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Chapter 1

Numerical Investigation of the
Shock Train in a Scramjet with
the Effects of Back-Pressure
and Divergent Angles
Santhosh Kumar Gugulothu, B. Bhaskar and V.V. Phani Babu

Abstract

Numerical simulations are carried out to study the effect of divergence angle and
adverse pressure gradient on the movement of shock wave train in a scramjet
isolator. The commercial software tool ANSYS Fluent 16 was used to simplify two
dimensional Reynolds averaged Navier Stokes equation with compressible fluid
flow by considering the density-based solver with standard K-ε turbulence model.
The species transport model with single step volumetric reaction mechanism is
employed. Initially, the simulated results are validated with experimental results
available in open literature. The obtained results show that the variation of the
divergence angle and back pressure on the scramjet isolator has greater significance
on the flow field. Also, with an increase in the back pressure, due to the intense
turbulent combustion, the shock wave train developed should expand along the
length and also moves towards the leading edge of the isolator leading to rapid rise
in the pressure so that the pressure at the entrance of the isolator can match the
enhanced back pressures.

Keywords: CFD, scramjet, isolator, divergent angles, back pressure
and combustion

1. Introduction

The hypersonic air-breathing jet engines are designed to operate in the
supersonic-combustion ramjet engine when the Mach number is more than 6.
A scramjet engine incorporates with isolator, combustor, and nozzle. Isolator in the
scramjet engine is widely used since its inception. Isolator in the scramjet engines is
a typical component since it has a significant effect on the dual-mode engine
transition. The hypersonic vehicle operates at a particular time during the ascent
phase [1]. These effects happen due to the absence of mechanical compressor, free
stream air as well as compression ratio. The propulsion vehicle maintained the
engine by using inlet and isolator. The main task of the isolator is to differentiate the
combustion pressure that occurs in the combustion chamber and should not reach
the inlet [2].

Boundary layer interaction observed in the isolator when the dual-mode engine
runs with ramjet engine. The air, pressure movement in an isolator, as well as shock
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train, are maintained the position of the Mach wave train. The compressed air is
adjusted in isolator to match with the condition that can enter into the combustor.
When the pressure introduced in the reverse direction of the combustor zone
obtained the variation in pressure from the isolator and combustor. The difference
between isolator and combustor zone is adjusted by changing the shock wavelength
[3]. While designing the isolator, need serious concern about the unstart phenome-
non. The isolator may lead to severe effect due to high speed in the flight. The
length of the isolator part in the scramjet engine maintains at a certain weight. The
required shear and shock waves provided to avoid the communication of the insta-
bilities that will arise and affect the inlet [4]. The system developed using the
hypersonic inlet isolator under Mach 4 and Mach 5 flight conditions [5]. In [6],
reported that the decrease in the pressure at the inlet of the domain is observed with
an increase in the isolator length. The shock train in a fixed 2-D scramjet inlet with
isolator showed some results by increasing wall and decreasing the total tempera-
ture [7]. In Mach 5 inlet-isolator model, the shock train jumping moments captured
by separating flow at the head of the shock train and the contraction ratio of the
local throat-like shape [8]. The scramjet isolator decreases the static pressure, and it
becomes sharper. The experiment conducted on a constant-area scramjet isolator
and observed that was relatively stable with time-resolved and low-frequency pres-
sure [9]. In [10], the numerical simulation influences the movement of free stream
characteristics leading to separation with an increase in adverse pressure. The
dynamic model of the shock train is predicted on the shock wave layer. The
dynamic model cannot suppress the pressure gradient as high as the other sustains
[11]. In [12], the complex compression and expansion waves exist in the isolator,
causing large stream-wise and transverse gradients upstream of the shock train. The
adverse gradient pressure in stream-wise decreases with the duct curvature [13]. In
[14], the experiments compared with the conventional approaches using boundary
layer interaction large-eddy simulation of a hypersonic of Mach 8 flight vehicle. In
[15, 16], they have conducted experiments on the multiple shock wave/turbulent
boundary layer interactions in a rectangular duct using Mach numbers 2.45 and 1.6.
Carroll et al. observed that the length of the communications and the tendency
towards a repeated oblique was scaled directly with the level of confinement. The
study of unstart and unstarted flows in an inlet/isolator model strongly associated
with boundary-layer separation [17]. The numerical solutions of the Naiver-stokes
equations for the interactions of a shock wave and turbulent boundary layer varying
from 7.93 to 12.17, at a free-stream Mach number of 2.96 and Reynolds number
1.2 � 107. The free-stream predicts accurate results. When shock strength and
overall rise pressure for the low viscosity pressure asymptotes. The large-eddy 3-D
analysis in the area of uniform cross section with low aspect ratio rectangular duct
geometry is studied [18–22].

In the open literature, by varying the adverse pressure gradient at the exit of the
isolator the motion path and characteristics of the shock wave train are obtained. In
this work, we intend to study the impact of combustion phenomena on shock wave
train. Therefore, the significance of the angle of attack on the wall surface of the
domain and the effect of the adverse pressure gradient on the movement of the
shock wave train are analyzed. The present analysis focused on different divergent
angles, i.e., 0, 0.5, 1, and 1.5° with constant pressure gradient of 90 kPa, and also
with different negative pressures of 80 and 100 kPa with constant cross-sectional
area of the isolator is discussed. All these effects are studied on similar computa-
tional domain with similar solver type parameters. The rest of the paper is as
organized as follows, Physical model and simulation methodology is discussed in
Section 2, the effects of back pressure and angle of attack are discussed in Section 3.

4

Numerical and Experimental Studies on Combustion Engines and Vehicles

2. Physical model, simulation methodology and validation
of computational fluid dynamics code

2.1 Physical model

In this work, analysis has been carried out on the scramjet isolator of uniform
cross section to analyze the movement of shock wave train to study the relation
between shock train and the interaction of the boundary layer formation. As
shown in Figure 1 to study the impact of adverse pressure and the significance of
divergent angles on the behavior of shock wave train are studied using ANSYS
Fluent 16 [23]. The atmospheric air is injected at the entrance of the isolator with
220 mm length and 32 mm height. The hydrogen fuel is injected transversely from
the either sides of the wall at a distance of 232.8 mm of the inlet of the computa-
tional domain.

2.2 Simulation methodology

The commercial software ANSYS Fluent 16 [23] was used to simplify two-
dimensional compressible fluid flow by considering the density-based solver with
standard K-ε turbulence model, Reynolds-averaged Navier Stokes equation with
finite volume method was considered. The species transport model with single step
volumetric reaction mechanism is considered to simplify the combustion model
(finite rate/eddy dissipation model) [24–27]. To maintain the proper mixing and
optimizing the combustion phenomena in supersonic flow RANS approach is the
most effective and faster method. The standard K-ε turbulence model is chosen due
to its ability of simplifying the negative pressure gradient in the case of transverse
injection flow field.

The appropriate governing Eqs. (1)–(5) describing the continuity equation, Navier
Stokes equation and combustion model for fluid flow is written as [21, 22, 28, 29].

Continuity equation:

∂ρ

∂t
þ ∂ ρu j

� �
∂xi

¼ 0 (1)

Conservation of momentum (Navier–Stokes equation)

∂ ρuið Þ
∂t

þ ∂ ρuiu j
� �
∂x j

¼ � ∂ρ

∂x j
þ ∂

∂x j
μeff

∂ui
∂x j

þ ∂u j

∂xi

� �� �
þ Sui (2)

Figure 1.
Schematic diagram of the scramjet combustor.
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where the source term Sui includes Coriolis and centrifugal forces

Sui ¼ �2Ω�U �Ω� Ω� rð Þ

Conservation of energy equation:

∂ ρHð Þ
∂t

� ∂ρ

∂t
þ ∂ ρuiHð Þ

∂x j
¼ ∂

∂x j
k
∂T
∂x j

þ μi
Pri

∂h
∂x j

� �
þ SE (3)

Turbulence transport equations:
K-ε turbulence model and turbulence eddy dissipation equation

∂ ρkð Þ
∂t

þ ∂ ρku j
� �
∂x j

¼ ∂

∂x j
μþ μt

σk3

� �
∂k
∂x j

� �
þ τij

∂ui
∂x j

� β ∗ ρkw (4)

∂ρε

∂t
þ ∂ ρu jε

� �
∂x j

¼ ∂

∂x j
Γk

∂ε

∂x j

� �
þ ε

k
Cε1Pk � ρCε2εð Þ (5)

2.3 Combustion modeling

To simulate the combustion flow dynamics more attention is required as rapid
turbulence creation and chemical reaction is required. The species transport model
with single step volumetric reaction mechanism is considered to simplify the com-
bustion model (finite rate/eddy dissipation model) which is mainly used in the
present research work. The global one step chemical reaction of hydrogen combus-
tion has been considered in this paper for its capability of predicting the overall
performance parameters with considerably less computational cost for the scramjet
combustor. In this global one step reaction mechanism the rate constants like pre-
exponential factor (A) and activation temperature are considered as 9.87 � 108. The
one step volumetric reaction mechanism is defined as shown in the Eq. (6):

2H2 þ O2 ¼ H2O (6)

2.4 Boundary condition

An atmospheric air is injected at a velocity of 1200 m/s with a hydraulic diame-
ter of 0.05 m and turbulence intensity of 5%. Hydrogen fuel is injected transversely
through the either sides of the walls at x = 0.220 m at a velocity of 900 m/s with a
turbulence intensity of 5%. No slip condition and constant heat flux is chosen along
the solid surface with standard wall function. Interior combustor zone was chosen
for the fluid domain (Table 1).

Parameters Hydrogen Jet Free-stream jet

Mach number [M] 1.0 4.5

Temperature [K] 1000 1300

Pressure [Pa] 506,625 101,325

CH2 1.0 0

CO2 0 0.21

CH2O 0 0.032

Table 1.
Inlet conditions for hydrogen and air jet.
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2.5 Validation of numerical methods and grid independency

To validate the accuracy of numerical results it is required to compare with the
experimental results in order to validate the reliability of computational tool. Com-
putational results predominantly depend on the quality of the mesh and size;
therefore, it is also necessary to find out the ideal grid size. Initially, computational
analysis is carried out to validate the commercial code and simultaneously find out
the ideal grid size by considering 634,846 (CFD1, fine mesh) and 384,592 (CFD2,
coarse mesh) [25]. The obtained simulated results (Figure 2) are then validated by
with the experimental data [25] available in open literature and found to be in good
qualitative agreement. It is observed that simulation which own fine grid and coarse
grid has a good accuracy that the relative error is below 5%. Therefore, the CFD tool
can be applied to capture the shock wave reasonably well in terms of both location
and strength of the shock wave system [25].

3. Results and discussions

In the present study, the significance of the angle of attack on the wall surface of
the domain and the effect of the adverse pressure gradient on the movement of the
shock wave train are analyzed. The present analysis focused on different divergent
angles, i.e., 0, 0.5, 1 and 1.5° with a standard pressure gradient of 90 kPa, and also
with different negative pressures of 80 and 100 kPa with constant cross-sectional
area of the isolator is discussed.

Figure 2.
Wall pressure distribution at mid-plane and bottom wall of the domain.

Figure 3.
Mach number and pressure variation along the mid-plane.
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Figure 4.
Density distribution at constant back pressure with variable divergence angles.

Figure 5.
Mach distribution at constant back pressure with variable divergence angles.
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3.1 Impact of divergent angles

In this work, analysis has been carried out at a standard back pressure of 90 kPa
with different divergent angles, i.e., 0, 0.5, 1 and 1.5° are considered. The basic
purpose of considering the different divergent angles is to analyze the movement of
the combustion phenomena inside the isolator. For each divergent angle with a
standard adverse pressure gradient of 90 kPa, the contour lines of static tempera-
ture, mass density, Mach number and static pressure are measured. From
Figures 3–7, it is observed that with an increase in the divergent angle the location
of the shock train will be moved near to the leading edge of the domain. At a
divergent angle of 1.5°, as the flow gets separated the strong expansion wave is
generated leading to negative pressure drop at the inception of the Mach wave train.
When compared to the divergent angles of 1 and 1.5° in the scramjet isolator, the
divergent angle of 0° with constant isolator area supports better back pressure. This
is because with an increase in the divergence angle, the shock train generated inside
the isolator converts the Mach shock wave into normal shock wave initially and
again converts into oblique shock wave. The drawbacks of the normal shock wave
generated inside the isolator due to an increase in the divergent angle leads to
boundary layer separation on the either sides of the wall of the domain, resulting in
the decrease of the intensity of the initial shock wave train. Figure 3 represents the
Mach number and static pressure distribution along the axis of the isolator with
different divergent angles. From Figures 3–7 it is noted that variation in divergence
angle leads to stronger shock wave train resulting in rapid pressure losses. The

Figure 6.
Static pressure distribution at constant back pressure with variable divergence angles.
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impact of the divergent angle on the scramjet combustor has greater significance on
the flow field.

3.2 Variation of the back pressures

In the present analysis, the effect of back pressure (i.e., 80, 90 and 100 kPa) on
the performance of the domain with uniform cross-sectional area (i.e., divergent
angle of 1.5°) are studied. The back pressure of 80 and 100 kPa are identified based
on the experimental results by Sun et al. Figures 8–11 represent the contour lines of
static pressure, density, Mach number and temperature along the Mid-plane with

Figure 7.
Static pressure distribution at constant back pressure with variable divergence angles.

Figure 8.
Density distribution with uniform cross-sectional area with different back pressure.
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different back pressure at a uniform cross-sectional area. From the results, it is
noted that with an increase in the adverse pressure due to the rapid mixing of the
fluid particles, the shock wave train developed lead to intense combustion, the
Mach train developed should expand along the length and also moves towards the
leading edge of the isolator leading to rapid rise in the pressure along the axis of the
isolator so that the pressure at the inlet of the isolator can match the enhanced
negative pressure. Additionally, as the shock wave train approaches the supersonic
inlet, the unstart conditions are observed at the entrance of the isolator. A strong
separation region occurs because of the interaction between shock wave and
boundary layer. Due to the increase in the pressure gradient four Mach disks are
observed in the domain. With different back pressure of 80, 90 and 100 kPa,
symmetric planes of the scramjet isolator the contours of the static temperature,

Figure 9.
Mach number distribution with uniform cross-sectional area with different back pressure.

Figure 10.
Static pressure distribution with uniform cross-sectional area with different back pressure.

Figure 11.
Static temperature distribution with uniform cross-sectional area with different back pressure.
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pressure, Mach number and density are shown in the figure. From the results it is
observed that at a back pressure of 80 kPa in the scramjet isolator, enhancement in
pressure is affected due to the presence of the normal or oblique shock waves.
Whereas in the case of 90 kPa back pressure, pressure rise is noted far away from
the shock wave train due to the intermixing of the disorganized streamlines devel-
oped by the shock wave train. Additionally, when compared to downstream mixing
region additional enhancement in the static pressure is observed due to the devel-
opment of upstream shock wave train. For an adverse pressure of 100 kPa, the
pressure drops in a given length due to fanno flow is much higher when compared
to the increase in pressure due to intermixing and also the peak pressure is observed
followed by the sequential reduction in pressure.

From Figure 12, it is observed that the static pressure along the axis of the
isolator is observed to increase substantially. Also, with different back pressure
investigated it is observed that the static pressure distribution does not get
influenced significantly because of the Mach wave train in the shock wave region of
the isolators.

4. Discussions

The present analysis is focused on the significance of diverging angles and the
effect of adverse pressure gradient on the behavior of the shock wave train is
analyzed using the simulation. An identical flow inlet is considered at the inception
point of the scramjet isolator for different diverging angles, i.e., 0, 0.5, 1 and 1.5°
followed by different back pressure, i.e., 80, 90 and 100 kPa have been investi-
gated. The following has been observed. It is observed that the shock wave train has
moved near to the leading edge of the isolator with an increase in the divergent
angle. At a divergent angle of 1.5°, as the flow gets separated the strong expansion
wave is generated leading to the negative pressure drop at the inception of the shock
wave train. When compared to the divergent angles of 1 and 1.5° in the scramjet
isolator, the divergent angle of 0° with constant isolator area supports better back
pressure. With an increase in adverse pressure gradient, because of the intense
turbulent combustion, the shock wave train developed should expand along the
length and also moves towards the leading edge of the isolator leading to rapid rise
in the pressure so that the pressure at the inlet of the domain can match the
enhanced negative pressure. A strong separation region occurs because of the
interaction between shock wave and boundary layer.

Figure 12.
Mach number and pressure variation along the mid-plane with different back pressure at a uniform cross-
sectional area.
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Chapter 2

A New Combustion Method
in a Burner with Three
Separate Jets
Mohamed Ali Mergheni, Mohamed Mahdi Belhajbrahim,
Toufik Boushaki and Jean-Charles Sautet

Abstract

Oxy-flames from burners with separated jets present attractive perspectives
because the separation of reactants generates a better thermal efficiency and
reduction of pollutant emissions. The principal idea is to confine the fuel jet by
oxygen jets to favor the mixing in order to improve the flame stability. This chapter
concerns the effect of equivalence ratio on characteristics of a non-premixed
oxy-methane flame from a burner with separated jets. The burner of 25 kW power
is composed with three aligned jets, one central methane jet surrounded by two
oxygen jets. The numerical simulation is carried out using Reynolds Average
Navier-Stokes (RANS) technique with k-ε as a turbulence closure model. The eddy
dissipation model is applied to take into account the turbulence-reaction interac-
tions. The study is performed with different global equivalence ratios (0.7, 0.8
and 1). The validation of the numerical tools is done by comparison with experi-
mental data of the stoichiometric regime (Ф = 1). The two lean regimes of Ф = 0.7
and 0.8 are investigated only by calculations. The velocity fields with different
equivalence ratio are presented. It yields to increase of longitudinal and transverse
velocity, promotes the fluctuation in interaction zone between fuel and oxygen also
a better mixing quality and a decrease of the size of the recirculation zone.

Keywords: oxy-flame, turbulent, separated-jets, equivalence ratio, flame stability

1. Introduction

This chapter concerns the numerical simulation and the PIV measurements on
oxy-fuel burners with three separated jets. The mixing, dynamic and the tempera-
ture fields for both reacting and non-reacting flows are investigated.

Industrial systems with combustion phenomena such as burners, aeronautical
engines and gas turbines are subject to increasingly important constraints, both
economically (cost reduction, improved performance, etc.) than on the environ-
mental level (reduction of pollutant emissions), requiring the development of new
techniques to respond effectively to these industrial constraints. The development
passes by new method of combustion in order to reduce pollutant emissions and
fuel consumption, as well as by the improvement of flame stability [1, 2]. In
previous studies, significant reductions of nitric oxide emissions have been success-
fully achieved by using low NOx technologies or oxy-combustion systems [3].
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In air combustion, nitrogen leads to high fuel consumption and low combustion
efficiency because nitrogen in the air acts as energy ballast. The substitution of air
with pure oxygen leads to an increase in the laminar combustion rate up to 1300%,
improves the thermal efficiency, increases the adiabatic flame temperature (2200 K
for CH4-Air, 3090 K in oxy-combustion) reduce fuel consumption by 50% and,
from an environmental point of view, reduce the formation of nitrogen oxides by
up to 95% [4].

The flames from multiple jets aligned have used in many industrial installation.
Several studies have been published on the dynamic properties of non-reacting
multiple jets [5–9]. Lee et al. [10] have studied the geometry parameters of diffu-
sion flames and giving a number of variables such as the number of jets and the
distance between the jets. Lenze et al. [11] have studied the influence of three and
five non-premixed flames, with town gas and natural gas burners. Their measure-
ments concern flame width, flame length and concentrations in confined and free
multiple flames.

A new generation of highly separated fuel and oxidant injection burners is of
great interest to industrialists. The idea of this burner consists of separating com-
bustible and oxidant to dilute the reactants with combustion products before the
mixing of the reactants [12–14].

For this new combustion in a burner with three separated jets, the separation of
jets provides a high dilution of reactants by combustion products in the combustion
chamber. Consequently, this dilution decreases the flame temperature and decline in
NOx production. In the literature, it has been proven that the separation of reactants
are capable to change the flow structure, the flame characteristics, generates a better
thermal efficiency and as well as reduction of pollutant emissions [15–18].

Salentey et al. [16] was interested in the characterization the flames frommultiple
jets aligned through dynamic properties (speed of the jets and distance injectors) and
the flame topology (stability, length, blow ...). Lesieur et al. [14] has studied numer-
ically the characteristics of a burner with three jets, focusing on the mixing of the
jets, their dynamics and the pollutant emissions. Boushaki et al. [12] was interested
on two main areas for flow, passive control with changing the diameter of the burner
in order to affecting the dynamics flow; and active control requiring external energy
intake through actuators while retaining the geometry of the combustion chamber.

The present chapter reports the results of a numerical and experimental investi-
gation of the dynamic field on a burner with 25 kW power composed of three jets,
one central jet of natural gas and two side jets of pure oxygen [19, 20]. One control
systems, passive, is added to the basic burner to ameliore the combustion process to
ensure the stabilization of flame and as well as pollutant reductions. The passive
control is based on the inclined of side oxygen jets towards the central natural gas jet
in burner with three separated jets.

Few works, are investigated the effect of equivalence ratios (in lean regime) on
characteristics of non-premixed oxy-methane flames from burner with separated
jets. However, the aim of this contribution is to investigate numerically the effect of
different equivalence ratio on the combustion characteristics of a diffusion methane
oxy-flame in a stabilized separated burner.

The mixture of hydrogen and natural gas is a new mixed fuel. The use of a mixed
mixture of fuel and hydrogen has the advantage of modifying very effectively the
properties of the fuel while preserving the distribution facility. Due to this, the high
molecular diffusivity of hydrogen, the extended flammability limits, the high lam-
inar flame speed and the low ignition energy, the addition of hydrogen in the fuel
makes it possible to work in a combustion poor. Increasing flammability limits in
the presence of hydrogen offset the adverse effects of poor combustion such as local
extinctions, radiation energy losses, and flame stretching [21].
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2. Burner configuration and experimental set-up

2.1 Basic configuration of the burner

The configuration of the burner illustrated in Figure 1 consists in separating the
fuel and oxygen per injection in order to increase the dilution of the reactants with
the combustion products before the mixing of the reagents.

This burner consists of three non-ventilated jets, one central with internal
diameter dg equal 6 mm that contains the fuel and two side jets with internal
diameter dox equal 6 mm contain pure oxygen. Boushaki et al. [22] have studied
this three-jet burner configuration. The separation distance between the jets (S)
used is 12 mm. The gas density equal to 0.83 kg m�3 and the oxygen is supplied by
liquid air with a purity of 99.5% with a density of 1.354 kg m�3 (at 1 atm and at 15°
C). The thermal power (P) of the burner is equal to 25 kW, therefore the flow rate
and the output speed of the natural gas are respectively mng = 0.556 g s�1 and
Ung = 27.1 ms �1.

The first study in this document is the control technique, consists in inclining
the side oxygen jets towards the natural gas jet as shown in Figure 1. The angle of
oxygen jets (ϴ) compared to the vertical direction varies from 0 to 30° (0, 10, 20,
and 30°), however, we will present the effect of angle of the side oxygen jets on the
dynamic fluid, for many detail you can see [12].

The combustion is carried out inside a square chamber of 60 � 60 cm2 section and
a height of 1 m. The side walls are water cooled and refractory lined inside the
combustion chamber. a converging 20 cm high and a final section of 12� 12 cm is
placed at the end of the chamber to limit the entry of air from above. In order to allow
optical access to all flame zones, six windows are provided in each face of the chamber.

The Particle Image Velocimetry (PIV) was used as a measurement technique to
characterize the experimental dynamic field. The PIV technique requires a laser
sheet that clarifies the flow area studied a CCD camera, control equipment and an
acquisition PC. The laser used is the Nd-YAG Bi-pulse with frequency 10 Hz and
wavelength of 532 nm. The laser chain used is composed by a first divergent
cylindrical lens and then by a second convergent spherical lens. The Mie signal
emitted by the particles is collected by CCD camera of type a Lavision FlowMaster
(12-bit dynamic and resolution 1280 � 1024 pixels).

Figure 1.
Schematic view of the burner.
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3. Numerical method

The steady equations for conservation of mass, momentum, energy and species
have been used in this numerical simulation. The second order equations for turbu-
lence kinetic energy κ and its rate of dissipation ε have been used to modulate the
turbulence. The general form of the elliptic differential equations for an axisym-
metric flow is given by Eq. (1).

Here SΦ is the source term and ΓΦ is the transport coefficient.

∂
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where ρ is the density, P is the mean pressure and μ is the viscosity.
μe is the effective viscosity is determined from μe ¼ μþ μt, where μtis the

turbulent viscosity, which is derived from the turbulence model and expressed
by: μt ¼ Cμρ κ2

ε .
The Finite Eddy Dissipation Model (EDM) is used to simulate the turbulence/

chemistry interaction. This model is based on the hypothesis that the chemical
reaction is fast in relation to the transport processes of the flow.

Table 1 summarizes the volumetric flow rates, the velocities, Reynolds number
respectively of methane and oxygen of equivalence ratio (0.7, 0.8 and 1).

Reynolds Number is defined by the following equation:

Re ¼ ρ dgn U
� �

=μ (2)

A global equivalence ratio can be defined as themolar ratio of methane and oxidant
at the injection to molar ratio methane and oxidant in stoichiometric conditions, as:

ϕ ¼ h Q
QO2

� �
= QCH4

QO2

� �
stoichio

(3)

where Q is the volumetric flow rate.
The second numerical study in this document is the effect of hydrogen to

dynamic of flame. One of the jet transports the fuel, natural gas + hydrogen, and the
other the pure oxygen. The values of the flow rates of fuel and the exit velocities are
regrouped in Table 2.

We shall consider an overall irreversible reaction between methane/hydrogen
and pure oxygen:

1� αð Þ ΦCH4 þ αΦH2 þ aΦO2 ➔ bΦCO2 þ cΦH2O (4)

α is the percentage of hydrogen and written as:

α ¼ %H2

%H2 þ%CH4
(5)

Configuration ϕ _QCH4
l
s

� �
_Qo2

l
s

� �
Ung

m
s

� �
UO2

m
s

� �
Re gn

Confi 1 1 0.767 1.534 27.13 27.13 12,272

Confi 2 0.8 0.767 1.917 27.13 33.86 12,272

Confi 3 0.7 0.767 2.19 27.13 38.69 12,272

Table 1.
Dynamic conditions of the burner.
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Table 2 summarizes the parameters of this numerical study including methane,
hydrogen and oxygen flow rates, velocities, percentage of hydrogen and equiva-
lence ratio.

Fluent 6.3.2 is used to solve the steady equations for conservation of mass,
momentum, energy and species. The finite volume method is used with second
order upwind. In fact, convergence criterion of residuals for energy equation and
for all other equations equal respectively 10�6 and 10�3. The GAMBIT is used to
construct the grid; the computational domain has been extended 100 cm in the axial
direction and 30 cm in the radial direction. A total number of 28,700 quadrilateral
cells were generated using non-uniform grid spacing to provide an adequate reso-
lution near the jet axis and close to the burner where gradients were large.

The axial velocity profile at the inlet, of the methane is supposed constant. At the
axis of symmetry, r ¼ 0, V ¼ 0 and ∂Φ=∂r ¼ 0 Φ ¼ U, κ, εð Þ. At the outlet, the
fully-developed condition of pipe flow is adopted ∂Φ=∂x ¼ 0 Φ ¼ U,V, κ, εð Þ. The
velocities are assumed to be zero at the wall, and these no-slip boundary conditions
are appropriate for the gas. These equations, called “wall functions,” are introduced
and used in finite difference calculations at near-wall points.

4. Inclined effects on dynamic

4.1 PIV measurements on burners with inclined jets

The mean velocity fields carried out by PIV in non-reacting flow are represented
on Figure 2. From initial state where ϴ = 0° to inclined state where ϴ = 30°, the
dynamic field changes with the change of flow structure. The jets fusion point

Φ =1

P=25 kW

_mCH4 (g.s�1) _mH2 (g.s�1) _mO2 (g.s�1) Ung (m.s�1) UO2 (m.s�1)

0% H2 0.49 0 2.07 27.07 27.06

20% H2 0.46 0.012 2.03 31.3 26.66

40% H2 0.40 0.02 1.98 37.07 25.9

Table 2.
Flow rates and exit velocities of fuels and oxygen.

Figure 2.
Mean velocity fields for jet oxygen angle 0° and 30° (longitudinal velocity in color scale) in non-reacting flow.
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and used in finite difference calculations at near-wall points.

4. Inclined effects on dynamic
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The mean velocity fields carried out by PIV in non-reacting flow are represented
on Figure 2. From initial state where ϴ = 0° to inclined state where ϴ = 30°, the
dynamic field changes with the change of flow structure. The jets fusion point

Φ =1

P=25 kW

_mCH4 (g.s�1) _mH2 (g.s�1) _mO2 (g.s�1) Ung (m.s�1) UO2 (m.s�1)

0% H2 0.49 0 2.07 27.07 27.06

20% H2 0.46 0.012 2.03 31.3 26.66

40% H2 0.40 0.02 1.98 37.07 25.9

Table 2.
Flow rates and exit velocities of fuels and oxygen.

Figure 2.
Mean velocity fields for jet oxygen angle 0° and 30° (longitudinal velocity in color scale) in non-reacting flow.
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becomes closer the burner by increasing of the slope of jets. The interaction of jets
starts at about 15 mm for ϴ = 0°, at z = 25 mm for ϴ = 30°.

4.2 Velocity distribution and current lines

Figure 3 shows the distribution of velocity and the current lines in the combus-
tion chamber near the burner with different inclined jets of oxygen. In the part
separating the different jets (dark blue), velocity is negative because of the
recirculation of the jets. The existence of two zones of recirculation is observed with
different directions of rotation, which explains the appearance of the negative
velocity. It is noted on the one hand that the recirculation zone decreases with the
increase of Ө from 0 to 20°. This is very remarkable near the jet of oxygen. On the
other hand, it can be observed that the recirculation zones appear outside the jet of
air (see the lines of currents). The perturbation of velocity distribution increases
with the increase of Ө. This perturbation is accompanied by an acceleration of the
combination of different jets and consequently a faster combustion reaction, which
explains the increase in velocity with the increase of Ө.

4.3 Temperature distribution

The distributions of the temperature in the combustion chamber with different
inclined jets are represented in Figure 4. It is clear here that the flame exists in the
mixing zone of methane and oxygen, which represents the reaction zone. This zone
is modified with the variation of the angle Ө. If we assume that the length of the
flame is defined by the red color of the flame distribution, we can conclude that the
length of the flame decreases with the increase of the angle Ө from 0.44 m for an
inclination of 0° to 0.29 m for an inclination of 20° of the jet of oxygen.

Figure 5 represents the evolution of the axial temperature at y = 0 mm with
different angles of injection Ө of the oxygen jets. Firstly, it is observed that the

Figure 3.
Velocity distribution and current lines in the combustion chamber.
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temperature increases by moving away from the burner to a maximum value and
then begins to decrease. For example for Ө = 0° the temperature increases from
300 K near the burner up to 3500 K at a height of 380 mm. This zone of increase
presents the mixing zone of the reactants methane/oxygen. The second zone is the
reaction zone where the temperature reaches its maximum. The third zone is where
the temperature gradually decreases and which presents the plume of the flame.
The second interpretation is that the flame reaches its maximum faster while the
angle of injection Ө increases. Indeed, the temperature reaches its maximum at a
height of 390 mm for Ө = 0° by contrast, it reaches its maximum at 260 mm for
Ө = 30°. This interpretation leads to conclude that the length of the flame decreases
with the increase in the angle of the oxygen jets. This result is in good agreement
with the result of Boushaki [22], which showed that the average flame length

Figure 4.
Temperature distribution in the combustion chamber.

Figure 5.
Axial distribution profiles of temperature at y = 0 mm with variation of the angle Ө.
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decreases when the angle of oxygen jets increases such that its value is about
500 mm for Ө = 0° and decreases until 220 mm for Ө = 30°.

5. Equivalence effects on dynamic

5.1 Radial profiles of longitudinal velocity and turbulence intensity

The radial profiles of the mean longitudinal velocity (U) at different section
(x/D = 1.66, x/D = 8.33 and x/D = 16.66) and for three equivalence ratios are
represented in Figure 6. A classical behavior of the multiple jets is found, one
notices that the velocity profile presents maxima and minima corresponding to the
three jets. In the initial zone (near the burner) each jet follows its own evolution,
further downstream these velocity extremes begin to disappear to form a single
maximum located in the middle of the inner mixing layer.

