real performances of the FIAT
FIRE 1.4 16V Turbo engine have been compared with the numerical results ob-
tained from the simulations.
The study is focused on two different fuels, each containing distinct percentages
of hydrogen: 15% and 25% of H2. The validation of the model is based on the
main characteristic parameters of the combustion, such as pressure, dissipation
of energy inside the cylinder and finally pollutant emissions. The combustion
process has been simulated through the SAGE detailed chemistry model; fur-
thermore, different reaction mechanisms have been used in order to find the
numerical model which simulates the real behavior of the engine as well as pos-
sible.
The thesis can be split into three main parts. The first part introduces the
numerical modelling, with a brief description of the fluid governing equations
useful for the CFD analysis, the discretization approaches and the base concepts
of the CONVERGE software. The second part is focused on the main charac-
teristics of the engine and lists the experimental data obtained in laboratory.
In addition, it describes the case setup of the engine itself on the CONVERGE
interface, showing for example the CAD geometry, the boundary conditions and
the combustion and turbulence models used. Finally, the third part compares
the numerical results with the experimental data, showing all the changes made
to the case setup in order to reach the best possible results.
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1 CFD modelling

1.1 Introduction

In engineering, modeling a process means developing and using the appropriate
combination and equations in order to analyze critical features of a particular
case-study. The modeling of engine process continues to evolve in parallel with
the technology and the capability of the computers, understanding even more
in detail the physics and chemistry of the phenomena of interest. The major
contributions to engine engineering are:

• developing a complete and detailed of the process, involving numerical
models.

• identifying key controlling variables and then that provide guidelines, thus
less experimental development costs;

• predicting engine behavior and, if the model is sufficiently accurate, opti-
mizing design and control

• providing a rational basis for design innovation.

A very useful tool which is increasingly used for this purpose is the Computa-
tional Fluid Dynamics, CFD, model.
[1]

1.2 What is CFD?

Computational Fluid dynamics (CFD) is the analysis of systems involving fluid
flow, heat transfer and associated phenomena such as chemical reactions by
means of computer-based simulations. The technique is very powerful and is used
in different areas, industrial and non-industrial (e.g. aerodynamics of aircraft and
vehicles, hydrodynamics of ships, turbomachinery, chemical process engineering).
As availability of high-performance computing hardware have been increased and
even more user-friendly interfaces have been introduced, the CFD techniques
have become more popular, leading to a complete description of fluid flow in
less time cost. Nowadays, CFD is becoming a vital component for the industrial
product design.
All the commercial CFD codes contain three main elements:

• Pre-processor: consists of the input of flow problem to a CFD program
by means of an operator-friendly interface. Hence, this input is transformed
into a form suitable for use by the solver. The user activities at the pre-
processing stage are definition of the geometry and of the computational
domain, grid control, definition of fluid properties, selection of the chemical
phenomena and specification of the boundary conditions;

• Solver: it solves the equations of fluid motion as a steady-state or transient
through iterative methods, by means of numerical techniques like Finite
elements method, Finite differences method, or Finite volume method ;

1



• Post-processor: CFD packages are equipped with versatile data visual-
ization tools e.g. domain geometry and grid display, 2D and 3D surface
plots, particle tracking and view manipulation. It allows the user to ana-
lyze and visualize the results of the simulation.

In the next section, the fundamental basis of the CFD problems will be described:
the governing equations of fluid flow, the numerical solution methods and turbu-
lence. Finally, the CONVERGE c© CFD Software adopted in this thesis project
will be introduced.

1.3 Basic concepts of Fluid Flow

The substances whose molecular structure offers no resistance to external shear
forces are called fluids: even the smallest force causes deformation of a fluid
particle. It is possible to do a significant distinction between liquids and gases,
but both types of fluids obey the same laws of motion.
The fluid flow is generated by external forces; they can be surface forces (e.g. the
shear force) and body forces (e.g. gravity) and can include pressure differences,
gravity, shear, rotation, and surface tension.
To study the fluid motion the macroscopic properties of the fluids must to be
known; the most important properties are density and viscosity. These proper-
ties are strictly dependent on thermodynamic variables (e.g. temperature and
pressure).
Another variable which can affect these properties is the speed: depending on
the regime the fluid can be creeping (at low enough speeds), laminar and turbu-
lent (as the speed increases and the inertia of the fluid becomes important). In
addition, the transition process of laminar-turbulent is very important for the
study of the fluid motion and it is defined by the Reynolds number, Re. This
number represent the ratio between the inertia factor and the viscosity factor: as
the inertia factor increases, the Reynolds number is high, then the flow is turbu-
lent and the particles have a random motion. Hence, the effects of the viscosity,
which affect the Reynolds number, are very important but only near walls. For
this reason, the flow in the largest part of the domain can be considered as in-
viscid. There are several viscosity laws; in this thesis work the Newton’s law of
viscosity will be the only one considered.
It is also possible to describe the fluid through the Mach number, Ma, which is
the ratio of the flow speed to the speed of the sound in the fluid: for small Mach
numbers, Ma < 0.3, the flow may be considered incompressible; otherwise, it is
compressible. Furthermore, the flow is called subsonic (Ma < 1) and supersonic
(Ma > 1). Finally, when the fluid reaches high enough temperatures because of
the compression its nature can change; this happens with Ma > 5 and the flows
are called hypersonic. Obviously, the mathematical nature of the problem and
therefore the solution method depend on these distinctions.
Many other phenomena which affect the fluid flow are: temperature differences
(which lead to heat transfer and density differences), differences in concentration
of solutes, phase changes, surface tension etc.
[2]
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1.4 Governing equations of Fluid Flow

The computational fluid dynamics makes use of three fundamental governing
equations of fluid dynamics: the continuity equation, the momentum equation
and the energy equation. These equations are based on three fundamental phys-
ical concepts, which are:

• mass conservation;

• second Newton’s law: F = ma;

• energy conservation.

In addition to the equations developed from the universal laws, it is really impor-
tant to describe the relationships between fluid properties in order to close the
system of equations: the equation of state, which relates variables like pressure,
density and temperature is an example.

There are two main approaches to study the fluid flow:

• “Lagrangian model” or Infinitesimal fluid element model : focus on an
individual fluid parcel which is moving through the domain (space) and
time. From this method, partial differential equations are given directly
by applying the physical principles on a control volume;

• “Eulerian model” or Finite control volume model : focus on the fluid
motion on specific locations (finite control volume) through which the
fluid flow as time passes. From this method, equations in integral form are
obtained by applying the physical principles on a control volume. Thus,
they can be manipulated to obtain partial differential equations.

1.4.1 Continuity equation

The Lagrangian model is considered first. The mass variation of the fluid particle
δm in a volume δV is described as:

δm = ρδV

According to the Lagrangian approach, the mass conservation principle states
that as the element moves along with the flow the time-rate-of-change of the
mass is equal to zero, thus:

D(δm)

Dt
= 0

where
D(δm)
Dt is the variation of the mass of the given fluid through the space

and the time; the so-called substantial derivative.
Combining these two equations:

D(ρδV )

Dt
= δV

Dρ

Dt
+ ρ

D(δV )

Dt
(1.1)
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Finally, dividing by δV and applying the physical meaning of ∇·v, which means
the volume time rate of change of a moving fluid, the continuity equation is
obtained according to the following eq. 1.2:

Dρ

Dt
+ ρ∇ · v = 0 (1.2)

Considering the Eulerian model, the mass conservation principle of the flow
applied to the control volume is expressed by:

∂ρ

∂t
+∇ · (ρv) = 0 (1.3)

where v is the velocity of the flow. According with eq. 1.3, the continuity
equation in the Eulerian approach states that the rate of change of the mass
inside the control volume is equal to the net rate of mass flowing through the
surface that bounds the volume.
For Cartesian coordinate system, the equation 1.3 can be expressed as:

∂ρ

∂t
+
∂(ρυx)

∂t
+
∂(ρυy)

∂t
+
∂(ρυz)

∂t
= 0 (1.4)

where υx, υy, υz are the x, y, z components of the velocity vector.
Finally, considering the vector elemental surface area dS and an elemental vol-
ume dV inside the control volume, the continuity equation can be expressed in
integral form by integrating over the entire volume V the eq. 1.3:

∂

∂t

∫∫∫
V
ρdV +

∫∫
S
ρvdS = 0 (1.5)

For steady air flows with speed < 100 m/s we can assume that the fluid is
incompressible, then:

Dρ

Dt
= 0

so the equation for the Lagrangian approach (eq. 1.2) becomes:

∇ · v = 0 (1.6)

and for the Eulerian approach (eq. 1.4):

∂(ρυx)

∂t
+
∂(ρυy)

∂t
+
∂(ρυz)

∂t
= 0 (1.7)

[3]
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Figure 1.1: Surface forces in the x-direction exerted on the fluid element

1.4.2 Momentum equation

A mathematical expression of the Newton’s second law applied to fluids is the
momentum equation. The vector relation between the net force and mass mul-
tiplied by the acceleration of the fluid element can be split into three scalar
expressions: along x, y and z-axes.
There are two main forces acting on the particle:

• Surface forces: applied directly on the surface of the fluid (e.g. pressure
forces)

• Body forces: applied on the control volume by distance (e.g. magnetic,
gravitational, electric forces)

For the derivation of the momentum equation, the Lagrangian approach will be
considered in this demonstration. Let us consider the x-axis; then the mathe-
matical expression of the Newton’s second law is:

Fx = max (1.8)

where Fx is the sum of the surface forces, Fsurface,x and body forces, Fbody,x:

Fx = Fsurface,x + Fbody,x (1.9)

The surface forces exerted on the fluid element are shown in Fig.1.1 : The net
surface force on the moving fluid element in the x-direction is:

Fsurface,x =

[
p−

(
p+

∂p

∂x
dx

)]
dydz+

+

[(
τxx +

∂τxx
∂x

dx

)
− τxx

]
dydz +

[(
τxy +

∂τxy
∂y

dy

)
− τxy

]
dxdz+

+

[(
τxz +

∂τxz
∂z

dz

)
− τxz

]
dxdy

(1.10)
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where τxx is the normal stress in the x-direction and τxy and τxz are the shear
stresses in the other directions. Therefore, the Fsurface,x of the equation 1.10 is:

Fsurface,x =

(
−∂p
∂x

+
∂τxx
∂x

+
∂τxy
∂y

+
∂τxz
∂z

)
dxdydz (1.11)

Focusing now on the body forces and denoting the body force per unit mass
acting on the fluid element by f, it is possible to express Fbody,x as:

Fbody,x = ρfxdxdydz (1.12)

where fx is the x-component of f and dxdydz is the volume of the fluid element.
By combining eq. 1.11, 1.12 and 1.9, Fx becomes:

Fx =

(
−∂p
∂x

+
∂τxx
∂x

+
∂τxy
∂y

+
∂τxz
∂z

)
dxdydz + ρfxdxdydz (1.13)

Furthermore, the mass of the fluid element is fixed and is m = ρ · dxdydz.
Adopting the substantial derivative, the second term of the equation 1.8 can be
written as:

max = ρ · dxdydz · Dvx
Dt

(1.14)

By combining equations 1.13, 1.14 and 1.8 the x-component of the momentum
equation for a viscous flow is expressed as:

ρ
Dvx
Dt

= −∂p
∂x

+
∂τxx
∂x

+
∂τxy
∂y

+
∂τxz
∂z

+ ρfx (1.15)

Similarly, the y and z-components will be respectively:

ρ
Dvy
Dt

= −∂p
∂y

+
∂τyy
∂y

+
∂τyx
∂x

+
∂τyz
∂z

+ ρfy (1.16)

ρ
Dvz
Dt

= −∂p
∂z

+
∂τzz
∂z

+
∂τzx
∂x

+
∂τzy
∂y

+ ρfz (1.17)

which can be written in compact form:

ρ
Dv

Dt
= ρf +∇ · Pij (1.18)

where Pij is the stress tensor which represents the surface forces per unit volume
(its components are normal and shearing stresses τii and τij).

6



1.4.3 Energy equation

Since heat energy cannot be created or destroyed, it can only be transferred
from one location to another, so a conservation of energy occurs. This concept,
is described by the energy equation, which is the mathematical expression of the
first law of thermodynamics.
In particular, for a fluid passing through an infinitesimal and fixed control vol-
ume, the energy equation is:

∂Et
∂t

+∇ · Etv =
∂Q

∂t
−∇ · q + ρf +∇ · (Pij · v) (1.19)

where Et is the total energy per unit volume given by:

Et = ρ

(
e+

v2

2
+ potential energy + ...

)
(1.20)

and e is the internal energy per unit mass.
According to the Fourier’s law for heat transfer, the term ∇ · q can be written
by means of the coefficient of thermal conductivity, k, and the temperature T :

q = −k∇T (1.21)

Furthermore, considering a Cartesian coordinate system, the eq. 1.19 becomes:

∂Et
∂t
− ∂Q

∂t
− ρ(fxvx + fyvy + fzvz) +

∂

∂x
(Etvx + pvx − vxτxx − vyτxy − vzτxz + qx)+

+
∂

∂y
(Etvy + pvy − vxτxy − vyτyy − vzτyz + qy)+

+
∂

∂x
(Etvz + pvz − vxτxz − vyτyz − vzτzz + qz) = 0

(1.22)

considering the coninuity equation and assuming that only kinetic and internal
energy are significant in eq.1.20, the left hand side of the eq.1.19 can be written
as:

∂Et
∂t

+∇ · Etv = ρ
D

Dt

(
Et
ρ

)
= ρ

De

Dt
+ ρ

D

Dt

v2

2
(1.23)

Then, by making the scalar product and considering eq.1.18:

ρ
Dv

Dt
· v = ρf · v +∇p · v + (τij) · v (1.24)

Combining eqs.1.23 and 1.24 and substituting into 1.19, it holds:

ρ
De

Dt
+ p(∇ · v) =

∂Q

∂t
−∇ · q +∇ · (τij · v)− (∇ · τij) · v (1.25)
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the last two terms of the right hand side can be combined into a single term:

Φ = ∇ · (τij · v)− (∇ · τij) · v

Φ represents the rate at which the mechanical energy is expended in the process
of deformation of the fluid due to viscosity. The eq.1.25 becomes:

ρ
De

Dt
+ p(∇ · v) =

∂Q

∂t
−∇ · q + Φ (1.26)

Finally, considering the enthalpy definition, e.g. h = e+ p
ρ , the last equation can

be written as:

ρ
Dh

Dt
=
Dp

Dt
+
∂Q

∂t
−∇ · q + Φ (1.27)

1.4.4 Equation of State

The motion of fluid in three dimensions is described by a system of partial dif-
ferential equations shown above (the Energy Equation, the Mass Equation and
Mass Conservation Equation). Unfortunately, this system is very difficult to
solve analytically and there is no general closed-form solution; for that reason a
further equation is needed: the Equation of State.
The Equation of State describes the fluid under a given sets of physical condi-
tions. Basically, it establishes relations between the thermodynamic variables
(p, ρ, T, e, h) and closes the system of fluid dynamic equations.
Considering the intermolecular forces as negligible, it is possible to assume the
fluid as a perfect gas, subjected to the perfect gas equation of state:

p = ρRT (1.28)

where R is the gas constant.
However, under particular conditions of high pressure and temperature the in-
termolecular forces are not negligible. In these cases, the perfect gas equation
of state can not be used and alternative equations must be considered, e.g. the
Waals equation of state.
On the other hand, for gas with relatively low temperature it is possible to as-
sume constant specific heats: cv, cp and their ratio γ.
If the fluid considered is a liquid, it is possible to assume that the variation of
the density with pressure and temperature is almost zero and in these cases it
is called incompressible fluid. Obviously, without density variation the Energy
Equation, Momentum Equation and the Mass Equation are not linked so it is
impossible to find a correlation between the thermodynamic variables. For that
reason, the study of the flow field for liquids is carried out just considering the
Mass Conservation Equation and the Momentum Equation while the Energy
Equation is used to study the heat transfer process.
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1.5 Numerical solution methods

As introduced above, the phenomena related with flows are described by partial
differential equations that cannot be solved analytically. A strategy which allows
to obtain a solution from these equations is the discretization method. Through
these method in fact it is possible to approximate the differential equations to a
system of algebraic equations. The approximation is applied to small domains in
space and/or in time; thus, the accuracy of the numerical solutions is dependent
on the quality of discretization used. For that reason, the results will not repre-
sent exactly the reality but they can be close enough to be considered acceptable.

The numerical solution method is composed by:

• Mathematical Model : the set of partial differential or integro-differential
equations and boundary conditions. As described before, an approximation
is needed to solve these equations.

• Discretization Method : it approximates the partial differential equations
to an algebraic equations system. The main important methos are the Fi-
nite Element Method, the Finite Difference Method and the Finite Volume
Method.

• Coordinates: a coordinates system is essential to describe the conserva-
tion equations. Some example are the Cartesian, cylindrical, spherical,
curvilinear orthogonal or non-orthogonal coordinate systems.

• Numerical grid : called also mesh, it defines the discrete locations where the
variables are calculated. It is a representation of the geometric domain,
divided into a finite number of sub-domains (elements, control volumes,
etc.). There are different types of grid: the structured grid, with a regular
connectivity, the block structured grid (with more level of subdivision) and
unstructured grid (the most flexible which allows to define an arbitrary
solution domain boundary). However, although a high number of grid cells
in the domain provides more accurate results, it increases the simulation
run time; thus, a compromise should be found.

• Solution Method : this method solves the non-linear equations by iterative
techniques.

• Converge Criteria: it states when to stop the iterative process.

[2] [4] [5]
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1.6 Grid control in CONVERGE c© CFD Software

The different tools for the grid generation control used by CONVERGE are:

• Grid Scaling

• Fixed embedding

• Adaptive mesh refinement

Grid scaling

In order to reduce the runtime of the simulation, the Grid scaling might be
useful: it allows to change the base grid size at specified times. To do that,
CONVERGE uses the grid scale parameter and determines the base grid size
via dx base and dz base according to the following relation:

scaled grid =
dx base

2grid scale
(1.29)

where grid scale is the scaling parameter and scaled grid is the new value of
base grid size. While negative and positive values make the base grid coarsen of
refined respectively, a grid scale of 0 leaves the base cells unchanged.

Fixed embedding

This tool is useful to refine mesh just in specific locations of the domain (e.g.
spray, valves). The user has to specify an embedding scale in order to indicate
to CONVERGE how to refine the grid in the chosen location. The embed scale
scales the base sizes according to:

dx embed =
dx base

2embed scale
(1.30)

(a) (b)

Figure 1.2: (a) nozzle embedding; (b) fixed embedding around a valve
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Adaptive Mesh Refinement (AMR)

“The Adaptive Mesh Refinement (AMR) automatically refine the grid basing on
fluctuating and moving conditions such as temperature and/or velocity. This
option permits to have a very high refined grid to accurately simulate complex
phenomena such as high-velocity flow and flame propagation without slowing
the simulation using a globally refined mesh. Ideally, a good AMR algorithm
will add higher grid resolution where the flow field is most under-resolved or
where the sub-grid field is the largest. Generally speaking, the AMR algorithm
will add a grid refinement when the gradient of velocity or temperature between
two cells is higher that the value specified, in this way it is possible to capture
some complex phenomena behaviour that would be impossible to catch without
a global grid refinement”. [6]

With CONVERGE it is possible to use the AMR for many fields (e.g. velocity,
number of parcels per cell, temperature and so on). In addition, the user can
specify the time when the AMR will start and when it will end for each field.
However, sometimes the sub-grid quantities near the solid walls trigger the AMR.
CONVERGE avoid the refinement near the walls with the y+ restriction; in this
way CONVERGE automatically will remove refinement from AMR to maintain
the desired target value. Further informations about the AMR are described in
[6]

Figure 1.3: AMR through the valves
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2 Fundamentals of HCNG properties

2.1 Why HCNG?

Nowadays, 97% of energy is used by transportation vehicles in land, sea and sky.
Various products of unrefined petroleum mainly gasoline, diesel and aviation fuel
are used by these vehicles. However, it is not permanent and unlimited and one
day it will be exhausted.
The combustion of the unrefined petroleum presents another important problem:
it produces unhealthy air pollutant’s exhaust. After combustion, several sub-
stances are released including three main pollutants such as CO, NOx and HC.
For this reason, the consequences of the emissions of the internal-combustion
engines can be figured out by using alternative fuels: biodiesel, bio alcohol,
biomass, biogas, natural gas (fossil fuels), hydrogen (H2) are many examples.
Hydrogen and natural gas are known as source of clean energy and are abundant
and easy to collect. Hence, conventional natural gas as CH4 is compressed at
very high pressure to produce CNG (Compressed Natural Gas). Furthermore,
in the recent years a mixture of hydrogen and CNG has been developed: the
HCNG (Hydrogen Compressed Natural Gas) fuel.
The addition of H2 in CNG provides a lot of advantages, such as rapid flame
speed, large flammability limits, renewability of H2, high-volume calorifc value,
less emission of CH4, etc.
[7]

2.2 Relevant properties of HCNG for the engine

Generally, the HCNG fuels contain a small amount of hydrogen (5-30% by vol-
ume). Obviously, the properties of the HCNG fuel depend on the amount of
the hydrogen; Figure 2.1 [8] and Figure 2.2 [9] show an overall comparison of
properties of an example fuel (with 90.2% of CH4) with 5%, 10%, 20% and 30%
of H2 (HCNG 5, 10, 20, 30 respectively).
The HCNG is well suited for engine applications thanks to different features:

• Addition of hydrogen increases the H/C ratio of the fuel which leads to a
reduction of CO2, thereby less greenhouse gas emissions.

• Hydrogen has the flame speed about eight times higher than natural gas.
For this reason, H2 can extend the amount of charge dilution reaching
values of excess air ratio much higher than the stoichiometric condition,
maintaining a very stable combustion.

• HCNG has an extended lean operating limit which reduces HC and CO
emissions.

12



Figure 2.1: Comparison of properties of Hydrogen, CNG and HCNG5 with Gaso-
line

Figure 2.2: Properties of CNG and HCNG blends with different hydrogen content

Concerning this thesis project, the main fuel compositions studied are HCNG
composed by 15% and 25% of H2.
[10]

2.3 Advantages and challenges

Thanks to its properties described above, the HCNG usage as fuel presents some
advantages [10]:

• HCNG is usable with the existing CNG infrastructure; only small hydrogen
storage and a column for the mixing with natural gas is required.
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• HCNG is safer to handle than hydrogen because of the lower amount of
energy from H2 (%vol of H2 in HCNG only up to 30%).

• It extends the lean misfire limit of CNG.

• Hydrogen addition to natural gas can speed up the combustion process,
which means less engine’s unburned hydrocarbons (high lean burn capac-
ity).

• Higher brake thermal efficiency and decrease of fuel consumption.

However, there are still some aspects and challenges to consider for the complete
diffusion of the HCNG usage in the automotive industry [7]:

• Increasing the hydrogen fractions into CNG above a specific level gives
abnormal combustion and phenomena such as knocking, pre-ignition and
backfire. Thus, higher levels of exhaust emissions are obtained which can-
not fulfill the emission standards.

• There is a strong relationship between hydrogen addition, excess air ratio
(λ) and spark timing; the challenge is to find the optimal combinations of
these three parameters.

• NOx emissions are extremely low for CNG compared with traditional fuels;
however, adding hydrogen to natural gas could lead to a higher value of
oxides of nitrogen which are not tolerable.

• The hydrogen production cost is higher than the production cost of natural
gas; consequently, HCNG blends are more expensive compared to CNG.
The production of H2 from renewable-energy sources (e.g. solar energy)
could be a good solution.

The main features of the engine and the different fuel compositions used for this
thesis project will be described in the next chapter.
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3 CNG/HCNG Engine: Experimental data

3.1 Introduction

The aim of this thesis project is to develope a CFD model for a SI-Engine which
fits as much as possible with the real performance of the engine. In particular,
the Politecnico di Torino has carried out measures of the Fiat FIRE 1.4 16V
Turbo CNG engine at different operating points (changing load and rpm).
The focus of this project is the combustion process: as first approach, main
parameters such as pressure, heat release, integrated heat release and trapped
mass will be compared with the experimental data through the CFD models.
Secondly, pollutant emissions such as CO, CO2, NOx and HC will be analyzed.
The experimental data have been taken directly from the Energy Laboratory of
the university, where the engine is installed. The measurements, subdivided per
engine operating point, have been provided as a TDMS (Technical Data Man-
agement Streaming) file extension. However, this file extension is not readable
directly by Excel so a conversion has been carried out with Add-In Excel Tool.
Each file represents a specific engine working condition; for example the docu-
ment called 2000 360 04.tdms indicates the operating point at 2000 rpm and
3.6 bar : “2000 [rpm] x 3.6 [bar]”.
In this chapter we are going to describe the main characteistic of the engine, the
esperimental data as well as the parameters for the model validation.

3.2 Engine main characteristics

The engine described above, shown in Figure 3.1, has been made by Centro
Ricerche Fiat in Orbassano with the aim of developing a new generation en-
gine following the “downsizing” logic: reduced size and higher, or at least equal,
power. Furthermore, it is optimized for the methan and CNG/HCNG combus-
tion.
The engine technical data are reported in Table 1 .
[11]
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Figure 3.1: Engine and test bench under construction

Table 1: Engine technical data

Cycle Otto (4 strokes)
Fuel supply Matatron METAFUEL 6AO.PNT injector
Valves 16V, two camshaft in head
Intake valve opening (IVO) TDC −3◦

Intake valve closing (IVC) BDC +37◦

Exhaust valve opening (EVO) BDC +37◦

Exhaust valve closing (EVC) TDC -30
Cylinders 4 (inline)
Bore 72 mm
Stroke 84 mm
Displacement 1368 cm3
Connecting rod length 129 mm
Compression ratio (CR) 9.8

3.2.1 Engine fuel

The fuel compositions used by Politecnico di Torino are three: firstly, CNG fuel
composition which mainly consists in CH4 and less important species such as
C2H6, C4H10 and CO2. Secondly, 15% and 25% of volume of hydrogen have
been added in order to try to reduce the pollutant emissions.
In the previous works of Lorenzo Testa [4] and Luca Ferretti [5], the CNG and
HCNG-15 fuel compositions have been treated. This thesis project will continue
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the study of the HCNG-15 (in a different operating point) and will introduce
the model for HCNG-25 fuel. The Table 2 shows the three fuel compositions:

CNG HCNG-15 HCNG-25

CH4 98% 83.3% 73.5%
C2H6 1% 0.85% 0.75%
CO2 1% 0.85% 0.75%
H2 0% 15% 25%

Table 2: Fuel compositions

3.2.2 Intake system

The engine intake system of the Fiat FIRE is composed by:

• Indirect air mass flow rate meter (Speed Density-Lamda type): it
measures the absolute pressure pa and the temperature Ta in the intake
manifold. Thus, the air mass flow rate is computed indirectly from these
two parameters.

• Wired controlled butterfly valve: its role is to control the engine load,
thus a valve position sensor (TPS) and a Idle load actuator (IAC) are
mounted on the valve. The Figure 3.2 shows the throttle body layout.

• IAC actuator: the main function is to ensure sufficient air so that the
engine can win the friction work, while continuing to work when the throt-
tle is closed. It is installed next to the butterfly valve and is made by a
stepping motor with high accuracy, resolution and velocity.

• Centifugal radial compressor:manufactured by IHI Corporation, it al-
lows to force extra air into the combustion chamber in order to increase
the engine’s efficiency. The Figure 3(a)shows this component.

• Intercooler air-water: since during the compression the gas temperature
increases, an intercooler is needed in order to increment the density and
also the volumetric efficiency, with the benefit of more air in the chamber.
This devis is shown in Figure 3(b) .
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(a) (b)

Figure 3.2: Throttle body: (a) wire control of throttle opening ; (b) frontal view
of butterfly valve

(a) (b)

Figure 3.3: (a) Turbocharger ; (b) Intercooler air-water

3.2.3 Fuel supply system

The fuel suplly system mounted on the engine consists in three main components:

• Tartarini Meta M pressure regulator: it is a self regulated valve,
made in brass (Figure 4(a) ). Calibrated to give an outlet pressure about
8.9 bar and inlet pressure between 15 and 200 bar. In the test bench we
supply the fuel at constant pressure of 20 bar. It is equipped with Piezore-
sistive high pressure sensor Keller Pa 22M (Figure 4(b)), Piezoresistive
low pressure sensor Kavlico P4000 (Figure 4(c)) and Type K thermocou-
ple.

• Injectors rail: it connects the ijnectors dedicated for each cylinder; the
main difference respect the gasoline injection system is the bigger nozzle
diameter and the higher pressure (8÷10 bar). It is shown in Figure 3.5 .
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• Gas electro-injectors per cylinder.

(a) (b) (c)

Figure 3.4: (a) Tartarini pressure regulator; (b) High pressure sensor Kelle Pa
22 M ; (c) Low pressure sensor Kavlico P4000

Figure 3.5: Gas feeding rail

3.2.4 Sensors

The measuring system is composed by different sensors and allows monitoring
the main physical quantities (e.g. temperature, pressure, mass flow rate, gas
components mass fraction). These sensors can be split in four main groups:

• on engine sensors;

• intake system sensors;
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• exhaust system sensors;

• on brake sensors.

On engine sensors

The data measured by these sensors are:

• Pressure and temperature in inlet manifold (HF: p AMAP; LF p AMAP,T AMAP);

• pressure in the chamber for each cylinder (p Cyl#1);

• pressure in the 4 intake runners (p Arun#) and in the exhaust ones (p Erun#);

• additional pressure sensor at the inlet runner of cylinder 2 to analyse the
pressure wave in the manifold (p Arun22);

• temperature in the inlet (T Arun#) and outlet runners (T Erun#);

• pressure and temperature in the compressor inlet and outlet (inlet: p AbTC,
T AHyg; outlet: p AaTC, T AaTC);

• pressure and temperature in the turbine inlet and outlet (inlet: p EbTrb,
T EbTrb; outlet: p EaTrb, T EaTrb;

• water and temperature at the inlet and outlet of engine cooling system
(T H2Oin, T H2Oout);

• pressure and temperature of lubrication oil (p oil, T oil).

Intake system sensors

The intake measurement system , whose data are very crucial for the mixture
control, gives the following data:

• environment temperature e pressure (p env, T env);

• air mass flow rate (M A);

• pressure and temperature in the setting chamber (p Ainlet, T Ainlet);

• fuel mass flow rate, consumption and temperature (M F, M FFreq, T F);

• pressure and temperature after the intercooler (p AaIC, T AaIC);

• water temperature at the intercultural inlet and outlet (T H2ObIC, T H2OaIC).