Near the burner (x/D = 1.66) and for the three values of richness (Ф = 1, Ф = 0.8
and Ф = 0.7), we note that the velocity remains constant at the level of the central
jet and it increases at the level of the lateral jet (jet of oxygen) with the decrease of
the wealth. It should be noted that for Ф = 1 and Ф = 0.7 the mean longitudinal
velocities are equal to 27 m/s and 38.57 m/s, mean velocity show an increase of 30%.
In the case x/D = 16.66, the velocity profiles are slightly flattened, more open which
improves the mixing of the reagents.

The influence of the equivalence ratio on the longitudinal velocity U is signifi-
cant less. From an aerodynamics point of view, the decrease of equivalence ratio

Figure 6.
Radial profiles of longitudinal velocity at different positions from the burner.
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modifies the longitudinal velocity of flow near to the burner but keep the flow
velocity behavior in the combination zone.

Figure 7 shows, the radial profiles of the turbulence intensity, u0/U, on function
to the equivalence ratio and on sections different, x/D = 1.66, 8.33 and 16.66. In the
case x/D = 1.66 we see two peaks of fluctuations in u0 ‘of the order of 7 m/s, one at
the center corresponding to the mixing layer of the central jet and one from the
central jet corresponding to the mixture layer of side jet. These peaks of fluctuations
fade along the flow with decreasing longitudinal velocity as the jets interpenetrate.

5.2 Radial profiles of temperature

The distribution of the temperature in sections different inside the combustion
chamber, is shown in Figure 8. In the near of the burner, the temperature present
one peak with maximum value equal to 3000°C. For a richness equal to 1 (Ф = 1) the
maximum temperature of the adiabatic flame is T = 3000 K and for a richness 0.7
the maximum temperature equals approximately T = 3300 K. Therefore, the peaks
represent the zone of the reaction between the fuel and oxidant after mixing and
the region between the peaks represents the area of the fuel which is not yet burned
and the reaction takes place at the interface of jets between fuel and oxidant. At
x/D = 8.33 and for three equivalence ratio the peak temperature is observed equal to
3200°C and the temperature profile keep constant. Far from the burner when the
richness decreases, an increase in the temperature in the flame zone is observed
from 3000 to 3500°C which makes it possible to improve the heat transfers and
makes it possible to have a better thermal efficiency.

Figure 7.
Turbulence intensity at different positions from the burner.
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6. Effect of H2 addition on the dynamic field and temperature

6.1 Longitudinal velocity field

Figure 9 shows the longitudinal velocity field for different percentages of
hydrogen. By comparing the four fields, the potential cone for three configurations
with the addition of hydrogen percentages (αH2 ¼ 20%, 40% and 60%Þ are smaller
than with pure methane. This indicates that the increase in velocity of the jet when
adding hydrogen to the fuel reduces the size of the potential cone allowing the
reactants to interact more effectively with oxygen and the ambient fluid. Note also
that the addition of hydrogen reduces the height of the mixing area and conse-
quently the flame height due to the high molecular diffusivity and low density of
hydrogen promoting interaction between the jets more rapidly and the flow
features to the behavior of a single jet.

6.2 Radial profiles of temperature

Figure 10 illustrates the radial temperature profiles for multiple hydrogen per-
centages in the fuel mixture. This figure shows that the substitution of a fraction of

Figure 8.
Radial profiles of temperature at different positions from the burner.
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methane with hydrogen promotes the increase of the flame temperature because
the calorific value of this compound is much higher than that of methane. For
example, the addition of 20% hydrogen increases the temperature 2500–3400 K
(up to 900 K), and the addition of 60% hydrogen increases the temperature until
3700 K (1200 K more than in pure methane combustion).

7. Conclusion

In this chapter, a new combustion technique in a burner with three separated
jets is used. The idea of this burner consists of separating combustible and oxidant
to dilute the reactants with combustion products before the mixing of the reactants.
This type of burner has a great interest for the industry and the sizing of these
burners requires a good understanding of the mechanisms controlling the stabiliza-
tion of the flame, the release of heat and the production of pollutants.

The Particle Image Velocimetry PIV is the technique used in experimental study
in non-reacting flow and reacting flow inside the combustion chamber. The Reyn-
olds Average Navier-Stokes (RANS) method is used in this numerical simulation

Figure 9.
Longitudinal velocity field for 0% H2, 20% H2 and 40% H2.

Figure 10.
Radial profiles of the temperature for 0% H2, 20% H2, 40% H2 and 60% H2.
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with Realizable k-ε as a turbulence closure model. The eddy dissipation model is
applied to take into account the turbulence-reaction interactions.

The passive control added to the basic of the burner is based on the inclined of
side oxygen jets towards the central natural gas jet in burner with three separated
jets. From ϴ = 0° to inclined state ϴ = 30°, the jets fusion point becomes closer the
burner as well as the dynamic field changes. The result shows that the inclination of
the jets affects significantly the flow field and consequently the flame behaviour.

The effect of equivalence ratio and hydrogen on characteristics of a non-
premixed oxy-methane flame from a burner with separated jets is studied in this
document. The velocity fields with different equivalence ratio (0.7, 0.8 and 1) are
presented. Near the burner a decrease in the equivalence ratio increases the injec-
tion velocity of the lateral jet and keeps a constant velocity in the central jet. For the
turbulence intensity, near and far from the burner, an increase in the turbulence
intensity is observed in the two layers of internal mixtures, this makes it possible to
improve the mixing and increase the stability of the flame. Thus, there is an increase
in the adiabatic temperature of the flame, which promotes heat transfer and
improves thermal efficiency.

The use of hydrogen solves instability problems of the flame that are related to
lean combustion, due to the high diffusivity and reactivity of hydrogen in combus-
tion. The results showed that the addition of hydrogen increased the flame velocity
and the temperature while reducing CO2 and CO emissions due to the reduction of
the carbon in the fuel.

Nomenclature

d Tube internal tube, mm
mng mass flow rate, kg.s�1

ng natural gas jet
P thermal power, W
Re Reynolds number
S separation distance between the jets, mm
Ung nozzle exit velocity of gas, m.s�1

Uo2 nozzle exit velocity of oxygen, m.s�1

U longitudinal mean velocity, m.s�1

u’ longitudinal velocity fluctuation, m.s�1

V radial mean velocity, m.s�1

v’ radial velocity fluctuation, m.s�1

r, x radial and longitudinal coordinate, mm

Greek symbols
μ dynamic viscosity, kg.m.s�1

ρ gas density, kg.m�3

α percentage of hydrogen
Ф transport terms
Φ equivalence ratio
ΓΦ transport coefficient
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Chapter 3

Effects of Biodiesel Blends Varied 
by Cetane Numbers and Oxygen 
Contents on Stationary Diesel 
Engine Performance and Exhaust 
Emissions
Semakula Maroa and Freddie Inambao

Abstract

This work investigated waste plastic pyrolysis oil (WPPO), 2-ethyl hexyl nitrate 
(EHN), and ethanol as sources of renewable energy, blending conventional diesel 
(CD), WPPO, and ethanol with EHN was to improve the combustion and perfor-
mance characteristics of the WPPO blends. EHN has the potential to reduce emis-
sions of CO, CO2, UHC, NOX, and PM. Ethanol improves viscosity, miscibility, and 
the oxygen content of WPPO. Mixing ratios were 50/WPPO25/E25, 60/WPPO20/
E20, 70/WPPO15/E15, 80/WPPO10/E10, and 90/WPPO5/E5 for CD, waste plastic 
pyrolysis oil, and ethanol, respectively. The mixing ratio of EHN (0.01%) was based 
on the total quantity of blended fuel. Performance and emission characteristics of a 
stationary 4-cylinder water-cooled diesel Iveco power generator were evaluated with 
ASTM standards. At 1000 rpm, the BSFC was 0.043 kg/kWh compared to CD at 
0.04 kg/kWh. Blend 90/WPPO5/E5 had the highest value of 14% for BTE, while the 
NOX emissions for 90/WPPO5/E5, 80/WPPO10/E10, and 70/WPPO15/E15 were 384, 
395, and 414 ppm, respectively, compared to CD fuel at 424 ppm. This is due to their 
densities of 792 kg/m3, 825 kg/m3 which are close to CD fuel at 845 kg/m3 and the 
additive EHN. These results show blends of WPPO, ethanol and EHN reduce emis-
sions, and improve engine performance, mimicking CD fuel.

Keywords: 2-ethyl hexyl nitrate, ethanol, oxygen content, ignition quality, waste 
plastic pyrolysis oil, cetane index

1. Introduction

Diesel engines the world over are the major power source in the automobile 
transport industry and nonroad powered engines. However, because of the issue of 
pollution associated with diesel exhaust, particularly particulate matter (PM) and 
nitrogen oxide (NOX), there has been increasingly stringent regulation to control 
the manufacture and use of diesel engines. This has led to extensive research on 
improving diesel engines and fuel [1, 2]. The use of alternative fuels tops the list of 
measures to control diesel exhaust emissions as recommended by researcher [3]. 
Besides the use of alternative fuel to control and reduce emissions, other control 
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strategies such as exhaust gas recirculation (EGR), diesel particulate filters (DPF), 
selective catalytic reduction (SCR), and catalytic converter combinations have been 
recommended but not as stand-alone technologies [4, 5].

The transport industry and nonroad diesel engines are major contributors to global 
gross domestic product. Nevertheless, their use affects human health and degrades the 
environment. The transport industry is responsible for one third of all environmental 
emissions of volatile organic compounds (VOCs), including two thirds of carbon mon-
oxide (CO) emissions [6]. Carbon dioxide (CO2) is a primary cause of global warming 
with 34 billion tons per year or 22% of all the global emissions per year [7], with a 
projected increase in 3% annually since 2011. This is projected to rise to 41  billion tons 
of CO2 emissions by the year 2020 [8, 9]. Diesel engines release emissions, which lead 
to poor air quality, acid rain, smog, haze, and climate change. These factors increase 
the global disease burden due to respiratory system diseases and cancer [10].

The soluble organic fraction (SOF) and volatile organic fraction (VOF) are mainly 
due to exhaust dilution and the cooling process from fuel or evaporating lubricating 
oil, due to the process of oxidation. The control of VOC emissions is with high-pressure 
injection system catalytic converters and positive crankcase ventilation systems. 
The PM emissions of VOCs arising from evaporating lubrication oil and incomplete 
combustion have a combined emission rate of 0.06–2.2 g/bkWh for light diesel (LD) 
engines compared to heavy diesel (HD) engines at 0.5–1.5 g/bkWh [11, 12]. The 
condensation of oxidized and pyrolyzed products of fuel molecules is the leading cause 
for the formation of PM emissions composed of the nucleation and accumulation 
modes [13]. In emerging economies, air pollution is the leading cause of thousands of 
premature deaths estimated at 2.4 million annually by 2009 estimates [14]. Besides the 
usual toxics emitted by stationary and nonroad engines, diesel engines emit toxics such 
as formaldehyde, acrolein, acetaldehyde, and methanol. Exposure to these toxic emis-
sions causes eye, skin, and mucous membrane irritation, besides affecting the nervous 
system. Therefore, the need for environmental protection has played a role in bringing 
together relevant stakeholders and government agencies. These agencies include the 
WHO, the Organization of Economic Cooperation and Development (OECD), the 
Inter-Governmental Panel on Climate Change (IPCC), the Environmental Protection 
Agency (EPA), the European Environmental Agency (EEA), and the International 
Energy Agency (IEA). For example, the USA government through the EPA has 
established the Reciprocating Internal Combustion Engine (RICE) rules, which cover 
stationary and nonroad engine emission regulations [15]. These rules are out of the 
scope of this chapter, but future work will discuss them in line with other European 
Union rules [16] and other global adopted emission regulations.

In order to meet modern requirements, diesel engines are designed with com-
plex contrary goals to operate optimally in stationary and mobile operations. This 
requires high torque, low emissions, and high efficiency engines. For this reason, 
auxiliary diesel engine components such as turbochargers, EGR, and high-pressure 
injection systems are utilized today. These auxiliary parts are grouped into engine 
operating subsystems such as air, combustion, injection, and mechanical units to 
meet these operating demands. Since fuel is a major determinant in engine combus-
tion and emission characteristics, the use of alternative fuel is being encouraged 
as a strategy to reduce emissions. The combustion of alternative fuel is different 
from the combustion of diesel, which is a fossil fuel, but they too cause emission 
problems as has been reported in a number of studies [17, 18]. To mitigate these 
problems, researchers have come up with combustion control strategies such as:

• homogeneous charge compression ignition (HCCI) [19, 20];

• pre-mixed charge compression ignition (PCCI) [21, 22];
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• reactivity charge compression ignition (RCCI) [23]; and

• variant strategies to deal with emissions [24–30].

Modern day passenger vehicles and stationary engines are now evaluated 
using driving cycles such as the New European Driving Test Cycle (NEDC) and 
the Federal Test Procedure (FTP) mostly as bench operated chassis dynamometer 
tests [31]. However, it should be remembered that at engine start conditions, 
after-treatment techniques report poor performance as most of them operate with 
catalysts that are light-off temperature dependent. At ambient temperature, most 
catalysts cannot attain the light-off temperature when engines are started and 
operated. Since the year 2000 when EURO III was implemented, the NEDC pro-
cedure has been modified to eliminate the 40 s warm up before emission sampling 
can take place [32]. The new development initiative for diesel exhaust emission has 
already been established in the United States and Japan. The last decade has seen 
the European Union implementing similar standards and procedures, with the 
rest of the world expected to also implement changes as globalization and interde-
pendency grows. A number of requirement have been implemented in the United 
States to nominally reduce 85–90% of NOX, while for the Euro VI (2014), an 
additional reduction 65–70% of NOX to match the US standards has been accepted 
as shown in Figures 1 and 2 [33].

The combustion of diesel fuel depends on several factors that affect engine geome-
try, fuel properties, compression temperatures (especially of the combustion mixture), 
injection strategy applied, and the existing condition of the ambient temperatures as 
reported by the authors of Refs. [34, 35]. High cetane number additives together with 
the development of high volatility fuels [36, 37] have boosted diesel engine perfor-
mance. The oxygenated additives in biodiesel blend components improve the combus-
tion process, especially the octane rating. Additionally, oxygenated additives enhance 
and increase the cetane number. In other words, the oxygen in the additives supports 
the combustion of the fuel while at the same time reducing inert material such as NOX 
formation in CI engines. These changes deal with the complexities of cold start, which 
impede engine starting at lower or subzero engine temperatures. Warm engines have 
a starting time delay of 1–2 s at ambient temperature conditions, compared to a low 
ambient temperature start-up time of 10 s [38, 39].

Figure 1. 
Requirement to reduce about 55–60% of NOX emissions for Euro V (2009) diesel to match the US Bin 8 
maximum allowable emission in 45 US states [33].
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2. Regulatory development in diesel engine emission

Stringent diesel exhaust emission regulatory policies have been in operation in 
the United States and Japan since 2005. The European Union has also responded 
with additional emission regulatory standards called the EURO VI since 2014. Apart 
from these regulatory controls, there are market and political pressures on automo-
bile manufacturers to continue to improve on efficiency while reducing emissions. 
These factors have been the driving force behind the significant technological 
progress in engine research and the transport industry in the past two decades.

2.1 Heavy duty diesel regulatory developments

The European Union commission on emissions in 2014 stipulated that the 
nominal NOX emission limit must be 0.20 g/kWh−1 and the PM emission level must 
be 0.010 g/kWh−1. This matched the US 2010 emission regulation, which put the 
emission limits at 0.26 g/kWh−1 for NOX and 0.013 g/kWh−1 for PM emissions. The 
Japanese emissions regulation of 2009 stipulates 0.7 g/kWh−1 for NOX emissions 
and 0.010 g/kWh−1 for PM emissions. However, it must be mentioned here that 
each of these countries propose a different transient testing cycle.

The European Union commission on pollution and emission has adopted a new 
world harmonized transient cycle (WHTC) that uses higher load and speed than 
the Japanese and American standards. Additionally, the European commission on 
emissions has set standards related to number-based PM standards with heavier 
in-use compliance measures as illustrated in Figure 3, by 2012. These measures are 
aimed at improving fuel economy and durability and lowering the cost of manu-
facturing and maintenance. The development in this segment is muted, mixed with 
conservatism and pragmatism. For example, the development in HD since 2004 has 
seen the US regulations matched and addressed through advanced EGR and intake 
charge boosting measures. However, later development starting from 2005 in Japan 
and 2007 in the United States has seen additional technologies added to cater for 
increased regulation. These two markets introduced diesel particulate filters (DPFs) 
to match the change in policy and regulation in the European Union with imple-
mentation of EURO V-VI emission regulations. This policy shift and regulation 
change has witnessed conventional engine technology adding the selective catalytic 

Figure 2. 
Variation of NOx emission with the regulatory limit for 45 US states [33].

39

Effects of Biodiesel Blends Varied by Cetane Numbers and Oxygen Contents on Stationary Diesel…
DOI: http://dx.doi.org/10.5772/intechopen.92569

reduction (SCR) system in the fight against emission. Since 2009 and 2010, respec-
tively, Japan and the United States have added significant incremental advances 
in emission compliant technologies, especially technologies that target low load 
emissions in HD engines. Researchers working on the traditional diesel combustion 
hardware and strategies are directing more effort to reduce LD engine category 
emissions with the future looking bright.

2.2 Light duty diesel regulatory development

Modern diesel engine development is driven by regulatory, market, and fuel 
efficiency demand. In addition, developments in spark ignition (SI) gasoline 
engines, electric vehicles, and new concepts in hybrid vehicles have had tremen-
dous competitive pressure on diesel engine development, especially in the LD 
category. Diesel engine manufacturers are responding with the introduction of 
advanced fuel injection technology, exhaust gas recirculation (EGR) techniques, 

Figure 3. 
Progress toward meeting the European Union voluntary CO2 limits of the European Automobile Manufacturers 
Association (ACEA), Japan Automobile Manufacturers Association (JAMA), and Korea Automobile 
Manufacturers Association (KAMA) (courtesy of Daimler Chrysler) [40].

Figure 4. 
Variation of flame equivalence ratio, temperature, and injection strategies and principles of advanced 
combustion (courtesy of Sandia National Laboratory) [44, 45].
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two-stage turbocharging, variable valve actuation, closed loop combustion 
control, and advanced model-based controls. Development in advanced diesel 
engines has now achieved a specific output of 70 kW−1 and a brake mean effective 
pressure (BMEP) of 24 bars [41], hence meeting EURO VI emission standards 
[42, 43] as shown in Figure 4.

3. Control strategies for emissions in diesel engine

The world is now aware of the environmental and human health costs of 
pollution from diesel engines, which form the bulk of commercial and personal 
public transport systems. Table 1 shows that there is an increase in the regulatory 
measures on toxic gas emissions. These regulations oblige vehicle manufacturers 
and transport industry service providers to be motivated to work harder to meet 
the appropriate standards and regulations. Among the techniques that have been 
employed to cut down on emissions are EGR, LNT, DOC, DPF, and SCR [46, 47]. 
However, there is no single method that meets emission standards by the regulatory 
bodies on vehicular emission.

3.1 Exhaust gas recirculation (EGR)

This is one of the most useful and successful techniques in the control of and 
fight against diesel exhaust emissions. EGR allows the recirculation of part of the 
diesel exhaust into the combustion chamber, to reburn together with the fresh 
intake charge [49] as shown in Figure 5.

This technology has been able to reduce NOX emissions, but it causes an increase 
in UHC and CO emissions as compression temperatures decrease. It also affects 
engine thermal efficiency as shown in Figure 6. This technique has two methods 
for quantification of EGR flow rate, although there is no single method that is 
universally accepted. The two methods are the mass method and the gas concentra-
tion method [5]. These two methods are demonstrated in Figure 5 and expressed 
in Eqs. (1) and (2):

   r  EGR   =     m ̇    EGR   _____________    m ̇    air   +   m ̇    f   +   m ̇    EGR      (1)

      [ CO  2  ]   int   −   [ CO  2  ]   amb    _______________    [ CO  2  ]   exh   −   [ CO  2  ]   amb     ≈     [ CO  2  ]   int   _   [ CO  2  ]   exh      (2)

where the    m ̇    EGR    is the mass flow rate of the gas recirculated,    m ̇    air    is the mass flow 
rate of fresh air,    m ̇    f    is the mass flow rate of the injected fuel, and   r  EGR    is the mass 
fraction of the recirculated exhaust gases. [CO2]int is the carbon dioxide at the intake 
side, [CO2]amb is the ambient carbon dioxide, [CO2]exh is the exhaust carbon dioxide 
(exit carbon dioxide).

3.2 The low NOX trap (LNT)

This system is also known as NOX storage reduction (NSR) and NOX absorber 
catalyst (NAC). It has three main components, namely, the oxidation catalyst with 
platinum (Pt), the NOX storage with barium (Ba), and the reduction catalyst with 
rhodium (Rh). The platinum catalyst is preferred as it reduces NOX emissions at 
very low temperatures while offering a stable reaction in the presence of sulfur and 
H2O [51, 52]. Figure 7 shows the LNT three-stage catalytic process.
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3.3 The selective catalyst reduction (SCR)

This is one of the most recent technology developments introduced for the 
control of diesel exhaust emissions. This system was originally introduced to 
cater for HD engines [53], but Audi and Volkswagen have also adopted it for their 

Figure 5. 
EGR system nomenclature and control design for the EGR valve [4].

Figure 6. 
Variation of engine thermal efficiency and NOX with the influence of EGR dilution [50].

STD type CO g/kWh HC g/kWh NOX g/kWh PM g/kWh

Euro I 4.5 1.1 8.0 0.61

Euro II 4 1.1 7.0 0.15

Euro III 2.1 0.66 5.0 0.13

Euro IV 1.5 0.46 3.5 0.02

Euro V 1.5 0.46 2.0 0.02

Euro VI 1.5 0.13 0.4 0.01

Table 1. 
EURO standards for heavy-duty vehicles according to Delphi 2016–2017 as per Ref. [48]
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passenger vehicle and LD segments. The SCR system works by utilizing ammonia 
as a reductant in order to minimize NOX emissions in the diesel exhaust by releasing 
N2 and H2O. This system therefore undergoes two processes during the working 
cycle, namely, hydrolysis and thermolysis as in Eqs. (3) and (4) for hydrolysis and 
thermolysis, respectively [54, 55].

  HNCO +  H  2   O → N  H  3   + C  O  2    (3)

    (N  H  2  )   2   CO → N  H  3   + HNCO  (4)

In addition to the two processes of hydrolysis and thermolysis, SCR undergoes 
other chemical reactions to complete its normal cycle, thus reducing the emissions 
of NOX further as in Eqs. (5)–(7). Figure 8 shows a schematic diagram of an SCR 
system showing the oxidation catalyst, wall flow particulate filter, and the flow 
through the SCR catalyst. Figure 8 also includes key components of a urea solution 
tank, a spray module, a static mixer, temperature, and NOX sensor, courtesy of 
Robert Bosch GmbH [46].

Figure 7. 
The low NOX trap (LNT) with three of its operating modes [53].

Figure 8. 
Schematic diagram of the SCR NOX control system as used in a standard production vehicle [46].
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  4NO + 4N  H  3   +  O  2   → 4  N  2   + 6  H  2   O  (5)

   2NO + 2N  O  2   + 4N  H  3   → 4  N  2   + 6  H  2   O  (6)

  6N  O  2   + 8N  H  3   → 7  N  2   + 12  H  2   O                                                   (7)

3.4 Diesel particulate filter (DPF)

The DPF filter requires care to avoid excessive saturation and build-up of 
backpressure, both of which are harmful for engine operation and durability and 
increase fuel consumption and engine stress levels leading to premature failure of 
the filter and engine. DPF systems have been in operation in diesel exhaust emission 
control since the year 2000, primarily for removing PM emissions through physical 
filtration. DPFs are like a honeycomb with silicone carbide or cordierite written 
chemically as  2MgO − 2  Al  2    O  2   − 5Si  O  2   . Both ends of the structure are blocked to 
force the particulate matter through the porous substrate walls, thus acting as a 
mechanical filtering system. These walls are made such that they offer little or no 
resistance to flow of exhaust gases while maintaining the power to collect particles 
[56] as shown in Figure 9.

3.5 Diesel oxidation catalyst (DOC)

The DOC is manufactured with the sole purpose of reducing CO and UHC 
emissions through oxidation of the hydrocarbons that are absorbed into the carbon 
particles. The DOC consists of a metal or a ceramic structure with an oxide mixture 
also called the wash coat that contains aluminum oxide (Al2O3), cerium oxide 
(CeO2), zirconium oxide (ZrO2), and an active metal catalyst of either platinum, 
palladium, or rhodium [54], as shown in Figure 10. For HD and LD vehicles in 
Europe, the United States, and Japan, the DOC is the after-treatment emission con-
trol systems of choice. The DOC with a platinum metal catalyst is the most popular 
among manufacturers and consumers. However, the DOC has the disadvantage of 
reacting with sulfur oxide and sulfur trioxide producing sulfates and sulfuric acid, 

Figure 9. 
Schematic of the working mechanism of a diesel particulate filter (DPF) [6].
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which shortens the service life of the emission control system besides the additional 
effects on the natural environment and human health.

Six factors affect and influence the choice of a DOC filter:

• conversion factor;

• temperature stability;

• light-off temperature;

• tolerance to poisoning;

• cost of manufacturing the filter; and

• parametrical factors, including the density of the DOC filter measured in 
channels per square inch, the cross-sectional area, the channel wall thickness, 
and the length of the channels using the external dimensions [57, 58].

4. Methodology and experimental set-up

This experiment is making a case for blending of WPPO whose n-alkenes 
are lower by 25% in auto-ignition, compared to diesel fuel whose n-alkenes are 
good for auto-ignition. The aromatics, which affect PM emissions, are very low 
in WPPO blends. According to Refs. [59, 60], WPPO consists of iso-alkanes, 
n-alkanes, and olefins in the region of 27, 25, and 9%, respectively, with over 
30% content being undefined due to complicated and complex chemical bond 
structures. However, aromatic cyclo-alkanes (naphthalene) and aromatics poor in 
auto-ignition were also found to be 40% by volume [61]. Blending was preferred 
to improve the low pour point to improve the cold starting characteristics of 
WPPO. Second, blending with ethanol was introduced to improve the fuel spray 
characteristics; ethanol is soluble and miscible in WPPO blends. Third, blending 
contributed to the reduction of the viscosity of WPPO biodiesel, thus further 
improving spray characteristics.

Figure 10. 
Schematic diagram of a DOC and its operation in reducing emissions of CO and UHC through the process of 
oxidation [6].
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4.1 Engine tests

The experiment used a naturally aspirated four-cylinder diesel engine power gen-
erator, water cooled, direct injection, Iveco engine, in the Mechanical Engineering 
Department Laboratory, University of Kwazulu-Natal in Durban, South Africa. 
Using a defined flow rate of particles, PM emissions were detected by photoelectric 
measurement. Both the mass flow of the PM particles and the fuel were calculated 
as the sum of inlet air and fuel mass flow rate, and the result expressed in gram 
per kWh. To help in the analysis of the engine, pressure sensors and crankshaft 
 position sensors and encoders were used. The aim of these sensors was to provide the 
in-cylinder pressure in relation to the crankshaft position variation.

Parameters Position value

Ignition type 4 (Stroke)DICI

Number of cylinders 4 in-line

Cooling medium Water

Manufacturer Iveco

Revolutions per minute 2000

Brake power 43.40 kW @ 2000

Cylinder bore 104 mm

Piston stroke 115 mm

Compression ratio 17:1

Connecting-rod length 234

Engine capacity 2500 cc

Dynamometer make 234

Injection timing 12֯ bTDC

Maximum torque 206.9 Nm @ 1500

Injection pressure 250–272 Bar

Table 2. 
Experimental engine specifications.

Property Equipment Standard

Kinematic viscosity SVM 4000 (Anton Paar, UK) ASTM D445

Flash point NPM 550 (Norma lab, France) ASTM D93

Oxidation stability 900 Rancimat (Metrohm, Switzerland) ASTM D14112

CP/PP NTE 500 (Norma lab, France) ASTM D2500

Carbon residue NMC 440 (Norma lab, France) ASTM D4530

Total sulfur 5000 MULTI-EA (AJ Germany) ASTM D5433

Calorific value C 2500 basic calorimeter (IKA, UK) ASTM D240

Density SVM 3500 (Anton Paar, UK) ASTM D1298

PM AVL smoke meter —

Gaseous emissions Gas analyzer (MEXA 7000) Germany —

Table 3. 
List of equipment used in the experiment.



Numerical and Experimental Studies on Combustion Engines and Vehicles

44

which shortens the service life of the emission control system besides the additional 
effects on the natural environment and human health.

Six factors affect and influence the choice of a DOC filter:

• conversion factor;

• temperature stability;

• light-off temperature;

• tolerance to poisoning;

• cost of manufacturing the filter; and

• parametrical factors, including the density of the DOC filter measured in 
channels per square inch, the cross-sectional area, the channel wall thickness, 
and the length of the channels using the external dimensions [57, 58].

4. Methodology and experimental set-up

This experiment is making a case for blending of WPPO whose n-alkenes 
are lower by 25% in auto-ignition, compared to diesel fuel whose n-alkenes are 
good for auto-ignition. The aromatics, which affect PM emissions, are very low 
in WPPO blends. According to Refs. [59, 60], WPPO consists of iso-alkanes, 
n-alkanes, and olefins in the region of 27, 25, and 9%, respectively, with over 
30% content being undefined due to complicated and complex chemical bond 
structures. However, aromatic cyclo-alkanes (naphthalene) and aromatics poor in 
auto-ignition were also found to be 40% by volume [61]. Blending was preferred 
to improve the low pour point to improve the cold starting characteristics of 
WPPO. Second, blending with ethanol was introduced to improve the fuel spray 
characteristics; ethanol is soluble and miscible in WPPO blends. Third, blending 
contributed to the reduction of the viscosity of WPPO biodiesel, thus further 
improving spray characteristics.

Figure 10. 
Schematic diagram of a DOC and its operation in reducing emissions of CO and UHC through the process of 
oxidation [6].

45

Effects of Biodiesel Blends Varied by Cetane Numbers and Oxygen Contents on Stationary Diesel…
DOI: http://dx.doi.org/10.5772/intechopen.92569

4.1 Engine tests

The experiment used a naturally aspirated four-cylinder diesel engine power gen-
erator, water cooled, direct injection, Iveco engine, in the Mechanical Engineering 
Department Laboratory, University of Kwazulu-Natal in Durban, South Africa. 
Using a defined flow rate of particles, PM emissions were detected by photoelectric 
measurement. Both the mass flow of the PM particles and the fuel were calculated 
as the sum of inlet air and fuel mass flow rate, and the result expressed in gram 
per kWh. To help in the analysis of the engine, pressure sensors and crankshaft 
 position sensors and encoders were used. The aim of these sensors was to provide the 
in-cylinder pressure in relation to the crankshaft position variation.

Parameters Position value

Ignition type 4 (Stroke)DICI

Number of cylinders 4 in-line

Cooling medium Water

Manufacturer Iveco

Revolutions per minute 2000

Brake power 43.40 kW @ 2000

Cylinder bore 104 mm

Piston stroke 115 mm

Compression ratio 17:1

Connecting-rod length 234

Engine capacity 2500 cc

Dynamometer make 234

Injection timing 12֯ bTDC

Maximum torque 206.9 Nm @ 1500

Injection pressure 250–272 Bar

Table 2. 
Experimental engine specifications.

Property Equipment Standard

Kinematic viscosity SVM 4000 (Anton Paar, UK) ASTM D445

Flash point NPM 550 (Norma lab, France) ASTM D93

Oxidation stability 900 Rancimat (Metrohm, Switzerland) ASTM D14112

CP/PP NTE 500 (Norma lab, France) ASTM D2500

Carbon residue NMC 440 (Norma lab, France) ASTM D4530

Total sulfur 5000 MULTI-EA (AJ Germany) ASTM D5433

Calorific value C 2500 basic calorimeter (IKA, UK) ASTM D240

Density SVM 3500 (Anton Paar, UK) ASTM D1298

PM AVL smoke meter —

Gaseous emissions Gas analyzer (MEXA 7000) Germany —

Table 3. 
List of equipment used in the experiment.



Numerical and Experimental Studies on Combustion Engines and Vehicles

46

Figure 11. 
Schematics of the test engine set up rig: (1) cylinder pressure sensor; (2) EGR control valve; (3) EGR cooler; 
(4) injection control unit; (5) exhaust gas exit; (6) air box; (7) signal amplifier; (8) gas analyzer; (9) air flow 
meter; (10) data acquisition system; (11) crank position sensor; (12) dynamometer; (13) engine; (14) cooling 
water exit from the dynamometer to the cooling tower; (15) cooling water exit from the engine to the cooling 
tower; and (16) dynamometer drive coupling.

Figure 12. 
Pyrolysis plant flow chart and its nomenclature: (1) pyrolysis reactor; (2) carbon black discharge; (3) carbon 
black deep processing; (4) exhaust smoke discharge; (5) gas separator; (6) smoke scrubber to take out color 
and odor; (7) condenser; (8) chimney; (9) oil tank; (10) synchronized gas purification; (11) synchronized gas-
recycling system; (12) extra gas burning; (13) heating furnace during operation; and (14) loading of material.

The engine was coupled to a mechanical dynamometer with engine idling posi-
tions divided into two engine speed modes. The two speed modes were set at 500 
and 1000 rpm as Mode 1, and Mode 2 as 1500 rpm and full load at 2000 rpm. The 
details of the engine and specifications and equipment are described in Tables 2 
and 3. Figure 11 shows a schematic of the engine test setup.

4.2 Physicochemical property analysis

WPPO by pyrolysis was obtained from a commercial plant whose production 
chart is shown in Figure 12. Ethanol, conventional diesel, and EHN were purchased 

47

Effects of Biodiesel Blends Varied by Cetane Numbers and Oxygen Contents on Stationary Diesel…
DOI: http://dx.doi.org/10.5772/intechopen.92569

Properties Unit CD WPPO Ethanol

Density @ 20°C kg/m3 845 825 792

Visc.@ 40°C cSt 3.04 2.538 1.05

Cetane number — 55 — 8.5

Flash point °C 50 43 16

Fire point °C 56 45 53

Carbon residue % 22 0.015 —

Sulfur content % <0.028 0.248 —

Gross calories kJ/kg 46500 43340 29700

Cetane index – 46 65 —

Table 4. 
Properties of diesel, WPPO, and ethanol before blending and addition of EHN.

Figure 13. 
The distillate samples from the waste plastic pyrolysis oil samples.

Property Unit CD 90/5/5 80/10/10 70/15/15 60/20/20 50/25/25 STANDARD

Density Kg/m3 845 838.5 834 830 825 823 ASTM D1298

Viscosity 
@ 40

cST 3.452 2.38 2.37 2.365 2.340 2.325 ASTM D445

Cetane 
number

- 45 59 62 64 65 69 ASTM D4737

GCV kJ/kg 44840 41245 39985 38700 36800 34500 ASTM D4868

Sulfur 
content

% <0.0124 0.0248 0.0249 0.0251 0.0253 0.0257 ASTM D4294

Oxygen % 12.35 13.80 14.75 15.15 16.25 17.35 ASTM D5622

Carbon 
residue

% 74.85 75.35 76.40 77.55 78.25 79.65 ASTM D 
7662

Flash 
point

⁰C 56.5 38.5 37.55 37.35 37.15 36.85 ASTM D93

Hydrogen % 12.38 7.5 7.55 7.65 7.75 7.95 ASTM D7171

Table 5. 
Properties of blended ratio mixtures of diesel, ethanol, WPPO with EHN.
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% 74.85 75.35 76.40 77.55 78.25 79.65 ASTM D 
7662

Flash 
point

⁰C 56.5 38.5 37.55 37.35 37.15 36.85 ASTM D93

Hydrogen % 12.38 7.5 7.55 7.65 7.75 7.95 ASTM D7171

Table 5. 
Properties of blended ratio mixtures of diesel, ethanol, WPPO with EHN.
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from local outlets and blended using a homogenizer for 5 min at 3000 rpm. The 
properties of all samples were measured in the Chemical Engineering Laboratory 
of the University of Kwazulu-Natal in Durban, South Africa. Table 3 shows some 
important physicochemical properties of the fuels before blending. Table 4 shows 
physicochemical properties of fuels and their determined fuel properties after 
blending. Figure 13 is a photograph of the sample distillates of WPPO obtained 
from pyrolysis. Table 5 is showing properties of blended ratio mixtures of diesel, 
ethanol, WPPO with EHN.

5. Experimental results and discussion of diesel engine emissions

5.1 Brake-specific fuel consumption (BSFC)

Figure 14 is a variation in brake-specific fuel consumption (BSFC) with engine 
speed. The BSFC compared to the engine speed in Figure 14 shows that as the 
speed increased, there is an equal increase of fuel consumed by the test engine. 
The values obtained at full engine speed (2000 rpm) for the blends of 90/WPPO5/
E5, 80/WPPO10/E10, 70/WPPO15/E15, 60/WPPO20/E20, 50/WPPO25/E25, and 
CD were 0.04 kg/kWh, 0.041 g/kWh, 0.042 kg/kWh, 0.043 kg/kWh, and 0.035 
kg/kWh, respectively.

At high engine speeds, the conversion of heat energy to mechanical energy 
increases with the increase in combustion temperature, leading to increased BSFC 
for the biodiesel; this increase is proportional to the difference in their heating 
values, which is identical to the findings of Ref. [62]. These blends of WPPO 
compare well to CD fuel and other biodiesel blends with comparative differences in 
the heating values.

However, from the graph, it is evident that as the blend ratio increases, there is a 
decrease in the BSFC across all the test fuels. Nevertheless, the values for all WPPO 
blends were slightly higher than the CD test fuel. The closeness of the values and 
the packed graph reveals a close resemblance and identical BSFC characteristics of 
WPPO, ethanol, and EHN compared to CD fuel. For example, at 500 rpm engine 
speed, the blend of 80/WPPO10/E10 had a value of 0.043 g/kWh compared to full 
engine speed (2000 rpm) with 0.041 kg/kWh, which is higher than CD test fuel 
with 0.04 kg/kWh at 1000-rpm engine speed and 0.035 kg/kWh at full engine 
speed (2000 rpm).

Figure 14. 
BSFC versus engine speed.
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5.2 Brake thermal efficiency (BTE)

The brake thermal efficiency (BTE) variations with engine speed are shown in 
Figure 15. The graphs show that as the speed increased, there was an increase in the 
BTE across all the test fuel blends of WPPO and CD up to 1500 rpm. At 1000 rpm 
engine speed, the values for blends 90/WPPO5/E5, 80/WPPO10/E10, 70/WPPO15/
E15, 60/WPPO20/E20, 50/WPPO25/E25, and CD were 22, 21, 20, 18, 16.5, and 22.5%, 
respectively. As the blend ratio and engine speed increased, there was a decrease 
in the BTE within the WPPO blends but an increase in BTE across the blends. For 
example, at 500 rpm engine speed, 90/WPPO5/E5, 80/WPPO10/E10, 70/WPPO15/
E15, 60/WPPO20/E20, and 50/WPPO25/E25 had values of 14, 13, 12.5, 11, and 9.5% 
compared to at 1000 rpm with values of 22, 21, 20, 18, and 16.5%, respectively.

The highest BTE value was 24% by blend 90/WPPO5/E5 at 1500-rpm engine 
speed compared to any other blend of WPPO, ethanol, and/or EHN. This could 
be due to the density, which is closer to CD, and the effect of blending, which 
improved this blend’s physico-chemical properties. Figure 15 shows values of 24.8, 
23, 21, and 19%, respectively, for blends 80/WPPO10/E10, 70/WPPO15/E15, 60/
WPPO20/E20, and 50/WPPO25/E25. Blend 50/WPPO25/E25 reported the lowest 
values compared to the other blends. At 500 rpm engine speed, the BTE value was 
9.5% compared with full engine speed (2000 rpm) at 19%.

As the engine speed increased above 1500 rpm, the BTE suddenly dropped as the 
engine approached full engine speed (2000 rpm), as seen in Figure 15. There are a 
number of factors explaining the above results. For example, at this speed, there is a 
sudden drop of the air fuel ratio as the mixture becomes richer. This leads to incom-
plete combustion and heat release energy as more carbon molecules escape the 
combustion process. These increase the dissociation heat losses by the engine, hence 
a fall in BTE. Additionally, decreased BTE with biodiesel blends could be due to their 
low calorific value, higher viscosity, high volatility, and poor spray characteristics. 
These findings are consistent with other studies by the authors of Refs. [63–65].

5.3 Unburnt hydrocarbon (UHC) concentration

Unburnt hydrocarbon (UHC) concentrations largely indicate the quality of the 
combustion in an internal combustion engine. UHC concentrations are formed 
from vaporized unburnt hydrocarbon fuel and partially burnt fuel by-products 
exiting the combustion chamber diesel exhaust system. UHC concentrations 
are inherently independent of the air fuel ratio of any working engine [6]. 

Figure 15. 
Brake thermal efficiency versus engine speed.
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Figure 16. 
Unburnt hydrocarbons versus engine speed.

In compression ignition (CI) engines, UHC concentrations are due to insufficient 
temperature, especially around the cylinder walls or in pockets. UHC concentra-
tions are also formed through system malfunction, especially in input data failure in 
modern fuel injection systems. The higher hydrocarbon concentrations may be due 
to hydrogen radicals in the diesel-ethanol-WPPO-EHN blends. Principally, these 
concentrations are prevalent during light loads, when the combustion mixture is 
lean. This period is marked by a lower fuel ratio making the lean fuel-air mixture 
the primary source of the light load concentrations because of the lack of comple-
tion of the combustion during normal engine operating cycles. Hydrocarbon 
concentrations are not limited to vehicle exhaust systems but can occur in the 
entire vehicle fuel system from vapors during dispensing and distribution of fuel, 
which accounts for 15–20%, with the crankcase providing 20–30%. However, diesel 
exhaust remains the main culprit in engine emissions accounting for 50–60% of all 
the UHC concentration [66, 67].

Figure 16 shows the variation of UHC emission with engine speed in the 
stationary diesel power generator using blends of biodiesel. As the engine speed was 
increased, the UHC concentration increased too. However, the increase was more 
significant as the engine speed was in intermediate speeds of 1500 rpm moving to 
or approaching full engine speed (2000 rpm). For example, at 1000 rpm, the values 
of blends 90/WPPO5/E5, 80/WPPO10/E10, 70/WPPO15/E15, 60/WPPO20/E20, 
and 50/WPPO25/E25 were 22, 21, 20, 18, and 15 ppm, respectively, compared to full 
engine speed (2000 rpm) with 35, 34, 32, 29, and 26 ppm. This leads to the conclu-
sion that at high engine speeds, the values of UHC concentration is significantly 
high for all the blends of WPPO, ethanol, and EHN, although still comparatively 
low compared to CD fuel.

The UHC concentration from the blends 90/WPPO5/E5 and 80/WPPO10/E10 
had higher values although from the graph plot in Figure 16, the values are still low 
compared to the values of CD test fuel. However, the general trend reported by the 
graph in Figure 16 shows that as the blend ratio increased, there was a significant 
reduction in the UHC concentration, observed across all the test fuels irrespective 
of the engine speed condition, for all the blends tested compared to CD fuel. The 
reduction in UHC concentration is attributed to the high oxygen content and cetane 
number of the blends. The high oxygen content supports combustion, while the 
high cetane number reduces ignition delay. This is identical to other studies by other 
researchers [68–72].
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The high fraction of ethanol in blends 70/WPPO15/E15, 60/WPPO20/E20, and 
50/WPPO25/E25 contributed to the increase in the concentration of UHC, which is 
identical to the findings of Refs. [73, 74] who observed it in SI engine cylinder walls, 
crevices, and quenched cylinder walls, especially when richer air-alcohol mixtures 
were introduced. This type of UHC depends on the following factors: engine adjust-
ments, engine design, and the type of fuel used in an engine. However, the engine-
operating environment can sometimes contribute to the type of UHC concentration 
produced. This is observed especially when the temperature range is 400–600°C 
in the combustion chamber. At this temperature range, the hydrocarbons continue 
to experience reaction in the diesel exhaust pipe, thus lowering or increasing the 
concentration of the UHC in the exiting exhaust gas [75, 76].

5.4 Carbon monoxide (CO) formation

CO concentrations are a direct result of incomplete combustion, which results 
from hydrocarbons due to the failure of oxidation in the combustion process in die-
sel engines. This is true especially where the excess air factor λ meets the conditions 
λ < 1 for SI engines. Carbon monoxide is a colorless, tasteless, and odorless toxic 
gas, which is primarily a product of incomplete combustion of carbon containing 
fuels [6]. The United States is the single largest producer of carbon monoxide from 
anthropogenic sources as shown in Figure 17 [77]. Carbon oxidation mechanisms 
are mostly determined by the equivalence ratio. Carbon monoxide concentrations 
mainly form in the areas of heavy traffic, parking garages, and under buildings, 
overheads, and overhangs. CO health effects include headaches and dizziness, but 
extreme exposure can lead to death.

Figure 18 is the variation of CO with engine speed in a stationary diesel power 
generator. The graph reveals that as the engine speed and the blend ratio increased 
90/WPPO5/E5, 80/WPPO10/E10, 70/WPPO15/E15, 60/WPPO20/E20, and 50/
WPPO25/E25, the CO concentration decreased up to 1500 rpm of engine speed. 
Thereafter, the blends reported a continuous increase as the engine speed was 
approaching full engine speed (2000 rpm). At 500-rpm engine speed, the blends 
of 90/WPPO5/E5, 80/WPPO10/E10, 70/WPPO15/E15, 60/WPPO20/E20, and 50/
WPPO25/E25 reported values of 0.055, 0.0565, 0.06, 0.0615, and 0.0625%.

However, as the speed is increased to 1500 rpm, the values were 0.035, 0.0375, 
0.0445, and 0.0475%, respectively. At full engine speed (2000 rpm), all the test 
fuels showed increased CO concentration with blends 90/WPPO5/E5 and 80/

Figure 17. 
Carbon monoxide (CO) concentrations by anthropogenic and biogenic sources in the United States [77].
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Figure 17. 
Carbon monoxide (CO) concentrations by anthropogenic and biogenic sources in the United States [77].
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WPPO10/E10 reporting the lowest concentration among the test blends across all 
the engine speed conditions. At 1000 rpm, the blends reported values of 0.0445 
and 0.0475% compared to full engine speed (2000 rpm) with 0.0425 and 0.0465%, 
respectively. The increased CO concentration, although lower than diesel fuel, can 
be attributed to partial combustion [78] as the speed increased and the presence of 
ethanol, which shortened ignition delay, thus increasing CO concentration.

As the engine speed and the blend ratio increased, there was an increase in the 
CO emission across all the engine speeds and within the blends and CD test fuel. 
At 1000 rpm engine speed, the values of the blends and CD were 0.045, 0.0475, 
0.0515, 0.0535, 0.0565, and 0.05% for 90/WPPO5/E5, 80/WPPO10/E10, 70/
WPPO15/E15, 60/WPPO20/E20, 50/WPPO25/E25, and CD, respectively. The above 
values obtained from Figure 18 suggest that there was a reduction in CO concentra-
tion across all test fuels irrespective of blend ratio and type of fuel except at high 
engine speeds exceeding 1500 rpm to full engine speed (2000 rpm). After this 
point, there was a steady increase in the concentration of CO.

CO concentration is a direct result of poor oxidation of the hydrocarbon fuels 
in the combustion chamber but is determined by the local fuel/air equivalence 
ratio. The above scenario is due to the air/fuel ratio becoming richer as the speed 
increased, leading to insufficient mixing of oxygen and fuel molecules. Compared 
to CD, all the biodiesels tested showed decreased CO concentration due to the 
high oxygen content in the test biodiesels and the addition of EHN, which greatly 
increased the cetane number (CN). This is identical to the studies by the authors of 
Refs. [79, 80]. The initial concentrations were greater at the starting engine speed 
of 500 rpm due to low temperature and emission instability processes at lower 
engine speeds, which are identical to the studies of Ref. [81]. However, as the engine 
speed increased from 1500 rpm toward full engine speed (2000 rpm), there was an 
observed increase in CO concentration, despite the oxygen content of the biodiesel 
and increased CN of the blends of WPPO, ethanol, and EHN. This disagreement in 
experimental results is due to differences in CN for the different biodiesel test fuel 
blends used. The increment in CN as the blend ratio increased led to increases in 
fuel quantity burnt during diffusive combustion, hence increasing CO concentra-
tion as the quality of combustion decreased.

5.5 Particulate matter (PM) formation

PM is agglomerates of small particle phase compounds resulting from the com-
bustion of partially burned lubrication oil, the ash content from the fuel, sulfates 
from the engine cylinder wall, lubrication oil, and water from condensation and the 

Figure 18. 
Carbon monoxide versus engine speed.

53

Effects of Biodiesel Blends Varied by Cetane Numbers and Oxygen Contents on Stationary Diesel…
DOI: http://dx.doi.org/10.5772/intechopen.92569

combustion process [82]. These emitted compounds comprise elemental carbon 
(EC), organic carbon (OC) trace, and unknown compounds. Both EC and OC 
contribute to the toxicity of PM, regional haze, and climate change; therefore, PM 
concentration negatively affects the environment and human health [83]. The Global 
Burden of Disease Index reports that these types of emission are now responsible for 
3.2 million deaths due to PM2.5 ambient pollution [84]. Besides this, PM concentra-
tion causes deposit formation in the combustion chamber, fouling of emission control 
systems such as EGR and DPF and increased engine wear and premature failure.

PM concentration is primarily controlled by factors such as fuel quality (sulfur 
and ash content in fuel), engine lubrication oil quality, fuel consumption per 
combustion cycle of the engine, exhaust cooling rate, and the combustion process 
or strategy applied [85]. A number of PM characterization research works have 
been conducted categorizing PM concentration as 41% carbon, 7% unburned fuel, 
25% unburned oil, 14% sulfates, water, 13% ash, and other concentrations [83]. 
However, an earlier study conducted by Agrawal et al. [86] reported that particulate 
concentration contains  ≅ 31% elemental carbon,  ≅ 14% sulfates and moisture,  ≅ 7% 
unburnt fuel, and  ≅ 40% unburnt lubricating oil. A study by Thiruvengadam et al. 
[87] yielded a similar outcome in terms of PM concentration except that the study 
was based on natural gas engine technology.

PM concentration is divided into three main components: SOF, soot, and 
inorganic fraction (IF), 50% of which is released as soot in the diesel exhaust pipe. 
SOF emissions are made up of condensed hydrocarbons embedded within the soot 
emissions in the form of very fine particles. The size distribution of PM concentra-
tion has three peaks: the nucleation peak, which includes all volatile hydrocarbons 
(Dp<~30 nm), the accumulation mode (~30 nm< Dp<~500 nm), and the coarse 
mode (~500 nm<Dp<~10 μm) [88]. These emissions are more pronounced during 
starting and engine idling when engine temperatures are reportedly very low [89].

Studies on OC/EC in PM samples show that their ratio is elevated in biodiesel 
combustion as the biodiesel blend ratio increases. This is mainly due to the high 
oxygen content in biodiesel and plays a major role in the generation of soot particles 
and final oxidation. For example, in a study by Chuepeng et al. [90], the authors 
reported that the OC fraction for B30 was greater than ULSD regardless of the 
engine speed and operating conditions. In another study by Williams et al. [91], 
a similar pattern was established for OC and EC as B100 > B20 > Diesel. This is 
identical to the studies of Ref. [90], which suggested an increased OC content with 
increased biodiesel fraction in a blend.

Cheung et al. [92] used soy methyl esters in an LD engine and found that the EC 
fraction was lower than during diesel operation. Nevertheless, the OC fraction in 
the PM concentration sample became identical for both LD and HD engines with 
the New European Driving Cycle (NEDC). However, a study by Song et al. [10] 
differs with this finding. Using cottonseed biodiesel, the authors reported decreased 
OC and EC driving conditions. This was mainly due to engine operating conditions, 
test methods, and test fuel chemical properties [83]. However, these studies have 
been inconsistent and inconclusive in the literature surveyed. For example, this is 
revealed in the studies of Refs. [90, 92–96].

DPF filters have now become part of virtually all diesel vehicles in the leading 
industrialized countries in the world (Europe, the United States, and Japan). DPF fil-
ters have had a high market penetration in Japanese and American LD and HD trucks 
since 2007. For smaller vehicle applications, subsequent developments have incorpo-
rated the diesel oxidation catalyst (DOC) function into the filter as reported by the 
authors of Refs. [10, 97]. It should be noted that for PM emission control in medium 
engines, the methods and approaches used are similar to the LD engines. However, 
in the US market, auxiliary fuel injectors and burners are incorporated into the 



Numerical and Experimental Studies on Combustion Engines and Vehicles

52

WPPO10/E10 reporting the lowest concentration among the test blends across all 
the engine speed conditions. At 1000 rpm, the blends reported values of 0.0445 
and 0.0475% compared to full engine speed (2000 rpm) with 0.0425 and 0.0465%, 
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0.0515, 0.0535, 0.0565, and 0.05% for 90/WPPO5/E5, 80/WPPO10/E10, 70/
WPPO15/E15, 60/WPPO20/E20, 50/WPPO25/E25, and CD, respectively. The above 
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Figure 18. 
Carbon monoxide versus engine speed.
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combustion process [82]. These emitted compounds comprise elemental carbon 
(EC), organic carbon (OC) trace, and unknown compounds. Both EC and OC 
contribute to the toxicity of PM, regional haze, and climate change; therefore, PM 
concentration negatively affects the environment and human health [83]. The Global 
Burden of Disease Index reports that these types of emission are now responsible for 
3.2 million deaths due to PM2.5 ambient pollution [84]. Besides this, PM concentra-
tion causes deposit formation in the combustion chamber, fouling of emission control 
systems such as EGR and DPF and increased engine wear and premature failure.
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and ash content in fuel), engine lubrication oil quality, fuel consumption per 
combustion cycle of the engine, exhaust cooling rate, and the combustion process 
or strategy applied [85]. A number of PM characterization research works have 
been conducted categorizing PM concentration as 41% carbon, 7% unburned fuel, 
25% unburned oil, 14% sulfates, water, 13% ash, and other concentrations [83]. 
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unburnt fuel, and  ≅ 40% unburnt lubricating oil. A study by Thiruvengadam et al. 
[87] yielded a similar outcome in terms of PM concentration except that the study 
was based on natural gas engine technology.
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(Dp<~30 nm), the accumulation mode (~30 nm< Dp<~500 nm), and the coarse 
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Studies on OC/EC in PM samples show that their ratio is elevated in biodiesel 
combustion as the biodiesel blend ratio increases. This is mainly due to the high 
oxygen content in biodiesel and plays a major role in the generation of soot particles 
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identical to the studies of Ref. [90], which suggested an increased OC content with 
increased biodiesel fraction in a blend.
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fraction was lower than during diesel operation. Nevertheless, the OC fraction in 
the PM concentration sample became identical for both LD and HD engines with 
the New European Driving Cycle (NEDC). However, a study by Song et al. [10] 
differs with this finding. Using cottonseed biodiesel, the authors reported decreased 
OC and EC driving conditions. This was mainly due to engine operating conditions, 
test methods, and test fuel chemical properties [83]. However, these studies have 
been inconsistent and inconclusive in the literature surveyed. For example, this is 
revealed in the studies of Refs. [90, 92–96].

DPF filters have now become part of virtually all diesel vehicles in the leading 
industrialized countries in the world (Europe, the United States, and Japan). DPF fil-
ters have had a high market penetration in Japanese and American LD and HD trucks 
since 2007. For smaller vehicle applications, subsequent developments have incorpo-
rated the diesel oxidation catalyst (DOC) function into the filter as reported by the 
authors of Refs. [10, 97]. It should be noted that for PM emission control in medium 
engines, the methods and approaches used are similar to the LD engines. However, 
in the US market, auxiliary fuel injectors and burners are incorporated into the 
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diesel exhaust to regenerate DPFs. This method has concerns over oil dilution in the 
crankcase and requires a separation with the engine management system demands, so 
it has become more complex in the manner of its development and use [98, 99].

Advances in the science of materials have greatly increased and therefore 
influenced the development in filter materials for LD and HD engines. LD vehicles 
have seen silicon carbide types of filters becoming standard installation, although 
the alternative use of aluminum titanate is gradually replacing it [97]. However, 
aided by better engine controls, the industry has now moved to cordierite filters 
[101, 102]. Figure 19 shows new hybrid developments in DPF filtering technology, 
which reduces 95% of NOX that comes from the DPF filter.

As shown in Figure 20, speed affects particle emission of blends. Nevertheless, 
differences in engine operating conditions, particulate formation, in-cylinder 
combustion processes, and engine type give mixed results and conclusions in PM 
emission studies. In Figure 20, it is evident that as speed increases, combustion time 
(residence time) is reduced, which reduces the reoxidation and combustion of the 
constituents of the process. This aptly explains the reason behind increased PM par-
ticle size and concentration as the speed tends toward full engine speed (2000 rpm), 
as typified in the graph in Figure 20. For example, PM concentration at 500 rpm is 
0.15, 0.11, 0.094, 0.086, 0.063, and 0.051 kg/kWh, respectively, for CD, 90/WPPO5/
E5, 80/WPPO10/E10, 70/WPPO15/E15, 60/WPPO20/E20, and 50/WPPO25/E25.

However, as the speed increases from 500 to 1500 rpm, which is an intermediate 
speed, the PM emission increases and almost doubles to 0.29, 0.25, 0.235, 0.213, 
0.183, and 0.57 g/kWh. These are for CD, 90/WPPO5/E5, 80/WPPO10/E10, 70/
WPPO15/E15, 60/WPPO20/E20, and 50/WPPO25/E25, respectively. These findings 
are identical to the studies of Refs. [103, 104]. In other words, these blends, when 
combusting, produce low heat loss to the wall resulting in increased soot oxidation, 
which is also reported conclusively in a study by Di Iorio et al. [105] and is identical 
to the findings of this work in Figure 20.

Since PM concentrations are influenced by engine operating conditions at 
1500–2000 rpm, PM concentration decreases with increased blend fraction. The 
reduction is more with higher blend ratios 70/WPPO15/E15, 60/WPPO20/E20, and 
50/WPPO25/E25 at 2000 rpm. However, there is a reversed reduction in CD fuel com-
pared to the blends of WPPO as shown in Figure 20. This is due to diffusive combus-
tion as the blend ratio increases (tends to B100) and the oxygen content of the blends 
increases. These findings are identical to the findings of a study by Di Iorio et al. [105].

Figure 19. 
A new NO2 remediation system reduces 95% of the NO2 emissions from catalyzed filter systems (courtesy of 
Technical University Dresden and Johnson Matthey) [100].
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5.6 Carbon dioxide (CO2) concentration

CO2 is one of the gases responsible for maintaining the earth’s optimal ecosys-
tem balance. It enriches plants through the photosynthesis process and provides 
other benefits for the environment. However, CO2 has become a topical global 
issue in recent decades due to its increase from levels of 0.04% in the atmosphere. 
The increase in CO2 causes an increase in global temperatures due to the effect of 
blanketing. There are generally two sources of CO2 formation: human activities and 
naturally occurring sources such as the ocean-atmosphere exchange, plant and ani-
mal respiration, soil respiration, decomposition of waste and elements, and volcanic 
eruptions. The majority of the human sources are due to the burning of hydrocarbon 
fuels in transport and power generation, land activities such as mining and agri-
culture, and industrial processes and manufacturing. The main gas produced from 
human activity is greenhouse gas associated with activities such as combustion of 
fossil fuels, namely, coal, natural gas, and oil for commercial and transportation 
services [106].

Figure 21 shows the variation of CO2 with engine speed. The graph shows that as 
the blend ratio and engine speed increased, CO2 concentration increased, but com-
pared to CD, their emission levels were still lower and almost identical. At 500 rpm 
engine speed, the values of CD and the blends of 90/WPPO5/E5, 80/WPPO10/E10, 
70/WPPO15/E15, 60/WPPO20/E20, and 50/WPPO25/E25 were 3.58, 3.35, 2.95, 2.6, 
2.55, and 2.25%, respectively.

Figure 20. 
PM emission for different blends of WPPO biodiesel fuel from 500 rpm to full engine speed (2000 rpm).

Figure 21. 
CO2 versus engine speed.
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0.183, and 0.57 g/kWh. These are for CD, 90/WPPO5/E5, 80/WPPO10/E10, 70/
WPPO15/E15, 60/WPPO20/E20, and 50/WPPO25/E25, respectively. These findings 
are identical to the studies of Refs. [103, 104]. In other words, these blends, when 
combusting, produce low heat loss to the wall resulting in increased soot oxidation, 
which is also reported conclusively in a study by Di Iorio et al. [105] and is identical 
to the findings of this work in Figure 20.

Since PM concentrations are influenced by engine operating conditions at 
1500–2000 rpm, PM concentration decreases with increased blend fraction. The 
reduction is more with higher blend ratios 70/WPPO15/E15, 60/WPPO20/E20, and 
50/WPPO25/E25 at 2000 rpm. However, there is a reversed reduction in CD fuel com-
pared to the blends of WPPO as shown in Figure 20. This is due to diffusive combus-
tion as the blend ratio increases (tends to B100) and the oxygen content of the blends 
increases. These findings are identical to the findings of a study by Di Iorio et al. [105].
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A new NO2 remediation system reduces 95% of the NO2 emissions from catalyzed filter systems (courtesy of 
Technical University Dresden and Johnson Matthey) [100].
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Figure 21 also shows that as the speed increased, there was a significant increase 
in the CO2 concentration across all test fuels, although with lower values as the 
blend ratio increased. For example, CD fuel had values of 2, 3.85, 5.95, and 8.95% for 
engine speeds of 500, 1000, 1500, and 2000 rpm compared to blend 80/WPPO10/
E10 with 1.8, 2.95, 4.85, and 8.55% for similar speeds. The blend with the lowest 
value of CO2 emission was 50/WPPO25/E25 with values of 1.62, 2.25, 3.65, and 
7.35%, respectively, for engine speeds of 500, 1000, 1500, and 2000 rpm, respec-
tively. The increased carbon concentration in biodiesel blends is due to the reduction 
in the quantity of carbon relative to the increased oxygen ratio. However, the lower 
CO2 concentration levels in comparison to CD fuel are due to factors explained 
under BTE and the equal energy balance generated by the addition of alcohol.

5.7 Nitrogen oxide (NOX) concentration

NOX concentration and its oxidized product NO2 are the primary preserve of the 
diesel engine, constituting 85–95% of the total emission of a diesel engine. There 
are two fundamental differences between the two gases: whereas NOX is odorless 
and colorless, NO2 is reddish with a pungent smell [107]. It should be mentioned 
here that NO2 is five times more toxic than NOX gas and is a health hazard to the 
human respiratory system. It irritates the respiratory system and lowers the resis-
tance to diseases such as the common cold and influenza [9, 108].

SCR is one of the leading NOX emission control techniques for both LD and HD 
vehicles. This system entered the market in Japan and Europe for the HD category 
in 2005 compared to the US market in 2010. In the Japanese market and in Europe, 
zeolite and vanadium-based catalysts are utilized, respectively. The zeolite SCR 
catalyst combination performs better and has higher temperature tolerance levels. 
There is ongoing research to improve low temperature performance for more 
accurate NO2 and NOX concentration predictions [110–112].

The low NOX trap (LNT) is a cheaper option for engines that are 2000–2500 cc 
[113, 114]. This type of emission control technique works better with mixed-mode 
engines to reduce low-load NOX that is a persistent problem in SCR systems. This 
allows the LNT to focus on high temperature NOX that is entering at temperatures 
over 300°C, thus eliminating between 60 and 70% of the platinum group metals 
(PGMs) [115]. This makes the LNT technology cheaper and economically appealing 
to the LD engine classification of 5000–6000 cc capacity [116, 117]. However, for 
medium- and heavy-duty vehicles, high temperature solutions have been developed 
to address the challenge of high load requirements of the US NTE regulatory condi-
tion as reported by the authors of Refs. [101, 118].

The LNT technique suffers due to contamination from sulfur, which shortens 
and affects its service life and durability. Earlier versions of LNT lost 50% filtra-
tion capacity, while the current generation of LNTs loses only 25% [119, 120]. 
Desulfication can be accomplished by passing a rich hot steam of diesel fuel at 700°C 
for 10 min at service intervals of 5000–10,000 km. Figure 22 shows a new concept of 
combining the SCR emission control system with the LNT emission control system.

NOX concentration is now known to be temperature dependent due to their equi-
librium concentration presence in the combustion chamber. NOX when mixed in 
high temperature adiabatically in the temperature range of 2000–3000 k forms NOX 
concentration, which is then exited through the diesel exhaust system [121]. The 
NOX concentration has four basic mechanisms of formation within the combustion 
chamber of a diesel engine: the Zeldovich mechanism also called the thermal NOX 
route, the prompt mechanism, the fuel mechanism, and the NNH mechanism [122]. 
The variation of engine speed with NOX concentration is shown in Figure 23. The 
graph shows that as the engine speed was increased, there was an increase in the 
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NOX concentration irrespective of fuel, blend ratio, or additive. However, the value 
of NOX concentration from the blends 90/WPPO5/E5, 80/WPPO10/E10, and 70/
WPPO15/E15 reported lower values than CD fuel. For example, at 1000 rpm, the 
value of the blends was 385, 396, and 415 ppm, compared to CD fuel at 425 ppm.