1the # stands for cylinder number, i.e. # =1,2,3,4.
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Exhaust system sensors

The exhaust measurement system allows monitoring the exhaust gas through
the following data:

• air to fuel ratio (A/F) (UEGO L,UEGO R );

• pollutions (E THC, E CH4, E HCO, E LCO, E CO2, E O2, E CO2EGR, E NOx);

the 2 lambda-sensors made by NGK and mounted at the catalyst exit are
known as Universal Exhaust Gas Oxygen (UEGO) sensors. The Figure 3.6 shows
the output signal of the sensor which obviously is an electrical voltage.

Figure 3.6: Lambda-sensor characteristic

On brake sensors

The following data are collected by using a dynamo-meter FE 260-S Borghi and
Savieri (Figure 3.7 ) and a high accuracy incremental encoder 59 CA TX made
by Elcis.

• Engine torque and speed (Torque, Speed);

• High accuracy speed (Speedenc).
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Figure 3.7: Dynamo-meter FE 260-S Borghi and Savieri

To sum up, all the sensors and instruments used are shown in their correct
position in the following experimental layout:
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Figure 3.8: Experimental layout
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3.3 Experimental parameters for model validation

In this chapter the parameters to consider for the validation of the CFD model
are described. It is important to underline that since the boundary conditions
available are referred just to the cylinder 1, only that cylinder is considered in
this thesis work. Consequently, the experimental data will be manipulated to
obtain an average cycle (see the next chapter).
The most important experimental data for the validation are:

• average pressure in cylinder 1, pcyl(θ);

• fuel mass flow rate, ṁf ;

• air-fuel ratio, α;

• average exhaust concentration of pollutant emissions: x̃CO, x̃CO2 , x̃NOx ,
x̃HC

and they can be found as follows:

Name Sheet Range

pcyl(θ) [bar] p Cyl1 ens p Cyl1 ens B2:B7201

ṁf [kg/h] M FFreq p2000 360 04 (root) K2

α [-] a LCO or a HCO LFStatistic BB2 or BJ2a

x̃CO [ppm] E HCO or E LCO LFStatistic AN2 or AO2b

x̃CO2 [ppm] E CO2 LFStatistic AP2

x̃NOx [ppm] E NOx LFStatistic AS2

x̃HC [ppm] E THC LFStatistic AL2

Table 3: Where find the parameter in the TSMS file

aIf AO2< 4996 take cell BB2. Else if AO2≥ 4996 and AN2> AO2 then take cell BJ2
bIf AO2< 4996 take cell AO2. Else if AO2≥ 4996 and AN2> AO2 then take cell AN2

The CFD model can be split in two main problems: Fluid dynamic problem
and Thermal problem (combustion).

Fluid dynamic problem

The Fluid dynamic problem gives the velocity field v and pressure distribution p
by using the Navier-Stokes equations. To check the model validity, we will focus
on the following data:

pint mean intake pressure in cylinder 1 [bar].

mf fuel mass in the cylinder [kg]. It is the the value of fuel entered after the
suction phase. It is calculated by CONVERGE and can be found in the
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file species mass region1.out2. While, for experimental fuel mass we
derive it from the fuel mass flow rate:

mf,exp[mg] =
ṁf [kg/h]/3600

n[rpm]/60
· 103

2
(3.1)

mcyl trapped mass in the cylinder [kg]. It is the value of the total mass (air and
fuel mixture) in the chamber after the intake phase. It can be computed
with two different methods:

1. without considering the combustion residues: involving the air-fuel
ratio α and the fuel mass mf , the trapped mass can be computed as:

mcyl,exp = mf,exp(1 + α) (3.2)

2. considering the combustion residues: it can be computed as

mcyl,exp = mf,exp(1 + α)(1 + xr) (3.3)

where xr is the mass fraction of residue in the cylinder. It is possible
to assume that the percentage of residues in the model is close to the
experimental one:

xr = xr,model ≈ xr,exp (3.4)

To calculate that value, we have to taking into account the model total
mass mcyl,model(θ0) and the mass of CO2, mCO2,model(θ1) in the cham-
ber. These values can be found in the output files of CONVERGE
called thermo region1.out and species mass region1.out.
Firstly, we obtain the total mass by taking a value between the in-
take valve closing angle (θIV C) and the exhaust valve opening angle
(θEV O):

θIV C < θ0 < θEV O

Then we compute the mass of CO2 considering the intake valve closing
angle (θIV C) and the spark advance angle (θSA):

θIV C < θ1 < θSA

Manipulating the balance equation of the combustion we can obtain
the mass fraction of CO2 in the exhaust (xCO2):

CH4 + 2O2 + 2 · 3.77N2 → CO2 + 2H2O + 2 · 3.77N2

⇒ mf (1 + α) =
mf

MCH4

(MCO2 + 2 · MH2O + 2 · 3.77 · MN2) = mexh

2In the case setup used in this thesis project, the region 0 is the exhaust, the region 1 is the
cylinder and the region 2 is the intake.
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⇒ mCO2

mexh
= xCO2 =

MCO2

MCH4(1 + α)
=

44.01[kg/kmol]

16.04[kg/kmol](1 + 17.09)
= 0.152

Thus, the mass fraction of combustion residues can be obtained by:

xr = xr,model =
mCO2,model

xCO2 ·mcyl,exp
(3.5)

where mcyl,exp can be computed through eq. 3.2. Now, it is possible
to compute the new trapped mass in the chamber with combustion
residues following the eq. 3.3.
In this thesis project, the method number 2 is the one considered.

Thermal problem (Combustion)

ppeak peak pressure in cylinder 1 [bar].

HRR heat release in cylinder 1 [J/deg]. Heat losses through the walls are always
present; for that reason it is necessary to make a distinction between Gross-
HRR and Net-HRR, expressed as:

HRRGross =
dQb
dθ

=
k

k − 1
p
dV

dθ
+

1

k + 1
V
dp

dθ
+
dQl
dθ

(3.6)

HRRNet =
dQb
dθ
− dQl

dθ
=

k

k − 1
p
dV

dθ
+

1

k + 1
V
dp

dθ
(3.7)

where
dQb

dθ is the heat supplied by the burning fuel,
dQl

dθ is the heat losses
through the walls and k is the heat capacity ratio. As the equations show,
the HRR depends on the pressure: it will be a very important parameter
for the study of the combustion because a slightly pressure variation pro-
duces a high heat release variation.
Since it is very difficult to determine the losses, in this thesis project the
Net-HRR will be considered. Finally, the evaluation of the heat capacity
factor is made by Michael F.J. Brunt methodology [12] according to the
following equation:

k = 1.338− 6 · 10−5 · T + 6 · 10−8 · T 2 (3.8)

IHR integrated heat release in cylinder 1 [J]. Integrating the eq.3.7 over the
interval between (θSA) and (θEV O) we obtain:

IHR = Qb −Ql =

∫ θEV O

θSA

(
dQb
dθ
− dQl

dθ

)
dθ (3.9)

x̃XY average exhaust concentration of a generic species XY [ppm]. The model
molar fraction, x̃XY,model, is computed by CONVERGE and can be found
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in the output file emission region0.out. Thus, its value as [ppm] is
x̃XY,model × 106 [1].
However, since the experimental measurements of CO and CO2 have been
made on a dry basis, further corrections on these values must be done; in
particular:

x̃CO,model,dry =
x̃CO,model

1− x̃H2O,model
(3.10)

the same equation will be applied to x̃CO2 [13]. From now, for the sake
of simplicity it is possible to denote x̃CO,model,dry and x̃CO2,model,dry as
x̃CO,model and x̃CO2,model respectively.

3.4 Data conditioning

Natural gas engines are characterized by a remarkable cycle-to-cycle variability
(CCV). This phenomenon consists in a fluctuation of the combustion intensity,
strictly related to the pressure profile (which increases and decreases continu-
ously). Thus, choosing the “most representative engine cycle” is essential to
carry out the analysis of the combustion.
For that reason, statistical examinations have been done through the Ensemble
Average method : it consists in computing all engine cycles through a GNU-
Octave script, obtaining an average of experimental pressure at given crank
angles, the so-called Experimental ensemble average.
Unfortunately, this pressure profile is not a real cycle. In this thesis project the
number of simulation cycles computed for each case is not high (3 or 4 cycles per
case); thus, the model validation has been performed by referring to the exper-
imental cycle whose pressure profile is the closest to the experimental ensemble
average. Then, this pressure profile will be compared to the simulation cycles:
the best simulation model will be the one whose pressure profile is the closest to
the experimental ensemble average.
It is also possible to calculate the experimental maximum cycle and the exper-
imental lowest cycle, which are the boundaries of the CCV. In this way, it will
be possible to determine if the simulation results can be considered acceptable.
Finally, after calculating the pressure profile, it is possible to compute other pa-
rameters such as HRR and IHR. Furthermore, it is worth recalling that in this
thesis project all the parameters studied are referred just to the cylinder 1.
[5]

3.5 Operating point considered

The engine operating points for the CFD model validation are:

Engine speed [rpm] bmep [bar] lambda [-] Fuel composition

2000 3.6 1 HCNG-15
2000 3.6 1 HCNG-25

Table 4: Engine operating points considered
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3.5.1 O.P. 2000 [rpm] x 3.6 [bar] x lambda=1: HCNG-15

This operating point is characterized by:

• Spark advance = 22 deg;

• Air-to-Fuel ratio α = 17.01308217;

• Fuel mass flow rate ṁf = 2.122 [kg/h];

• Number of engine cycles measured = 100;

• CO emissions x̃CO = 5572.54 [ppm];

• CO2 emissions x̃CO2 = 103857.20 [ppm];

• NOx emissions x̃NOx = 1880.82 [ppm];

• HC emissions x̃HC = 327.87 [ppm];

The figures 3.9 and 3.10 show the pressure profile of this operating point; as it
can be noticed there is a remarkable effect of the cycle to cycle variability.
The peak pressure of the experimental closest cycle is about 2.25 MPa and it
happens at around 735 crank angle degree.

Figure 3.9: Experimental data plot: Pressure in cylinder 1; 2000x3.6x1; HCNG
15
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Figure 3.10: Experimental data plot: zoom around peak pressure in cylinder 1;
2000x3.6x1; HCNG 15

3.5.2 O.P. 2000 [rpm] x 3.6 [bar] x lambda=1: HCNG-25

This is the same engine operating point, but with HCNG 25 fuel. It is charac-
terized by:

• Spark advance = 21 deg;

• Air-to-Fuel ratio α = 17.37336349;

• Fuel mass flow rate ṁf = 2.11196 [kg/h];

• Number of engine cycles measured = 100;

• CO emissions x̃CO = 5650.9 [ppm];

• CO2 emissions x̃CO2 = 101059.14 [ppm];

• NOx emissions x̃NOx = 1818.72 [ppm];

• HC emissions x̃HC = 281.78 [ppm];

The figures3.11 and 3.12 show the experimental closest, lowest and maximum
cycle of the pressure: the peak pressure of the closest cycle is about 2.25 MPa
and it happens at around 735 crank angle degree.
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Figure 3.11: Experimental data plot: Pressure in cylinder 1; 2000x3.6x1; HCNG
25

Figure 3.12: Experimental data plot: Pressure in cylinder 1; 2000x3.6x1; HCNG
25
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4 CNG/HCNG Engine: Case Setup

This section is dedicate to the discussion about the Engine CAD model and
its main features. Starting from the geometry, the whole Case Setup will be
introduced, explaining which are the strategies in CONVERGE to set up the
boundary and initial conditions, the turbulence modeling as well as the source
modeling and the grid control.

4.1 Geometry and regions

The 3-D geometry of the Fiat FIRE 1.4l 16V Turbo CNG engine has been
provided by CRF as a CAD file. The model is shown in the figures :

Figure 4.1: Engine CAD geometry: isometric view
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Figure 4.2: Engine CAD geometry: focus on valves and spark plug

The Control Volume V of the engine can be split into three regions (Fig.4.3):

• Exhaust system, V0 or Region 0. It is composed by the exhaust run-
ner, exhauste valve top and angle and the outflow. In CONVERGE it is
described by region0;

• Cylinder, V1 or Region 1. It is composed by head, piston, liner, spark
plug and intake valve bottom. In CONVERGE it is described by region1;

• Intake system, V2 or Region 2. It is composed by the intake port, intake
valve top and angle and the inflow port. In CONVERGE it is describes
by region2.
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Figure 4.3: Regions

The regions are also subdivided into boundaries (Fig.4.4):

S0 is the surface of the outlet runner and exhaust valve top and angle;

S1 is the surface that include the piston head, liner, cylinder head, spark plug
and valves bottom;

S2 is the surface of the inlet runner and intake valve top and angle;

Sin is the inflow port;

Sout is the outflow port.
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Figure 4.4: Boundaries

4.2 Regions Initialization and Boundary conditions

The regions initialization and the boundary conditions are a set of input param-
eters, essential to solve the differential equations discussed above. In this section
we describe how to find and how to set up these parameters in CONVERGE.

4.2.1 Regions Initialization

The initialization of the regions defines all the thermodynamic and chemical
characteristics of each region. In addition to the mass fraction present at the
simulation start time, also the pressure and temperature have to be set. In
particular we set:

• Tint,03: initial gases temperature in the intake runner [K];

• Tcyl,0: initial gases temperature in the cylinder [K];

• Texh,0: initial gases temperature in the exhaust runner [K].

3the subscript 0 represents the simulation start time, θ0
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The simulation start time is θ0 = 130 CAD, exactly before the exhaust valve
opening (EVO). Thus, the species composition in the regions has to be:

• in the intake system: fuel composition (see chapter Fuel composition);

• in the exhaust system and cylinder: burned species composition.

4.2.2 Boundary conditions

The boundary conditions have been computed by a Matlab script, provided by
Politecnico di Torino University.
First of all, an important assumption is needed: the engine temperature reaches
the steady state value; therefore, constant temperature are set:

• Tcyl: cylinder wall temperature4 [K]

• Tint: intake duct wall temperature [K]

• Texh: exhaust duct wall temperature [K]

• Tinlet: inlet temperature [K]

• Toutlet: outlet temperature [K]

Concerning the pressure, we also set two values for the intake and exhaust
port, using the data obtained from the traducers and computed by the Matlab
script:

• pint: intake pressure [Pa]

• pexh: exhaust pressure [Pa]

The Table 5 and the Fig.4.5 show how to find and how to set the initial
and boundary conditions (for further information about data treatment with
the Matlab script see [11]):

4Since it is hard to measure the temperature near to the spark plug, we set a spark plug
wall temperature at arbitrary value of 550 K and a spark plug electrode wall temperature of
600 K
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Name Sheet Range

Tint,0 T AMAP LFStatistic B2

Texh,0 T ERun1 LFStatistic G2

Tcyl,0
a T ERun1 LFStatistic G2

Tcyl Tcyl =
TH2O,in+TH2O,out

2 + 70
TH2O,in T H2Oin LFStatistic N2

TH2O,out T H2Oout LFStatistic O2

Tint Tint = Tcyl − 50
Texh Texh = Tcyl + 50
Tinlet T AMAP LFStatistic B2

Toutlet T ERun1 LFStatistic G2

pint p ARun22 HF I2:I734401

pexh p ERun1 HF M2:M734401

Table 5: where to find the value for ICs and BCs

asince the starting phase is the exhaust phase, then Tcyl,0 = Texh,0

Figure 4.5: schematic representations of the Boundary and Initial condition
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4.3 Fuel composition

Another important parameter to set in the Case Setup is the fuel composition.
In particular, it must be set as mass fraction and as boundary condition of the
inflow.
As mentioned above, in the previous works of Lorenzo Testa and Luca Ferretti
two different fuel compositions have been used: CNG and HCNG 15. In this
thesis project, the fuel compositions are HCNG 15 and HCNG 25.
Concerning HCNG 15, the percentage of the components into the mixture is:

• CH4 = 83.3%

• C2H6 = 0.85%

• CO2 = 0.85%

• H2 = 15%

For the HCNG 25 fuel composition the same ratios between the species have
been adopted, but this time with 25% of hydrogen; thus:

• CH4 = 73.5%

• C2H6 = 0.75%

• CO2 = 0.75%

• H2 = 25%

4.4 Turbulence modeling

4.4.1 Introduction

The phenomenon of the turbulence is a key factor for the analysis of fluid flow
problems in engineering applications. As already cited before, a fundamental
parameter which describes the properties of the fluid is the Reynolds number,
Re, defined as:

Re = u · l
ν

(4.1)

From a series of experiments on fluid systems, it has been demonstrated that
under a specific value of the Re, the flow is smooth and, if the boundary condi-
tions applied to the system do not change whit time, the steady flow is called
Laminar flow.
Conversely, the flow is described as Turbulent flow over a characteristic value of
Re, which indicates that the particles have a random motion and their position
cannot be described accurately.