Blends 60/WPPO20/E20 and 50/WPPO25/E25 had the highest NOX concentra-
tion compared to the other blends of 90/WPPO5/E5, 80/WPPO10/E10, and 70/
WPPO15/E15 across all the engine speed conditions tested. At 500 rpm engine 
speed, the two blends had values of 205 and 200 ppm, respectively. At full engine 
speed (2000 rpm), NOX concentration values increased to 925 and 885 ppm 
compared to blend 90/WPPO5/E5 at 197 ppm and 792 ppm at full engine speed 
(2000 rpm). The graph in Figure 23 shows that as the blend ratio increased, there 
was a direct increase in the concentration of NOX across all the blended test fuels. 
However, blend 90/WPPO5/E5 reported the lowest values of NOX concentration 
compared to all the other blends. The formation of NOX in biodiesel combustion 
depends on the combustion temperatures and combustion zone oxygen concen-
tration. With high blend ratios of 70/WPPO15/E15, 60/WPPO20/E20, and 50/
WPPO25/E25, the combustion process is shortened, thus leading to failure to 
provide enough cooling effect to decrease peak combustion temperatures leading 
to increased NOX.

Figure 22. 
The concept of employing a NOX absorber with a double SCR layer configuration [109].

Figure 23. 
Oxides of nitrogen versus engine speed.
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There is ongoing research to improve low temperature performance for more 
accurate NO2 and NOX concentration predictions [110–112].

The low NOX trap (LNT) is a cheaper option for engines that are 2000–2500 cc 
[113, 114]. This type of emission control technique works better with mixed-mode 
engines to reduce low-load NOX that is a persistent problem in SCR systems. This 
allows the LNT to focus on high temperature NOX that is entering at temperatures 
over 300°C, thus eliminating between 60 and 70% of the platinum group metals 
(PGMs) [115]. This makes the LNT technology cheaper and economically appealing 
to the LD engine classification of 5000–6000 cc capacity [116, 117]. However, for 
medium- and heavy-duty vehicles, high temperature solutions have been developed 
to address the challenge of high load requirements of the US NTE regulatory condi-
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The LNT technique suffers due to contamination from sulfur, which shortens 
and affects its service life and durability. Earlier versions of LNT lost 50% filtra-
tion capacity, while the current generation of LNTs loses only 25% [119, 120]. 
Desulfication can be accomplished by passing a rich hot steam of diesel fuel at 700°C 
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NOX concentration is now known to be temperature dependent due to their equi-
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NOX concentration irrespective of fuel, blend ratio, or additive. However, the value 
of NOX concentration from the blends 90/WPPO5/E5, 80/WPPO10/E10, and 70/
WPPO15/E15 reported lower values than CD fuel. For example, at 1000 rpm, the 
value of the blends was 385, 396, and 415 ppm, compared to CD fuel at 425 ppm.

Blends 60/WPPO20/E20 and 50/WPPO25/E25 had the highest NOX concentra-
tion compared to the other blends of 90/WPPO5/E5, 80/WPPO10/E10, and 70/
WPPO15/E15 across all the engine speed conditions tested. At 500 rpm engine 
speed, the two blends had values of 205 and 200 ppm, respectively. At full engine 
speed (2000 rpm), NOX concentration values increased to 925 and 885 ppm 
compared to blend 90/WPPO5/E5 at 197 ppm and 792 ppm at full engine speed 
(2000 rpm). The graph in Figure 23 shows that as the blend ratio increased, there 
was a direct increase in the concentration of NOX across all the blended test fuels. 
However, blend 90/WPPO5/E5 reported the lowest values of NOX concentration 
compared to all the other blends. The formation of NOX in biodiesel combustion 
depends on the combustion temperatures and combustion zone oxygen concen-
tration. With high blend ratios of 70/WPPO15/E15, 60/WPPO20/E20, and 50/
WPPO25/E25, the combustion process is shortened, thus leading to failure to 
provide enough cooling effect to decrease peak combustion temperatures leading 
to increased NOX.

Figure 22. 
The concept of employing a NOX absorber with a double SCR layer configuration [109].

Figure 23. 
Oxides of nitrogen versus engine speed.
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These findings seem to show that there is a correlation between the alcohol 
content in the fuel and peak flame temperatures, content of nitrogen, and oxygen 
availability [123]. Increased NOX concentration is attributed to the presence of 
nitrogen from the cetane number improver ENH and other contaminants from the 
WPPO composition. Additionally, it could be due to the generation of radicals of 
hydrocarbon through molecular unsaturation being identical to the findings of Refs. 
[124, 125]. However, the NOX levels are still low, attributed to high CNs of the tested 
biodiesels in Table 3 and increased oxygen content due to the blend ratios. These 
findings are identical to the findings of Ref. [126].

6. Conclusion

• This study thus makes a strong case for alternative fuels to replace petroleum-
based fossil fuels like diesel commonly used as the primary propulsion fuel in 
transport and power generation. This work looks at the concept of waste to 
energy and waste resource utilization in an era when environmental concerns 
and awareness are at the pick of development agenda across the globe.

• Lower blend ratios 90/WPPO5/E5 and 80/WPPO10/E10 exhibit identical 
brake-specific fuel consumption (BSFC) of conventional diesel test fuel com-
pared to the other blends. These blends show the lowest BSFC values compared 
to the others.

• The brake thermal efficiency of blend 90/WPPO5/E5 (90% conventional 
diesel, waste plastic pyrolysis oil 5%, an ethanol 5% by volume) showed values, 
which were very close to the values of conventional diesel fuel values. This was 
attributed to close density values and the gross calorific values of waste plastic 
pyrolysis oil (WPPO) blends, which showed marginal differences. This case was 
apparent especially at lower blend ratios of all the mixtures and blends tested.

• There was a reduction in unburnt hydrocarbon (UHC) concentration with 
the use of WPPO blends, ethanol, and 2-ethyl hexyl nitrate (EHN), with a 
notable reduction in oxides of nitrogen concentration especially for the blend 
90/WPPO5/E (90% conventional diesel, waste plastic pyrolysis oil 5%, and 
ethanol 5% by volume). This was a clear indication that this blend performed 
well when compared with petroleum conventional diesel.

• Although there was indicated increase in the concentration of CO, CO2 NOX 
and UHC, for all the blends of WPPO, ethanol and EHN. There was a clear 
indication that the emission levels were notably lower than the emission levels 
of conventional petroleum diesel, based on the ASTM measurements used in 
this study. However, when comparisons for overall values of concentration are 
compared to concentration standards, the WPPO blend performed well.

• The blends of WPPO, ethanol, and EHN have identical temperature character-
istics to those of the conventional diesel test fuel especially as the engine speeds 
hit 75% heading to full engine speed. This was attributed to the presence of 
ethanol responsible for decreased ignition delay. The presence of high oxygen 
enrichment was a factor of decreased CO concentration for the tested biodies-
els compared with conventional diesel fuel, although there was an increase in 
CO concentration as fuel CN and blend ratio increased. This is due to deterio-
ration of the combustion characteristics, as the cetane numbers (CNs) and the 
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Chapter 4

Investigation of the Gasoline
Engine Performance and
Emissions Working on
Methanol-Gasoline Blends Using
Engine Simulation
Simeon Iliev

Abstract

The aim of this study is to develop the one-dimensional model of a four-
cylinder, four-stroke, multi-point injection system SI engine and a direct injection
system SI engine for predicting the effect of various fuel types on engine perfor-
mances, specific fuel consumption, and emissions. Commercial software AVL
BOOST was used to examine the engine characteristics for different blends of
methanol and gasoline (by volume: 5% methanol [M5], 10% methanol [M10], 20%
methanol [M20], 30% methanol [M30], and 50% methanol [M50]). The methanol-
gasoline fuel blend results were compared to those of net gasoline fuel. The obtained
results show that when methanol-gasoline fuel blends were used, engine perfor-
mance such as power and torque increases and the brake-specific fuel consumption
increases with increasing methanol percentage in the blended fuel.

Keywords: methanol blends, alternative fuels, spark-ignition engine, emissions,
engine simulation

1. Introduction

Alternative fuels are derived from resources other than petroleum. When using
these fuels in internal combustion engines (ICE), they produce less air pollution
emissions than gasoline. Most of them are more economically beneficial than fossil
fuels. Last but not least, they are renewable. The most commonly used alternative
fuels are natural gas, propane, methanol, ethanol, and hydrogen. Lots of works have
been written on engine operating with these fuels individually, but very few com-
pared some of these alternative fuels together in the same engine [1–3]. The idea of
adding low contents of ethanol or methanol to gasoline is not new, extending back
at least to the 1970s, when oil supplies were reduced and a search for alternative
energy carriers began in order to replace gasoline and diesel fuel. Initially, methanol
was considered the most attractive alcohol to be added to gasoline. Methanol pro-
duction can be from biomass, coal, or natural gas with acceptable energy costs. The
gasification of biomass can lead to methanol, mixed alcohols, and Fischer-Tropsch
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1. Introduction

Alternative fuels are derived from resources other than petroleum. When using
these fuels in internal combustion engines (ICE), they produce less air pollution
emissions than gasoline. Most of them are more economically beneficial than fossil
fuels. Last but not least, they are renewable. The most commonly used alternative
fuels are natural gas, propane, methanol, ethanol, and hydrogen. Lots of works have
been written on engine operating with these fuels individually, but very few com-
pared some of these alternative fuels together in the same engine [1–3]. The idea of
adding low contents of ethanol or methanol to gasoline is not new, extending back
at least to the 1970s, when oil supplies were reduced and a search for alternative
energy carriers began in order to replace gasoline and diesel fuel. Initially, methanol
was considered the most attractive alcohol to be added to gasoline. Methanol pro-
duction can be from biomass, coal, or natural gas with acceptable energy costs. The
gasification of biomass can lead to methanol, mixed alcohols, and Fischer-Tropsch
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liquids [4]. Since methanol can be produced from natural gas at no great cost, and is
quite easy to blend with gasoline, this alcohol was seen as an attractive additive.
Methanol can also be used in pure form in internal combustion engines; the fact that
it is a liquid fuel makes it suitable for storing and distributing. It does produce
hydrocarbon emissions similar to gasoline (different species); its single-carbon-
molecule nature and combustion characteristics mean that its emissions of oxides of
nitrogen and particulate matter are significantly lower than hydrocarbon fuels.
However, when using methanol in practice, it became clear that precautions had to
be taken when handling it and that methanol is aggressive to some materials, such
as plastic components and even metals in the fuel system [5].

Methanol has many advantages (characteristics) that make it very suitable for
use as a fuel in spark-ignition engine. Some of these characteristics are given in a
Table 1, and they are as follows:

• High molar expansion ratio

• High hydrogen-to-carbon ratio

• Being liquid at standard temperature and pressure

• High heat of vaporization (“latent heat”)

• High flame speed

• Low combustion temperature

• High specific energy ratio (i.e., energy per unit of fuel-air mixture)

Methanol is the simplest alcohol and is usually referred to as the “light”
alcohol. It is the simplest carbonaceous molecule that is liquid at standard
temperature and pressure. This makes it easy to store and transport with minimal
losses on the vehicle and in the fuel infrastructure. It is also known as methyl
alcohol. The higher autoignition temperature of methanol compared to gasoline
allows the engines to operate at a higher compression ratio; thereby they can be
more efficient.

The methanol consists of just one molecule unlike gasoline, diesel, kerosene, etc.
which the properties can change depending on the source, and as such it is easier to
simulate the process for. The molecular weight of methanol is approximately four
times lighter than gasoline. The diffusion rate of lighter fuel is lower than that of
heavier fuel, and it results in lower emission.

Adding methanol to gasoline allows the fuel mixture to combust more
completely due to the presence of oxygen (inherent oxygen in its molecular struc-
ture), which increases the combustion efficiency and reduces the emission of CO
and NOx by converting them into CO2 and NO2. Besides, methanol does not contain
sulfur or complex organic compounds [9], resulting in zero emission of sulfur-based
pollutants (SO2 and SO3, which are responsible for acid rain). The organic emissions
(ozone precursors) from alcohol combustion have lower reactivity, which can
stimulate ozone formation [10].

Methanol has a higher latent heat of vaporization than gasoline (Table 1). It
provides a cooling effect on the intake charge compared to gasoline. This effect
improves the brake thermal efficiency and power output. The lower caloric value of
methanol due to oxygen content in its molecular structure requires higher fuel
quantity to be injected in order to achieve an equivalent brake power output.
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The major issue encountered when blending water, methanol, and gasoline is
phase separation. The critical phase separation temperature of methanol-gasoline
blends increases with the amount of water present in the blend. Because of this very
small water tolerance of the methanol-gasoline blend, water contamination during
methanol transport and storage has to be avoided [11]. The blends with gasoline and
low methanol concentrations will increase the vapor pressure.

Another important problem is related to the engine cold starting of very high
blend alcohols in gasoline. Because of lower energy density and higher heat of
vaporization of methanol, more mass needs to evaporate and therefore more
energy. The lower flammability limit of methanol is higher than that of gasoline
which is also the reason for cold starting [12].

Properties Gasoline Methanol

Chemical formula C8H15 CH3OH

Molar mass, kg/kmol 114 32

Oxygen content, wt% — 50

Carbon content, wt% 86 38

Hydrogen content, wt% 14 12

Stoichiometric AFR 14,5 6,43

Lower heating value, MJ/kg 44,3 20,1

Higher heating value, MJ/kg 48 22,8

Volumetric energy content, MJ/m3 31,746 15,871

Heat of evaporation, kJ/kg at 1 bar 375 1089

Research octane number 96,5 112

Motor octane number 87,2 91

Cetane number — <5

Boiling temperature, °C at 1 bar 27–245 65

Vapor pressure, bar at 20°C 0,25–0,45 0,13

Critical pressure, bar — 81

Critical temperature, °C — 239,4

Kinematic viscosity, cSt at 20°C 0,6 0,74

Destiny, kg/cm3 740 798

Surface tension, N/m at 20°C — 0,023

Minimum ignition energy, mJ at φ = 1 0,8 0,21

Autoignition temperature, °C 246–280 470

Peak flame temperature, °C at 1 bar 2030 1890

Adiabatic flame temperature, K � 2275 2143

Flammability limits (vol%) 1,4–7,6 6–36

Flash point, °C �45 12

Bulk modulus, N/mm2 at 20°C 2 MPa 1300 823

Specific CO2 emissions, g/MJ 73,95 68,44

Specific CO2 emissions relative to gasoline 1 0,93

Table 1.
Comparison of fuel properties [6–8].
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liquids [4]. Since methanol can be produced from natural gas at no great cost, and is
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The major issue encountered when blending water, methanol, and gasoline is
phase separation. The critical phase separation temperature of methanol-gasoline
blends increases with the amount of water present in the blend. Because of this very
small water tolerance of the methanol-gasoline blend, water contamination during
methanol transport and storage has to be avoided [11]. The blends with gasoline and
low methanol concentrations will increase the vapor pressure.

Another important problem is related to the engine cold starting of very high
blend alcohols in gasoline. Because of lower energy density and higher heat of
vaporization of methanol, more mass needs to evaporate and therefore more
energy. The lower flammability limit of methanol is higher than that of gasoline
which is also the reason for cold starting [12].
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Methanol has a higher octane number than pure gasoline fuel [13]. This
enables higher compression ratios of engines and, as a result, increases its thermal
efficiency [14].

There are many publications with different blends of alcohols and gasoline fuel.
For example, Shenghua et al. [15] used a gasoline engine to examine different
percentages of methanol blends (from 10 to 30%) in gasoline. From the results
obtained, it has been established that power and engine torque decreased, whereas
the brake thermal efficiency improved with the increase of methanol percentage in
the fuel blend. Another study [16] has studied the influence of methanol-gasoline
blends on the gasoline engine performance. The results obtained showed that the
highest brake mean effective pressure (BMEP) was obtained from 5% methanol-
gasoline blend. In another study, Altun et al. [17] studied the influence of methanol
and ethanol blending (5 and 10%) in gasoline fuel on engine performance and
emissions. Blended fuels showed the best result in emissions. The emissions of HC
are reduced by 13 and 15% for E10 and M10. The results obtained show a decrease
in CO emissions by 10,6 and 9,8%, but CO2 emission increased for E10 and M10.
The blended fuels with methanol and ethanol showed an increase in the brake-
specific fuel consumption and a decrease in break thermal efficiency compared to
gasoline. Some authors suggested that the oxygenated nature of alcohols can lead to
more complete combustion and consequently to reduced engine-out CO emissions
[18, 19]. Liang et al. [20] studied PM emission from gasoline direct-injected engine
and port fuel-injected engine fueled by gasoline and methanol-gasoline blend M15.
They found that the PM emission was lower for M15 than for gasoline.

2. Research methodology

The aim of the present chapter is to develop the one-dimensional model of four-
stroke port fuel injection (PFI) gasoline engine and four-stroke direct injection
(GDI) gasoline engine for predicting the effect of methanol-gasoline (M0–M50)
addition to gasoline on the exhaust emissions and performance of gasoline engine.
For this, simulation of gasoline SI engine (calibrated) as the basic operating condi-
tion and the laminar burning velocity correlations of methanol-gasoline blends for
calculating the changed combustion duration were used. The engine power, specific
fuel consumption, and exhaust emissions were compared and discussed [21, 22].

Computer simulation is becoming an important tool for time and cost efficiency
in an engine’s development. The simulation results are challenging to be obtained
experimentally. Using computational fluid dynamics (CFD) has allowed researchers
to understand the flow behavior and quantify important flow parameters such as
mass flow rates or pressure drops, under the condition that the CFD tools have been
properly validated against experimental results.

CFD software products include KIVA, AVL FIRE, AVSYS, STAR-CD, VECTIS,
FLUENT, PHOENICS, Flow Vision, and more. The above programs allow to model
with great accuracy the modeling of gases, the movement of the dispersed fuel in
the combustion chamber of the engine, the movement of the thin layer of fuel
formed on the surface of solid walls, the temperature field, and other phenomena.
The fluid-structure interaction analysis, successfully implemented in the Ansys
program, integrates state-of-the-art computational tools related to fluid and gas
mechanics and solid-state mechanics to allow a multidisciplinary research.

The software for thermodynamic and gas-dynamic calculations include AVL
BOOST, Ricardo WAVE, GT-Power, and others. These software products are
characterized by a well-developed user interface that includes one-dimensional and
multidimensional models.
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2.1 Simulation setup

The simulation tools are the most used in recent years owing to its continuous
increase in computational power. The use of engine simulations enables optimization
of engine combustion, geometry, and operating characteristics toward improving
specific fuel consumption and exhaust emissions and reducing engine development
time and costs. Consequently, it can be expected that the use of engine simulations
during engine construction will continue to increase. Engine modeling is a fruitful
research area, and therefore many laboratories have their own engine thermodynamic
models with varying degrees of complexity, scope, and ease of use [23].

Many researchers develop their own computer code describing different pro-
cesses of engine operation. One of the studies [24] developed the computer code for
simulating spark-ignited engine using alternative fuels, and results were validated
with experimental data. The engine model is a quasi-dimensional two-zone model
including ordinary differential equations for describing dynamical behavior during
the intake, compression, power, and exhaust strokes. The engine model uses the
Woschni correlation to estimate engine heat transfer. Another author [25] created a
model for simulating the performance of spark-ignition engines fueled with gaso-
line and ethanol fuels and their mixtures. In this model the combustion chamber
was divided into burned and unburned zones separated by a flame front. The
pressure was assumed to be uniform throughout the cylinder charge. The instanta-
neous heat interaction between the burned and unburned zones and its walls was
calculated by using the semiempirical expression for a four-stroke engine [26].

The one-dimensional engine simulation is widely used for design, development,
calibration, and optimization because they make it possible for the entire engine to
be modeled, they do not require high computing power, and the calculations are
performed in a relatively short time [27, 28]. The one-dimensional (1D) engine
model consists of sub-models of selected processes that can be investigated using
more detailed modeling approaches (quasi-dimensional or three-dimensional
models) to increase the accuracy of the overall engine simulation results.

The model of combustion as part of one-dimensional engine simulations pro-
vides the burning rate that represents the heat release rate in the combustion
process for a given fuel blend, engine geometry, and set of operating conditions.
The burning rate can be computed empirically and or derived from physical,
detailed coupled turbulent flames, or chemical kinetic correlations of combustion
processes.

The one-dimensional model of SI engine is created by the AVL BOOST software
and has been employed to examine the emissions and performance working on
gasoline and methanol-gasoline blends. The preprocessing steps of AVL BOOST
enables the user to build a one-dimensional engine test bench setup using the
predefined elements provided in the software toolbox. The various elements are
joined by the desired connectors to establish the complete engine model using
pipelines. It is important to make a correct estimate of the boundary conditions as it
directly affects the accuracy of the results. Having a proper combustion model will
enhance the understanding of the physical phenomena, including the effects of
valve phasing, type of fuel, compression ratio, exhaust gas recirculation, etc., and,
thus, enable comprehensive design and optimization of the engine.

In Figure 1, PFIE symbolizes the engine, while C1 to C4 are the cylinders of the
SI engine. The cylinders of the engine are the main element in this model, because
they have many very important parameters to settle: the bore, stroke, internal
geometry, connecting rod, length and compression ratio, piston pin offset, and the
mean crankcase pressure. MP1 to MP18 symbolize the measuring points. The ple-
num is market with PL1 to PL4. System boundary are market with SB1 and SB2. The
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cleaner is market with CL1. R1 to R10 stand for flow restrictions, CAT1 symbolize
catalyst and fuel injectors—I1 to I4 are. The flow pipes are numbered 1 to 34.

The calibrated gasoline PFI engine model was described by Iliev [29], and its
layout is shown in Figure 1 with engine specification shown in Table 2.

The schematic of the calibrated GDI engine model is shown in Figure 2 with
engine specification shown in Table 3.

The comparison between the properties of gasoline and methanol is presented in
Table 1. As shown in Table 1, compared with gasoline, methanol has a higher
elemental oxygen content and a lower heating value, molecular weight, elemental
carbon, hydrogen content and stoichiometric air/fuel ratio (AFR).

2.2 Description of combustion model

In this research, the Vibe (two-zone) model was chosen for simulation analysis
of the combustion. The combustion chamber was divided into two regions:
unburned gas region and burned gas regions [17]. For the burned charge and
unburned charge, the first law of thermodynamics is applied:

dmbub
dα

¼ �pc
dVb

dα
þ dQF

dα
�
X dQWb

dα
þ hu

dmb

dα
� hBB,b

dmBB,b

dα
(1)

Figure 1.
Schematic of the gasoline PFI engine model.

74

Numerical and Experimental Studies on Combustion Engines and Vehicles

Engine parameters Value

Bore 86 (mm)

Stroke 86 (mm)

Compression ratio 10.5

Connection rod length 143.5 (mm)

Number of cylinders 4

Piston pin offset 0 (mm)

Displacement 2000 (cc)

Intake valve open 20 BTDC (deg)

Intake valve close 70 ABDC (deg)

Exhaust valve open 50 BBDC (deg)

Exhaust valve close 30 ATDC (deg)

Piston surface area 5809 (mm2)

Cylinder surface area 7550 (mm2)

Number of strokes 4

Table 2.
PFI engine specification.

Figure 2.
Schematic of the gasoline GDI engine model.
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where dmu represents the change of the internal energy in the cylinder, pc
dV
da is

the piston work, dQF
da stands for the fuel heat input, dQW

da is wall heat loses, and hu dmb
da

represents the enthalpy flow from the unburned to the burned zone due to the
conversion of a fresh charge to combustion products. The heat flux between the two
zones is neglected. hBB dmBB

da represents the enthalpy due to blow by, u and b in the
subscript are unburned and burned gas.

Moreover, the sum of the zone volumes must be equal to the cylinder volume,
and the sum of the volume changes must be equal to the cylinder volume change:

dVb

dα
þ dVu

dα
¼ dV

dα
(3)

Vb þ Vu ¼ V (4)

The amount of burned mixture at each time setup is obtained from the Vibe
function. For all other terms, for instance, wall heat losses, etc., models similar
to the single zone models with an appropriate distribution on the two zones are
used [30].

2.2.1 Mass fraction burned

The Wiebe function is widely used in internal combustion engine applications to
describe the fraction of mass burned in the combustion chamber during the com-
bustion process [31, 32].

To represent the mass fraction burned, the Wiebe function is chosen. TheWiebe
function for mass fraction burned is shown by the equation below:

Engine parameters Value

Bore 80 (mm)

Stroke 78 (mm)

Compression ratio 11.9

Connection rod length 130 (mm)

Number of cylinders 4

Piston pin offset 0 (mm)

Displacement 1600 (cc)

Intake valve open 19 BTDC (deg)

Intake valve close 52 ABDC (deg)

Exhaust valve open 47 BBDC (deg)

Exhaust valve close 15 ATDC (deg)

Piston surface area 6600 (mm2)

Cylinder surface area 7700 (mm2)

Number of strokes 4

Table 3.
GDI engine specification.
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xb ¼ 1� exp �a
θ � θo
Δθ

� �mþ1
" #

(5)

where xb is mass fraction burned, θo is start of combustion, Δθ is burn duration,
a is efficiency factor, and b is shape factor (a and b are constant factors depending
on the fuel). For this research, a complete combustion is assumed. The value of “a”
is chosen to be 6.9 and the value of “b” to be 3 [33, 34]. The shape factor affects
ignition delay and initial flame development. However, the values are subject to
further analysis and provide scope for future research.

2.2.2 Mass fraction burned

The heat transfer to the walls of the combustion chamber is calculated from

Qwi ¼ hAi Tc � Twið Þ (6)

where Qwi is wall heat flow, Ai is surface area, h is heat transfer coefficient, Tc is
temperature of gas in the cylinder, and Twi is wall temperature.

The Woschni model is selected to determine the heat transfer coefficient [35].

2.3 A description of exhaust emission model

In AVL BOOST the model of formation on NOx is based on Pattas and Hafner
[30], which incorporates the Zeldovich mechanism [36]. The reaction of Zeldovich
mechanism is given in Table 4.

The rate of NOx production was obtained using Eq. (7):

rNO ¼ CPPMCKM 2, 0ð Þ: 1� α2
� � r1

1þ αAK2
þ r4
1þ AK4

� �
: (7)

α ¼ CNO:act

CNO:equ
� 1
CKM

(8)

AK2 ¼ r1
r2 þ r3

(9)

AK4 ¼ r4
r5 þ r6

(10)

In the above equation, CPPM represents post-processing multiplier, CKM denotes
kinetic multiplier, C stands for molar concentration in equilibrium, and ri
represents reactions rates of the Zeldovich mechanism.

Stoichiometry Rate ki ¼ k0,iTae
�TАi
T

� �
K0 (cm

3/mol s) a [�] TA [K]

R1 N2 + O = NO + N r1 = k1cN2co 4.93E13 0.0472 38,048,01

R2 O2 + N = NO + O r2 = k2cO2cN 1.48E08 1.5 2859,01

R3 N + OH = NO + H r3 = k3cOHcN 4.22E13 0.0 0,0

R4 N2O + O = NO + NO r4 = k4cN2OcO 4.58E13 0.0 12,130,6

R5 O2 + N2 = N2O + O r5 = k5cO2cN2 2.25E10 0.825 50,569,7

R6 OH + N2 = N2O + H r6 = k6cOHcN2 9.14E07 1.148 36,190,66

Table 4.
Reactions according to the Zeldovich mechanism.
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to the single zone models with an appropriate distribution on the two zones are
used [30].

2.2.1 Mass fraction burned

The Wiebe function is widely used in internal combustion engine applications to
describe the fraction of mass burned in the combustion chamber during the com-
bustion process [31, 32].

To represent the mass fraction burned, the Wiebe function is chosen. TheWiebe
function for mass fraction burned is shown by the equation below:

Engine parameters Value

Bore 80 (mm)

Stroke 78 (mm)

Compression ratio 11.9

Connection rod length 130 (mm)

Number of cylinders 4

Piston pin offset 0 (mm)

Displacement 1600 (cc)

Intake valve open 19 BTDC (deg)

Intake valve close 52 ABDC (deg)

Exhaust valve open 47 BBDC (deg)

Exhaust valve close 15 ATDC (deg)

Piston surface area 6600 (mm2)

Cylinder surface area 7700 (mm2)

Number of strokes 4

Table 3.
GDI engine specification.
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xb ¼ 1� exp �a
θ � θo
Δθ

� �mþ1
" #

(5)

where xb is mass fraction burned, θo is start of combustion, Δθ is burn duration,
a is efficiency factor, and b is shape factor (a and b are constant factors depending
on the fuel). For this research, a complete combustion is assumed. The value of “a”
is chosen to be 6.9 and the value of “b” to be 3 [33, 34]. The shape factor affects
ignition delay and initial flame development. However, the values are subject to
further analysis and provide scope for future research.

2.2.2 Mass fraction burned

The heat transfer to the walls of the combustion chamber is calculated from

Qwi ¼ hAi Tc � Twið Þ (6)

where Qwi is wall heat flow, Ai is surface area, h is heat transfer coefficient, Tc is
temperature of gas in the cylinder, and Twi is wall temperature.

The Woschni model is selected to determine the heat transfer coefficient [35].

2.3 A description of exhaust emission model

In AVL BOOST the model of formation on NOx is based on Pattas and Hafner
[30], which incorporates the Zeldovich mechanism [36]. The reaction of Zeldovich
mechanism is given in Table 4.

The rate of NOx production was obtained using Eq. (7):

rNO ¼ CPPMCKM 2, 0ð Þ: 1� α2
� � r1

1þ αAK2
þ r4
1þ AK4

� �
: (7)

α ¼ CNO:act

CNO:equ
� 1
CKM

(8)

AK2 ¼ r1
r2 þ r3

(9)

AK4 ¼ r4
r5 þ r6

(10)

In the above equation, CPPM represents post-processing multiplier, CKM denotes
kinetic multiplier, C stands for molar concentration in equilibrium, and ri
represents reactions rates of the Zeldovich mechanism.

Stoichiometry Rate ki ¼ k0,iTae
�TАi
T

� �
K0 (cm

3/mol s) a [�] TA [K]

R1 N2 + O = NO + N r1 = k1cN2co 4.93E13 0.0472 38,048,01

R2 O2 + N = NO + O r2 = k2cO2cN 1.48E08 1.5 2859,01

R3 N + OH = NO + H r3 = k3cOHcN 4.22E13 0.0 0,0

R4 N2O + O = NO + NO r4 = k4cN2OcO 4.58E13 0.0 12,130,6

R5 O2 + N2 = N2O + O r5 = k5cO2cN2 2.25E10 0.825 50,569,7

R6 OH + N2 = N2O + H r6 = k6cOHcN2 9.14E07 1.148 36,190,66

Table 4.
Reactions according to the Zeldovich mechanism.
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The model of NOx formation is based on Onorati et al. [37]:

rCO ¼ CConst r1 þ r2ð Þ: 1� αð Þ (11)

α ¼ CCO:act

CCO:equ
(12)

In Eq. (11), C represents molar concentration in equilibrium and ri represents
reaction rates based on the model.

The unburned HC have different sources. A complete description of HC forma-
tion still cannot be given, and the achievement of a reliable model within a thermo-
dynamic approach is definitely prevented by the fundamental assumptions and the
requirement of reduced computational times. Still, a phenomenological model
which accounts for the main formation mechanisms and is able to capture the HC
trends as function of the engine operating parameter may be proposed. The follow-
ing important sources of unburned HC can be identified in SI engines [38]:

1.During the intake and compression stroke, fuel vapor is absorbed into the oil
layer and deposits on the cylinder walls. The following desorption occurs when
the cylinder pressure decreases during the expansion stroke, and complete
combustion cannot take place anymore.

2.A fraction of the charge enters the crevice volumes and is not burned since the
flame quenches at the entrance.

3.Occasional complete misfire or partial burning takes place when combustion
quality is poor.

4.Quench layers on the combustion chamber wall which are left as the flame
extinguishes prior to reaching the walls.

5.The flow of fuel vapor into the exhaust system during valve overlap in gasoline
engines.

The first two mechanisms and in particular the crevice formation are considered
to be the most important and need to be accounted for in a thermodynamic model.
Partial burn and quench layer effect cannot be physically described in a quasi-
dimensional approach, but may be included by adopting tunable semiempirical
correlations.

The formation of unburned HC in the crevices is described by assuming that the
pressure in the cylinder and in the crevices is the same and that the temperature of
the mass in the crevice volumes is equal to the piston temperature.

The mass in the crevices at any time is described by Eq. (13):

mcrevice ¼ pVcreviceM
RTpiston

(13)

In Eq. (13),mcrevice represents themass of unburned charge in the crevice, p denotes
cylinder pressure, Vcrevice stands for total crevice volume,M represents unburned
molecular weight, Tpiston is the temperature of the piston, and R denotes gas constant.

The second important source of HC is the presence of lubricating oil in the fuel
or on the walls of the combustion chamber. During the compression stroke, the fuel
vapor pressure increases, so, by Henry’s law, absorption occurs even if the oil was
saturated during the intake. During combustion the concentration of fuel vapor in
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the burned gases goes to zero, so the absorbed fuel vapor will desorb from the liquid
oil into the burned gases. Fuel solubility is a positive function of the molecular
weight, so the oil layer contributed to HC emissions depending on the different
solubilities of individual hydrocarbons in the lubricating oil.

The assumptions made in the development of the HC absorption/desorption are
the following:

1.Fuel is constituted by a single hydrocarbon species, completely vaporized in
the fresh mixture.

2.The oil film temperature is at the same as the cylinder wall.

3.Traverse flow across the oil film is negligible.

4.Oil is represented by squalane (C30H62), whose characteristics resemble those
of the SAE5W20 lubricant.

5.Diffusion of the fuel in the oil film is the limiting factor, for the diffusion
constant in the liquid phase is 104 times smaller than the corresponding value
in the gas phase.

The radial distribution of the fuel mass fraction in the oil film can be determined
by solving the diffusion Eq. (14):

∂wF

∂t
�D

∂
2wF

∂r2
¼ 0 (14)

In Eq. (14), wF represents fuel’s mass fraction in the oil film, t is the time, r
stands for radial position in the oil film (distance from the wall), and D is relative
(fuel-oil) diffusion coefficient.

3. Result and discussion for gasoline PFI engine

The present research focused on the performance and emission characteristics of
the methanol-gasoline blends. Various concentrations of the blends 0% methanol
(M0), 5% methanol (M5), 10% methanol (M10), 20% methanol (M20), 30%
methanol (M30), 50% methanol (M50), and 85% methanol (M85) by volume were
analyzed.

3.1 Engine performance characteristics

Figures 3 and 4 show the results of the brake power and torque for methanol-
gasoline blended fuels at various engine speeds.

The variation of brake power versus engine speed was obtained at full load
conditions for various concentrations of M5, M10, M20, M30, M50, and net gaso-
line M0. When the methanol content in the blended fuel was increased (M10, M20
and M30), the brake power slightly increased for all engine speeds. The brake
power at net gasoline was higher in comparison of M50 for all engine speeds. The
methanol’s heat of evaporation is higher than that of gasoline fuel, providing air-
fuel charge cooling and increasing the density of the charge. The methanol’s blended
fuel causes the equivalence ratio of blend approaches to stoichiometric condition
which can lead to a better combustion. However, methanol’s heating value is lower
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power at net gasoline was higher in comparison of M50 for all engine speeds. The
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which can lead to a better combustion. However, methanol’s heating value is lower
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than that of gasoline, and it can neutralize the previous positive effects.
Consequently, a lower power output is obtained at M50.

Figure 4 shows the engine torque for various percentages of methanol in its
blends with gasoline. Increasing the methanol content (M10 and M20) increased
slightly the torque of the engine. The brake torque of gasoline was higher than those
of M30 and M50.

Because of the existence of oxygen in the methanol chemical component, and
the increase of methanol, lean mixtures are produced that decrease the equivalent
air-fuel ratio to a lower value, and due to the presence of oxygen in the combustion
chamber, the burning is more efficient.

Figure 5 shows the BSFC for various percentages of methanol in its blends with
gasoline versus engine speeds. As shown in this figure, the BSFC increased as the
methanol percentage increased. The reason has been known—the heating value and
stoichiometric air-fuel ratio are the smallest for this fuel, which means that more
fuel is needed for specific air-fuel equivalence ratio. The highest specific fuel
consumption is obtained at M50 blended fuel.

Figure 4.
Influence of methanol-gasoline blended fuels on engine torque.

Figure 3.
Influence of methanol-gasoline blended fuels on brake power.
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Furthermore, there is a small difference between the BSFC for net gasoline and
the mixtures with methanol (M5 to M30). As engine speed increased reaching
2000 rpm, the BSFC decreased reaching its minimum value.

3.2 Emission characteristics

The effect of the methanol-gasoline blends on CO emissions versus engine
speeds can be seen in Figure 6. When methanol percentage increases, the CO
emissions decrease. The reason for this could be explained with the enrichment of
oxygen owing to the methanol, in which an increase in the proportion of oxygen
will promote the further oxidation of CO during the engine exhaust process.
Another significant reason for this reduction is that methanol (CH3OH) has less
carbon than gasoline (C8H18).

The effect of the methanol-gasoline blends on HC emissions is shown in
Figure 7. When methanol percentage increases, the HC concentration decreases.
The HC emissions decrease with the increase of the relative air-fuel ratio.

Figure 6.
Influence of methanol-gasoline blended fuels on CO emissions.

Figure 5.
Influence of methanol-gasoline blended fuels on brake-specific fuel consumption.
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The influence of the methanol-gasoline blends on NOx emissions can be seen in
Figure 8. The methanol-gasoline blends lead to an increase in NOx emissions as
compared to the net gasoline. When combustion process is closer to stoichiometric,
flame temperature increases, and the NOx emissions increase as well.

4. Result and discussion for gasoline GDI engine

Different concentrations of the blends (0% methanol (M0), 5% methanol (M5),
10% methanol (M10), 20% methanol (M20), 30% methanol (M30), and 50%
methanol (M50) by volume) were analyzed using AVL BOOST at full load condi-
tions for GDI engine.

4.1 Engine performance characteristics

The results of the brake power and specific fuel consumption for methanol-
gasoline blended fuels at different engine speeds are shown in Figures 9 and 10.

Figure 7.
Influence of methanol-gasoline blended fuels on HC emissions.

Figure 8.
Influence of methanol-gasoline blended fuels on NOx emissions.
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The variation of brake power versus engine speed was obtained at full load
conditions for various concentrations of M5, M10, M20, M30, M50, and net gaso-
line M0. When the methanol content in the blended fuel was increased (M5 and
M10), there was not a significant increase in engine brake power. The engine brake
power was higher in operation with gasoline in comparison to M50 for all engine
speeds. The methanol’s heat of evaporation is higher than that of gasoline fuel,
providing air-fuel charge cooling and increasing the density of the charge. The
methanol blended fuel causes the equivalence ratio of blend approaches to stoichio-
metric condition which can lead to a better combustion. However, methanol’s
heating value is lower than that of gasoline, and it can neutralize the previous
positive effects. Consequently, a lower power output is obtained at M50.

Figure 10 shows the engine torque for various percentages of methanol in its
blends with gasoline. Increasing methanol content (M5 and M10) increased slightly
the torque of the engine. The brake torque of gasoline was higher than those of
M20, M30, and M50.

Because of the existence of oxygen in the methanol chemical component, and
the increase of methanol, lean mixtures are produced that decrease the equivalent
air-fuel ratio to a lower value, and due to the presence of oxygen in the combustion
chamber, the burning is more efficient.

Figure 11 shows BSFC for various percentages of methanol in its blends with
gasoline versus engine speeds. As shown in this figure, the BSFC increased as the

Figure 10.
Influence of methanol-gasoline blended fuels on engine torque.

Figure 9.
Influence of methanol-gasoline blended fuels on brake power.
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methanol percentage increased. This can be described with heating value and stoi-
chiometric air-fuel ratio are the smallest for these two fuels, which means that for
specific air-fuel equivalence ratio more fuel is needed. The highest specific fuel
consumption is obtained at M50 blended fuel.

Furthermore, there is a small difference between the BSFC for net gasoline and
the mixtures with methanol (M5 to M20). As engine speed increased reaching
3000 rpm, the BSFC decreased, reaching its minimum value.

4.2 Emission characteristics

The effect of the methanol-gasoline blends on CO emissions versus engine
speeds can be seen in Figure 12. When methanol percentage increases, the CO
emissions decrease. The reason for this could be explained with the enrichment of
oxygen owing to the methanol, in which an increase in the proportion of oxygen
will promote the further oxidation of CO during the engine exhaust process.
Another significant reason for this reduction is that methanol (CH3OH) has less
carbon than gasoline (C8H18). Typical of direct injection engines is that they work
with lean mixtures. Ensuring sufficient oxygen in the piston bowl for good flame

Figure 11.
Influence of methanol-gasoline blended fuels on brake-specific fuel consumption.

Figure 12.
Influence of methanol-gasoline blended fuels on CO emissions.
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propagation leads to higher combustion efficiency, reduced CO emissions, and
optimal burn duration.

The influence of the methanol-gasoline blends on HC emissions is visible in
Figure 13. When methanol percentage increases, the HC concentration decreases.
The HC emissions decrease with the increase of the relative air-fuel ratio.

The effect of the methanol-gasoline blends on NOx emissions can be seen in
Figure 14. When methanol percentage increases, the NOx concentration increases.
Other authors [39] have obtained similar results. When combustion process is closer
to stoichiometric, flame temperature increases, and the NOx emissions increase as
well. The higher combustion temperature and local oxygen concentration in the peak
temperature zone were the influencing factors for NOx emission formation.

5. Conclusions

The purpose of the present chapter is to demonstrate the influences of methanol
addition to gasoline on a four-cylinder, four-stroke, multipoint injection system SI
engine and a direct injection system SI on engine performance and emission char-
acteristics. The summarized results from this study are the following.

Figure 13.
Influence of methanol-gasoline blended fuels on HC emissions.

Figure 14.
Influence of methanol-gasoline blended fuels on NOx emissions.
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With the increase of the percentage of methanol in the blended fuel, the engine
brake power decreased for various engine speeds for PFI engine and GDI engine.

With the increase of the percentage of methanol in the blends (M5 to M10 for
PFI engine and M5 to M10 for GDI engine), the brake power slightly increased, and
with the increase of the methanol in the blends (M30 and M50), the brake power
decreased.

As the percentage of methanol increased, the BSFC increased. The blended fuels
show lower engine brake power and higher BSFC than net gasoline. Furthermore,
there is a slight difference between the BSFC of gasoline and gasoline blended fuels
(M10 and M20 for PFI engine and M5 and M10 for GDI engine).

When there is an increase in methanol percentage, the CO and HC concentration
decreases for PFI and GDI engines.

Increasing the percentage of methanol in the blends leads to a significant
increase in NOx emissions. The lowest NOx emissions are obtained at M50
methanol-gasoline blend at GDI engines.
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Chapter 5

Knock Suppression of a
Spark-Ignition Aviation Piston
Engine Fuelled with Kerosene
Enhua Wang, Chenyao Wang, Fujun Zhang, Huasheng Cui,
Chuncun Yu, Bolan Liu, Zhenfeng Zhao and Changlu Zhao

Abstract

Spark-ignition (SI) engine has a high power density, making it suitable for
unmanned aerial vehicles. Normally, gasoline fuel with a high octane number (ON) is
used for a spark-ignition engine. However, gasoline fuel is easy to be evaporated and
has a low flash point which is unsafe for aviation engines. Kerosene with a high flash
point is safer than gasoline. In this chapter, the combustion characteristics of kero-
sene for a spark-ignition aviation piston engine are analyzed. A three-dimensional
(3D) model is setup, and the combustion process of the engine fuelled with kerosene
is simulated. Later, the knock limit extension by water injection is evaluated experi-
mentally. The results indicate that water injection can suppress the knock of SI engine
with kerosene in some extent and the output power can be improved significantly.

Keywords: aviation piston engine, spark ignition, kerosene, knock suppression,
water injection

1. Introduction

Four-stroke spark-ignition (SI) piston engines have advantages of good fuel
economy, high power to weight density, low noise, low cost, and easy maintenance,
making them suitable for helicopters and unmanned aerial vehicles [1]. However,
gasoline is volatile and easy to be ignited, which is not safe as aviation fuel. In
contrast, kerosene is safer and has been used widely for airplanes. If gasoline can be
replaced by kerosene on a four-stroke SI piston engine, the aviation safety will be
improved significantly. Therefore, the combustion characteristics of four-stroke SI
piston engine using kerosene as fuel need to be investigated.

The physical properties of kerosene are very different from gasoline. Kerosene
has a lower volatility and higher viscosity. Accordingly, the spray penetration, spray
velocity, and cone angle are different [2]. As a wide distillation fuel, the chemical
properties of kerosene also differ from gasoline. Lots of experiments were
conducted to investigate the combustion characteristics of kerosene [3, 4]. For
example, the ignition delay time of kerosene was measured as a function of tem-
perature, pressure, and equivalence ratio using a shock tube [5] or laser-induced
fluorescence (LIF) imaging [6].

The combustion performance of kerosene has been investigated comprehen-
sively for turbojet and scramjet engines [7, 8]. However, the operation conditions of
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aviation piston engine deviate from those of turbojets and scramjets significantly.
Very few investigations focused on the combustion performance of kerosene for
internal combustion engines [9–11]. Fernandes et al. studied the performance of a
heavy-duty diesel engine fuelled with JP-8. The torque output and fuel consump-
tion were similar with diesel fuel. However, the injection duration was enlarged to
compensate the low fuel density, and the ignition delay time was increased because
of a low cetane number. In addition, the emissions of nitrogen oxide (NOx) and
particle material (PM) were decreased apparently [12]. Tay et al. developed a
reaction mechanism composed of 48 species and 152 reactions for kerosene, and the
accuracy was validated in an optical engine [13].

Generally, the octane number (ON) of gasoline is in the range of 70–97, whereas
the octane number of kerosene is much lower as only 20–50. Therefore, the knock
phenomenon of kerosene is much severe in an SI engine, which will keep the power
and economy of the engine in a low level [14]. To control the knock of an SI engine,
various methods can be adopted, for example, postponing ignition time, reducing
compression ratio, and using antiknock additives. Recently, water injection got
wide attentions to control the super knock of gasoline engine [15]. There are basi-
cally two methods: port water injection and in-cylinder direct water injection.
When port water injection is employed, water is sprayed into the intake manifold.
For direct water injection, water is injected directly into the combustion chamber.
For port water injection, it is better to install the injector close to the intake valve.
The knock suppression was increased for a mass ratio of water over fuel as 0.3 [16].
An experimental study based on a single-cylinder engine indicated that fuel with a
lower octane number could be used if port water injection was installed [17]. Kim
et al. performed an experiment, and water was sprayed into the cylinder in a
pressure of 5 MPa using a gasoline direct injection (GDI) fuel injector. The knock
suppression was observed evidently [18]. Wei et al. investigated the influences of
water injection quantity on energy efficiency experimentally, and it was found that
the energy efficiency maximized with a mass ratio of 0.15 [19].

For the knock suppression of SI aviation piston engine, Anderson et al. had
studied the combustion performance of a Rotax 914 engine fuelled with kerosene
blends. The octane numbers of the fuel blends were 87 and 70 via blending 100 ON
aviation gasoline and JP-8. The brake mean effective pressure reduced evidently
when the octane number of the fuel blends diminished. The effect of adjusting the
ignition timing was very small for performance improvement [20]. Subsequently,
the influences of mass fraction of JP-8 were investigated. The volume ratio of JP-8
changed from 85–27% blending with an 87 ON fuel. To keep a high engine power
output, the volume ratio should be decreased accordingly [21]. Later, they used
a pre-chamber jet ignition system to increase the flame propagation speed of
kerosene, and the fuel octane number was decreased by about 10 [22].

It is critical to find methods that can suppress the knock for an aviation four-
stroke SI engine with kerosene. However, very few investigations were performed
currently. In this chapter, the knock suppression of an aviation four-stroke SI
engine is investigated numerically at first. Then, port water injection is installed,
and the experimental results for knock suppression are measured. The improve-
ment of the indicated mean effective pressure (IMEP) is evaluated.

2. Mathematical method

The combustion of SI piston engine is mainly a turbulent flame propagation
process. For the flow process in the cylinder, the mass, momentum, energy, and
species conservation equations are modeled in the 3D numerical simulation model.
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The enthalpy of the mixture can be calculated as
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The above equations can be used in direct numerical simulation of turbulence,
but it is difficult for the actual calculation process because the calculation load is
extremely large. In this study, k - ε model is employed to simulate the turbulent
flow in the cylinder. The turbulent eddy viscosity is defined as

μt ¼ Cμρk
2=ε: (7)
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rate ε are expressed by
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The empirical constants for the standard k-ε model are assigned below:
C1 = 1.44, C2 = 1.92, Cμ = 0.09, σk = 1.0, and σε = 1.3. A nonslip boundary condition
is assumed regarding all solid surfaces of the computational domain, and the
standard wall functions are used.
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aviation piston engine deviate from those of turbojets and scramjets significantly.
Very few investigations focused on the combustion performance of kerosene for
internal combustion engines [9–11]. Fernandes et al. studied the performance of a
heavy-duty diesel engine fuelled with JP-8. The torque output and fuel consump-
tion were similar with diesel fuel. However, the injection duration was enlarged to
compensate the low fuel density, and the ignition delay time was increased because
of a low cetane number. In addition, the emissions of nitrogen oxide (NOx) and
particle material (PM) were decreased apparently [12]. Tay et al. developed a
reaction mechanism composed of 48 species and 152 reactions for kerosene, and the
accuracy was validated in an optical engine [13].

Generally, the octane number (ON) of gasoline is in the range of 70–97, whereas
the octane number of kerosene is much lower as only 20–50. Therefore, the knock
phenomenon of kerosene is much severe in an SI engine, which will keep the power
and economy of the engine in a low level [14]. To control the knock of an SI engine,
various methods can be adopted, for example, postponing ignition time, reducing
compression ratio, and using antiknock additives. Recently, water injection got
wide attentions to control the super knock of gasoline engine [15]. There are basi-
cally two methods: port water injection and in-cylinder direct water injection.
When port water injection is employed, water is sprayed into the intake manifold.
For direct water injection, water is injected directly into the combustion chamber.
For port water injection, it is better to install the injector close to the intake valve.
The knock suppression was increased for a mass ratio of water over fuel as 0.3 [16].
An experimental study based on a single-cylinder engine indicated that fuel with a
lower octane number could be used if port water injection was installed [17]. Kim
et al. performed an experiment, and water was sprayed into the cylinder in a
pressure of 5 MPa using a gasoline direct injection (GDI) fuel injector. The knock
suppression was observed evidently [18]. Wei et al. investigated the influences of
water injection quantity on energy efficiency experimentally, and it was found that
the energy efficiency maximized with a mass ratio of 0.15 [19].

For the knock suppression of SI aviation piston engine, Anderson et al. had
studied the combustion performance of a Rotax 914 engine fuelled with kerosene
blends. The octane numbers of the fuel blends were 87 and 70 via blending 100 ON
aviation gasoline and JP-8. The brake mean effective pressure reduced evidently
when the octane number of the fuel blends diminished. The effect of adjusting the
ignition timing was very small for performance improvement [20]. Subsequently,
the influences of mass fraction of JP-8 were investigated. The volume ratio of JP-8
changed from 85–27% blending with an 87 ON fuel. To keep a high engine power
output, the volume ratio should be decreased accordingly [21]. Later, they used
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It is critical to find methods that can suppress the knock for an aviation four-
stroke SI engine with kerosene. However, very few investigations were performed
currently. In this chapter, the knock suppression of an aviation four-stroke SI
engine is investigated numerically at first. Then, port water injection is installed,
and the experimental results for knock suppression are measured. The improve-
ment of the indicated mean effective pressure (IMEP) is evaluated.

2. Mathematical method

The combustion of SI piston engine is mainly a turbulent flame propagation
process. For the flow process in the cylinder, the mass, momentum, energy, and
species conservation equations are modeled in the 3D numerical simulation model.
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The chemical time scales are assumed being much smaller than the turbulent
ones. Therefore, the coherent flame model is used for the turbulent premixed
combustion of the kerosene. The mean turbulent reaction rate is defined as

ρ_rfu ¼ �ρfryfu,frSLΣ, (10)

where SL is the mean laminar burning velocity and Σ is the flame surface density.
The transport equation for the flame surface density is

∂Σ
∂t

þ ∂

∂x j
u jΣ
� �� ∂

∂x j

vt
σΣ

Σ
∂x j

� �
¼ Sg � Sa þ SLAM, (11)

where σΣ is the turbulent Schmidt number, vt is the turbulent kinematic viscos-
ity, Sg is the product of the turbulent strain rate and the flame surface, Sa is the
annihilation of flame surface, and SLAM is the contribution of laminar combustion.

The laminar flame speed can be computed as

SL ¼ SL0 1� 2:1yEGR
� � Tfr

Tref

 !a1
p
pref

 !a2

, (12)

where Tref and pref are the reference values of the standard state and a1 and a2 are
fuel-dependent parameters.

The water injected from the water injector forms small droplets and mixes with
the gases in the cylinder. The spray model needs to consider the droplet movement,
fragmentation, evaporation, and wall impingement. Considering the movement
resistance and buoyancy of droplets in the gases, the following equation for the
droplet velocity is obtained.

duid
dt

¼ 3
4
CD

ρg
ρd

1
Dd

ug � ud
�� �� uig � uid

� �þ 1� ρg
ρd

� �
gi, (13)

where uid is the particle velocity vector, uig is the domain fluid velocity, CD is the
drag coefficient,Dd is the particle diameter, ρg and ρd are the densities of the gas and
the droplet, and gi is the gravitational acceleration vector.

The instantaneous droplet position vector can be determined by

dxid
dt

¼ uid: (14)

The evaporation process of the droplet is described by

mdcp,d
dTd

dt
¼ _Q 1þ L

_f vs
_qs

 !
: (15)

Assuming the Lewis number is unity, the flux ratio can be written as

_f vs
_qs

¼ �By

h∞ � hs � hvs � hgs
� �

Yv∞ � Yvsð Þ , (16)
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where

By ¼ Yvs � Yv∞

1� Yvs
: (17)

The convective heat flux supplied from the gas to the droplet is denoted by

_Q ¼ DdπλNu T∞ � Tsð Þ: (18)

The KH-RT model is used for the breakup process of the droplets. The wave-
length Λ and wave growth rate Ω of the fastest growing wave are

Λ ¼ 9:02r
1þ 0:45Oh0:5
� �

1þ 0:4T0:7� �

1þ 0:87We1:67g

� �0:6 : (19)

Ω ¼ ρdr3

σ

� ��0:5 0:34þ 0:38We1:5g
1þ Ohð Þ 1þ 1:4T0:6� � : (20)

Then, the breakup time is calculated as

τa ¼ 3:726C2r
ΛΩ

: (21)

Rayleigh-Taylor disturbances are in continuous competition with Kelvin-
Helmholtz surface waves. The RT mechanism is caused by quick deceleration of the
droplets, resulting in a growth of surface waves. When the droplet diameter is
larger than the wavelength of the critical disturbance wave, the process of droplet
breakage caused by RT must be considered. The fastest growing frequency Ωt and
wave number Kt are

Ωt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

3
ffiffiffiffiffi
3σ

p gt ρd � ρcj j1:5
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s
, (22)

Kt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gt ρd � ρcj j

3σ

r
: (23)

The corresponding wave length and breakup time are

Λt ¼ C4
π

Kt
, (24)

τt ¼ C5
1
Ωt

: (25)

The ATKIM model is used for the ignition process in the cylinder, which con-
siders the charge stratification, the available electrical energy, the heat losses to the
spark plug, and the influences of turbulence on the early flame kernel.

The AnB model is used for the prediction of autoignition of the air-fuel mixture.
The autoignition delay time of the combustible air-fuel mixture can be calculated as

τd ¼ A
ON
100

� �3:4017

p�ne
B
T, (26)

where ON is the octane number of kerosene and the parameters A, n, and B are
calibrated by the measured data of the in-cylinder pressure.
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3. Numerical simulation

The numerical model for the combustion process of Rotax 914 engine fuelled
with kerosene is established in AVL Fire software based on the mathematical model.
The combustion chamber is shown in Figure 1(a). The original engine uses gasoline
fuel, and a carburetor-type fuel supply system is installed. In order to ensure a
reliable ignition, the combustion chamber employs a double spark plug arrange-
ment. One inlet valve and one exhaust valve are used. Because kerosene is difficult
to be evaporated, the fuel injection system is replaced by a port fuel injection (PFI)
system in this study. The main technical parameters of the retrofitted engine are
listed in Table 1. The 3D grid model of the combustion chamber is shown in
Figure 1(b). The function of automatic grid generation is adopted, and the grid size
is set between 0.5 mm and 1.5 mm. The total number of grids is 363,785. After
checking the quality of the grid, the numerical simulation is performed.

This chapter mainly studies the compression and combustion process in the
cylinder. To simplify the calculation process, only the crankshaft angle ranging
from �160° CA to 70° CA is simulated where both valves are closed. The piston
moves between the top dead center (TDC) and the bottom dead center in the
cylinder. The mesh of the volume swept by the piston is divided into five different
mesh models according to the rotation angle of the crankshaft. Each mesh number
is activated under a specified range of crankshaft angle. The mesh number of each

Figure 1.
Combustion chamber of the four-stroke spark-ignition engine: (a) 3D model; (b) volume mesh.

Item Parameter Unit

Displacement 1.211 L

Bore � stroke 79.5 � 61 mm

Cylinder number 4 —

Rated power 75 kW

Rated speed 5500 r/min

Max. torque 144 N.m

Speed at max. Torque 4900 r/min

Combustion chamber Bathtub

Valve actuation 2 valves per cylinder

Air-fuel ratio Stoichiometric

Table 1.
Specifications of Rotax 914 engine.
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mesh model remains unchanged, and only stretching or compression is experi-
enced. The mesh quality in the process of tension or compression is checked. The
initial pressure in the cylinder is set as 1.52 bar, and the initial temperature is set to
320 K. The temperatures of the cylinder head, cylinder wall, and piston top surface
are set as 400, 380, and 450 K, respectively. The number of orifices for the water
injector is six, and the diameter of the orifice is 2 mm.

In order to verify the accuracy of the numerical model, the in-cylinder pressure
curve of the original engine with gasoline is simulated and compared with the test
results, as shown in Figure 2. The engine speed is 5500 r/min and the throttle
opening is 30%. The simulated in-cylinder pressure is in good agreement with the
experimental one. Only the measured pressure near the TDC is slightly higher than
the simulated one. The maximum relative error is 3.58%, which indicates that the
numerical model has a high accuracy and can be used for the following simulation
of the kerosene combustion process.

For the SI piston engine fuelled with kerosene, the effects of spray time, initial
droplet size, and water quantity on knock suppression are analyzed using the
established numerical model. The engine speed is set to 5500 r/min and the throttle
opening is set to 30%. First, the effect of spray time on detonation suppression is
studied. The injected kerosene quantity is fixed at 30 mg. The position of the
injector is set in the center of the cylinder. The sprayed water temperature is 300 K
and the initial droplet diameter is set to 0.1 mm. Only the starting time of water
spray is changed and the other parameters are fixed. The start time of water
injection is set as 120°, 80°, and 50° before TDC (BTDC) (represented by T1, T2,
and T3, respectively).

The results for the in-cylinder pressure at three different injection times are
shown in Figure 3. It can be seen that the closer the injection time is to the TDC, the
higher the maximum burst pressure in the cylinder is. The useful work of the cycle
ascends accordingly. However, the injection time has little effect on the in-cylinder
pressure curve as a whole. The maximum pressure difference between T1 and T3
does not exceed 0.5 bar. T3 is close to the TDC and the in-cylinder temperature is
higher than T1 and T2. The high temperature in the cylinder makes the liquid water
easy to be evaporated. Part of the heat energy of the exhaust gas can be recovered.
The combustion speed in the cylinder near the TDC is very fast. The injected water
reduces the combustion rate of the combustible mixture. Since the crank angle of T3

Figure 2.
Comparison of in-cylinder pressure between simulation and experimental data.
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is later than that of T1 and T2, the amount of water vapor in the cylinder is less, and
the effect on the reaction rate reduction is the least significant. Therefore, the in-
cylinder pressure of T3 is the highest. On the other hand, the closer the injection
time is to the TDC, the earlier the phase of peak pressure appears. This is because
the injected water vaporizes and absorbs heat in the cylinder and the oxygen
concentration in the gas decreases, leading to a decrease of the reaction rate of the
combustible mixture. The required compression work also decreases. The farther
the injection time is away from the TDC, the longer the duration time of the
combustion delay time in the cylinder. Therefore, the peak pressure with water
injection time of T1 appears the maximum phase delay. The highest in-cylinder
temperature for T1 is about 2300 K, while the highest temperature for T3 reaches
2500 K. The later the start time of water injection, the higher the temperature in the
cylinder at the same crankshaft angle (Figure 4).

The influence of water injection time on the flame surface density is shown in
Figure 5. The right spark plug starts to ignite at 52° CA BTDC, and the left spark
plug ignites at 40° CA BTDC. The development of the double flames is observed. It
can be seen that the flame surface density is greater at the same crank angle if the
water injection time is closer to the TDC. The phase for the peak of the secondary
heat release rate and the pressure rise rate is advanced accordingly. The peak phase
of T3, T2, and T1 is 10°, 8°, and 4° CA BTDC, respectively.

In Fire, an index called combustion knock index (CKI) is used to label the knock
intensity inside the cylinder. Generally, an obvious knock happens if the CKI is
greater than 20. The results for the CKI under different injection times are shown in
Figure 6. The CKI values for all the three injection times are maximized and exceed
20 at TDC. The CKI is the smallest for T1 and the strongest for T3. Meanwhile, the
phase that the knock starts moves forward if the injection time is late. It can be seen
that the knock happens at the position near the cylinder wall far away from the two
spark plugs. The detonation phenomenon is reduced after the water injection. With
the water injection time advanced from the TDC, the area where the detonation
occurs tends to shrink, and the detonation intensity is weakened. This is due to the
rapid vaporization of the water droplets after being sprayed into the cylinder, which
absorbs a lot of heat in the cylinder. As a result, the in-cylinder temperature
decreases. The effects of the compression and radiation of the burnt gas to the end
gas reduce accordingly. Therefore, the autoignition time becomes longer than the

Figure 3.
Results of in-cylinder pressure with different water injection times.
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Figure 4.
Results of in-cylinder temperature with different water injection times.

Figure 5.
Results of flame surface density with different water injection times.
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flame propagation time, and the intensity of the detonation drops. Meanwhile, the
thermal efficiency reduction caused by the heat loss of the knock phenomenon
alleviates. For the aviation kerosene with an octane number of only 40–50, water
injection can make the SI engine operate normally without power loss due to the
reduced possibility of detonation. Meanwhile, the water injection time must be far
enough away from TDC to suppress the knock effectively.

The initial droplet diameter of water spray will affect the subsequent droplet
fragmentation and evaporation process. Therefore, it is necessary to study the effect
of initial droplet diameter. Based on the above results, the water injection time is set
to 120° CA BTDC. The water spray amount is set at 20 mg and the water tempera-
ture is set at 300 K. The initial diameters of the water droplets are set to 0.2, 0.1,
0.05, and 0.01 mm, respectively.

Figure 7 shows the influence of the initial droplet diameter on the in-cylinder
pressure. The in-cylinder pressure becomes lower if the initial particle size is
smaller. When the initial particle size is 0.01 mm, the in-cylinder pressure drops
significantly. The in-cylinder peak pressure is about 5.5 MPa for an initial droplet
diameter of 0.2 mm. However, when the initial particle size is 0.01 mm, the in-
cylinder pressure has been reduced to 4.3 MPa, 21.8% lower than that with an initial
droplet diameter of 0.2 mm. This is because the required energy acting on the water
droplets to make them deformed and broken is weak for a small droplet diameter if
the Weber number and the surface tension coefficient of the water droplet are
fixed. When the initial diameter is too large, the energy is not enough to break the
droplet, and only the deformation of the droplet occurs. Therefore, only a small part
of the droplets with initial droplet diameters of 0.2 and 0.1 mm are broken.
Accordingly, the amounts of water vapor are small. Therefore, their influence on
the in-cylinder pressure is very limited.

For droplets with an initial diameter of 0.05 mm, there are many modes of
fragmentation in the process of atomization. This effectively increases the contact

Figure 6.
Results for CKI with different water injection times.
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area between gas and liquid and accelerates the heat transfer rate. When the initial
particle size decreases to 0.01 mm, the smaller droplet diameter makes the bound-
ary conditions required for the fragmentation of the droplet smaller, and the critical
Weber number becomes smaller. The required energy for the fragmentation and
deformation of the droplets is lower. Therefore, the droplet is easier to be broken at
this time. The increase of the surface area makes almost all the droplets evaporated,
absorbing a lot of heat in the cylinder and reducing the heat release rate and the
peak pressure of the combustion process.