In numerical environment, and in particular for the CFD simulations, there are
several methods for capturing and modelling the turbulence and its properties:
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• correlations as function between heat transfer and Reynolds number, Nus-
selt number or Prandtl numbers;

• integral equations, derived from the equations of motion;

• the Turbulence models for Reynolds-Averaged-Navier-Stokes (RANS)
equations, focused on the effect of the turbulence on the mean flow prop-
erties. The equations of motion in fact are averaged over time, over coordi-
nate in which the mean flow does not vary or over ensemble of realizations.
The set of partial differential equations obtained, the RANS equations,
contain also extra terms which will be modelled whit different methods,
for example the k-ε model ;

• equations, or their Fourier transform, for the correlation of velocity com-
ponents at two spatial points;

• the Large Eddy Simulation (LES) which, filtering and solving the
larger eddies, is a compromise between one-point closure methods and
direct numerical simulation. It is suitable for unsteady flows.

• the Direct numerical simulation (DNS); it computes the mean flow
and the turbulent velocity fluctuations. It involves a fine spatial grid and
very small time steps, so the computational cost is very high.

For this thesis work the RANS equations and in particular the k-ε model
have been used, because they are the best compromise in terms of accuracy of
the results and computational cost.
[2] [4] [5]

4.4.2 The RANS equations and the k-ε model

In this thesis project, the RANS equations have been implemented with Renor-
malization Group, RNG, k - ε as turbulence model, which is based on two equa-
tions where the flow variables are decomposed in two terms:

ui = ūi + ui
′ (4.2)

where ui is the instantaneous velocity, ūi the ensemble mean velocity and ui
′

the fluctuating velocity term.
Considering the continuity and momentum equations and substituting the eq.4.2:

∂ρ̄

∂t
+
∂ρ̄ũj
∂xj

= 0 (4.3)

∂ρ̄ũi
∂t

+
∂ρ̄ũiũj
∂xj

= − ∂P̄
∂xi

+
∂

∂xj

[
µ

(
∂ũi
∂xj

+
∂ũj
∂xi

)
− 2

3
µ
∂ũk
∂xk

δij

]
+

∂

∂xj

(
−ρ̄ũi′uj ′

)
(4.4)

where ũi = ¯ρui
ρ is the Favre average.
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The new enerated by the ensemble averaging of the equations is the Reynlod
stress τij and it represents the effect of the turbulence:

τij = −ρ̄ũi′uj ′ (4.5)

it is already included in eq.4.4.

The k - ε models are based on an effective turbulent viscosity as model Reynolds
stress term. Thus, the turbulent convective mixing is modelled with an addi-
tional turbulent diffusion.
Only the Standard and RNG k - ε model has been used in this thesis, but actu-
ally there are others two models which are: Rapid Distortion RNG k - ε model
and Realizable RNG k - ε model.

The Standard and RNG k - ε model is expressed by:

τij = −ρ̄ũi′uj ′ = 2 · µtSij −
2

3
δij

(
ρk + µt

∂ũi
∂xi

)
(4.6)

where k is the turbulent kinetic energy defined as:

k =
1

2
ũi
′uj
′ (4.7)

and µt is the turbulent viscosity:

µt = cµρ
k2

ε
(4.8)

where cµ is a model constant, ε is the dissipation of turbulent kinetic energy
and Sij is the mean strain rate tensor defined as:

Sij =
1

2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
(4.9)

The turbulent diffusion and conductivity terms used by the Standard k - ε
and RNG models are respectively:

Dt =
1

Sct
µt (4.10)

Kt =
1

Prt
µtcp (4.11)

where Sct is the turbulent Schmidt number, Prt is the turbulent Prandtl
number, Dt is the turbulent diffusion and Kt is the turbulent conductivity.
Furthermore, the RANS k - ε requires two additional transport equations to
solve the turbulent viscosity: one equation for the turbulent kinetic energy and
one for the dissipation of ε.
The turbulent kinetic energy transport equation is given by:

∂ρk

∂t
+
∂ρuik

∂xi
= τij

∂ui
∂xj

+
∂

∂xj

µ

Prk

∂k

∂xj
− ρε+

cs
1.5

Ss (4.12)
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while the transport equation for the dissipation of turbulent kinetic energy
is given by:

∂ρε

∂t
+
∂ρuiε

∂xi
=

∂

∂xj

µ

Prε

∂ε

∂xj
−ρε+cε3ρε

∂ui
∂xi

+

(
cε3

∂ui
∂xj

τij − cε2ρε+ csSs

)
ε

k
+S+ρR

(4.13)
where S is the user-supplied source term and Ss is the source term that

represents the interactions with discrete phase. The cεi terms are constants
related with the compression and the expansion. Finally, the term R is given
by:

R =
Cµη

3 (1− η/η0) ε2

(1 + βη3)k
(4.14)

where η = k
ε |Sij |

[6]

4.5 Source/sink modeling

CONVERGE allows to use different types of source, e.g. energy, momentum (in
x,y and z direction), TKE and passives. In this thesis work, the Energy source
type has been used which allows to define the spark, in different shapes: box,
sphere, cylinder and circle. In this case, the shape adopted is the sphere.

The spark plug discharge can be split in:

• Breakdown: it occurs earlier and it has a short duration;

• Arc/glow: it take place after the breakdown and it has a longer duration

Figure 4.6: Source models

40



(a) (b)

Figure 4.7: (a) source model on the geometry; (b) additional fixed embedding

4.6 Mesh settings

Since the operating point considered in this thesis work is the same studied by
Lorenzo Testa, also the mesh settings chosen for this case setup are the same;
in particular the Coarse mesh settings found in his work is the best compromise
between good simulation results and computational cost.
The Coarse mesh settings is characterized by a base grid of dx = 0.004m; dy =
0.004m and dz = 0.004m.

Fixed embedding settings

Concerning the Fixed embedding settings, the minimum mesh size of the spark
area is 0.125mm; for piston and head is 1mm. The table 6 shows all the Fixed
embedding settings used for this case setup.
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Type: Boundary
Head Mode: Permanent

Scale: 2 (2 layers)

Type: Boundary
Liner Mode: Permanent

Scale: 2 (2 layers)

Type: Boundary
Piston Mode: Permanent

Scale: 2 (2 layers)

Type: Boundary
Intake valve angle Mode: Cyclic (340-600 deg)

Scale: 3 (2 layers)

Type: Boundary
Intake valve top Mode: Cyclic (340-600 deg)

Scale: 3 (2 layers)

Type: Boundary
Intake valve bottom Mode: Permanent

Scale: 3 (2 layers)

Type: Boundary
Exhaust valve angle Mode: Cyclic (130-380 deg)

Scale: 2 (2 layers)

Type: Boundary
Exhaust valve top Mode: Cyclic (130-380 deg)

Scale: 3 (2 layers)

Type: Boundary
Exhaust valve bottom Mode: Permanent

Scale: 3 (2 layers)

Type: Sphere (r=0.005m)
Spark 1 Mode: Cyclic (690-750 deg)

Scale: 4

Type: Sphere (r=0.003m)
Spark 2 Mode: Cyclic (690-730 deg)

Scale: 5

Table 6: Coarse mesh: Fixed embedding settings

AMR settings

The Adaptive mesh refinement settings are described on the following tables.
The minimum mesh size is 0.5mm.
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Type: Boundary
Intake port top Mode: Cyclic (340-600 deg)

Scale: 2 (2 layers)

Type: Boundary
Intake port bottom Mode: Cyclic (340-600 deg)

Scale: 2 (2 layers)

Type: Boundary
Exhaust port Mode: Cyclic (130-380 deg)

Scale: 2 (2 layers)

Type: Cylinder (r1=r2=0.04m)
Cylinder embed Mode: Permanent

Scale: 2

Table 7: Coarse mesh: AMR settings specifications

Mode: Permanent
Velocity max embedding level: 3

Cylinder Velocity sub-grid criterion: 1
Temperature max. embedding level: 3

Temperature sub-grid criterion: 2.5

Mode: Permanent
Intake system Velocity max embedding level: 3

Velocity sub-grid criterion: 1

Mode: Cyclic (130-380 deg)
Velocity max embedding level: 2

Exhaust system Velocity sub-grid criterion: 1
Temperature max. embedding level: 2

Temperature sub-grid criterion: 2.5
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5 Chemistry and Emissions modeling

5.1 Introduction

The combustion is one of the main processes in engineering applications and
at the same time, is one of the most complex phenomena: it involves differ-
ent physical and chemical processes like turbulent fluid flow, heat transfer and
chemical kinetics. Basically, the combustion is a “high-temperature exothermic
redox chemical reaction between a fuel...and an oxidant” which produce “...a
large amount of energy” used for example to move objects (e.g. vehicles) and
in general to make work through “...all the machines where a thermal engine is
installed”.[14]

The internal combustion engines are a typical application of this process. It
is essential to understand in details the main features of the combustion, in
order to predict the behaviour of the engine under different conditions (e.g. dif-
ferent engine speed and load) through (like in this work) CFD simulations.
The combustion of ICEs can be divided in two categories: combustion in Spark
ignition engine (S.I.) and in Compression ignition engine (C.I.). In the first
case, the fuel has a low reactivity; it is generally premixed outside the cylinder
and then compressed. The combustion process starts by means of an electric
spark and it propagates under a turbulent regime condition. For the C.I. en-
gine, the fuels have a relatively short ignition delays; in this case there is not
the electric spark in fact the combustion starts spontaneously thanks to high
reactivity of the fuel.
Furthermore,the combustion process in the S.I. engines can be subdivided in
three steps:

• A small part of the fuel starts burning thanks to the spark electrical energy;
the temperature and pressure inside the cylinder raise.

• Turbulent propagation of the flame, at high velocity (considered instanta-
neous). Thus, the volume of the chamber can be considered constant.

• Combustion completion.

Since in this thesis work a CNG/HCNG engine has been studied, only the
combustion for S.I. engines has been modelled.

Chemical Kinetics

The Chemical Kinetics is a branch of the chemistry that studies the rate and
mechanisms of chemical reactions, taking into account all the factors, like concen-
trations of reacts and temperature, which affect them. The oxidation of CH4,
for example, is subdivided in a large number of intermediate reactions where
chemical reaction rates control the rate of the combustion itself.
Let us consider for example a binary reaction, which means that two reactant
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molecules called Ma and Mb collide and generate two product molecules, Mc and
Md:

Ma +Mb −→Mc +Md (5.1)

A real binary reaction might be the oxidation of the hydrogen, according to:

2H2 +O2 = H2O (5.2)

Thus, the reaction rate is proportional to the product of the concentrations;
in particular R+ and R− are the forward and backward direction reaction rate
respectively:

R+ = −d[Ma]
+

dt
=
d[Mc]

+

dt
= k+[Ma][Mb] (5.3)

R− = −d[Mc]
+

dt
=
d[Ma]

+

dt
= k−[Mc][Md] (5.4)

where k+ and k− are the rate constants in the forward and backward direc-
tions. They follows the Arrhenious form, which is:

k = A · exp

(
−EA
RT

)
(5.5)

where A is the pre-exponential factor (function of temperature) and EA is
the activation energy. The term −EA

RT is the Boltzmann factor: it represents the
amount of collision with a higher energy than the activation energy.

The net reaction rate is:

R+ −R− = k+[Ma][Mb]− k−[Mc][Md] (5.6)

Thus, it is possible to write all the results in a general form:
n∑
i=1

νRiMRi =
m∑
i=1

νPiMPi (5.7)

where νi is the stoichiometric coefficient, R and P indicate the reactants and
products respectively, n is the number of reactants and m the number of the
products. So, by using this nomenclature:

R+ = k+
n∏
i=1

[MRi ]
νRi (5.8)

R− = k−
m∏
i=1

[MPi ]
νPi (5.9)

Finally, deriving all in the time difference:

−d[MRi ]

dt
= νRi(R

+ −R−) (5.10)

−d[MPi ]

dt
= νPi(R

+ −R−) (5.11)
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5.2 Combustion Models in CONVERGE

5.2.1 Models

The CONVERGE software allows the use of different combustion models, in-
cluding models for general combustion, premixed and non-premixed combustion,
turbulent and diesel combustion.
The model used in this thesis work is SAGE detailed chemistry solver which is
one of the most accurate combustion models. However, other models are imple-
mented in CONVERGE but they are less predictive and accurate, even if they
require, at the same time, less computational power and time. We can split the
models in Premixed turbulent combustion models and Non-premixed turbulent
combustion models. The first group includes:

• Chemical Equilibrium (CEQ);

• G Equation;

• Extended Coherent Flame Model (ECFM);

• Flamelet Generated Manifold (FGM);

while the second group is composed by:

• Characteristic Time Combustion (CTC);

• Shell ignition;

• Chemical Equilibrium (CEQ);

• Representative Interactive Flamelet (RIF);

• Extended Coherent Flame Model with 3 zones model (ECFM3Z).

5.2.2 SAGE Detailed Chemical Kinetics Solver

The SAGE combustion model is based on a set of elementary reactions: the
chemical reaction mechanism. Thanks to this mechanism in fact, SAGE com-
putes the reactions rate of each elementary reaction and so it allows to modelling
the combustion of different fuels.

In addiction to the mechanism, others files are needed to run a SAGE simu-
lation:

• the already cited reaction mechanism file, called mech.dat;

• A species-specific thermodynamic properties file, called therm.dat;

• The gas.dat file, which contains the molecular transport properties or the
transport.dat file for mixture-averaged diffusion
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The constant rate k for the SAGE model follows the Arrhenius form:

k+ = AT bexp

(
Ea
RT

)
(5.12)

where, A is the pre-exponential factor, b is the temperature exponent, Ea is
the activation energy and R is the universal gas constant. Defining the equilib-
rium coefficient kcr as:

kcr = kpr

(
Patm
RT

)∑M
m=1 νmr

(5.13)

the reverse constant rate can be expressed as:

k− =
k+

kcr
(5.14)

Thus, kpr in eq.5.13 is obtained by:

kpr = exp

(
∆Sr

0

R
− ∆Hr

0

RT

)
(5.15)

where ∆S and ∆H are the variation of entropy and enthalpy that occurs to
pass from reactants to products; in particular:

∆S0
r

R
=

M∑
m=1

νmr
Sm

0

R
(5.16)

∆Hr
0

RT
=

M∑
m=1

νmr
Hm

0

RT
(5.17)

It is now possible to solve the mass and energy conservation governing equa-
tions, indeed:

d[χm]

dt
= ω̇m (5.18)

dT

dt
=
V dP

dt −
∑

m

(
h̄mω̇m

)∑
m ([χm]c̄p,m)

(5.19)

where V is the volume, P is the pressure, h̄m and c̄p,m are the molar specific
enthalpy and the molar constant-pressure specific heat respectively. The SAGE
model solves all these equations in each computational time step and updates
the species velocity coefficient by using the temperature obtained from eq. 5.19.
Conversely, the temperature cells wll be updated after the calculation of the
species concentrations.
[6] [5]
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5.3 Mechanisms used

As previously described, the SAGE combustion model is based on a set of ele-
mentary reactions called Chemical reaction mechanisms.
The operating point studied in this thesis work has been analysed by Lorenzo
Testa. In its work, the best results have been obtained by using two mecha-
nisms: the GRI Mech 3.0 and the USC mech II. This thesis work is a further
development of the previous projects; thus, these two mechanisms have been
used again as first approach. However, since this time the study of the pollutant
emissions has been carried out, these mechanisms have not proved to be suitable
for the analysis; then a merging between USC and a third mechanism has been
necessary: the USCD NOx v2 reaction mechanism.