The results for the in-cylinder temperature are shown in Figure 7(b). When the
initial droplet diameter is between 0.05 and 0.2 mm, the in-cylinder temperature
changes slightly with a maximum temperature decrease up to 100 K. However,
when the initial particle size is reduced to 0.01 mm, the in-cylinder temperature
decreases greatly, and the maximum temperature reduction reaches nearly 500 K.

The results of the cloud chart for knock intensity with different initial droplet
diameters are shown in Figure 8. The crank angle corresponding to the maximum
knock intensity is different. The larger the initial droplet diameter is, the earlier the
maximum detonation time will appear. The detonation intensity of the four particle
sizes is also different. The larger the initial particle size is, the greater the CKI value
of detonation is, indicating that the detonation is more dramatic. The knock phe-
nomenon at the TDC with an initial particle size of 0.2 mm is the most severe,
whose CKI value is as high as 30. When the initial droplet diameter is 0.1 mm, the
detonation intensity maximizes at 1° CA ATDC, and the occurrence area is smaller.
When the initial diameter is 0.05 mm, the maximum detonation happens at 2° CA
ATDC, and the occurrence area is reduced apparently. The CKI value is decreased
to around 20. When the initial droplet diameter is 0.01 mm, the detonation takes
place at 10° CA ATDC. The corresponding CKI value drops to 12, which is reduced
by 60% compared with an initial particle size of 0.2 mm.

The main purpose of spraying water into the cylinder is to reduce the tempera-
ture in the cylinder to suppress the knock. The amount of water injection directly
affects the temperature reduction in the cylinder. Finally, the influence of water
injection quantity is analyzed.

Figure 9(a) shows the results of the in-cylinder pressure under different water
injection quantities. The in-cylinder pressure generally decreases with the increase
of water spray quantity. The maximum burst pressure is 5.4 MPa when no water is
sprayed. When the water injection quantity is 20 mg, the maximum burst pressure
is 5.1 MPa, which is 5% lower than that without water injection. Furthermore, the

Figure 7.
Results of the in-cylinder pressure (a) and temperature (b) with different initial water droplet diameters.
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larger the amount of water injection is, the later the phase of the maximum burst
pressure appears.

Figure 9(b) gives a comparison of the in-cylinder temperature. When there is
no water spray, the maximum average temperature in the cylinder is 2408 K. The
temperature reduction in the cylinder is increased as the amount of water injection
rises. When the water spray is 10 mg, the maximum temperature in the cylinder is
2365 K, which is 43 K lower than that without water spray. When the amount of the
water spray is 25 mg, the maximum in-cylinder temperature drops to 2297 K, which
is 111 K lower than that without water spray. In the case of water injection, the rise

Figure 9.
Results of the in-cylinder pressure (a) and temperature (b) with different amounts of water injection.

Figure 8.
Results of CKI with different initial water droplet diameters.
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rate of the in-cylinder temperature slows down obviously. This is because after
injection, water absorbs the heat in the cylinder and reduces the temperature.

The results for the cloud charts of CKI value with different water amounts are
shown in Figure 10. The maximum CKI value decreases with the increase of water
spray. The CKI value without water injection is as high as 26. When the water
injection amount is 20 mg, the CKI value is reduced to 18, which is 31% lower than
that without water injection.

4. Experimental results

To explore the effect of water injection on knock suppression of SI engine
fuelled with kerosene, an engine experiment is carried out [23]. First, the original
Rotax 914 engine was modified, and the engine test rig was built, as shown in
Figure 11. The fuel supply system is first transformed into a PFI kerosene supply

Figure 10.
Results of CKI with different initial water droplet diameters.
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system. Meanwhile, a water injection system is added, which includes a water
injector, a water pump, a water tank, and related pipelines. The water injector is
installed at the intake manifold. Since the flame propagation speed of kerosene is
significantly lower than that of gasoline, the ignition system of the original engine is
modified. One of the spark plugs is replaced with a jet ignition device, as shown in
Figure 12. The jet combustion pre-chamber uses the small orifices on the surface to
inject the jet flame into the main combustion chamber and forms strong turbulent
flames. As a result, the flame propagation distance is shortened, and the combustion
speed is effectively accelerated. The volume of the jet ignition pre-chamber is
1.5 ml, and the diameter of the six holes on the surface is 1.5 mm.

The output power of the engine is absorbed by an eddy current dynamometer.
During the test, kerosene is supplied to the first and third cylinders of the engine,
and the original gasoline supply system is used for the second and fourth cylinders.
A pressure sensor is installed in the first cylinder to measure the in-cylinder

Figure 11.
Schematic of the engine test bench for the SI engine fuelled with kerosene together with water injection.

Figure 12.
Photo of the jet ignition pre-chamber.
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pressure. An engine speed sensor is installed at the crankshaft end. The collected
data are sent to the combustion analyzer to calculate the heat release rate of the
combustion process. Table 2 lists the main equipment and relative accuracy of the
test system.

When the engine speed is 5500 r/min and the throttle opening is 30%, the
duration of water injection is set to 0, 2, and 4 ms, respectively. The results of the
in-cylinder pressure are shown in Figure 13(a). In the case of no water spray, the
maximum pressure in the cylinder reaches 33.9 bar and fluctuates apparently near
the TDC with an amplitude of 7.53 bar, indicating that the unburnt end gas in the
cylinder is self-ignited and the knock phenomenon occurs. With water injection of
2 ms, the knock phenomenon has been alleviated, and the maximum in-cylinder
pressure is increased from 33.9 to 35.4 bar. When the duration of water injection is
increased from 2 to 4 ms, the pressure fluctuation in the cylinder caused by kero-
sene detonation disappears completely, while the maximum burst pressure in the
cylinder decreases to 32.5 bar. The corresponding IMEP values are shown in
Figure 13(b), which also indicates that the in-cylinder pressure decreases
significantly with the increase of water injection quantity.

Subsequently, the limit of knock suppression by water injection is studied under
three different engine speeds of 4500, 5000, and 5500 r/min. For each engine
speed, the throttle opening and the kerosene injection quantity as well as water
injection quantity are increased continuously. The data are recorded until the max-
imum water injection duration is arrived. Figure 14(a) shows the comparison of
kerosene injection quantity. In the case of no water injection, the maximum kero-
sene injection quantity under the three different engine speeds is about 20 mg. If
the injection quantity exceeds this value, there will be an obvious detonation. The

Equipment Model Accuracy

Eddy current dynamometer China Kaimai CW 160 <�0.5%

Fuel meter Japan Ono MF-2200 <1%

Cylinder pressure sensor Kistler 6115 <�0.5%

Lambda sensor Bosch LSU4.9 <1%

Combustion analyzer Kibox 2893 <1%

Table 2.
Main facilities of the experimental system.

Figure 13.
Results for the in-cylinder pressure (a) and IMEP (b) with different water injection durations.
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maximum kerosene injection quantity is increased by about 50% with water injec-
tion. The corresponding mass ratios of the sprayed water over kerosene are shown
in Figure 14(b). It can be seen that the mass ratio is close to 1:1 at three engine
speeds.

Figure 15 shows the comparison of IMEP improvement under three different
engine speeds. The IMEP can be increased from less than 8 to nearly 10 with water
injection for each engine speed. The results show that using water injection can
improve the kerosene injection quantity, leading to an increase of the IMEP and the
power output of the engine. This is because after spraying water, the liquid water
evaporates and absorbs heat, and the temperature in the cylinder decreases.
Accordingly, the compression and radiation effect of the burnt gas imposed on the
unburnt end gas weakens, and the autoignition time becomes longer, avoiding the
violent detonation. The allowable charge of fresh mixture in the cylinder increases.
Thus, more fuel can be injected and the engine’s output power is improved. Mean-
while, it can be seen that the IMEP of the original engine with gasoline can reach
13 bar, and the IMEP of the kerosene fuel with water spray still needs to be
enhanced.

Figure 14.
Results for the maximum amount of injected kerosene with/without water injection under different engine
speeds (a) and the mass ratio of water over kerosene (b).

Figure 15.
Maximum improvements of the IMEP for the engine fuelled with kerosene together with water injection.
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5. Conclusions

In this chapter, the feasibility of knock suppression using water injection for an
SI engine fuelled with kerosene is investigated. First, a 3D numerical model is
established in AVL Fire software. The influences of water injection timing, initial
droplet diameter, and water injection quantity are analyzed. Then, an engine
experiment is performed to evaluate the limit of IMEP improvement.

The results indicate that water injection can suppress the knock of kerosene
effectively. The water injection timing should be advanced and far away from TDC
because the evaporation of water droplets needs time. Accordingly, a lower pressure
rise rate can be obtained, and the phase angle of the peak pressure can be postponed.
The autoignition time enlarges, the flame propagation speed drops, and the intensity
of the detonation decreases, due to a reduction of in-cylinder temperature. Mean-
while, a better result of knock suppression can be obtained with a smaller initial water
droplet diameter, owing to a larger evaporation surface area of droplets. With the
increase of the water injection amount, the reduction of in-cylinder temperature
increases. The allowable throttle opening and injected kerosene amount also increase,
resulting in a significant increase of the IMEP. The experimental results show that the
maximum IMEP is improved from about 8 to 10 bar with an engine speed of 5500 r/
min. However, an excessive water injection will lead to a decrease of the IMEP. To
evaluate the effect of water injection comprehensively, an optimization design of the
water injection system and the combustion chamber geometry is required. Mean-
while, more experimental work should be carried out, especially for the practical
operation conditions of an unmanned aerial vehicle.
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Acronyms

3D three-dimensional
SI spark ignition
ATDC after top dead center
BTDC before top dead center
CKI combustion knock index
GDI gasoline direct injection
IMEP indicative mean effective pressure
LIF laser-induced fluorescence
ON octane number
PFI port fuel injection
PM particle material
NOx nitrogen oxide
TDC top dead center
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Figure 15 shows the comparison of IMEP improvement under three different
engine speeds. The IMEP can be increased from less than 8 to nearly 10 with water
injection for each engine speed. The results show that using water injection can
improve the kerosene injection quantity, leading to an increase of the IMEP and the
power output of the engine. This is because after spraying water, the liquid water
evaporates and absorbs heat, and the temperature in the cylinder decreases.
Accordingly, the compression and radiation effect of the burnt gas imposed on the
unburnt end gas weakens, and the autoignition time becomes longer, avoiding the
violent detonation. The allowable charge of fresh mixture in the cylinder increases.
Thus, more fuel can be injected and the engine’s output power is improved. Mean-
while, it can be seen that the IMEP of the original engine with gasoline can reach
13 bar, and the IMEP of the kerosene fuel with water spray still needs to be
enhanced.

Figure 14.
Results for the maximum amount of injected kerosene with/without water injection under different engine
speeds (a) and the mass ratio of water over kerosene (b).

Figure 15.
Maximum improvements of the IMEP for the engine fuelled with kerosene together with water injection.
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5. Conclusions

In this chapter, the feasibility of knock suppression using water injection for an
SI engine fuelled with kerosene is investigated. First, a 3D numerical model is
established in AVL Fire software. The influences of water injection timing, initial
droplet diameter, and water injection quantity are analyzed. Then, an engine
experiment is performed to evaluate the limit of IMEP improvement.

The results indicate that water injection can suppress the knock of kerosene
effectively. The water injection timing should be advanced and far away from TDC
because the evaporation of water droplets needs time. Accordingly, a lower pressure
rise rate can be obtained, and the phase angle of the peak pressure can be postponed.
The autoignition time enlarges, the flame propagation speed drops, and the intensity
of the detonation decreases, due to a reduction of in-cylinder temperature. Mean-
while, a better result of knock suppression can be obtained with a smaller initial water
droplet diameter, owing to a larger evaporation surface area of droplets. With the
increase of the water injection amount, the reduction of in-cylinder temperature
increases. The allowable throttle opening and injected kerosene amount also increase,
resulting in a significant increase of the IMEP. The experimental results show that the
maximum IMEP is improved from about 8 to 10 bar with an engine speed of 5500 r/
min. However, an excessive water injection will lead to a decrease of the IMEP. To
evaluate the effect of water injection comprehensively, an optimization design of the
water injection system and the combustion chamber geometry is required. Mean-
while, more experimental work should be carried out, especially for the practical
operation conditions of an unmanned aerial vehicle.
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Acronyms

3D three-dimensional
SI spark ignition
ATDC after top dead center
BTDC before top dead center
CKI combustion knock index
GDI gasoline direct injection
IMEP indicative mean effective pressure
LIF laser-induced fluorescence
ON octane number
PFI port fuel injection
PM particle material
NOx nitrogen oxide
TDC top dead center
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Chapter 6

Application of Variable
Compression Ratio VCR
Technology in Heavy-Duty Diesel
Engine
Paweł Woś, Krzysztof Balawender, Mirosław Jakubowski,
Artur Jaworski, Paulina Szymczuk and Adam Ustrzycki

Abstract

The chapter presents the application of variable compression ratio VCR
technology for an internal combustion engine. The engine’s overall construction has
been designed as the deep reconfiguration of liquid-cooled, heavy-duty diesel
engine of type IFA 4 VD 14,5/12-1 SRW. An eccentric shaft-based sliding
mechanism has been used for changing position of engine cylinder head assembly.
By ensuring a high stiffness of the engine layout together with additional sliding
mechanism, the combustion chamber volume of the engine can be changed
precisely without changing the displacement of the cylinders. In result, the engine
compression ratio can be continuously varied during normal engine operation
from the value of 19:1 down to 9:1.

Keywords: heavy-duty diesel engine, compression ratio, variable compression ratio
technology, eccentric mechanism, internal combustion engine

1. Introduction

The desire to limit the adverse external effects associated with the development
of motorization and transport, mainly based on the reciprocating internal combus-
tion engine as the primary power source, reveals primarily with limitation the
allowable level of emissions of harmful substances in the exhaust gases, that is,
carbon monoxide, CO; hydrocarbons, HC; nitrogen oxides, NOx; and particulate
matter, PM. Moreover, in the perspective of growing global warming phenomenon
and dropping resources of liquid fuels, particular attention is paid to the reduction
of fuel consumption and thus CO2 emission. Unfortunately, the physical and chem-
ical rules of working processes in piston engines do not allow to meet all the above
requirements in a simple manner. Despite significant progress made in recent years,
further improvement of the ecological and energetic parameters of reciprocating
engines requires further changes in their design, covering practically all functional
systems.

One of the more effective paths, although at the current stage of development is
still having many technical and operational difficulties, is the construction of
engines in which the compression ratio becomes a regulation parameter and can be
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changed continuously in a wide range and relatively short time. In a conventional
engine, the compression ratio—the ratio of the smallest to the largest cylinder
volume at piston top dead center positions—is constant and determined by the
geometry of the cylinder and crank mechanism. The new technology called variable
compression ratio, and marked with the VCR symbol, completely changes the
previously unchanged feature of the engines. Many companies have noticed signif-
icant potential hidden in variable compression systems and focused their entire
attention on finding ways to apply and use this feature. Therefore, over the last
years, there has been a growing interest in this type of innovative construction.

1.1 Potential application area of VCR technology

The origination of the idea of variable compression ratio was the desire to use for
the engine supplying fuels with different properties; it is the so-called flex-fuel
capability. Although it is still a valuable property, currently in the development of
internal combustion engines, a special emphasis is placed on reducing fuel consump-
tion, and thus CO2 emissions, as well on reducing the emission of harmful exhaust
components—carbon monoxide, hydrocarbons, nitrogen oxides, or particulates.

Global automotive industry as well science and research institutions involved in
the development of VCR technology say about the potential for reducing fuel
consumption by using a variable compression ratio in engines of different capacity.
Significant economic benefits are particularly visible when variable compression
ratio technology is used for high-power engines. It is significant also if these are
naturally aspirated or boosted engines with direct injection (DFI) and variable-
controlled valve actuation (VVA). Figure 1 illustrates the potential benefits for the
individual and combined use of these solutions.

Significantly, greater benefits in the field of fuel economy and engine ecology
can be obtained by combining the VCR and VVA variable valve actuation systems
(Figure 2). The use of these systems allows, for example, the implementation of the
Atkinson working cycle and the using engines of smaller dimensions with
maintained high operational parameters, that is, according to the idea of
“ultra-downsizing.”

“Downsizing” is a relatively new development trend of piston engines, which
gives a response to strong pressure on reducing fuel consumption and improving
the overall engine efficiency. The idea of downsizing is to reduce the cubic capacity
of the powerdrives and increase the power ratio, mainly by using still higher and

Figure 1.
The predicted increase in engine fuel economy with using VCR technology [1].
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higher boosting pressure. Reduced stroke volume can be also obtained, among
others, by reducing the number of cylinders. It means the mechanical and thermal
losses are reduced, as well cylinder charge exchange losses, the so-called “pumping”
losses too. At the same, the overall efficiency of the engine increases. On the other
hand, an increase in the boost pressure requires a reduction of geometric compres-
sion ratio to avoid adverse phenomena in the combustion process. Due to the direct
relationship with the cycle efficiency, it is preferred to use as high compression ratio
as possible. So, the compression ratio value must be a compromise between achiev-
ing the high thermal efficiency of the cycle and other restrictions, such as: knock
limit, level of mechanical and/or thermal loads, maximum rate of pressure rising
(engine run hardness), etc. However, these limitations are only in force at high
engine loads, especially at high boosting. In conventional engines, the compression
ratio is optimized and finally determined for these operating conditions. However,
this is not a significant area of their usual operation. At low and moderate loads, the
compression ratio could be much higher, giving increased operational efficiency of
the vehicle. Therefore, the VCR technology enables a significant extension of the
“downsizing” range, allowing further reduction of the displacement volume and the
use of even higher boosting pressures. It is estimated that this method of adjusting
the working parameters of the spark-ignition engine can result in a reduction in the
fuel consumption by up to 30% without a significant increase of toxic exhaust
compound emission [1].

Finally, the next area of using VCR technology is the possibility of effective
implementation of advanced, low-temperature LTC combustion processes (low-
temperature combustion). They are characterized by extremely low emission levels
of toxic compounds as a result of high complementarity of the combustion phase,
but conducted under conditions with reduced charge temperature. Especially, a lack
of temperature gradients in the combustion chamber is the main cause of avoiding
nitrogen oxides’ formation. There are, however, certain difficulties in obtaining
low-temperature combustion stability under the high engine loads. Within this
range of engine operation, a new VCR variable compression ratio technology
exhibits a promising application potential, thanks to the high ability in moderating

Figure 2.
The foreseen decrease of CO2 emissions, thanks to the use of VCR and VVA technologies [1].
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the thermodynamic conditions in the combustion chamber, which determine the
initiation and course of combustion process.

2. Technical methods for implementation of variable compression ratio
technology in piston engines

Theoretically, there are several possible methods of using the variable compres-
sion ratio VCR technology in piston engines. Some of them were used in prototype
engines and they undergo operational tests.

Table 1 schematically presents selected VCR layouts together with a brief anal-
ysis of their technical and operational features, including advantages or disadvan-
tages in relation to the conventional construction of the engines. Noteworthy is the
solution (f) of a complex lever-gear crank system, developed and applied by the
French research group MCE-5 Development [2], as well as the SAAB SVC engine
[3, 4], according the principle (a) and solution (c) implemented in the FEV
Motorentechnik research engine [5].

There are many specific and unique constructions of VCR engines or even engine
ideas and patents. Table 1 collects the best-known approaches for VCR engine:

a. articulated monohead—the SAAB completely functional engine SVC [3, 4],

b. piston of variable deck height—different layouts presented by Daimler-Benz
and Ford, as well [6],

c. eccentrics on crankshaft bearings developed by FEV [5],

d. multilink rod-crank mechanisms developed by Nissan [7],

e. secondary moving piston or valve in cylinder head—different Ford and
Volvo/Alvar proposals [6],

f. gear-based crank mechanisms by MCE-5 [1, 2],

g. precisely shifted cylinder block—cylinder head assembly—used in authors’
own project [8, 9].

Each of above are presented and widely discussed by Shaik et al. [6]. The SAAB’s
SVC engine according to the solution (a) has been developed earlier by Larsen [3].
The compression ratio is variable from 8:1 to 14:1. Similarly to the shifted cylinder
head method (g), it reveals good compression ratio control ability, but with slight
change in piston kinematics. As a common drawback of both systems, a worse
reliability and durability characteristic can be pointed. The solution (b) based on
piston deck height variation uses a complicated special piston construction [6]. It
also does not provide easy and precise control of compression ratio. Eccentric on
main bearings (c) seems to be devoid of substantial disadvantages, but it makes the
crankshaft block more complex. This solution is developed by FEV and used in their
concept VCR car [5]. Nissan Motors developed a multilink rod-crank mechanism
[6] according to the layout (d). It provides moderate compression ratio control
ability at significant change in piston kinematics. Changing compression ratio using
a small chamber with moving piston/valve (e) is relatively simple method to be
applied in standard engines conversion into the VCR engines. As the drawback of
this manner for changing compression ratio, the poor combustion chamber
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the thermodynamic conditions in the combustion chamber, which determine the
initiation and course of combustion process.
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integrity can be pointed [6]. The gear-based crank mechanism (f) is very advanced
technique extensively developed by MCE-5 research group [1, 2]. It shows high
precision in CR control and profitable changes in piston kinematics that avoids side
forces acting on the piston.

Analyzing the possible solutions of VCR engines, both hypothetical construc-
tions and actual prototype units, two general strategies for changing the value of the
compression ratio during the engine run can be noticed.

1.The change and control of the compression ratio at the assumed level takes
place by changing the position or geometry of the engine part, which consist of
the cylinder head assembly. This method does not interfere with the moving
parts of the crank-piston system, thus the friction losses and kinematics of the
crank-piston system during engine operation remain unchanged or change in a
very small extent comparing to a conventional engine.

2.The change of the compression ratio is a result of the intended changes in the
geometry and/or kinematics of the crank-piston system due to special
constructions of mechanisms allowing for the correction of the distance
between the top plane of the piston and the bottom plane of the head. In this
case the power of friction losses in the crank-piston system usually increases,
although it is also possible to be reduced (e.g., solution (f)—Table 1).
Sometimes variation of the compression ratio according to these concepts also
causes an unfavorable change in the cylinder stroke volume (e.g., solution
(d)—Table 1).

Figure 3.
Forecasts for the development and share of selected advanced technologies in the combustion powerdrives of
motor vehicles [10].
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Despite the fact that the idea of variable-pressure VCR engines is associated with
significant construction and technological complexity and many operational prob-
lems, it is estimated that it starts to become a technical standard for automotive
piston engines in the near future (see Figure 3).

Therefore, it was accepted that development and building a prototype variable
compression ratio engine, along with the acquired knowledge and experience, will
allow for successive improvement of the design and, as a result, get a fully func-
tional, unique research instrument that makes possible to perform a number of
innovative scientific works.

3. Design assumptions for the test engine and selection of the base unit

On the basis of the analyses in the field of variable compression ratio technology,
taking into account all advantages and disadvantages of the known technologies for
of variable compression ratio engines and existing prototypes as well as own
manufacturing capabilities, it was decided that the construction of the test engine
will be carried out according to for the kinematic system shown on case (g) in
Table 1, that is, consisting of controlled positioning and movement of the cylinder
head assembly along the cylinder axis. This solution is characterized by relatively
low implementation costs due to the possibility of conversion of a standard piston
engine into the VCR one, simplicity of construction and control, while ensuring a
relatively wide range of changes of compression ratio at a high accuracy in posi-
tioning. The engine will be based on a serial produced combustion engine. It was
assumed that for the purposes of the assumed scope of experimental tests, it will be
necessary to obtain a wide range of compression ratio variation covering typical
values for both spark and diesel engines, that is, from around 9:1 up to 19:1. The test
engine should be also liquid cooled to ensure good temperature stability during
research.

A medium-speed, liquid-cooled 4-cylinder diesel engine manufactured by VEB
IFA-Motorenwerk Nordhausen type 4 VD 14.5/12-1 SRW was selected for the

Figure 4.
The main cross sections of the 4 VD 14.5/12-1 SRW engine as the basis for the own designed research unit in the
VCR technology with the dividing planes of the engine body shown [11].
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construction of the VCR engine. The unique structural feature of this engine, which
decided on its selection, was the physically existing plane that divides the crankcase
from the cylinder assembly (see Figure 4).

The basic parameters of the 4 VD engine are as follows: cylinder diameter—
120 mm, piston stroke—145 mm, displacement—6560 ccm, original geometric
compression ratio—18:1, valve drive system: OHV overhead valves with camshaft
located in the crankshaft block, cam followers, sticks, valve arms mounted on the
axle above the head. Detailed engine specifications are described in Table 2.

Geometric dimensions of the 4 VD 14.5/12-1 SRW engine allowed to determine
how the compression ratio will change with the cylinder head assembly moving
along the cylinder axis according to the relationship (Eq. (1)):

ε0 ¼
ε�Vc
ε�1 þ π D2

4 � h
Vc
ε�1 þ π D2

4 � h
: 1 (1)

where ε´ is compression ratio as a function of the cylinder head assembly shift, ε
is original compression ratio, Vc is cylinder displacement, D is cylinder diameter, h
is shift value of cylinder head assembly relative to the initial position.

Eq. (1), substituted with appropriate values, shows that the range of the cylinder
head assembly tilting from initial position up to 10 mm travel gives the compression
ratio changes from 19:1 to 9:1, according to the curve shown in the Figure 5. The

Producer VEB IFA-Motorenwerk Nordhausen

Type 4-stroke, diesel

Number of cylinders 4

Ignition order 1-3-4-2

Cylinder layout In-line

Piston stroke 145 mm

Cylinder diameter 120 mm

Displacement 6560 ccm

Compression ratio 18:1

Rated power 92 kW (125 KM)

Cranckshaft speed at rated power 2300 rpm

Maximum torque 430 Nm

Cranckshaft speed at max. torque 1350 rpm

Mean effective pressure 0.77 MPa

Specific fuel consumption for rated power 240 g/kW�h (175 g/KM�h)
Minimum specific fuel consumption 218 g/kW�h (160 g/KM�h)
Lubrication system Closed circulation, pressurized

Fuel delivery Direct injection (system MAN), single-hole sprayer,
in-line section fuel pump with mechanical regulation

of engine speed

Initial pressure of injector opening 17.5 MPa

Engine starter Electric motor

Power and supply voltage of engine starter 3 kW, 24 V

Table 2.
Original technical specification of the 4 VD 14.5/12-1 SRW engine [11].
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range of these changes essentially coincides with the desired research scope of the
engine. If necessary, it can be changed relatively easily by replacing the pistons with
different volume of the combustion chamber [8, 9].

The adopted concept of changing the compression ratio requires the use of an
accurate, precise cylinder head assembly shifting mechanism in relation to the
crankshaft block. The requirement of this mechanism, in addition to the high
accuracy of positioning and rapid change of the position of the cylinders, is to
transfer gaseous forces generated by the combustion process in individual engine
cylinders. The value of these forces can be determined from Eq. (2):

Fmax ¼ pmax �
π �D2

4
(2)

where Fmax is the maximum force acting on the shifting system due to the gas
pressure in the cylinder, pmax is maximum gas pressure in the cylinder, and D is
cylinder diameter.

Assuming the maximum gas pressure in cylinders at 10 MPa, we obtain the force
generated by a single cylinder at the level of 113 kN. Hence, the sliding mechanism
must have adequate strength, but also rigidity, operational reliability, small dimen-
sions and relatively high positioning resolution, especially in the range of high
values of compression ratio.

The task of the newly designedmechanism for compression ratio changing is precise
shifting the 4-cylinder “cylinder head” assembly in the range of 0–10mm bymeans of
synchronously rotating two eccentric shafts that are connected to the sliding elements
by kind of yokes—connecting rods. The layout diagram and the source of the main
mechanical loads are shown in Figure 6. The analysis of forces and torques shows that
the eccentric shafts will be loaded with a twisting torqueMs of approx. 300 Nm each.

Figure 7 shows the location of eccentric shafts together with the shaft drive
system. Both shafts have bearings on both ends and in the middle of their length. At
the free ends of both shafts there are two geared right-angle power transmissions;
their inputs are connected by a common drive shaft that is driven by a synchronous

Figure 5.
Compression ratio versus cylinder shift value for 4 VD 14.5/12-1 SRW engine.
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servomotor with a mechanical brake. The wheelbase of the shafts is approx.
380 mm, which directly fits to the design features of the test engine.

Analysis of loads shows that each of the bevel-geared transmissions has to
transfer a maximum torque less than 300 Nm, while the main servomotor has to
generate a double value of that torque, that is, at least 600 Nm.

Therefore, an appropriate selection of working elements has been made, taking
into account the structural safety factors. The bevel gearboxes TRAMEC in the
version RA 38AC 1:1 E B3 with the rated torque Ma = 320 Nm are used as the right-
angle drives. As the servomotor a two-stage flat reducer, type Stöber SMS version
F402AGN0470 EZ503U EL1, with an acceleration torque of 700 Nm, driven by the
Stöber POSIDRIVE MDS5110A/L 11.0 kW 3 � 400 V inverter is used (Figure 8).
All gear units are with reduced mid-gear lash to the value below 10 arc minutes.

Figure 6.
Diagram of the yoke-eccentric cylinder sliding mechanism and the main sources of mechanical loads.

Figure 7.
Project of the location of eccentric shafts with the drive system diagram.
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Construction work began with the reverse engineering process on the research
engine, that is, scanning the spatial engine body with the determination of charac-
teristic points, surfaces, distances, clearances, etc., allowing the design and manu-
facture of other engine components and subassemblies. As previously mentioned,
the characteristic feature of IFA 4 VD 14.5/12-1 SRW engine, which influenced the
decision on its selection for adaptation works is the fact that the engine block is not
permanently fixed to the cylinders. The division plane is shown in Figure 9. Its
physical presence gave the opportunity to design and build an appropriate drive
mechanism to realize the movement of the cylinders (together with the heads) in
the vertical direction.

The basic elements of the cylinder sliding system are the servomotors chosen
with catalogs, two bevel gears, drive couplings, and two eccentric shafts,
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Figure 10.
Design of the cylinder support plate and its mounting on the screws fitted into the cylinder blocks.

Figure 11.
Connecting yokes mounted with the eccentric shafts.

Figure 12.
View of the assembly of the cylinder blocks sliding system.
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Figure 13.
An isometric view of the VCR engine with assembled with the cylinder sliding system and the drive mechanism of
eccentric shafts.
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cylinders. The main board (Figure 10, dark blue color) is seated and attached to the
cylinder blocks using special threaded mounting bolts.

To allow the additional space for insertion of a flexible seal gasket between
crankshaft block and cylinder blocks it was necessary to change the pistons with the
larger height ones by at least 5 mm. Suitable pistons that meet the necessary

Figure 14.
View of the complete VCR engine during functional tests.
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dimensions for the designed VCR engine were adopted from the HANOMAG D942
engines.

The next key stage in the VCR engine design process was the exact machining of
eccentric shafts for the cylinder sliding system together with a set of eight
connecting yokes. To ensure proper dimensional accuracy, technological work was
carried out on CNC machine tools. Figure 11 shows the connecting yokes fastened
with the eccentric shafts.

The movement of the supporting plate together with the cylinders is enforced by
an eccentric-crank mechanism driven by a complex servomechanism (Figure 12),
that is, through two angle bevel gears and two eccentric shafts. The elements shown
in orange make the assembly fixing the axle passing through the connecting rod
holes. Eccentric shafts are mounted in sleeves welded to the transverse beams (green
and yellow). The drive for eccentric shafts is transmitted via two ROTEX GS clutches.
Any disorders and risk of misalignments in movement of the cylinder-cylinder head
assembly is secured by set of sliding barrels. Sliding barrels are permanently fixed in
the crankcase and fitted into the precise holes made in the cylinders body.

The entire design of the VCR engine, for a better illustration of its structure
complexity, is presented in isometric views in Figure 13, while the finally com-
pleted research engine with variable compression ratio is presented in Figure 14.

4. Conclusion

Piston engine for many decades is a basic and commonly used source of
mechanical drives in various types of machinery and technical equipment, includ-
ing motor vehicles and other means of transportation. Despite the various contro-
versial forecasts and views that have recently appeared, and not always are based on
trusted and documented technical knowledge, the combustion engine will certainly
remain an irreplaceable source of propulsion for many branches of transport and
industry. One should keep in mind the intense scientific, technical, and technolog-
ical progress that makes the final product even more and more technically perfect.
Taking into account the current development trends that arisen from an experience
of recent years, which are focused mainly on improving combustion processes, it
can be noted that the presented technical development of VCR internal combustion
engines gives a significant contribution in this process.