5.3.1 GRI Mech 3.0

The GRI Mech 3.0, composed by 325 chemical reactions, has been developed
for NG engine at University of California at Berkeley, Stanford University, The
University of Texas at Austin and SRI International. A part of the mech.dat

file is shown in Figure 5.1.

5.3.2 USC mech II

The USC mech II mechanism contains more reactions than GRI, for that reason
the simulation run time cost is higher: there are in fact 111 species and 784
elementary chemical reactions. However, since it does not include species and
reactions between CO, CO2 and NOx, it is not suitable for the emission analysis.
Thus, an extension of USC, the USCD mechanism, has been used.
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Figure 5.1: GRI Mech 3.0 ; mech.dat file

5.3.3 USCD NOx v2

This mechanisms is an extension of the USC mech II and includes species and
reactions not considered the USC. The figure 5.2 shows the species included in
USC and USCD mech.dat file. These two mechanisms have been merged in
order to obtain a single set of reactions and to analyze the pollutant emissions
in the exhaust gas of the model.
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(a)

(b)

Figure 5.2: (a) USC mech II ; (b) USCD NOx v2
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5.4 Emissions Modeling

CONVERGE allows to use two specifics emission models: one for the soot mod-
elling and one for the NOx modelling. Since the engine studied in this thesis
work is a port-fuel injection engine fuelled with NG, the soot formation is not an
interesting topic. For that reason, only the NOx modelling is briefly described.

NOx Modeling

The method to calculate the NOx emissions by CONVERGE is the extended
Zel’dovich mechanism. It is based on the following set of reactions:

O +N2 � NO +N (5.20)

N +O2 � NO +O (5.21)

N +OH � NO +H (5.22)

where a rate constant k is defined for each reactions and it is function of the
temperature T :

kRi,j ∝ exp(1/T ) (5.23)

where i indicates the number of the reaction and j can be f = forward reac-
tion or r = reverse reaction.

Thus, it is possible to express the rate of formation of NO as:

d[NO]

dt
= kR1,f [O][N2]− kR1,r[NO][N ]+

kR2,f [N ][O2]− kR2,r[NO][O]+

kR3,f [N ][OH]− kR3,r[NO][H]

(5.24)

where [NO ] denotes the species concentration of NO in mol/cm3.
After several steps and assuming the steady state approximation for the concen-
tration of N, O, O2, OH, H and N2, the equation 5.24 can be written as:

d[NO]

dt
=

2R1

[
1− ([NO]/[NO]e)

2
]

1 + ([NO]/[NO]e)R′
(5.25)

where:
R1 = kR1,r[NO]e[N ]e (5.26)

R2 = kR2,f [N ]e[O2]e (5.27)

R3 = kR3,f [N ]e[OH]e (5.28)
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R′ =
R1

R2 +R3
(5.29)

Then, in order to convert the NO to NOx, CONVERGE assumes that the
measured NO is converted in NO2 mass by a factor of 1,533.
A fundamental parameter which affect the NOx of the model is the Schmidt
Number, which is set in the inputs.in file. Typically, larger values of the
Schmidt Number reduce the NOx; conversely, smaller values tend to increase it
without making important differences to the global combustion characteristics.
[6]
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6 Results

6.1 Introduction

In this chapter the comparison between the simulation results, carried out in
CONVERGE, and the experimental data will be shown; the discussion is split
in two main cases, one for each fuel composition.
The aim of this comparison is to define the best model setup which can predict
approximately the real engine in specific conditions. In particular, as already
cited before, the model validation is focused on the following parameters:

Pressure in cylinder 1 : the pressure of the simulation closest cycle is com-
pared with the pressure of the experimental closest cycle; in addiction, the
experimental maximum and minimum cycle define the validity range where
the simulation has to be considered valid;

Heat release in cylinder 1 : the HRR of the simulation, calculated with an
Octave script, will be compared with the experimental closest cycle. In
addiction, for the calculation of the heat release also the trapped mass will
be taken into account;

Integrated heat release in cylinder 1 : the IHR will be evaluated whit the
same method explained for HRR;

Pollutant emissions produced in cylinder 1 : the CO, CO2, NOx and HC
emissions will be compared with the experimental concentration (as ppm)
in the exhaust region.

6.2 O.P. 2000[rpm] x 3.6[bar] x lambda=1; HCNG 15

The operating point 2000[rpm] x 3.6 [bar] x lambda=1, with CNG fuel has been
studied by Lorenzo Testa [4]: as we can note in his thesis work, the simulation
has been carried out by using a coarse mesh setting and GRI Mech 3.0 as
mechanism, which represent the best compromise between accuracy of the results
and simulation run time. For that reason, as first attempt, the base simulation
ran for the study of the HCNG 15 fuel composition (in the same operating point)
presents the same mesh settings and the same mechanism.

6.2.1 Base simulation: GRI Mech 3.0

The Figure 6.1 shows a comparison between the results of the pressure in cylin-
der 1 obtained with the simulation SAGE-GRI Mech 3.0 and the experimental
data. The image is focused on the range between 640-840 crank angle degree.

53



Figure 6.1: Pressure in cylinder 1; SAGE-GRI Mech 3.0 and experimental data; coarse
mesh settings, HCNG 15

Figure 6.2: Pressure in cylinder 1 - Zoom; SAGE-GRI Mech 3.0 and experimental
data; coarse mesh settings, HCNG 15
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The best cycle is the cycle number 1; however, this cycle is usually not taken
into account for our analysis because is just useful for the initialization of the
simulation. Thus, the best cycle is the cycle number 2 which presents a little
overestimation of the peak pressure: 2,3 MPa against 2,25 MPa of the experi-
mental closest cycle (Figure 6.2 ).
The Figure 6.3 shows the compression phase (between 680-720 crank angle de-
gree), which is acceptable:

Figure 6.3: Pressure in cylinder 1 - Compression phase; SAGE-GRI Mech 3.0 and
experimental data; coarse mesh settings, HCNG 15

The Figures 6.4 and 6.5 show the HRR and the AIHR respectively. For this
analysis, only the best model cycle will be considered and for this simulation it
is the model cycle number 2:
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Figure 6.4: Heat release rate; SAGE-GRI Mech 3.0 and experimental data; coarse
mesh settings, HCNG 15

Figure 6.5: Integrated heat release rate; SAGE-GRI Mech 3.0 and experimental data;
coarse mesh settings, HCNG 15

56



From figure 6.4 it is possible to note that the model cycle follows very well
the experimental profile, except around 730 CAD where there is a higher peak of
energy of about 13%. Thus, also the AIHR will be different from the experimen-
tal data (as we can see in figure 6.5): the burn duration is longer and at around
750 CAD there is more energy released in comparison with the experimental
cycle.

Concerning the trapped mass, the error obtained is around -0,84% which means
that the model trapped mass inside the cylinder is 0,84% less than the measure-
ments; thus, it is acceptable.

Finally, the analysis is now focused on the emissions. The Table 8 shows the
comparison between the experimental measurements and the simulation results:

Experimental value [ppm] Simulation results [ppm] Error

x̃CO 5572 7590 +36,2%
x̃NOx 1880 1310 -30%
x̃CO2 103857 97933 -5,7%
x̃HC 327 46,8 -83,7%

Table 8: Pollutant emissions results; SAGE-GRI Mech 3.0 and experimental data;
coarse mesh settings, HCNG 15

It is clear that the concentration of the species for the model is completely
different from the experimental data, in particular for CO and HC; thus, several
changes to the model case setup must be performed.
In the previous thesis work [5] it has been demonstrated that the mechanism
which best simulates the behavior of the fuel with a percentage of hydrogen
is the USC mech II. As it has been already shown, this mechanism gives an
underestimation of the pressure ( which is an improvement, since there are high
pressure peaks for the base simulation); in addiction, it will affect the HRR and
AIHR as well as the emissions.

6.2.2 USC mech II

The following figures show the results obtained by using this new mechanism:
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Figure 6.6: Pressure in cylinder 1; SAGE-USC mech II and experimental data; coarse
mesh settings, HCNG 15

Figure 6.7: Heat release rate; SAGE-USC mech II and experimental data; coarse mesh
settings, HCNG 15
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Figure 6.8: Integrated heat release rate; SAGE-USC mech II and experimental data;
coarse mesh settings, HCNG 15

From Figure 6.6 it is possible to note that the model cycles have lower peaks
of pressure of almost 7%: 2,1 MPa as maximum pressure value instead of 2,25
MPa of the experimental measure so the error is higher in comparison with the
previous case (Figure 6.1).
In terms of heat release rate, there are not important differences with the base
simulation: there is still an overestimation of energy at around 730 CAD (Fig-
ure 6.7) and of course we have a different slope of the curve for the integrated
heat release (Figure 6.8) which means that the burn duration is longer than the
experimental one.

The trapped mass is good also in this case, with an error of -1,33% which is
acceptable.

Concerning the emissions, the Table 9 shows that the USC mech II fits bet-
ter than the GRI Mech 3.0 ; indeed, there is a great improvement for CO (from
+36,2% to +18,6%) and NOx (from -30% to +12,3%). However, the errors (in
particular for the hydrocarbons) are still too high and not acceptables:
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Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 6608 +18,6%
x̃NOx 1880 2112 +12,3%
x̃CO2 103857 99101 -4,6%
x̃HC 327 30,8 -90,6%

Table 9: Pollutant emissions results; SAGE-USC mech II and experimental data; coarse
mesh settings, HCNG 15

As described in the previous chapters, unfortunately the USC mech II is not
suitable for the emission analysis, in fact it does not include some species like
NO and NO2 and some reactions among NOx, CO and CO2. Therefore, for a
better evaluation of the emissions, the USCD NOx v2 extension is needed and
the two mechanisms will be merged.
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6.2.3 USC + USCD mechanisms merged

The three model cycles obtained by using the USC mech II + USCD NOx v2
mechanisms merged are shown in the following figure:

Figure 6.9: Pressure in cylinder 1; SAGE - USC+USCD mechanisms merged and
experimental data; coarse mesh settings, HCNG 15

Once again, the first cycle in not considered. The second and the third cycle
(which is the best cycle) are quite far from the experimental closest cycle with
an error of almost 7% of the peak pressure; in addiction, there is also a difference
between the crank angle degrees where these peaks happen: 737 CAD for the
experimental cycle and 735 CAD for the model cycles.
The compression phase is acceptable, while the expansion phase is slightly overes-
timated: this higher value of the pressure affects the HRR profile (and obviously
the AIHR curve). The heat release rate and the integrated heat release are shown
in Figure 6.10 and 6.11 :
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Figure 6.10: Heat release rate; SAGE - USC+USCD mechanisms merged and
experimental data; coarse mesh settings, HCNG 15

Figure 6.11: Integrated heat release; SAGE - USC+USCD mechanisms merged
and experimental data; coarse mesh settings, HCNG 15
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As it can be noticed, there is a quite remarkable difference between exper-
imental and model HRR and AIHR; in fact the model cycle reaches a lower
pressure peak and so a lower value of energy, with HRR = 12,5 J/DEG against
15 J/DEG of the experimental cycle at 730 CAD. Furthermore, there is an im-
portant difference of the heat release profiles between 750 CAD and 780 CAD
that demonstrate that the combustion of the simulation is slower than the real
one. This gap is highlighted also by the different slope of the curve and by the
peak of the AIHR profile in Figure 6.11.

The trapped mass is 2,6% less than the experimental value, which is an ac-
ceptable error.

It is interesting to compare the different results provided by the two mecha-
nisms. The Figure 6.12, 6.13 and 6.14 show the comparison of the pressure
profiles, HRR and AIHR respectively:

Figure 6.12: Pressure in cylinder 1; comparison between USC mech II and
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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Figure 6.13: Heat release rate; comparison between USC mech II and
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

Figure 6.14: Integrated heat release rate; comparison between USC mech II and
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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It is clear that there are not important improvements between the two mech-
anisms, which show the same errors and differences from the experimental data.
However, in terms of pollutant emissions the values provided by USC+USCD
mechanisms merged are different, as shown in the following table:

Experimental value
[ppm]

USC mech - Error USC+USCD -
Error

x̃CO 5572 +18,6% +24%

x̃NOx 1880 +12,3% -7,6%

x̃CO2 103857 -4,6% -5,8%

x̃HC 327 -90,6% -86%

Table 10: Pollutant emissions comparison: USC mech II and USC+USCD mech-
anisms merged ; coarse mesh settings, HCNG 15

From Table 10 it is possible to note that there is a reduction of the error for
NOx and HC but unfortunately the error for CO and CO2 increases. In par-
ticular, the hydrocarbons are still too few in comparison with the experimental
data and the new mechanism used does not provide any improvements from this
point of view. However, since there are more species and reactions involved in
the simulation, USC + USCD mechanism is more accurate than USC mech II
and GRI Mech 3.0 ; thus, further developments have been done starting from
this latter model.
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6.2.4 Schmidt Number sensitivity

A method to adjust the pressure peak location and magnitude is to change the
Schmidt Number Sc. This number is a dimensionless numerical value which can
increase or decrease the mass diffusivity; it is defined by the following relation:

D =
ν

Sc
(6.1)

where D is the mass diffusivity and ν is the kinematic viscosity [m
2

s ].
As it is noticeable from eq.6.1, an increase of the Schmidt Number value causes
a decrease of the diffusivity and it makes the combustion slower. For that rea-
son, usually the effect of a higher value of Sc on the pressure is to decrease
the peak magnitude. Conversely, a lower Schmidt Number causes a rise of the
mass diffusivity which means a faster combustion and higher pressure peaks. As
it will be shown in this chapter, the influence of Sc on the pressure will affect
also the pollutant emissions, in particular the NOx which are strictly related
to the pressure (and temperature) inside the cylinder. For the previous simu-
lations the preset value of Sc of 0,78 has been used. Since in the last results
the pressure obtained from the simulations is lower than the experimental one,
a Schmidt Number sensitivity has been performed reducing the Sc value; thus,
two additional simulations have been ran with the following parameters:

Base simulation Case 2 Case 3

Sc 0,78 0,765 0,75

Case 2: Schmidt Number equal to 0,765

The figure 6.15 shows the pressure profiles obtained by using Sc = 0, 765.
The best cycle is the model cycle number 2 where the error of the pressure peak
magnitude is again almost 7% like the case with Sc = 0, 78.
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Figure 6.15: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,765; coarse mesh settings, HCNG 15

The HRR and AIHR of the model cycle number 2 are shown in figure 6.16
and 6.17.

Figure 6.16: Heat release rate; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,765; coarse mesh settings, HCNG 15

67



Figure 6.17: Integrated heat release; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,765; coarse mesh settings, HCNG 15

The reduction of Sc value to 0,765 is not enough in fact there are not improve-
ments for the pressure peaks and neither for the heat release and the integrated
heat release. In fact, the pressure is still lower than the experimental closest cy-
cle; the HRR curve shows that the combustion is still slower than the real one,
in particular during the expansion phase (between 740 CAD and 780 CAD).
Finally, the AIHR curve presents a higher peak of energy at 750 CAD.

Considering the emissions, it is interesting to note that since the diffusivity
is higher also the NOx concentration increases until the 3,7% of error. However,
as shown in Table 11, the results for the others species are still far from the
experimental measurements (in particular for CO and HC).

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 7619 +36,7%
x̃NOx 1880 1949 +3,7%
x̃CO2 103857 97811 -5,8%
x̃HC 327 62,6 -80,9%

Table 11: Pollutant emissions results; SAGE-USC+USCD merged ; Schmidt
Number = 0,765; coarse mesh settings, HCNG 15

Case 3: Schmidt Number equal to 0,75

The following figures show the results of this specific case.
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Figure 6.18: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,75; coarse mesh settings, HCNG 15

Figure 6.19: Heat release rate; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,75; coarse mesh settings, HCNG 15
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Figure 6.20: Heat release rate; SAGE: USC+USCD mechanisms merged ;
Schmidt Number = 0,75; coarse mesh settings, HCNG 15

From Figure 6.18 it is clear that there is an improvement for the pressure
inside the cylinder 1: the CCV between the model cycle number 2 and the model
cycle number 3 (which is the best cycle) is very small. Furthermore, the peak
pressure of the cycle number 3 is 2,2 MPa, only 2,2% less than the peak of the
experimental closest cycle. Finally, also the compression and expansion phase
are acceptable because the model cycle is very close to the experimental one.

Another improvement is achieved for HRR and AIHR, as shown in figures 6.19
and 6.20: before and after the peak location of HRR, 730 CAD, the model cycle
follows very well the experimental heat release rate profile. However, there is
still a higher peak of energy which means that the AIHR of the model cycle
reach higher values of energy in comparison with the experimental average.

The following table sums up the emission results obtained by setting this value
os Sc:

70



Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 5731 +2,9%
x̃NOx 1880 2013 +7%
x̃CO2 103857 96262 -7,3%
x̃HC 327 62,3 -81%

Table 12: Pollutant emissions results; SAGE-USC+USCD merged ; Schmidt Number
= 0,75; coarse mesh settings, HCNG 15

Finally the error of the CO emissions has been reduced and it is less than 3%,
which is acceptable, and for that reason the best value of Sc is 0,75. Furthermore,
to better understand the effect of the reduction of Sc a comparison of the three
cases is needed.

Comparison

The Figure 6.21 shows the different pressure profiles:

Figure 6.21: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ;
Schmidt Number sensitivity; coarse mesh settings, HCNG 15

From this plot it is clear that there is no difference in terms of pressure for
the cases with Sc = 0,78 and 0,765. However, the value of 0,75 is enough to
increase the peak pressure until 2,2 MPa at 736 CAD (as shown in Figure 6.22
). Thus, the error on the peak pressure magnitude for Sc=0,75 is around 2%
which is acceptable.
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Figure 6.22: Pressure in cylinder 1 - zoom; SAGE: USC+USCD mechanisms merged ;
Schmidt Number sensitivity; coarse mesh settings, HCNG 15

Concerning the HRR and AIHR, the figures 6.23 and 6.24 show the improve-
ments reached with the Case 3 of the sensitivity. From Figure 6.23 in particular
is easy to note how the model with the smallest value of Sc fits better to the
case, especially during the compression and expansion phases where the model
follows very well the experimental profile.

The trapped mass is acceptable in all three cases, as shown in the following
table:

Sc=0,78 Sc=0,765 Sc=0,75

Trapped mass error -2,63% -2,8% -0,4%

Table 13: Trapped mass comparison; SAGE-USC+USCD merged ; Schmidt Number
sensitivity; coarse mesh settings, HCNG 15
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Figure 6.23: Heat release rate; SAGE: USC+USCD mechanisms merged ; Schmidt
Number sensitivity; coarse mesh settings, HCNG 15

Figure 6.24: Heat release rate; SAGE: USC+USCD mechanisms merged ; Schmidt
Number sensitivity; coarse mesh settings, HCNG 15
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Finally, from table 14 it is possible to understand how the pollutant emissions
results change according to Sc:

Experimental value Sc=0,78 Sc=0,765 Sc=0,75

x̃CO 5572 ppm 6910 ppm 7619 ppm 5731 ppm
error +24% +36,7% +2,9%

x̃NOx 1880 ppm 1737 ppm 1949 ppm 2913 ppm
error -7,6% +3,7% +7%

x̃CO2 103857 ppm 97803 ppm 97811 ppm 96262 ppm
error -5,8% -5,8% -7,3%

x̃HC 327 ppm 46 ppm 62,6 ppm 62,2 ppm
error -86% -80,9% -81%

Table 14: Pollutant emissions results; SAGE-USC+USCD merged ; Schmidt Number
sensitivity; coarse mesh settings, HCNG 15

Although the error for NOx, CO2 and HC remains approximately constant,
the best result is achieved for CO, where there is a strong reduction of the error
from 24% and 36,7% to 2,9%. To understand why there is this difference and
how the combustion process changes among the cases, an analysis of the burning
process inside the cylinder might be interesting.
The Figure 6.25 shows the difference of the CH4 mass fraction, which is the main
component of the fuel. Using the smallest Schmidt Number we can see that there
is less CH4 into the combustion chamber which means that the combustion is
faster and similar to the real process.
For that reason, even the formation of CO is different and the mass fraction is
more close to the real one, as shown in the Figure 6.26 .

Figure 6.25: Comparison of mass fraction of CH4 with two different values of Schmidt
Number
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Figure 6.26: Comparison of mass fraction of CO with two different values of Schmidt
Number

In conclusion, the Schmidt Number chosen is Sc = 0,75 because it allows
to obtain very good results for pressure, heat release rate and integrated heat
release, trapped mass and emissions. However, although the errors for CO, CO2

and NOx are acceptable, the unburned hydrocarbons are still too far from the
experimental data. For that reason, three additional modifications have been
made in order to increase the HC concentration: reduction of the temperature
of the wall, LHV correction and modeling of the crevice volume.
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6.2.5 Reduction of the temperature of the wall

A method to increase the formation of hydrocarbons during the combustion
might be to reduce the temperature of the wall, which is a constant value set as
boundary condition. In this way, the heat transfer with the wall is fostered and
the temperature reached during the combustion decreases; thus, the combustion
process gets worse and even less fuel burns causing a greater production of un-
burned hydrocarbons.
In order to understand the influence of the temperature of the wall, the preset
value of T= 427 K has been reduced two times by 30 K and 50 K, so the others
two values of the temperature are T ′= 397 K and T ′′= 377 K respectively.

Reduction of 30 K (T = 397 K)

The following figure shows the results obtained by using T ′ = 397 K:

Figure 6.27: Pressure in cylinder 1; Temperature of the wall reduced by 30 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

From the Figure 6.27 appears that the best cycles is the model cycle number
3, which presents a very small pressure peak error of 0,7%. The trapped mass
is also good (almost -2%) and it is acceptable.

The HRR profile (shown in Figure 6.28 ) is different in comparison with the
previous case, in fact the compression phase and the peak of energy follow the
experimental curve; however, since the combustion is worse the burn duration is
longer and the heat release rate is high between 740 CAD and 780 CAD. Obvi-
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ously, the AIHR is influenced by these effects and presents a high peak of energy
as well (Figure 6.29 ).

Figure 6.28: Heat release rate; Temperature of the wall reduced by 30 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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Figure 6.29: Integrated heat release; Temperature of the wall reduced by 30 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

Finally, the following table sums up the emission results:

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 5731 +2,8%
x̃NOx 1880 1884 +0,2%
x̃CO2 103857 96187 -7,4%
x̃HC 327 70,3 -78,5%

Table 15: Pollutant emissions results; Temperature of the wall = 397 K; SAGE-
USC+USCD merged ; Schmidt Number = 0,75; coarse mesh settings, HCNG 15

Although the unburned hydrocarbons increase, the error is still very high so
the reduction of 30 K is not enough.

Reduction of 50 K (T = 377 K)

For this specific case the results of pressure, HRR and AIHR are shown in the
following figures:
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Figure 6.30: Pressure in cylinder 1; Temperature of the wall reduced by 50 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

Figure 6.31: Heat release rate; Temperature of the wall reduced by 50 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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Figure 6.32: Integrated heat release; Temperature of the wall reduced by 50 K; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

From Figure 6.30 it is clear that the best cycle is the model cycle number
3, which presents basically the same pressure profile of the experimental cycle
(with a small error in the expansion phase); the error of the pressure peak is in
fact almost -0,1%.

Comparing the results shown in the figures 6.31 and 6.32 with the previous
case, it can be noted that the curves are very similar, with the same peak of
energy and the same excess between 740 CAD and 780 CAD.

Finally, the Table 16 sums up the emission results. Unfortunately, neither in
this case the rise of the HC is not enough and the error is still extremely high.
In order to understand the influence of the reduction of the wall temperature, a
comparison of the three cases might be useful.

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 5613 +0,7%
x̃NOx 1880 1624 -13,6%
x̃CO2 103857 96277 -7,3%
x̃HC 327 75,6 -76,9%

Table 16: Pollutant emissions results; Temperature of the wall = 377 K; SAGE-
USC+USCD merged ; Schmidt Number = 0,75; coarse mesh settings, HCNG 15
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Comparison

The comparison of the pressure obtained with T = 427 K, T ′ =397 K and T ′′

= 377 K is shown in Figure 6.33: as we can see, although the three cycles are
acceptable, the best results are achieved by using T ′ and T ′′.

However, the HRR shown in figure 6.34 is different: although the peak of energy
is lower for T ′ and T ′′, the curves present a higher value of heat release between
740 CAD and 780 CAD; thus, the integrated heat release in figure 6.35 , reaches
higher values of energy in comparison with the experimental profile.

Figure 6.33: Pressure in cylinder 1; Temperature of the wall sensitivity; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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Figure 6.34: Heat release rate; Temperature of the wall sensitivity; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15

Figure 6.35: Integrated heat release; Temperature of the wall sensitivity; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15
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Concerning the pollutant emissions, the table 17 sums up the different con-
centration errors obtained for each case. It is interesting to note that as the
concentration of HCs increases, the NOx decrease: since the temperature of
the wall is reduced and then the heat exchange is encouraged, the temperature
reached during the combustion process is lower. Thus, the fuel does not burn
correctly and then even more unburned hydrocarbons are produced; conversely,
the NOx are less because the reaction mechanisms require more energy (and then
temperature), hence the process slows down.

Experimental value T=427 K T=397 K T=377 K

x̃CO 5572 ppm 5731 ppm 5730 ppm 5613 ppm
error +2,9% +2,8% +0,7%

x̃NOx 1880 ppm 2013 ppm 1884 ppm 1624 ppm
error +7% +0,2% -13,6%

x̃CO2 103857 ppm 96262 ppm 96187 ppm 96277 ppm
error -7,3% -7,4% -7,3%

x̃HC 327 ppm 62 ppm 70,3 ppm 75,6 ppm
error -81% -78,5% -76,9%

Table 17: Pollutant emissions results; SAGE-USC+USCD merged ; Temperature of the
wall sensitivity; coarse mesh settings, HCNG 15

Unfortunately, even if there is a raise of the hydrocarbons, the values ob-
tained from these three simulations are still far from the experimental measure-
ments. Thus, the reduction of the wall temperature does not provide satisfactory
improvements and then the case with T ′ and T ′′ have been rejected. Another
strategy should be adopted like the LHV correction or the addition of the crevice
volume.
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6.2.6 LHV correction

There are two reasons why the LHV (lower heating value) has been corrected:

• Energy: the total energy in the chamber (HRR and AIHR) and the burn
rate obtained are too high and too slow respectively, thus a reduction of
the LHV can give better results.

• Emissions: since the hydrocarbons obtained from the model are very few,
a reduction of the LHV may get worse the combustion process, promoting
the formation of HC. Obviously, also the other species will be influenced
by this correction.

The LHV is computed by CONVERGE by means of the hidden.in file,
where the components of the fuel are specified as mass fraction. For the case
with HCNG-15, the LHV computed is 50,87 MJ; thus, other two value reduced
by 3,5% and 5% respectively are carried out obtaining LHV = 48,15 MJ and
48,45 MJ.

The Figures 6.36 and 6.42 show the best cycles obtained with the three LHVs:

Figure 6.36: Pressure in cylinder 1; LHV sensitivity; SAGE: USC+USCD mechanisms
merged ; coarse mesh settings, HCNG 15
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Figure 6.37: Zoom: Pressure in cylinder 1; LHV sensitivity; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15

As we can see, the pressure is very sensitive to the LHV variation in fact
the pressure peaks are far apart from the experimental one and they are not
acceptable: 1,98 MPa for LHV = 49,15 MJ (error of -13%) and 1,63 MPa for
LHV = 48,45 MJ (error of -27%).

The HRR and AIHR get worse as well, as shown in Figure 6.38 and 6.39:
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Figure 6.38: Heat release rate; LHV sensitivity; SAGE: USC+USCD mechanisms
merged ; coarse mesh settings, HCNG 15

Figure 6.39: Integrate heat release; LHV sensitivity; SAGE: USC+USCD mechanisms
merged ; coarse mesh settings, HCNG 15
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As expected, the peaks of energy decrease but unfortunately their location
is shifted rightward by almost 10 CAD (figure 6.38); then the heat release rate
between 740 CAD and 780 CAD (expansion phase) is higher than the exper-
imental profile. All this has consequences on the AIHR where, although the
energy peaks decrease as well, the slope of the curve is different and the burn
rate is getting slower.

Finally, considering the pollutant emissions results (table 18) we can see that
all the species are affected by the LHV reduction, in particular the NOx which
are extremely few in comparison with the experimental values (53,6% and 81,7%
less). In addition, no improvement has been achieved for the HCs so also in this
case the two models with LHV reduced have been rejected.

Exp. value LHV=50,87 MJ LHV=49,15 MJ LHV=48,45 MJ

x̃CO 5572 ppm 5731 ppm 5330 ppm 5301 ppm
error +2,9% -4,3% -4,9%

x̃NOx 1880 ppm 2013 ppm 871 ppm 343 ppm
error +7% -53,6% -81,7%

x̃CO2 103857 ppm 96262 ppm 96830 ppm 96632 ppm
error -7,3% -6,8% -7%

x̃HC 327 ppm 62 ppm 49 ppm 71 ppm
error -81% -84,8% -78%

Table 18: Pollutant emissions results; SAGE-USC+USCD merged ; LHV sensitivity;
coarse mesh settings, HCNG 15
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6.2.7 Crevice volume

One of the major sources for the formation of hydrocarbons is the crevice volume,
in particular between cylinder and piston and around the intake and exhaust
valves. In order to simplify the model, the crevice volume has not been included
in the geometry so far; however, since the emission analysis is now discussed
in this thesis work, the model must be more detailed and has to include this
fundamental source of hydrocarbons.

Geometry

The Figure 6.40 shows a 3D plot of the crevice volume and a section of the
cylinder:

(a) (b)

Figure 6.40: (a) 3D picture of the cylinder; (b) section of the cylinder

As first attempt, a volume of height 6,1 mm has been created between cylin-
der and piston. Obviously, the addition of volume changes the compression ratio
of the cylinder; for that reason, the TDC of the piston has been changed in order
to maintain constant that value. Thus, the new value of the compression ratio
is 9,83707 instead of 9,79906 with an error of 0,4%, which is acceptable.