A great innovation and application potential is shown by the worked out original
design, constructional and technological achievements covering a four-cylinder
combustion engine with a variable compression ratio VCR feature. Attempts to
develop such an original powerdrive unit, except for some major automotive
industry efforts, were usually finished unsuccessfully. The developed design of the
VCR engine opens up new research and development opportunities that were not
available before. It concerns mainly to new directions of improvement of engine
working processes and exploitation possibilities of internal combustion engines,
that is, research on advanced, low-temperature combustion processes or research
on the unification and flexible use of various fuels for transportation, including
alternative fuels of different reactivities.
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Chapter 7

Stability Analysis of Long
Combination Vehicles Using
Davies Method
Gonzalo Guillermo Moreno Contreras,
Rodrigo de Souza Vieira and Daniel Martins

Abstract

The cargo transportation in the world is mostly dominated by road transport,
using long combination vehicles (LCV’s). These vehicles offer more load capacity,
which reduces transport costs and thus increases the efficiency and competitiveness
of companies and the country. But the tradeoff of LCV’s is their low lateral stability
and propensity to roll over, which has been the focus of many studies. Most vehicle
stability models do not consider the longitudinal aspects of the vehicle and the road,
such as the stiffness of the chassis, the gravity center location, and the longitudinal
slope angle of the road. But, the use of three-dimensional models of vehicles allows
a more rigorous analysis of vehicle stability. In this context, this study aims to
develop a three-dimensional mechanism model representing the last trailer unit of
an LCV under an increasing lateral load until it reaches the rollover threshold. The
proposed model considers the gravity center movement of the trailer, which is
affected by the suspension, tires, fifth-wheel, and the chassis. Davies method has
proved to be an important tool in the kinetostatic analysis of mechanisms, and
therefore it is employed for the kinetostatic analysis of the three-dimensional
mechanism of the trailer.

Keywords: stability, road safety, static rollover threshold (SRT)

1. Vehicle model for lateral stability

According to Rempel [1] and Melo [2], the last unit (semi-trailer) of an LCV is
the critical unit, since it is subjected to a high lateral acceleration compared to the
tractor unit, which impacts the rollover threshold of the unit and the vehicle.
Taking into account this aspect, a simplified trailer model (Figure 1) is modelled
and analysed to calculate the SRT factor for LVCs.

The tyres, suspension, fifth wheel, and chassis are directly responsible for the
CG movements; these movements are dependent on the forces acting on the trailer
CG, such as weight (W), disturbance forces imposed by the ground, and lateral
inertial force (may) when the vehicle makes a turn. During cornering or evasive
manoeuvres, the weight and the lateral inertial force acting on the vehicle centre of
gravity cause its displacement, which can lead to vehicle rollover.
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1.1 Tyres system

The tyres system (tyres and rigid suspension) maintains contact with the ground
and filters the disturbances imposed by road imperfections [3]. This system allows
two motions of the vehicle: displacement in the z-direction and a roll rotation
around the x-axis [4], as shown in Figure 2.

1.1.1 Kinematic chain for tyres system

Mechanical systems can be represented by kinematic chains composed of links
and joints, which facilitate their modelling and analysis [5–7].

The kinematic chain of the tyres system in Figure 2 has 2-DoF (M = 2), the
workspace is planar (λ = 3), and the number of independent loops is one (ν = 1).
Based on the mobility equation, the kinematic chain of tyres system should be
composed of five links (n = 5) and five joints (j = 5) [7].

To model this system, the following considerations were taken into account:

• There are up to three different components of forces acting on the tyre-ground
contact i of the vehicle [8–10], as shown in Figure 3, where Fxi is the traction
or brake force, Fyi is the lateral force, and Fzi is the normal force;

• However, at rollover threshold, tyres 1 and 4 (outer tyres in the turn, Figure 4)
receive greater normal force than tyres 2 and 3 (inner tyre in the turn,
Figure 4), and thus tyres 1 and 4 are not prone to slide laterally. We consider
that tyres 1 and 4 only allow vehicle rotation along the x-axis. Therefore, tyre-
ground contact was modelled as a pure revolute joint R along x-axis.

Figure 1.
Simplified trailer model.

Figure 2.
Tyres system.
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• While tyres 2 and 3 have a lateral deformation and may slide laterally,
producing a track width change of their respective axles. As a consequence,
tyres 2 and 3 have only a constraint on the z-direction. Therefore, tyre-ground
contact was modelled as a prismatic joint P in the y-direction.

• Tyres are assumed as flexible mechanical components and can be represented
by prismatic joints P, [11, 12].

• In vehicles with rigid suspension, tyres remain perpendicular to the axle all the
time.

Applying these constraints, Figure 5a shows the proposed kinematic chain
model of the tyres system.

The kinematic chain is composed of five links identified by letters A (road), B
(outer tyre in the turn), C and D (inner tyre in the turn), and E (vehicle axle); and
the five joints are identified by numbers as follows: two revolute joints R (tyre-road

Figure 3.
Movement constraints in Tyre-road contact.

Figure 4.
Vehicle on a curved path.

Figure 5.
(a) Kinematic chain of the tyres system. (b) Tyres system including actuators.
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contact of joints 1 and 4) and three prismatic joints P, two that represent tyres of the
system (2 and 5), and one the lateral slide of tyre 2 (3).

The mechanism of Figure 5a has 2-DoF, and it requires two actuators to control
its movement. The mechanism has a passive actuator in each prismatic joint of tyres
(2 and 5—axial deformation); these actuators control the movement along the x-
and z-axes, as shown in Figure 5b.

In this model, the revolute joint (3) and the prismatic joint (4) can be changed
by a spherical slider joint (Sd), with constraint in the z-axis, as shown in Figure 6.

1.1.2 Kinematics of tyre system

The movement of this system is orientated by the forces acting on the mecha-
nism (trailer weight (W) and the inertial force (may)) [13]. These forces affect the
passive actuators of the mechanism, as shown in Figure 7.

Eqs. (1)–(5) define the kinematics of the tyres system.

li ¼ δT þ lr ¼ 3ΔF
kt þ ac

þ lr ≈
�FTi þ Fstart

zi

kT
þ lr (1)

βi ¼ 90� arcsin
liþ1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

t2iþ1 þ l2iþ1

q

0
B@

1
CA (2)

ti ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2iþ1 þ l2iþ1 þ l2i � 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t2iþ1 þ l2iþ1

q� �
li cos βið Þ

s
(3)

δi ¼ arcsin li sin βið Þ=tið Þ (4)

θi ¼ θ j ¼ 90� δi � βi (5)

where δT is the normal deformation of the tyre [14], ΔF is the algebraic change
in the initial load, kt is the vertical stiffness of the tyre, ac is the regression coeffi-
cient, FTi is the instantaneous tyre normal load, li is the instantaneous dynamic
rolling radius of the tyre i, Fstart

zi is the initial normal load i, kT is the equivalent tyre
vertical stiffness, lr is the initial dynamic rolling radius of tyre i, ti is the track width,

Figure 6.
Tyres system model.

Figure 7.
Movement of tyres system.
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ti+1 is the axle width, and θi;j are the rotation angles of the revolute joints i and j
respectively.

1.2 Suspension system

This system comprises the linkage between the sprung and unsprung masses of a
vehicle, which reduces the movement of the sprung mass, allowing tyres to main-
tain contact with the ground, and filtering disturbances imposed by the ground [3].
In heavy vehicles, the suspension system most used is the leaf spring suspension or
rigid suspension [15], as shown in Figure 8. For developing this model (trailer), it is
assumed that the vehicle has this suspension on the front and rear axles.

The rigid suspension is a mechanism that allows the following movements of the
vehicle’s body under the action of lateral forces: displacement in the z- and y-
direction and a roll rotation about the x-axis [1, 8], as shown in Figure 9a and b.

1.2.1 Kinematic chain of the suspension system

The system of Figure 10a has 3-DoF (M = 3), the workspace is planar (λ = 3) and
the number of independent loops is one (ν = 1). From the mobility equation, the
kinematic chain of suspension system should be composed of six links (n = 6) and
six joints (j = 6).

To model this system the following consideration is considered: leaf springs are
assumed as flexible mechanical components with an axial deformation and a small
shear deformation, and can be represented by prismatic joints P supported in
revolute joints R [16].

To allow the rotation of the body in the z-axis, the link between the body and the
leaf spring is made with revolute joint. Applying these concepts to the system, a
model with the configuration shown in Figure 10b is proposed.

Figure 8.
Solid axle with leaf spring suspension. Source: Adapted from Rill et al. [15].

Figure 9.
(a) Body motion. (b) Suspension system.
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contact of joints 1 and 4) and three prismatic joints P, two that represent tyres of the
system (2 and 5), and one the lateral slide of tyre 2 (3).

The mechanism of Figure 5a has 2-DoF, and it requires two actuators to control
its movement. The mechanism has a passive actuator in each prismatic joint of tyres
(2 and 5—axial deformation); these actuators control the movement along the x-
and z-axes, as shown in Figure 5b.

In this model, the revolute joint (3) and the prismatic joint (4) can be changed
by a spherical slider joint (Sd), with constraint in the z-axis, as shown in Figure 6.

1.1.2 Kinematics of tyre system

The movement of this system is orientated by the forces acting on the mecha-
nism (trailer weight (W) and the inertial force (may)) [13]. These forces affect the
passive actuators of the mechanism, as shown in Figure 7.

Eqs. (1)–(5) define the kinematics of the tyres system.
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where δT is the normal deformation of the tyre [14], ΔF is the algebraic change
in the initial load, kt is the vertical stiffness of the tyre, ac is the regression coeffi-
cient, FTi is the instantaneous tyre normal load, li is the instantaneous dynamic
rolling radius of the tyre i, Fstart

zi is the initial normal load i, kT is the equivalent tyre
vertical stiffness, lr is the initial dynamic rolling radius of tyre i, ti is the track width,

Figure 6.
Tyres system model.

Figure 7.
Movement of tyres system.
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ti+1 is the axle width, and θi;j are the rotation angles of the revolute joints i and j
respectively.

1.2 Suspension system

This system comprises the linkage between the sprung and unsprung masses of a
vehicle, which reduces the movement of the sprung mass, allowing tyres to main-
tain contact with the ground, and filtering disturbances imposed by the ground [3].
In heavy vehicles, the suspension system most used is the leaf spring suspension or
rigid suspension [15], as shown in Figure 8. For developing this model (trailer), it is
assumed that the vehicle has this suspension on the front and rear axles.

The rigid suspension is a mechanism that allows the following movements of the
vehicle’s body under the action of lateral forces: displacement in the z- and y-
direction and a roll rotation about the x-axis [1, 8], as shown in Figure 9a and b.

1.2.1 Kinematic chain of the suspension system

The system of Figure 10a has 3-DoF (M = 3), the workspace is planar (λ = 3) and
the number of independent loops is one (ν = 1). From the mobility equation, the
kinematic chain of suspension system should be composed of six links (n = 6) and
six joints (j = 6).

To model this system the following consideration is considered: leaf springs are
assumed as flexible mechanical components with an axial deformation and a small
shear deformation, and can be represented by prismatic joints P supported in
revolute joints R [16].

To allow the rotation of the body in the z-axis, the link between the body and the
leaf spring is made with revolute joint. Applying these concepts to the system, a
model with the configuration shown in Figure 10b is proposed.

Figure 8.
Solid axle with leaf spring suspension. Source: Adapted from Rill et al. [15].

Figure 9.
(a) Body motion. (b) Suspension system.
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The system is composed of six links identified by letters D (vehicle axle), E and
F (spring 1), G and H (spring 2), and I (the vehicle body), and the six joints
identified by the following numbers: four revolute joints R (5, 7, 8, and 10) and two
prismatic joints P that represent the leaf springs of the system (6 and 9), as shown
in Figure 10b.

The mechanism of Figure 10b has 3-DoF, and it requires three actuators to
control its movements, applying the technique developed in Section 1.1, the kine-
matic chain has a passive actuator in the prismatic joints 6 and 9 (axial deformation
of the leaf spring), and a passive actuator in the joints 6 and 9 (torsion spring—
shear deformation); but the mechanism with four passive actuators is over-
constrained, in this case only one equivalent passive actuator is used in the joint 5 or
8, as shown in Figure 10c.

1.2.2 Kinematics of the suspension system

The movement of the suspension is orientated first by the movement of the tyres
system, and second by forces acting on the mechanism (vehicle weight (W) and
inertial force (may)). These forces affect the passive actuators of the mechanism, as
shown in Figure 11.

Eqs. (6)–(12) define the kinematics of the suspension system:

θn ¼ Txn=kts (6)

ln ¼ δLS þ ls ¼ 3ΔFl3

8EsNBT3 þ ls ≈
�FLSn þ Fstart

zi

kLs
þ ls (7)

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2n þ b2 � 2lnb cos 90þ θ6ð Þ

q
(8)

βn ¼ arccos b2 þ r2 � l24
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= 2brð Þ� �
(9)

Figure 10.
(a) Movement of suspension system. (b) Kinematic chain of suspension system. (c) Suspension system including
actuators.

Figure 11.
Movement of suspension system.
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θnþ1 ¼ βn þ arcsin
b
r
sin 90þ θnð Þ
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� 90 (10)

θnþ2 ¼ θn þ arcsin
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(11)
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lnþ1
sin βnð Þ

� �
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where Txn is the moment around the x-axis on the joint n, kts is the spring’s
torsion coefficient, δLS is the leaf spring deformation [17], ΔF is the algebraic
change in the initial load, l is the length of the leaf spring, N is the number of leaves,
B is the width of the leaf,T is the thickness of the leaf, Es is the modulus of elasticity
of a multiple leaf, ln is the instantaneous height of the leaf spring n, FLSn is the spring
normal force n, ls is the initial suspension height, kLs is the equivalent stiffness of the
suspension, ln is the instantaneous height of the leaf spring n, b is the lateral
separation between the springs, and θn is the rotation angle of the revolute joint n.

1.3 The fifth wheel system

This system is a coupling device between the tractive unit and the trailer; but in
the case of a multiple trailer train, a fifth wheel also can be located on a lead trailer.
The fifth wheel allows articulation between the tractive and the towed units.

This system consists of a wheel-shaped deck plate usually designed to tilt or
oscillate on mounting pins. The assembly is bolted to the frame of the tractive unit.
A sector is cut away in the fifth wheel plate (sometimes called a throat), allowing a
trailer kingpin to engage with locking jaws in the centre of the fifth wheel [18]. The
trailer kingpin is mounted in the trailer upper coupler assembly. The upper coupler
consists of the kingpin and the bolster plate.

When the vehicle makes different manoeuvres (starting to go uphill or downhill,
and during cornering) [18], the fifth wheel allows the free movement of the trailer
and more flexibility of the chassis, as shown in Figures 12–14.

Rotation about the longitudinal axis of up to 3° of movement between the tractor
and trailer is permitted. On a standard fifth wheel, this occurs as a result of clear-
ance between the fifth wheel to bracket fit, compression of the rubber bushes, and
also the vertical movement between the kingpin and locks may allow some lift of
the trailer to one side [18].

Consider the third movement of the trailer, the mechanism that represents the
fifth wheel has similar design and movements to the suspension mechanism
(Figure 15), it is located over the front suspension mechanism.

Figure 12.
Movement of the fifth wheel—Starting uphill. Source: Adapted from Saf-Holland [18].
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The system is composed of six links identified by letters D (vehicle axle), E and
F (spring 1), G and H (spring 2), and I (the vehicle body), and the six joints
identified by the following numbers: four revolute joints R (5, 7, 8, and 10) and two
prismatic joints P that represent the leaf springs of the system (6 and 9), as shown
in Figure 10b.

The mechanism of Figure 10b has 3-DoF, and it requires three actuators to
control its movements, applying the technique developed in Section 1.1, the kine-
matic chain has a passive actuator in the prismatic joints 6 and 9 (axial deformation
of the leaf spring), and a passive actuator in the joints 6 and 9 (torsion spring—
shear deformation); but the mechanism with four passive actuators is over-
constrained, in this case only one equivalent passive actuator is used in the joint 5 or
8, as shown in Figure 10c.

1.2.2 Kinematics of the suspension system

The movement of the suspension is orientated first by the movement of the tyres
system, and second by forces acting on the mechanism (vehicle weight (W) and
inertial force (may)). These forces affect the passive actuators of the mechanism, as
shown in Figure 11.

Eqs. (6)–(12) define the kinematics of the suspension system:
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where Txn is the moment around the x-axis on the joint n, kts is the spring’s
torsion coefficient, δLS is the leaf spring deformation [17], ΔF is the algebraic
change in the initial load, l is the length of the leaf spring, N is the number of leaves,
B is the width of the leaf,T is the thickness of the leaf, Es is the modulus of elasticity
of a multiple leaf, ln is the instantaneous height of the leaf spring n, FLSn is the spring
normal force n, ls is the initial suspension height, kLs is the equivalent stiffness of the
suspension, ln is the instantaneous height of the leaf spring n, b is the lateral
separation between the springs, and θn is the rotation angle of the revolute joint n.

1.3 The fifth wheel system

This system is a coupling device between the tractive unit and the trailer; but in
the case of a multiple trailer train, a fifth wheel also can be located on a lead trailer.
The fifth wheel allows articulation between the tractive and the towed units.

This system consists of a wheel-shaped deck plate usually designed to tilt or
oscillate on mounting pins. The assembly is bolted to the frame of the tractive unit.
A sector is cut away in the fifth wheel plate (sometimes called a throat), allowing a
trailer kingpin to engage with locking jaws in the centre of the fifth wheel [18]. The
trailer kingpin is mounted in the trailer upper coupler assembly. The upper coupler
consists of the kingpin and the bolster plate.

When the vehicle makes different manoeuvres (starting to go uphill or downhill,
and during cornering) [18], the fifth wheel allows the free movement of the trailer
and more flexibility of the chassis, as shown in Figures 12–14.

Rotation about the longitudinal axis of up to 3° of movement between the tractor
and trailer is permitted. On a standard fifth wheel, this occurs as a result of clear-
ance between the fifth wheel to bracket fit, compression of the rubber bushes, and
also the vertical movement between the kingpin and locks may allow some lift of
the trailer to one side [18].

Consider the third movement of the trailer, the mechanism that represents the
fifth wheel has similar design and movements to the suspension mechanism
(Figure 15), it is located over the front suspension mechanism.

Figure 12.
Movement of the fifth wheel—Starting uphill. Source: Adapted from Saf-Holland [18].
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Here lfw is the fifth wheel system’s instantaneous height, FFWn is the fifth wheel
normal load, and lfi is the fifth wheel system’s initial height, b1 is the fifth wheel
width.

1.4 The chassis

The chassis is the backbone of the trailer, and it integrates the main truck
component systems such as the axles, suspension, power train, and cab. The chassis
is also an important part that contributes to the dynamic performance of the whole
vehicle. One of the truck’s important dynamic properties is the torsional stiffness,
which causes different lateral load transfers (LLT) on the axles of the vehicle [19].

According to Winkler [20] and Rill [4], the chassis has significant torsional
compliance, which would allow its front and rear parts to roll independently; this is

Figure 14.
Movement of the fifth wheel—Rotation x-axis. Source: Adapted from Saf-Holland [18].

Figure 15.
Kinematic chain of fifth wheel system.

Figure 13.
Movement of the fifth wheel—Starting downhill. Source: Adapted from Saf-Holland [18].
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because the lateral load transfer is different on the axles of the vehicle. Then,
applying the torsion theory, the vehicle frame has similar behaviour with a statically
indeterminate torsional shaft, as shown in Figure 16.

Here TCG is the torque applied by the forces acting on the CG,Tf (T28) is the
torque applied on the vehicle front axle,Tr (T27) is the torque applied on the vehicle
rear axle, a is the distance from the front axle to the centre of gravity, and L is the
wheelbase of the trailer. Applying torsion theory to the statically indeterminate
shaft, the next equation is defined:

T f a
J fG

¼ Tr L� að Þ
JrG

(13)

where Jf and Jr are the equivalent polar moments on front and rear sections of the
vehicle frame respectively, and G is the modulus of rigidity (or shear modulus).

According to Kamnik et al. [21] when a trailer model makes a spiral manoeuvre,
the LLT on the rear axle is greater than the LLT on the front axle; therefore the
equivalent polar moment on the rear (Jr) is greater than the equivalent polar moment
on the front (Jf). These can be expressed as Jr = x Jf (where x is the constant that allows
controlling the torque distribution of the chassis); replacing and simplifying Eq. (13):

T f þ Tr
a� L
ax

� �
¼ 0 (14)

However, when the trailer model makes a turn, the torque applied on the vehicle
front axle has two components, as shown in Figure 17 and Eqs. (15) and (16).

Tfx ¼ T f cosψ (15)

Figure 16.
Kinematic chain of the chassis.

Figure 17.
Torque components.
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Here lfw is the fifth wheel system’s instantaneous height, FFWn is the fifth wheel
normal load, and lfi is the fifth wheel system’s initial height, b1 is the fifth wheel
width.

1.4 The chassis

The chassis is the backbone of the trailer, and it integrates the main truck
component systems such as the axles, suspension, power train, and cab. The chassis
is also an important part that contributes to the dynamic performance of the whole
vehicle. One of the truck’s important dynamic properties is the torsional stiffness,
which causes different lateral load transfers (LLT) on the axles of the vehicle [19].

According to Winkler [20] and Rill [4], the chassis has significant torsional
compliance, which would allow its front and rear parts to roll independently; this is

Figure 14.
Movement of the fifth wheel—Rotation x-axis. Source: Adapted from Saf-Holland [18].

Figure 15.
Kinematic chain of fifth wheel system.

Figure 13.
Movement of the fifth wheel—Starting downhill. Source: Adapted from Saf-Holland [18].
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because the lateral load transfer is different on the axles of the vehicle. Then,
applying the torsion theory, the vehicle frame has similar behaviour with a statically
indeterminate torsional shaft, as shown in Figure 16.

Here TCG is the torque applied by the forces acting on the CG,Tf (T28) is the
torque applied on the vehicle front axle,Tr (T27) is the torque applied on the vehicle
rear axle, a is the distance from the front axle to the centre of gravity, and L is the
wheelbase of the trailer. Applying torsion theory to the statically indeterminate
shaft, the next equation is defined:
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JrG

(13)

where Jf and Jr are the equivalent polar moments on front and rear sections of the
vehicle frame respectively, and G is the modulus of rigidity (or shear modulus).

According to Kamnik et al. [21] when a trailer model makes a spiral manoeuvre,
the LLT on the rear axle is greater than the LLT on the front axle; therefore the
equivalent polar moment on the rear (Jr) is greater than the equivalent polar moment
on the front (Jf). These can be expressed as Jr = x Jf (where x is the constant that allows
controlling the torque distribution of the chassis); replacing and simplifying Eq. (13):

T f þ Tr
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¼ 0 (14)

However, when the trailer model makes a turn, the torque applied on the vehicle
front axle has two components, as shown in Figure 17 and Eqs. (15) and (16).

Tfx ¼ T f cosψ (15)
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Kinematic chain of the chassis.
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Torque components.
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Tfy ¼ T f cosψ (16)

where Tfx (Tx28) is the torque applied in the x-axis (this torque acts on the lateral
load transfer on front axle),Tfy (Ty28) is the torque applied in the y-axis, and ψ is the
steering angle of trailer front axle.

1.5 Three-dimensional trailer model

Considering the systems developed, the model of the trailer (Figure 18) is
composed of the following mechanisms:

• the front mechanism of the trailer is composed for the tyres, the suspension,
and the fifth wheel,

• the rear mechanism is composed for the tyres, and the suspension, and

• the last mechanism is the chassis and links the front and rear mechanism of the
model.

The kinematic chain of the trailer model (Figure 18) is composed of 28 joints
(j = 28; 14 revolute joints ‘R’, 10 prismatic joints ‘P’, 2 spherical joints ‘S’, 2 spherical
slider joints ‘Sd’), and 23 links (n = 23).

2. Static analysis of the mechanism

Several methodologies allow us to obtain a complete static analysis of the mech-
anism. For this purpose, the Davies method was used to analyse the mechanisms
statically [11, 22–29]. This method was selected because it offers a straightforward
way to obtain a static model of the mechanism, and this model can be easily
adaptable using this approach.

2.1 External forces and load distribution

In the majority of LCVs, the load on the trailers is fixed and nominally centred; for
this reason, the initial position lateral of the centre of gravity is centred and symmetric.

Figure 18.
Trailer model.
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Usually, the national regulation boards establish the maximum load capacity of
the axles of LCVs; this is based on the design load capacity of the pavement and
bridges, so each country has its regulations. In this scope, the designers develop
their products considering that the trailer is loaded uniformly, causing the axle’s
load distribution to be in accordance with the laws. Figure 19 shows the example of
the normal load distribution.

However, some loading does not properly distribute the load, which ultimately
changes the centre of gravity of the trailer forwards or backwards, as shown in
Figure 20 respectively.

In Figures 19 and 20, Ff and Fr are the forces acting on the front and rear axles
respectively.

Generally, the CG position is dependent on the type of cargo, and the load
distribution on the trailer and it varies in three directions: longitudinal (x-axis),
lateral (y-axis), and vertical (z-axis), as shown Figure 21.

Here, d1 denotes the lateral CG displacement, d2 denotes the longitudinal CG
displacement, and d3 the vertical CG displacement.

Furthermore, Figure 22a and b show that only the weight (W) and the lateral
inertial force (may) act on the trailer CG, but, when the model takes into account

Figure 19.
Normal load distribution.

Figure 20.
Longitudinal CG movement.

Figure 21.
CG displacements.

141

Stability Analysis of Long Combination Vehicles Using Davies Method
DOI: http://dx.doi.org/10.5772/intechopen.92874



Tfy ¼ T f cosψ (16)

where Tfx (Tx28) is the torque applied in the x-axis (this torque acts on the lateral
load transfer on front axle),Tfy (Ty28) is the torque applied in the y-axis, and ψ is the
steering angle of trailer front axle.

1.5 Three-dimensional trailer model

Considering the systems developed, the model of the trailer (Figure 18) is
composed of the following mechanisms:

• the front mechanism of the trailer is composed for the tyres, the suspension,
and the fifth wheel,

• the rear mechanism is composed for the tyres, and the suspension, and

• the last mechanism is the chassis and links the front and rear mechanism of the
model.

The kinematic chain of the trailer model (Figure 18) is composed of 28 joints
(j = 28; 14 revolute joints ‘R’, 10 prismatic joints ‘P’, 2 spherical joints ‘S’, 2 spherical
slider joints ‘Sd’), and 23 links (n = 23).

2. Static analysis of the mechanism

Several methodologies allow us to obtain a complete static analysis of the mech-
anism. For this purpose, the Davies method was used to analyse the mechanisms
statically [11, 22–29]. This method was selected because it offers a straightforward
way to obtain a static model of the mechanism, and this model can be easily
adaptable using this approach.

2.1 External forces and load distribution

In the majority of LCVs, the load on the trailers is fixed and nominally centred; for
this reason, the initial position lateral of the centre of gravity is centred and symmetric.

Figure 18.
Trailer model.
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Usually, the national regulation boards establish the maximum load capacity of
the axles of LCVs; this is based on the design load capacity of the pavement and
bridges, so each country has its regulations. In this scope, the designers develop
their products considering that the trailer is loaded uniformly, causing the axle’s
load distribution to be in accordance with the laws. Figure 19 shows the example of
the normal load distribution.

However, some loading does not properly distribute the load, which ultimately
changes the centre of gravity of the trailer forwards or backwards, as shown in
Figure 20 respectively.

In Figures 19 and 20, Ff and Fr are the forces acting on the front and rear axles
respectively.

Generally, the CG position is dependent on the type of cargo, and the load
distribution on the trailer and it varies in three directions: longitudinal (x-axis),
lateral (y-axis), and vertical (z-axis), as shown Figure 21.

Here, d1 denotes the lateral CG displacement, d2 denotes the longitudinal CG
displacement, and d3 the vertical CG displacement.

Furthermore, Figure 22a and b show that only the weight (W) and the lateral
inertial force (may) act on the trailer CG, but, when the model takes into account

Figure 19.
Normal load distribution.

Figure 20.
Longitudinal CG movement.

Figure 21.
CG displacements.
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the longitudinal slope angle (φ) and the bank angle (ϕ) of the road, these forces
have three components, as represented in Eqs. (17)–(19).

Px ¼ W sinφ (17)

Py ¼ �W sinϕ cosφþmay cosϕ (18)

Pz ¼ W cosϕ cosφþmay sinϕ (19)

where Px is the force acting on the x-axis, Py is the force acting on the y-axis, and
Pz is the force acting on the z-axis.

Finally, the load distribution of the trailer on a road with a slope angle is given by
the Figure 23 and Eq. (20).

Pxh2 � Pz a� d2ð Þ þ FrL ¼ 0 (20)

where h2 is the instantaneous CG height, L is the wheelbase of the trailer, and a
is the distance from the front axle to the centre of gravity.

2.2 Screw theory of the mechanism

Screw theory enables the representation of the mechanism’s instantaneous position
in a coordinate system (successive screw displacement method) and the representa-
tion of the forces and moments (wrench), replacing the traditional vector representa-
tion. All these fundamentals applied to the mechanism are briefly presented below.

2.2.1 Method of successive screw displacements of the mechanism

In the kinematicmodel for amechanism, the successive screwsdisplacementmethod
is used. Figures 24–28 andTable 1 present the screw parameters of themechanism.

Figure 23.
Load distribution of a trailer on a road with slope angle.

Figure 22.
(a) Longitudinal slope of the road. (b) Banked road.
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Figure 26.
Vector along the direction of the screws axis (model of the front and rear of the trailer).

Figure 24.
Variables of the mechanism position (model of the front of the trailer).

Figure 25.
Variables of the mechanism position (model of the rear of the trailer).
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the longitudinal slope angle (φ) and the bank angle (ϕ) of the road, these forces
have three components, as represented in Eqs. (17)–(19).

Px ¼ W sinφ (17)

Py ¼ �W sinϕ cosφþmay cosϕ (18)

Pz ¼ W cosϕ cosφþmay sinϕ (19)

where Px is the force acting on the x-axis, Py is the force acting on the y-axis, and
Pz is the force acting on the z-axis.

Finally, the load distribution of the trailer on a road with a slope angle is given by
the Figure 23 and Eq. (20).

Pxh2 � Pz a� d2ð Þ þ FrL ¼ 0 (20)

where h2 is the instantaneous CG height, L is the wheelbase of the trailer, and a
is the distance from the front axle to the centre of gravity.

2.2 Screw theory of the mechanism

Screw theory enables the representation of the mechanism’s instantaneous position
in a coordinate system (successive screw displacement method) and the representa-
tion of the forces and moments (wrench), replacing the traditional vector representa-
tion. All these fundamentals applied to the mechanism are briefly presented below.

2.2.1 Method of successive screw displacements of the mechanism

In the kinematicmodel for amechanism, the successive screwsdisplacementmethod
is used. Figures 24–28 andTable 1 present the screw parameters of themechanism.

Figure 23.
Load distribution of a trailer on a road with slope angle.

Figure 22.
(a) Longitudinal slope of the road. (b) Banked road.
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Figure 26.
Vector along the direction of the screws axis (model of the front and rear of the trailer).

Figure 24.
Variables of the mechanism position (model of the front of the trailer).

Figure 25.
Variables of the mechanism position (model of the rear of the trailer).
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InFigures 24–28 andTable 1, l13 is the distance between the fifthwheel and the front
axle, l1;2;7;8 are the dynamic rolling radii of tyres, t1;3 are the front and rear trackwidths of
the trailer respectively, t2;4 are the front and rear axlewidths respectively, b is the lateral
separation between the springs, b1 is the fifthwheel width, θi is the revolution joint angle
rotation i, l3;4;9;10 are the instantaneous heights of the leaf spring, l12 is the height ofCG
above the chassis, and ψ is the trailer/trailer angle.

This method enables the determination of the displacement of the mechanism
and the instantaneous position vector s0i of the joints, and the centre of gravity (The
vector s0i (Table 2) is obtained from the first three terms of the last column of
equations shown in Table 3).

2.2.2 Wrench—Forces and moments

In the static analysis, all forces and moments of the mechanism are
represented by wrenches ($A) [13]. The wrenches applied can be represented by the

Figure 28.
Variables of the mechanism position (three-dimensional model).