Figure 6.41: Height of the crevice volume
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Crevice volume sensitivity

The pressure profiles obtained by using the crevice volume are shown in the
following figures:

Figure 6.42: Pressure in cylinder 1; crevice volume addition; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15
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Figure 6.43: Zoom: Pressure in cylinder 1; crevice volume addition; SAGE:
USC+USCD mechanisms merged ; coarse mesh settings, HCNG 15

The best cycle is the model cycle number 3, with a peak pressure of 2,27 MPa
against 2,25 MPa of the experimental closest cycle; in addition the compression
phase is still acceptable and there is just a little overestimation of the pressure
in the expansion phase, between 760 CAD and 780 CAD. Overall, the model
cycle number 3 is acceptable.

The HRR values obtained (Figure 6.47) are very good: the energy peak in fact
is now very close to the experimental one and the profile follows very well the
combustion phase of the pink line. Unfortunately, there is still an overestimation
of the energy between 740 CAD and 780 CAD but as overall an improvement
of the heat release rate is achieved. Furthermore, the peak of the integrated
heat release in Figure 6.48 is closer to the experimental closest cycle than the
previous case.
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Figure 6.44: Heat release rate; crevice volume addition; SAGE: USC+USCD mecha-
nisms merged ; coarse mesh settings, HCNG 15

Figure 6.45: Integrated heat release; crevice volume addition; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15
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In order to see the influence of the crevice volume, a comparison with the pre-
vious case (without crevices) could be useful. The Figure 6.46 shows that there
are not great differences in terms of pressure, which are acceptable in both cases.

Concerning the HRR and AIHR, Figure 6.47 and 6.48 highlight the improve-
ments achieved, mentioned before.

Figure 6.46: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 15
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Figure 6.47: Heat release rate; SAGE: USC+USCD mechanisms merged ; coarse mesh
settings, HCNG 15

Figure 6.48: Heat release rate; SAGE: USC+USCD mechanisms merged ; coarse mesh
settings, HCNG 15
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Finally, the table 19 shows a comparison between the emission results ob-
tained by considering the model with and without crevices. It is clear that the
biggest difference of the results concerns the unburned hydrocarbons: there is in
fact a great increase of x̃HC but obviously the error is extremely high (+790%).
Hence, it is possible to affirm that x̃HC is very sensitive to the crevice volume
and a compromise solution must be adopted. For that reason, the volume of the
crevices has been reduced two times and a crevice volume sensitivity has been
ran.

Exp. value Model without crevices Model with crevices

x̃CO 5572 ppm 5731 ppm 5921 ppm
error +2,9% +6,3%

x̃NOx 1880 ppm 2013 ppm 1842 ppm
error +7% -2%

x̃CO2 103857 ppm 96262 ppm 92075 ppm
error -7,3% -11,3%

x̃HC 327 ppm 62 ppm 2932 ppm
error -81% +790%

Table 19: Pollutant emissions results; SAGE-USC+USCD merged ; LHV sensitivity;
coarse mesh settings, HCNG 15

As Figure 6.49 shows, the height of the crevices has been reduced from 6,1
mm to 3,6 mm (Medium crevice volume) and 2,1 mm (Small crevice volume)

(a) (b)

(c)

Figure 6.49: (a) High crevice volume; (b) Medium crevice volume; (c) Small crevice
volume

Medium crevice volume

As we can see from Figure 6.50 the best cycle is the model cycle number 3, even
if also the model cycle number 2 is acceptable. Thus, in terms of pressure there
are no worsening.
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Figure 6.50: Pressure in cylinder 1; Medium crevice volume; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15

Furthermore, there is a small improvement for the HRR in fact the curve is
closer to the experimental during the combustion phase in comparison with the
previous case (Figure 6.51). The AIHR in Figure 6.52 is quite similar to the
previous case and presents still a higher energy peak and a long burn rate.
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Figure 6.51: Heat release rate; Medium crevice volume; SAGE: USC+USCD mecha-
nisms merged ; coarse mesh settings, HCNG 15

Figure 6.52: Integrated heat release; Medium crevice volume; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15
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The great improvement is obtained for the pollutant emission (table 20)and
in particular for x̃HC ; reducing the height of the volume by few millimeters in
fact the unburned hydrocarbons produced decrease from +790% to 372%, which
means that the HC formation is very sensitive to the crevices dimension.

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 6137 +10,1%
x̃NOx 1880 2009 +6,8%
x̃CO2 103857 93625 -9,9%
x̃HC 327 1549 372%

Table 20: Pollutant emissions results; Medium crevice volume; SAGE-USC+USCD
merged ; Schmidt Number = 0,75; coarse mesh settings, HCNG 15

Small crevice volume

The best cycle obtained by using the smallest crevice volume is the model cycle
number 2, which peak pressure is 2,23 MPa (0,9% less than the experimental
peak).

Figure 6.53: Pressure in cylinder 1; Small crevice volume; SAGE: USC+USCD mech-
anisms merged ; coarse mesh settings, HCNG 15

The HRR and the AIHR are very similar to the case with Medium crevice
volume and the results are quite good (Figure 6.54 and 6.55).
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Figure 6.54: Heat release rate; Small crevice volume; SAGE: USC+USCD mechanisms
merged ; coarse mesh settings, HCNG 15

Figure 6.55: Integrated heat release; Small crevice volume; SAGE: USC+USCD mech-
anisms merged ; coarse mesh settings, HCNG 15
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As expected, from tabel 21 we can say that, while there are no great differ-
ences for the other species (which concentration are still close to the measure-
ments), x̃HC is smaller than the previous case and is only 15,5% bigger than the
experimental value, which is acceptable.

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5572 5975 +7,2%
x̃NOx 1880 2016 +7,2%
x̃CO2 103857 95482 -8,1%
x̃HC 327 378 15,5%

Table 21: Pollutant emissions results; Small crevice volume; SAGE-USC+USCD
merged ; Schmidt Number = 0,75; coarse mesh settings, HCNG 15

In order to highlight the sensitivity of the model to the crevices, a final com-
parison among High, Medium and Small crevice volume has been carried out.

Comparison

In Figure 6.56 the comparison between the pressure profiles is shown.

Figure 6.56: Pressure in cylinder 1; Crevice volume comparison; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15

As it is noticeable, there are no important differences among the best cycles
of each case and peak pressure errors for High, Medium and Small crevice vol-
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ume are 1,2%, 0,2% and -0,9% respectively, which are all acceptable.

The HRR (Figure 6.57 ) is also similar in the three cases, even if the Small
crevice has a lower peak in comparison with the other two cases.

Figure 6.57: Heat release rate; Crevice volume comparison; SAGE: USC+USCD mech-
anisms merged ; coarse mesh settings, HCNG 15

Furthermore, also the AIHR in figure 6.58 does not change by using different
dimension of the crevices.
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Figure 6.58: Integrated heat release; Crevice volume comparison; SAGE: USC+USCD
mechanisms merged ; coarse mesh settings, HCNG 15

The table 22 shows clearly how x̃HC decreases with the reduction of the
crevices, from 2932 ppm to 378 ppm (error of 15,5%). Since x̃CO, x̃NOx and
x̃CO2 are also acceptable, the model with the smallest crevice volume represents
the best simulation for the operating point 2000[rpm] x 3,6 [bar] x lambda =
1 with HCNG-15 as fuel.

Exp. value High volume Medium volume Small volume

x̃CO 5572 ppm 5921 ppm 6137 ppm 5975
error +6,3% +10,1% +7,2%

x̃NOx 1880 ppm 1842 ppm 2009 ppm 2016 ppm
error -2% +6,8% +7,2%

x̃CO2 103857 ppm 92075 ppm 93625 ppm 95482 ppm
error -11,3% -9,9% -8,1%

x̃HC 327 ppm 2932 ppm 1549 ppm 378 ppm
error +790% +372% +15,5%

Table 22: Pollutant emissions results; Crevice volume sensitivity; SAGE-USC+USCD
merged ; coarse mesh settings, HCNG 15
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6.3 O.P. 2000[rpm] x 3.6[bar] x lambda=1; HCNG 25

The analysis of the fuel HCNG-25, has been carried out in parallel with the case
of the fuel HCNG-15. In general the same logical process and the same adjust-
ment have been done, except in some case, where the previous results showed
that any improvement had been obtained (e.g. through the wall temperature
reduction and the LHV correction). Thus, as the previous case, also this time
we start analyzing the numerical results obtained by using the GRI Mech 3.0
reaction mechanism.

6.3.1 Base simulation: GRI Mech 3.0

The Figure 6.59 shows the results obtained by using this reaction mechanism.
Two problems can be highlighted: the first cycle, which is not considered since
it is a sort of ”initialization” for the following two cycles, is very close to the
experimental profile, while the model cycle number 2 and 3 are far (with errors
for pressure peak magnitude of almost +20% and +10% respectively; figure 6.60
). Secondly, there is a high CCV between the cycle number 2 and 3, even if they
are into the boundaries (experimental maximum and minimum cycle).

Figure 6.59: Pressure in cylinder 1; SAGE: GRI Mech 3.0 mechanism; coarse mesh
settings, HCNG 25
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Figure 6.60: Zoom: pressure in cylinder 1; SAGE: GRI Mech 3.0 mechanism; coarse
mesh settings, HCNG 25

Figure 6.61: Heat release rate; SAGE: GRI Mech 3.0 mechanism; coarse mesh settings,
HCNG 25
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The HRR curve, shown in figure 6.61, is quite good because the model cycle
follows well the experimental closest cycle during the compression and expansion
phase but presents a higher peak at 730 CAD; thus, the integrated heat release
in Figure 6.62 reaches a higher value of energy and the burn rate is longer in
comparison with the experimental cycle.

Figure 6.62: Integrated heat release; SAGE: GRI Mech 3.0 mechanism; coarse mesh
settings, HCNG 25

The pollutant emissions concentrations obtained with the GRI Mech 3.0
mechanisms are not good here too, in particular for CO and HC (Table 23).

Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5650 6611 +17%
x̃NOx 1818 1930 +6,2%
x̃CO2 101059 95366 -5,6%
x̃HC 281 30 -89,3%

Table 23: Pollutant emissions; SAGE: GRI Mech 3.0 mechanism; coarse mesh settings,
HCNG 25

Furthermore, in order to check the CCV observed in Figure 6.59, three cycles
more have been ran. The Figure 6.63 shows that even among the six cycles the
variability of the pressure from cycle to cycle is very important.
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Figure 6.63: Pressure in cylinder 1; SAGE: GRI Mech 3.0 mechanism; coarse mesh
settings, HCNG 25

In conclusion, since the pressure results and the pollutant emissions concen-
trations obtained with GRI Mech 3.0 are not satisfactory, the USC mech II has
been used as first approach and then USC+USCD mechanisms merged.
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6.3.2 USC mech II

As already seen for the case with HCNG-15, this mechanism gives underesti-
mated values of the pressure in comparison with the GRI mechanisms (Figure
6.64): the peak pressure of the best cycle, which is the model cycle number 3,
is 2,11 MPa so it is 4,5% lower than the experimental peak. Furthermore, while
the compression phase is acceptable, the pressure profile during the expansion
phase is almost 7% higher than the experimental closest cycle; obviously, it will
negatively affect the HRR and AIHR.

Figure 6.64: Pressure in cylinder 1; SAGE: USC mech II ; coarse mesh settings, HCNG
25

Concerning the HRR in Figure 6.65, there is in fact an excess of energy be-
tween 740 CAD and 780 CAD, the expansion phase. Hence, although the AIHR
follows well the experimental combustion process, it will have a higher peak of
energy after 750 CAD (Figure 6.66).

The trapped mass error is +1,62% which is an acceptable result.
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Figure 6.65: Heat release rate; SAGE: USC mech II ; coarse mesh settings, HCNG 25

Figure 6.66: Integrated heat release; SAGE: USC mech II ; coarse mesh settings, HCNG
25
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In order to increase the underestimated value of the pressure, a numerical
modification has been done: the variation of the monotone tolerance.

Monotone Tolerance variation

The monotone tolerance is the tolerance for the step flux limiter above which
CONVERGE switches to a lower-order spatial discretization to preserve stabil-
ity; it will switch in fact to a first-order upwind spatial discretization when the
ratio of gradients on either side of a cell face exceeds the specified value. Thus,
changing the value from 1e-05 (default value) to 0,025 we can obtain a wider
range of tolerance; in this way it is possible to change the diffusivity of the com-
bustion model.
[6]

The effect of this variation on the pressure is shown in Figure 6.67. As we
can see, now the best cycle is the number 2 and the pressure peak error de-
creases from -4,5% to -1%. However, there is still a high error of the pressure
during the expansion phase (around 7% at 770 CAD).

Figure 6.67: Pressure in cylinder 1; SAGE: USC mech II ; Monotone tolerance 0,025;
coarse mesh settings, HCNG 25

In order to better understand the effect of the monotone tolerance, a com-
parison between the two cases might be useful. The improvement reached for
the pressure is clearly visible in the following figure:
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Figure 6.68: Pressure in cylinder 1; SAGE: USC mech II ; Monotone tolerance com-
parison; coarse mesh settings, HCNG 25

On the other hand, there are no important differences for the HRR and the
AIHR with the case with 1e-5 as monotone tolerance, and the same problems of
the excess of energy occurs (figures 6.69 and 6.70).

As final comparison, the table 24 shows the different emission results obtained
in both cases. It should be noted the raise of the NOx concentration with mono-
tone tolerance 0,025: in this case in fact the pressure is higher so x̃NOx , which is
strictly related with the temperature and then with the pressure, increases. That
is why, the variation of the monotone tolerance is a ”numerical” way to change
the NOx concentration; in general, the percentage of this particular species in
the exhaust gas grows up by changing the value from 1e-5 to 0,025.
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Figure 6.69: Heat release rate; SAGE: USC mech II ; Monotone tolerance comparison;
coarse mesh settings, HCNG 25

Figure 6.70: Integrated heat release; SAGE: USC mech II ; Monotone tolerance com-
parison; coarse mesh settings, HCNG 25
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Exp. value Monotone tolerance 1e-05 Monotone tolerance 0,025

x̃CO 5650 ppm 5381 ppm 5374 ppm
error -4,8% -4,9%

x̃NOx 1818 ppm 1978 ppm 2228 ppm
error +8,8% +22,5%

x̃CO2 101059 ppm 96755 ppm 96755 ppm
error -4,3% -4,3%

x̃HC 281 ppm 25,61 ppm 25,65 ppm
error -90,9% -90,9%

Table 24: Pollutant emissions results; Monotone tolerance comparison; SAGE: USC
mech II ; coarse mesh settings, HCNG 25

Unfortunately, as already cited before (see chapter 6.2.2), the USC mech II
is not suitable for the emission analysis because it contains few species and reac-
tions in particular for NOx, CO and CO2. For that reason, the two mechanisms
merged USC mech II and USCD NOx v2 have been used in order to study
carefully the pollutant emissions.
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6.3.3 USC + USCD mechanisms merged

The Figure 6.71 describes the results of the pressure obtained with the new
mechanism.

Figure 6.71: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 25

As we can see the best cycle is the number 2: it has been used to compute the
representative HRR and AIHR profiles of the model in order to do a comparison
with the case with USC mech II.
Unfortunately, as evidenced by figure 6.72, the peak pressure is lower and reaches
only 2,12 MPa (7% less than the experimental peak).
The trapped mass is good in fact the error obtained is +1,14%.
The HRR in figure 6.73 gets worse as well, in fact the peak of energy is not
only lower than the experimental but it is also shifted to the right at 735 CAD
instead of 730 CAD. Furthermore, there is still the issue of the excess of energy
between 740 CAD and 780 CAD, which means that the combustion is slower in
comparison with the real process. Finally, the figure 6.74 demonstrates that no
improvements have been achieved for the AIHR.
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Figure 6.72: Pressure in cylinder 1; SAGE mechanisms comparison; coarse mesh set-
tings, HCNG 25

Figure 6.73: Heat release rate;SAGE mechanisms comparison; coarse mesh settings,
HCNG 25
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Figure 6.74: Integrated heat release;SAGE mechanisms comparison; coarse mesh set-
tings, HCNG 25

The benefit gained with the USC+USCD mechanisms merged concerns the
emission results. As we can see from the table 25 in fact the main improvement
is the reduction of NOx from +22% to +1%; the other concentrations remain
acceptable except for HC where the error is, again, extremely high.

Exp. value USC mech II USC+USCD mechanisms merged

x̃CO 5650 ppm 5374 ppm 6404 ppm
error -4,9% +13,3%

x̃NOx 1818 ppm 2228 ppm 1836 ppm
error +22,5% +1%

x̃CO2 101059 ppm 96755 ppm 95501 ppm
error -4,3% -5,5%

x̃HC 281 ppm 25,65 ppm 53 ppm
error -90,9% -81,2%

Table 25: Pollutant emissions results; Mechanisms comparison; coarse mesh settings,
HCNG 25

To sum up, the two mechanisms merged do not provide better results in terms
of pressure, HRR and AIHR but they are very important for the analysis of the
emissions. The next steps are trying to reduce the error of the pressure profile (
for the peak pressure and for the expansion phase) and of the HC concentration.
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6.3.4 Boundary conditions manipulation

In the last results the peak pressure obtained for the best cycle is lower than
the peak reached by the experimental closest cycle. A strategy to improve the
pressure of the cycle is to increase the boundary intake pressure. Thus, the ex-
cel file with the experimental data has been modified and the intake pressure
has been raised by 6.6%; since the pressure boundary conditions were computed
by a MatLab script instead of direct measurements, this approximation can be
considered acceptable.
As it is noticeable from figure 6.75, in this way not only the peak pressure in-
creases (until 2,26 MPa with a peak magnitude error of +0,1%) but the pressure
in the expansion range is now closer to the experimental profile.

Figure 6.75: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 25
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Figure 6.76: Zoom: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ;
coarse mesh settings, HCNG 25

The reduction of the error for the pressure allows to improve the HRR pro-
file, as shown in Figure 6.77. Now, the peak of energy is almost the same of the
experimental cycle, but mostly the excess of energy between 740 CAD and 780
CAD shrank. However, the AIHR in Figure 6.78 shows that the combustion of
the simulation is still slower than the real one and it ends at almost 755 CAD
instead of 745 CAD.

With regards to the emission results, the table 27 describes the effect of the
boundary conditions manipulation on the different concentration. Since the pres-
sure is now raised, the NOx concentration increases from 1836 ppm to 2101 ppm
(+15%), while CO, CO2 and HC remains quite constant.

As final verification the monotone tolerance (previously changed from 1e-5 to
0,025) is now modified again to 1e-5 to check if x̃NOx decreases to a more accu-
rate value.
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Figure 6.77: Heat release rate;SAGE: USC+USCD mechanisms merged ; coarse mesh
settings, HCNG 25

Figure 6.78: Integrated heat release;SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 25
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Experimental value [ppm] Simulation result [ppm] Error

x̃CO 5650 6302 +11,5%
x̃NOx 1818 2101 +15,5%
x̃CO2 101059 92258 -8,7%
x̃HC 281 76 -72,9%

Table 26: Pollutant emissions; SAGE: USC+USCD mechanisms merged ; coarse mesh
settings, HCNG 25

As we can see from the figure 6.79, 6.80 and 6.81 there are no important
differences between the two best cycles of each case in terms of pressure, HRR
and AIHR.

Figure 6.79: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; mono-
tone tolerance comparison; coarse mesh settings, HCNG 25
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Figure 6.80: Heat release rate;SAGE: USC+USCD mechanisms merged ; monotone
tolerance comparison; coarse mesh settings, HCNG 25

Figure 6.81: Integrated heat release;SAGE: USC+USCD mechanisms merged ; mono-
tone tolerance comparison; coarse mesh settings, HCNG 25
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Finally, the table 27 sums up the errors obtained for both cases on pressure,
trapped mass and emissions:

Exp. value Mon. tol. 0,025 Mon. tol. 1e-05

Peak pressure error 2,286 [bar] +0,11% +3%

Trapped mass error 1,84x10−4 [kg] -1,97% -1,58%

x̃CO 5650 ppm 6302 ppm 6330 ppm
error +11,5% +12%

x̃NOx 1818 ppm 2101 ppm 1914 ppm
error +15,5% +5,3%

x̃CO2 101059 ppm 92258 ppm 95540 ppm
error -8,7% -5,5%

x̃HC 281 ppm 68,6 ppm 69,3 ppm
error -75,7% -75,4%

Table 27: Results overview; SAGE: USC+USCD mechanisms merged ; monotone tol-
erance comparison; coarse mesh settings, HCNG 25

The best compromise turns out to be the model with monotone tolerance
1e-05: in fact, although the peak pressure error increases by 3%, in this second
case it is possible to gain an error reduction of almost 10% and 3% for x̃NOx and
x̃CO2 respectively.

The final step is trying to reduce the high error of the hydrocarbons. As done
for the case with HCNG-15 (see chapter 6.2.7), the same SMALL crevice volume
(height of the crevice of 2,1mm) has been added to this specific case setup.
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6.3.5 Crevice Volume

The addition of the crevices to the geometry allows to obtain the following
results:

Figure 6.82: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; small
crevice volume; coarse mesh settings, HCNG 25

The best cycle is the model cycle number 3 which is very close to the exper-
imental closest cycle, in fact it reaches the peak pressure of 2,26 MPa (0,6% less
than the real value of 2,28 MPa).
So, if we compare this cycle with the best cycle of the case without crevices
(Figure 6.83 ), we can see that a reduction of the peak pressure error of 3% has
been gained.
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Figure 6.83: Pressure in cylinder 1; SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 25

The HRR profile presents notable improvements: from figure 6.84 and from
the comparison in figure 6.85 it is clear that the peak of energy obtained adding
the crevice volume, which is 6% lower than the experimental peak, is better in
comparison with the previous case where the error is 13% on the peak magni-
tude. Furthermore, also the slope of the curve in the expansion phase is different
and the excess of energy in this range is smaller.

The improvement of the heat release rate has a beneficial effect on AIHR: from
figures 6.86 and 6.87 in fact we can see that the slope of the curve between
720 CAD and 750 CAD is very good and it follows very well the experimental
profile. Unfortunately, there is still a high peak of energy (after 750 CAD) and
thus the combustion of the simulation is still slower than the real one; further
developments will have to be made.
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Figure 6.84: Heat release rate; SAGE: USC+USCD mechanisms merged ; small crevice
volume; coarse mesh settings, HCNG 25

Figure 6.85: Heat release rate; SAGE: USC+USCD mechanisms merged ; coarse mesh
settings, HCNG 25

123



Figure 6.86: Integrated heat release; SAGE: USC+USCD mechanisms merged ; small
crevice volume; coarse mesh settings, HCNG 25

Figure 6.87: Integrated heat release; SAGE: USC+USCD mechanisms merged ; coarse
mesh settings, HCNG 25
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The trapped mass error is -1,6% which means that the model mass into the
chamber is slightly less than the real one.
Concerning the emission results, the table 28 compares the different values ob-
tained by using a geometry with and without the small crevice volume.

Exp. value No crevices Small crevice volume

x̃CO 5650 ppm 6330 ppm 6522 ppm
error +12% +15%

x̃NOx 1818 ppm 1914 ppm 2224 ppm
error +5,3% +22%

x̃CO2 101059 ppm 95540 ppm 95044 ppm
error -5,5% -6%

x̃HC 281 ppm 69,3 ppm 89,6 ppm
error -75,4% -68%

Table 28: Results overview; SAGE: USC+USCD mechanisms merged ; effect of the
crevices; coarse mesh settings, HCNG 25

Unlike the case with 15% of H2, unfortunately the addition of the same vol-
ume of the crevices does not provide a sufficient increase of the hydrocarbons.
Furthermore, also the others concentrations become worse in particular x̃NOx

which raises from 1914 ppm to 2224 ppm with an error of +22% instead of 5,3%.
For that reason, the crevice volume should be enlarged and, although the hy-
drocarbons formation is very sensitive to the size of the volume, a compromise
solution with the case of HCNG 15 fuel should be found.

In order to better understand why there is a great difference of the HC for-
mation by using the two different fuels, an analysis inside the cylinder during
the combustion process might be useful. First of all, the flame propagation dif-
fers from case to case: as the Figure 6.88 shows, the case with HCNG 15 shows
a slight flame quenching phenomena at 735 CAD. Conversely, in the case with
HCNG 25 the combustion is better and no flame quenching is obtain close to the
walls. Furthermore, the speed of combustion is faster with 25% of H2, in fact at
750 CAD we can see the different propagation of the flame into the combustion
chamber. However, the combustion simulated with HCNG 25 is so quick that it
does not represents the real process, which has some “imperfections” (e.g. flame
quenching) and it is better simulated by the HCNG 15 model.
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(a) (b)

Figure 6.88: Temperature comparison (a) 735 CAD ; (b) 750 CAD

The two different models give two concentrations x̃HC , which differs by one
order of magnitude. The figures 6.89 6.90 and 6.91 highlight the influence of
the same crevice volume on the location and mass fraction of CH4 (the main
component of the fuel) and so on the HC production. As we can see, the majority
of the unburned CH4 is located around the valves and between cylinder wall and
piston:here, there is a great difference of mass fraction between HCNG 15 and
the case with HCNG 25, where the hydrocarbons are underestimated.

(a) (b)

Figure 6.89: CH4 mass fraction comparison at 780 CAD (a) HCNG 15 ; (b) HCNG 25
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(a) (b)

Figure 6.90: CH4 mass fraction comparison at 810 CAD (a) HCNG 15 ; (b) HCNG 25

(a) (b)

Figure 6.91: CH4 mass fraction comparison at 850 CAD (a) HCNG 15 ; (b) HCNG 25

Finally, the hydrocarbons produced in the whole cylinder are shown in figures
6.92, 6.93 and 6.94 as 3D plot.
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(a) (b)

Figure 6.92: CH4 mass fraction in cylinder at 780 CAD (a) HCNG 15 ; (b) HCNG 25

(a) (b)

Figure 6.93: CH4 mass fraction in cylinder at 810 CAD (a) HCNG 15 ; (b) HCNG 25
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(a) (b)

Figure 6.94: CH4 mass fraction in cylinder at 840 CAD (a) HCNG 15 ; (b) HCNG 25

In conclusion, the case setup which best simulates the operating point 2000[rpm]
x 3.6 [bar] x lambda=1 with HCNG 25 is obtained by using the SAGE model
and the USC+USCD mechanisms merged with a coarse mesh, the default value
of Sc = 0,78 and 1e-05 as monotone tolerance.
However, while the small crevice volume provides good results in terms of emis-
sions for the case with HCNG 15, the addition of the same volume to the model
with HCNG 25 does not provide the same results and the value of x̃HC is still
far from the experimental measurements. For that reason, further developments
like the combined effect of the crevices and the reduction of the wall temperature
or the modeling of the blow-by phenomenon might give better results in terms
of pollutant emissions, in particular for the unburned hydrocarbons.
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7 Conclusions and Future Developments

This thesis work gave me the opportunity to familiarize with the CFD simula-
tions and in particular with CONVERGE CFD software, which is a strong tool
able to simulate the combustion process of the internal combustion engines, in
different conditions.
The work has been developed in collaboration with Politecnico di Torino and
the European project Gas-On, whose aim is to reduce the emissions of engines
and to realize a sustainable mobility in Europe. Thus, the study of fuel mixture
with hydrogen might be a way to achieve this target.

The analysis proposed in this thesis is focused on one operating point, 2000[rpm]
x 3.6 [bar] x lambda=1, whit two different fuel compositions: natural gas + 15%
of H2, HCNG 15 and natural gas + 25% of H2, HCNG 25. Several issues have
been found during the model validation and different changes have been made,
for example choice of others reaction mechanisms, variation of the Schmidt Num-
ber or monotone tolerance, LHV correction and addition of the crevices.

For what concerns the case with HCNG 15 as fuel, the first mechanism GRI
Mech 3.0 did not provide good results; thus, the USC mech II and USCD NOx
v2 mechanisms have been used in order to improve the pressure profile, the HRR
and AIHR, but mostly the emission results. A fundamental parameter which can
affect the pressure and the emissions, in particular NOx, is the Schmidt Number:
a sensitivity of the model has been carried out, after which the value of 0,75 has
been chosen instead of the default value of 0,78. Since none of these changes
has led to an improvement of the HC concentration, three strategies have been
tried to increase the unburned hydrocarbons: the reduction of the cylinder wall
temperature, the LHV correction and the addition of the crevices to the surface.
The first two strategies did not provide enough improvements, but the addition
of the crevice volume (between piston and cylinder) has allowed to obtain an
error of 15% on the HC concentration.

Considering the case with HCNG 25, more or less the same problems of pressure
and heat release rate of the previous case have been found. The same mech-
anisms has been used, which is the USC+USCD mechanisms merged, because
the GRI Mech 3.0 gave overestimated results. In addition, some adjustments
through the monotone tolerance has been made but, finally, the best value has
proved to be the default value of 1e-05. Finally, in order to reduce the error of
the unburned hydrocarbons, the same crevice volume of the case with HCNG
15 has been added to the surface. Unfortunately, in this case the increase of
the HC concentration is not enough to reach the experimental value. After the
post-processing, in fact, it is possible to note how the combustion process differs
from HCNG 15 to the HCNG 25 fuel, where in this last case the phenomenon
does not presents imperfections, like flame quenching, and it produces less hy-
drocarbons.
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To sum up, the following table gives an overview of the influence of the param-
eters considered in this work on the peak pressure and the pollutant emissions:

Peak
pressure

CO NOx CO2 HC

USC mech II Lower ↓↓ ↑↑ ↑ -

USC+USCD merged Slightly
lower

↑↑ ↓↓ - -

Schmidt Number p =∝ 1
Sc - x̃NOx =∝

1
Sc

- -

Monotone tolerance Whit
0,025 the
peak
pressure
slightly
increases

- Whit
0,025:
x̃NOx

slightly
increases

Whit
0,025:
x̃CO2

slightly
decreases

-

Reduction of Twall - - ↓ - ↑
Crevice volume - - - - ↑↑↑

Table 29: Results overview

In order to reach a more accurate value for the pollutant emissions, future de-
velopments are needed. A good idea might be to add the effect of the reduction of
the cylinder wall temperature to the crevice volume, or to use a proper “crevice
model” and a blow-by model; in this way, the effect of the crevices (a funda-
mental source for the HCs) will be simulate as well as possible. Furthermore,
an interesting idea might be also to validate others operating points (e.g. with
high load and rpm), in order to check the engine behavior in different conditions.

The analysis of the combustion in CNG/HCNG engines through CFD simu-
lations, might be a strong tool able to better understand how to improve the
performance and the efficiency of the powertrain systems. The use of alternative
fuels, in fact, is very important for the pollutant emission reduction and can lead
the world towards a green and environmental friendly transport system .
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