Figure 27.
Variables of the mechanism position (side view of the trailer).
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vector $A = [Mx My Mz Fx Fy Fz]
T, where F denotes the forces, and M denotes the

moments.
To simplify the model of Figure 28, the following considerations were made:

• for the x-direction a steady-state model was used in the analysis;

• disturbances imposed by the road and the lateral friction forces (Fy)
(tyre-ground contact) in the joints 3 and 19 were neglected; and

Joints and points s s0 θ d

Joint 1 1 0 0 �l13 0 0 θ1 0

Joint 2 0 0 1 �l13 0 0 0 l1

Joint 3a 0 1 0 �l13 0 0 0 t1

Joint 3b 1 0 0 �l13 0 0 θ3 0

Joint 4 0 0 1 �l13 0 0 0 l2

Joint 5 1 0 0 �l13 (t2 � b)/2 0 θ5 0

Joint 6 0 0 1 �l13 (t2 � b)/2 0 0 l3

Joint 7 1 0 0 �l13 (t2 � b)/2 0 θ7 0

Joint 8 1 0 0 �l13 (t2 + b)/2 0 θ8 0

Joint 9 0 0 1 �l13 (t2 + b)/2 0 0 l4

Joint 10 1 0 0 �l13 (t2 + b)/2 0 θ10 0

Joint 11 1 0 0 0 (t2 � b1)/2 0 θ11 0

Joint 12 0 0 1 0 (t2 � b1)/2 0 0 l5

Joint 13 1 0 0 0 (t2 � b1)/2 0 θ13 0

Joint 14 1 0 0 0 (t2 + b1)/2 0 θ14 0

Joint 15 0 0 1 0 (t2 + b1)/2 0 0 l6

Joint 16 1 0 0 0 (t2 + b1)/2 0 θ16 0

Joint 17 1 0 0 �L 0 0 θ17 0

Joint 18 0 0 1 �L 0 0 0 l7

Joint 19a 0 1 0 �L 0 0 0 t3

Joint 19b 1 0 0 �L 0 0 θ19 0

Joint 20 0 0 1 �L 0 0 0 l8

Joint 21 1 0 0 �L (t4 � b)/2 0 θ21 0

Joint 22 0 0 1 �L (t4 � b)/2 0 0 l9

Joint 23 1 0 0 �L (t4 � b)/2 0 θ23 0

Joint 24 1 0 0 �L (t4 + b)/2 0 θ24 0

Joint 25 0 0 1 �L (t4 + b)/2 0 0 l10

Joint 26 1 0 0 �L (t4 + b)/2 0 θ26 0

Joint 27 1 0 0 �L t4/2 0 θ27 0

Joint 28 1 0 0 0 t2/2 0 θ28 0

Point 29 0 0 1 0 t2/2 0 ψ 0

CG (30) 1 0 0 �a � d2 (t4/2) � d1 l12 � d3 0 0

Table 1.
Screw parameters of the mechanism.
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vector s0i (Table 2) is obtained from the first three terms of the last column of
equations shown in Table 3).
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represented by wrenches ($A) [13]. The wrenches applied can be represented by the
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vector $A = [Mx My Mz Fx Fy Fz]
T, where F denotes the forces, and M denotes the

moments.
To simplify the model of Figure 28, the following considerations were made:

• for the x-direction a steady-state model was used in the analysis;

• disturbances imposed by the road and the lateral friction forces (Fy)
(tyre-ground contact) in the joints 3 and 19 were neglected; and

Joints and points s s0 θ d
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Joint 12 0 0 1 0 (t2 � b1)/2 0 0 l5

Joint 13 1 0 0 0 (t2 � b1)/2 0 θ13 0

Joint 14 1 0 0 0 (t2 + b1)/2 0 θ14 0

Joint 15 0 0 1 0 (t2 + b1)/2 0 0 l6

Joint 16 1 0 0 0 (t2 + b1)/2 0 θ16 0

Joint 17 1 0 0 �L 0 0 θ17 0

Joint 18 0 0 1 �L 0 0 0 l7

Joint 19a 0 1 0 �L 0 0 0 t3
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Joint 20 0 0 1 �L 0 0 0 l8
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Joint 23 1 0 0 �L (t4 � b)/2 0 θ23 0

Joint 24 1 0 0 �L (t4 + b)/2 0 θ24 0
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Joint 26 1 0 0 �L (t4 + b)/2 0 θ26 0

Joint 27 1 0 0 �L t4/2 0 θ27 0

Joint 28 1 0 0 0 t2/2 0 θ28 0

Point 29 0 0 1 0 t2/2 0 ψ 0

CG (30) 1 0 0 �a � d2 (t4/2) � d1 l12 � d3 0 0
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Screw parameters of the mechanism.
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References s0i

1 t2 s29�2l13c29
2 � 2l13s29þt2c29�t2

2
0

2 2l1 s1þt2ð Þs29�2l13c29
2 � 2l1 s1þt2ð Þc29þ2l13 s29�t2

2
l1c1

3 t2�2t1ð Þs29�2l13c29
2 � 2l13s29þ t2�2t1ð Þc29�t2

2
0

4 2l2 s3þt2�2t1ð Þs29�2l13c29
2 � 2l13s29þ 2l2s3þt2�2t1ð Þc29�t2

2
l2c3

5–16 ⁞ ⁞ ⁞

17 �L 0 0

18 �L �l7s17 l7c17

19 �L t3 0

20 �L t3 � l8s19 l8c19

21 �L � 2l17 s17þ b2�t4ð Þc17
2

t4�b2ð Þs17þ2l17c17
2

22–23 �L � 2l17 s17þ b2�t4ð Þc17þ2l9 s21þ17
2

t4�b2ð Þs17þ2l17 c17þ2l9c21þ17
2

24–28 ⁞ ⁞ ⁞

CG �a� d2 *h1 *h2

si ¼ sin θici ¼ cos θi
*h1 ¼ � 2l12�2d3ð Þs27þ23þ21þ17�d1c27þ23þ21þ17�b2c23þ21þ17þ2l9 s21þ17þ2l7 s17þ b2�t4ð Þc17

2:

*h2 ¼ ��d1 s27þ23þ21þ17þ �2d3�2l12ð Þc27þ23þ21þ17�b2s23þ21þ17�2l9c21þ17�2l7 c17þ b2�t4ð Þs17
2

Table 2.
Instantaneous position vector s0i.

Joints and points Instantaneous position matrix

Joint 1 p’1 = A29 A1 p1

Joint 2 p’2 = A29 A1 A2 p2

Joint 3 p’3 = A29 A3a A3b p3

Joint 4 p’4 = A29 A3a A3b A4 p4

Joint 5 p’5 = A29 A1 A2 A5 p5

Joint 6 p’6 = A29 A1 A2 A5 A6 p6

Joint 7 p’7 = A29 A1 A2 A5 A6 A7 p7

Joint 8 p’8 = A29 A1 A2 A8 p8

Joint 9 p’9 = A29 A1 A2 A8 A9 p9

Joint 10 p’10 = A29 A1 A2 A8 A9 A10 p10

Joint 11 p’11 = A29 A1 A2 A5 A6 A7 A11 p11

Joint 12 p’12 = A29 A1 A2 A5 A6 A7 A11 A12 p12

Joint 13 p’13 = A29 A1 A2 A5 A6 A7 A11 A12 A13 p13

Joint 14 p’14 = A29 A1 A2 A5 A6 A7 A14 p14

Joint 15 p’15 = A29 A1 A2 A5 A6 A7 A14 A15 p15

Joint 16 p’16 = A29 A1 A2 A5 A6 A7 A14 A15 A16 p16

Joint 17 p’17 = A17 p17

Joint 18 p’18 = A17 A18 p18

Joint 19 p’19 = A19a A19b p19
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Joints and points Instantaneous position matrix

Joint 20 p’20 = A19a A19b A20 p20

Joint 21 p’21 = A17 A18 A21 p21

Joint 22 p’22 = A17 A18 A21 A22 p22

Joint 23 p’23 = A17 A18 A21 A22 A23 p23

Joint 24 p’24 = A17 A18 A24 p24

Joint 25 p’25 = A17 A18 A24 A25 p25

Joint 26 p’26 = A17 A18 A24 A25 A26 p26

Joint 27 p’27 = A17 A18 A21 A22 A23 A27 p27

Joint 28 p’28 = A29 A1 A2 A5 A6 A7 A11 A12 A13 A28 p28

CG (30) p’CG = A17 A18 A21 A22 A23 A27 ACG pCG

Table 3.
Instantaneous position matrix.

Joints and
reference points

Constraints
and forces

si Inst. position
vector s0i

Revolute joints
1, 7, 8, 10, 13,
14, 16, 17, 23, 24,
and 26

Fxi 1 0 0 Revolute joints
1, 7, 8, 10, 13,

14, 16, 17, 23, 24,
and 26

Fyi 0 1 0

Fzi 0 0 1

Myi 0 1 0

Mzi 0 0 1

Spherical slider
joints 3 and 19

Fxi 1 0 0 Spherical slider
joints 3 and 19

Fzi 0 0 1

Revolute joints
5, 11, and 21

Fxi 1 0 0 Revolute joints
5, 11, and 21

Fyi 0 1 0

Fzi 0 0 1

Txi 1 0 0

Myi 0 1 0

Mzi 0 0 1

Prismatic joints
2, 4, 6, 9, 12, 15,
18, 20, 22 and
25

Fxi 1 0 0 Prismatic joints
2, 4, 6, 9, 12, 15,
18, 20, 22, and

25

Fni 0 cos θi�1 sin θi�1

Mxi 1 0 0

Myi 0 1 0

Mzi 0 0 1

Prismatic joints
2, 4, 18, and 20

FTi 0 �sin θi�1 cos θi�1 Prismatic joints
2, 4, 18, and 20

Prismatic joints
6, 9, 22, and 25

FLSi 0 �sin θi�1 cos θi�1 Prismatic joints
6, 9, 22, and 25

Prismatic joints
12 and 15

FFWi 0 �sin θi�1 cos θi�1 Prismatic joints
12 and 15
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• the components of the trailer weight (W) and the inertial force (may) are the
only external forces acting on the trailer CG.

Considering a static analysis in a three-dimensional space [7], the corresponding
wrenches of each joint and external forces are defined by the parameters of
Table 4, where si represents the orientation vector of each wrench i.

All of the wrenches of the mechanism together comprise the action matrix [Ad]
given by Eq. (21) (or the amplified matrix of the Eq. (22)).

Ad½ �6�148 ¼ $AFx1
$AFy1

$AFz1
⋯ $APx

$APy
$APz

h i
(21)

Ad½ � ¼

0 0 �p1Fz1 ⋯ 0 h2Py �h1Pz

0 0 �p2Fz1 ⋯ h2Px 0 �a� d2ð ÞPz

p1Fx1 p2Fy1 0 ⋯ �h1Px � �a� d2ð ÞPy 0

Fx1 0 0 ⋯ Px 0 0

0 Fy1 0 ⋯ 0 �Py 0

0 0 Fz1 ⋯ 0 0 �Pz

2
666666664

3
777777775

(22)

where pi is a system variable.
The wrench can be represented by a normalised wrench and a magnitude.

Therefore, from the Eq. (22) the unit action matrix and the magnitudes action
vector are obtained, as represented by Eqs. (23) and (24).

Âd

h i
6�148

¼

0 0 �p1 ⋯ 0 h2 �h1
0 0 �p2 ⋯ h2 0 �a� d2ð Þ
p1 p2 0 ⋯ �h1 � �a� d2ð Þ 0

1 0 0 ⋯ 1 0 0

0 1 0 ⋯ 0 �1 0

0 0 1 ⋯ 0 0 �1

2
666666664

3
777777775

(23)

Ψ½ �148�1 ¼ Fx1 Fy1 Fz1 ⋯ Px Py Pz
� �

(24)

2.2.3 Graph theory

Kinematic chains and mechanisms are comprised of links and joints, which can
be represented by graphs, where the vertices correspond to the links, and the edges
correspond to the joints and external forces [5, 7].

Joints and
reference points

Constraints
and forces

si Inst. position
vector s0i

Spherical joints
27 and 28

Fxi 1 0 0 Spherical joints
27 and 28

Fyi 0 1 0

Fzi 0 0 1

Txi 1 0 0

CG (30) Px 1 0 0 CG (30)

Py 0 �1 0

Pz 0 0 �1

Table 4.
Wrench parameters of the mechanism.
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The mechanism of the Figure 28 is represented by the direct coupling graph of
the Figure 29. This graph has 23 vertices (links) and 31 edges (joints and external
forces (Px, Py, and Pz)).

The direct coupling graph (Figure 29) can be represented by the incidence
matrix [I]23X31 [30] (Eq. (25)). The incidence matrix provides the mechanism cut-
set matrix [Q]22X31 [11, 25–28, 30] (Eq. (26)) for the mechanism, where each line
represents a cut graph and the columns represent the mechanism joints. Besides,
this matrix is rearranged, allowing 22 branches (edges 1–3, 5–9, 11–15, 17–19, 21–25,
and 27—identity matrix) and 9 chords (edges 4, 10, 16, 20, 26, 28, Px, Py, and Pz) to
be defined, as shown in Figure 30.

Figure 29.
Direct coupling graph of the mechanism.

Figure 30.
Cut-set action graph of the mechanism.
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• the components of the trailer weight (W) and the inertial force (may) are the
only external forces acting on the trailer CG.
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Wrench parameters of the mechanism.
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The mechanism of the Figure 28 is represented by the direct coupling graph of
the Figure 29. This graph has 23 vertices (links) and 31 edges (joints and external
forces (Px, Py, and Pz)).

The direct coupling graph (Figure 29) can be represented by the incidence
matrix [I]23X31 [30] (Eq. (25)). The incidence matrix provides the mechanism cut-
set matrix [Q]22X31 [11, 25–28, 30] (Eq. (26)) for the mechanism, where each line
represents a cut graph and the columns represent the mechanism joints. Besides,
this matrix is rearranged, allowing 22 branches (edges 1–3, 5–9, 11–15, 17–19, 21–25,
and 27—identity matrix) and 9 chords (edges 4, 10, 16, 20, 26, 28, Px, Py, and Pz) to
be defined, as shown in Figure 30.

Figure 29.
Direct coupling graph of the mechanism.

Figure 30.
Cut-set action graph of the mechanism.
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ð25Þ

ð26Þ

All constraints are represented as edges, which allows the amplification of the
cut-set graph and the cut-set matrix. Additionally, the tyre normal load (FTi), spring
normal load (FLSi), fifth wheel normal load (FFWi), and the passive torsional
moment (Txi) are included.

Figure 30 presents the cut-set action graph and the Eq. (27) presents the expanded
cut-set matrix ([Q]22X148), where each line represents a cut of the graph, and the
columns are the constraints of the joints as well as external forces on the mechanism.

ð27Þ

2.3 Equation system solution

Using the cut-set law [24], the algebraic sum of the normalised wrenches given
in Eqs. (23) and (24), that belong to the same cut [Q]22X148 (Figure 30 and Eq. (27))
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must be equal to zero. Thus, the statics of the mechanism can be defined, as
exemplified in Eq. (28) (or the amplified matrix of the Eq. (29)):

Ân

h i
132�148

Ψ½ �T148�1 ¼ 0½ �132�1 (28)

Cut 1
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2
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777777777777777777777777777777775

:

Fx1

Fy1

⋮

Px

Py

Pz

2
666666666664

3
777777777775

¼ 0½ �132�1 (29)

It is necessary to identify the set of primary variables [Ψp] (known variables),
among the variables of Ψ. Once identified, the system of the Eq. (28) is rearranged
and divided in two sets, as shown by Eq. (30).

Âns

h i
132�145

Ψs½ �T145�1 þ Ânp

h i
132�3

Ψp
� �T

3�1 ¼ 0½ �132�1 (30)

where [Ψp] is the primary variable vector, [Ψs] is the second variable vector

(unknown variables), Ânp

h i
are the columns corresponding to the primary vari-

ables, and Âns

h i
are the columns corresponding to the secondary variables.

In this case, the primary variable vector is:

Ψp
� �

3�1 ¼ Px Py Pz
� �T (31)

and the secondary variable vector is:

Ψ s½ �145�1 ¼ Fx1 Fy1 My1 Mz1 ⋯ Fz1 Fz3 Fz17 Fz19
� �T (32)

Solving the system Eq. (30) using the Gauss-Jordan elimination method, all
secondary variables being function of the primary variables, the last row of the
solution system provides the next equation:

Fz3 þ P1 þ t3
t1 cosψ

Fz19 þ P1

t1 cosψ
Fz17

� h1 þ P1

t1 cosψ
Pz þ h2

t1 cosψ
Py ¼ 0 (33)
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normal load (FLSi), fifth wheel normal load (FFWi), and the passive torsional
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Figure 30 presents the cut-set action graph and the Eq. (27) presents the expanded
cut-set matrix ([Q]22X148), where each line represents a cut of the graph, and the
columns are the constraints of the joints as well as external forces on the mechanism.
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in Eqs. (23) and (24), that belong to the same cut [Q]22X148 (Figure 30 and Eq. (27))

150

Numerical and Experimental Studies on Combustion Engines and Vehicles

must be equal to zero. Thus, the statics of the mechanism can be defined, as
exemplified in Eq. (28) (or the amplified matrix of the Eq. (29)):
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It is necessary to identify the set of primary variables [Ψp] (known variables),
among the variables of Ψ. Once identified, the system of the Eq. (28) is rearranged
and divided in two sets, as shown by Eq. (30).
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h i
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Ψs½ �T145�1 þ Ânp

h i
132�3

Ψp
� �T

3�1 ¼ 0½ �132�1 (30)

where [Ψp] is the primary variable vector, [Ψs] is the second variable vector

(unknown variables), Ânp

h i
are the columns corresponding to the primary vari-

ables, and Âns

h i
are the columns corresponding to the secondary variables.

In this case, the primary variable vector is:

Ψp
� �

3�1 ¼ Px Py Pz
� �T (31)

and the secondary variable vector is:

Ψ s½ �145�1 ¼ Fx1 Fy1 My1 Mz1 ⋯ Fz1 Fz3 Fz17 Fz19
� �T (32)

Solving the system Eq. (30) using the Gauss-Jordan elimination method, all
secondary variables being function of the primary variables, the last row of the
solution system provides the next equation:

Fz3 þ P1 þ t3
t1 cosψ

Fz19 þ P1

t1 cosψ
Fz17

� h1 þ P1

t1 cosψ
Pz þ h2

t1 cosψ
Py ¼ 0 (33)
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replacing Py and Pz:

Fz3 þ P1 þ t3
t1 cosψ

Fz19 þ P1

t1 cosψ
Fz17

� h1 þ P1

t1 cosψ
Wcosϕcosφþmay sinϕ
� �

þ h2
t1 cosψ

may cosϕ�Wsinϕcosφ
� � ¼ 0 (34)

where P1 is a system variable (P1 ¼ 2l13 sinψ þ t2 cosψ � 1ð Þð Þ=2), h1 is the
instantaneous lateral distance between the zero-reference frame and the centre of
gravity, and h2 is the instantaneous CG height (Table 2). Simplifying the equation,
and making tan ϕð Þ ¼ e, where e is the tangent of the bank angle, we have:

ay
g
¼ h1 cosφþ h2ecosφ

h2 � h1 þ P1ð Þe �

1� t1Fz3 cosψ þ P1 Fz17 �Wcosϕcosφð Þ þ P1 þ t3ð ÞFz19

Wcosϕ h1 cosφþ h2ecosφð Þ
� �

(35)

According to the static redundancy problem known as the four-legged table
[31, 32], a plane is defined by just three points in space and, consequently, a four-
legged table has support plane multiplicities. This is why when one leg loses contact
with the ground, the table is supported by the other three, as shown in Figure 31.

The problem of the four-legged table is observed in dynamic rollover tests when
the rear inner tyre loses contact with the ground (Fz19 = 0), and the front inner tyre
(Fz3) does not, as shown, for example, in Figure 32.

Applying this theory to the vehicle stability, when a vehicle makes a turn, it is
subjected to an increasing lateral load until it reaches the rollover threshold [32].
During the turning, the rear inner tyre is usually the one that loses contact with the
ground. For this condition (Fz19 = 0), and thus:

SRT3Dψϕφ ¼
h1 cosφþ h2ecosφ
h2 � h1 þ P1ð Þe �

1� t1Fz3 cosψ þ P1 Fz17 �Wcosϕcosφð Þ
Wcosϕ h1 cosφþ h2ecosφð Þ

� �
(36)

where SRT3Dψϕφ factor is the three-dimensional static rollover threshold for a
trailer model with trailer/trailer angle (ψ), bank angle (e), and slope angle (φ).

Figure 31.
Redundancy problem of the four-legged table.
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The normal forces Fz3 and Fz17 depend on the LLT coefficient in the front and
rear axles respectively [4, 21, 34]. Furthermore, this coefficient depends on the
vehicle type, speed, suspension, tyres, etc.

This information demonstrates that the SRT3Dψϕφ factor of a vehicle (Eq. (36)) is,
in general, inferior to the SRT factor for a two-dimensional model vehicle [35], as
shown in Eq. (37).

SRT2D ¼ ay
g
¼ t

2h
(37)

where h is the CG height, t is the vehicle track.

Figure 32.
Dynamic rollover test. Source: Adapted of Cabral [33].

Parameters of the trailer Value Units

Trailer weight—W 355.22 kN

Front and rear track widths (t1,3) 1.86 m

Front and rear axles widths (t2,4) 1.86 m

Stiffness of the suspension per axle (ks) [37] 1800 kN.m�1

Number of axles at the front (trailer) (four tyres per axle) 2

Number of axles at the rear (trailer) (four tyres per axle) 3

Vertical stiffness per tyre (kT) ([37]) 840 kN.m�1

Initial suspension height (l3,4,9,10) (ls) 0.205 m

Initial dynamic rolling radius (l1,2,7,8) (lr) (Michelin XZA® [36]) 0.499 m

Initial height of the fifth wheel (lfi) 0.1 m

Lateral separation between the springs (b) 0.95 m

Fifth wheel width (b1) 0.6 m

CG height above the chassis (l12) 1.346 m

Distance between the fifth wheel and the front axle (l13) 0.15 m

Wheelbase of the trailer (L) 4.26 m

Distance from the front axle to the centre of gravity (a) 3 m

Offset of the cargo d1 0.1 m

Trailer/trailer angle (ψ) 0 °

Table 5.
Parameters of the trailer model.
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where SRT3Dψϕφ factor is the three-dimensional static rollover threshold for a
trailer model with trailer/trailer angle (ψ), bank angle (e), and slope angle (φ).

Figure 31.
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The normal forces Fz3 and Fz17 depend on the LLT coefficient in the front and
rear axles respectively [4, 21, 34]. Furthermore, this coefficient depends on the
vehicle type, speed, suspension, tyres, etc.

This information demonstrates that the SRT3Dψϕφ factor of a vehicle (Eq. (36)) is,
in general, inferior to the SRT factor for a two-dimensional model vehicle [35], as
shown in Eq. (37).

SRT2D ¼ ay
g
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(37)

where h is the CG height, t is the vehicle track.

Figure 32.
Dynamic rollover test. Source: Adapted of Cabral [33].

Parameters of the trailer Value Units

Trailer weight—W 355.22 kN

Front and rear track widths (t1,3) 1.86 m

Front and rear axles widths (t2,4) 1.86 m

Stiffness of the suspension per axle (ks) [37] 1800 kN.m�1

Number of axles at the front (trailer) (four tyres per axle) 2

Number of axles at the rear (trailer) (four tyres per axle) 3

Vertical stiffness per tyre (kT) ([37]) 840 kN.m�1

Initial suspension height (l3,4,9,10) (ls) 0.205 m

Initial dynamic rolling radius (l1,2,7,8) (lr) (Michelin XZA® [36]) 0.499 m

Initial height of the fifth wheel (lfi) 0.1 m

Lateral separation between the springs (b) 0.95 m

Fifth wheel width (b1) 0.6 m

CG height above the chassis (l12) 1.346 m

Distance between the fifth wheel and the front axle (l13) 0.15 m

Wheelbase of the trailer (L) 4.26 m

Distance from the front axle to the centre of gravity (a) 3 m

Offset of the cargo d1 0.1 m

Trailer/trailer angle (ψ) 0 °
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Parameters of the trailer model.
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With Eq. (36), it is possible to obtain a better vehicle stability representation and
the SRT3Dψϕφ factor value attainments closer to reality.

To simplify the solution of the system of equations in Eq. (30), the following
hypotheses were considered:

• in the majority of LCVs, the load on the trailers is uniformly distributed
(Eq. (20));

• the lateral load transfer of the trailer model is controlled through the torsional
moment of the chassis (spherical joints 27 and 28 (Eqs. (15) and (16))).

Eq. (38) shows the final static system for the stability analysis, solving this
system using the Gauss-Jordan elimination method, all secondary variables are a
function of primary variables, (Px—force acting on the x-axis, Py—force acting on
the y-axis, and Pz—force acting on the z-axis).
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Eq: 15ð Þ
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¼ 0½ �135�1

(38)
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3. Case study

In this study, a B-train trailer with two axles on front and three axles on the rear is
analysed. Thismodel has a suspension systemwith a tandem axle, and its parameters
depend on the constructionmaterials. Another important parameter of themodel is the
dynamic rolling radius or loaded radius li. Theproposedmodel considersMichelinXZA®
[36] radial tyres.Table 5 shows the parameters of the trailer used in this analysis [32, 38].

To calculate the SRT factor, the inertial force is increased until the lateral load
transfer in the rear axle is complete (the entire load is transferred from the rear
inner tyre to the rear outer tyre when the model makes a turn). The reduction in the
SRT factor (Eq. (36) and the solution of the system of Eq. (38)) results from the
combined action of the trailer systems, which allows a body roll angle of the trailer
model (Figure 33) [32]. In this figure, it can be seen how the stability factor varies
according to the influence of some of the parameters of the developed model.

When the model considers all parameters, the LLT coefficient on the front axle
is approximately 70% of the LLT coefficient on the rear axle [21]. Applying this
concept, the SRTall factor reduces to 0.3364 g. Finally, the proposed model shows
how the lateral offset of the cargo (d1 = 0.1 m) influences the SRToff factor: 2 cm of
lateral offset corresponds to a loss of stability of around 0.01 g a reduction similar to
that reported by Winkler [20, 32].

Additionally, the proposed model shows how a change in the lateral separation
between the springs (b) influences the SRT factor. Some LCVs with tanker trailers
have a greater lateral separation between the springs, which leads to a decrease in
the roll angle and thus an increase in the SRT factor: 1 cm of lateral separation
between the springs corresponds to a gain or loss of stability of around 0.001 g, as
shown in Figure 33b [32].

This model also allows the determination of the lateral (h1) and vertical (h2) CG
location (Figure 34).

Finally, if we consider the recommended maximum lateral load transfer ratio for
the rear axle of 0.6 [39, 40], and also include the recommended bank angle and
longitudinal slope of the road [41, 42], we can calculate the SRT factor for a trailer
model on downhill and uphill corners. Table 6 shows a trailer model with different
trailer/trailer angles (ψ) [32].

Figure 33.
(a) Roll angle of the trailer (θ). (b) Change in the SRT factor.
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In this study, a B-train trailer with two axles on front and three axles on the rear is
analysed. Thismodel has a suspension systemwith a tandem axle, and its parameters
depend on the constructionmaterials. Another important parameter of themodel is the
dynamic rolling radius or loaded radius li. Theproposedmodel considersMichelinXZA®
[36] radial tyres.Table 5 shows the parameters of the trailer used in this analysis [32, 38].

To calculate the SRT factor, the inertial force is increased until the lateral load
transfer in the rear axle is complete (the entire load is transferred from the rear
inner tyre to the rear outer tyre when the model makes a turn). The reduction in the
SRT factor (Eq. (36) and the solution of the system of Eq. (38)) results from the
combined action of the trailer systems, which allows a body roll angle of the trailer
model (Figure 33) [32]. In this figure, it can be seen how the stability factor varies
according to the influence of some of the parameters of the developed model.

When the model considers all parameters, the LLT coefficient on the front axle
is approximately 70% of the LLT coefficient on the rear axle [21]. Applying this
concept, the SRTall factor reduces to 0.3364 g. Finally, the proposed model shows
how the lateral offset of the cargo (d1 = 0.1 m) influences the SRToff factor: 2 cm of
lateral offset corresponds to a loss of stability of around 0.01 g a reduction similar to
that reported by Winkler [20, 32].

Additionally, the proposed model shows how a change in the lateral separation
between the springs (b) influences the SRT factor. Some LCVs with tanker trailers
have a greater lateral separation between the springs, which leads to a decrease in
the roll angle and thus an increase in the SRT factor: 1 cm of lateral separation
between the springs corresponds to a gain or loss of stability of around 0.001 g, as
shown in Figure 33b [32].

This model also allows the determination of the lateral (h1) and vertical (h2) CG
location (Figure 34).

Finally, if we consider the recommended maximum lateral load transfer ratio for
the rear axle of 0.6 [39, 40], and also include the recommended bank angle and
longitudinal slope of the road [41, 42], we can calculate the SRT factor for a trailer
model on downhill and uphill corners. Table 6 shows a trailer model with different
trailer/trailer angles (ψ) [32].

Figure 33.
(a) Roll angle of the trailer (θ). (b) Change in the SRT factor.
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In the worst-case scenario, the trailer model, for a downhill corner with a bank
angle of 0%, the longitudinal slope of the road of 8%, and a trailer/trailer angle of 20°
can reduce the SRT factor of the model by 59.6%, using 0.4511 g as a reference [32].

Slope angle (φ)-(%) Uphill corners Downhill corners

Trailer/trailer
angle (ψ)-(°)

Bank angle
(ϕ)-(%)

8 6 4 2 0 2 4 6 8

0 0 0.240 0.223 0.214 0.208 0.202 0.198 0.194 0.190 0.186

0 2 0.261 0.245 0.235 0.228 0.223 0.218 0.214 0.210 0.206

0 4 0.283 0.265 0.256 0.249 0.244 0.239 0.234 0.230 0.226

0 6 0.305 0.286 0.277 0.270 0.265 0.260 0.256 0.252 0.248

0 8 0.327 0.308 0.299 0.292 0.285 0.281 0.276 0.272 0.268

0 10 0.350 0.330 0.320 0.313 0.307 0.303 0.298 0.294 0.290

10 0 0.241 0.223 0.214 0.207 0.202 0.197 0.193 0.189 0.185

10 2 0.262 0.245 0.234 0.227 0.222 0.217 0.213 0.209 0.205

10 4 0.283 0.265 0.256 0.249 0.243 0.239 0.233 0.229 0.225

10 6 0.306 0.286 0.276 0.270 0.264 0.259 0.255 0.251 0.247

10 8 0.328 0.308 0.298 0.291 0.285 0.280 0.276 0.271 0.267

10 10 0.351 0.330 0.319 0.312 0.307 0.302 0.297 0.293 0.288

20 0 0.241 0.222 0.212 0.206 0.200 0.195 0.191 0.187 0.182

20 2 0.262 0.244 0.233 0.226 0.220 0.216 0.211 0.207 0.203

20 4 0.283 0.264 0.254 0.247 0.242 0.236 0.232 0.227 0.224

20 6 0.306 0.285 0.275 0.268 0.262 0.257 0.253 0.249 0.245

20 8 0.328 0.307 0.297 0.290 0.283 0.278 0.274 0.270 0.265

20 10 0.351 0.329 0.318 0.311 0.305 0.300 0.295 0.291 0.286

Table 6.
Static rollover threshold (SRT) of the trailer model with trailer/trailer angle.

Figure 34.
(a) Lateral CG location. (b) Vertical CG location.
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An analysis of Table 6 leads to the following conclusions for the critical condi-
tions of the trailer:

• a 1% bank angle corresponds to gain in the stability of around 0.01 g;

• when the trailer is in downhill corners, a 1% slope angle corresponds to a loss of
stability of around 0.0021 g;

• the trailer/trailer angle is inversely proportional to the SRT factor since when
the trailer makes a horizontal curve with a small radio, and the trailer/trailer
angle and inertial force are large, the SRT factor is lower.

4. Conclusions

This study demonstrates that the longitudinal characteristics of a trailer model
have an essential influence on the SRT factor calculation. In this case, the SRT factor
is approximately 38% lower than the previously reported standard value. This value
is very close to that reported by Winkler [20] (i.e. 40%), which suggests that the
proposed model provides consistent results [32].

This model also shows that the change in the lateral separation between the
springs (b) plays an important role, and thus it should be considered in the design
and construction of trailers. Greater lateral separation between the springs will
increase the trailer model stability [32].

We also found that the parameters of the road, such as the bank angle and the
longitudinal slope angle, can affect vehicle stability. This situation is closer to the
actual problem: when the road is not planar, the lateral and the longitudinal load
transfer play an important role in reducing the stability. On the other hand, this
provides a very important warning, because some simplifications carried out when
estimating the SRT factor can lead to a considerably higher stability value. This is a
point of concern, leading to the perception that our roads are safer than they really
are [32].
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