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Abstract

Abstract

The previously developed models for fuel droplet heating and evaporation processes,
mainly the Discrete Multi Component Model (DMCM), and Multi-Dimensional Quasi-
Discrete Model (MDQDM) are studied, improved and generalised for a broad range of bio-
fossil fuel blends so that the application areas are broadened with increased accuracy. The
main distinctive features of these models are that they consider the impacts of species
thermal conductivities and diffusivities within the droplets to account for the temperature
gradient, transient diffusion of species and recirculation. The research carried out in this
thesis is focused on four key aspects: (1) application of the previously developed models for
a broad range of fossil fuels, biofuels and their blends including ethanol/gasoline,
biodiesel/diesel, E85-diesel (E85 refers to 85% ethanol and 15% gasoline) and
ethanol/biodiesel/diesel fuel blends; (2) formulation of fuel surrogates, using a new model
referred to as “Complex Fuel Surrogate Model (CFSM)”, and analysing their heating,
evaporation and combustion characteristics; (3) modelling of fuel droplet heating and
evaporation, using a modified version of the MDQDM with a new transient algorithm
referred to as “Transient Multi-Dimensional Quasi-Discrete Model (TMDQDM)”; and (4)
providing a proof of concept with the implementation of the developed model into a
commercial CFD code ANSYS-Fluent, for the three-dimensional modelling of complete
combustion processes. A case study is made for the CFD modelling of gas-turbine engine
using kerosene fuel surrogate. The non-ideal vapour-liquid equilibrium is accounted for,
using the Universal Quasi-Chemical Functional-group Activity Coefficient (UNIFAC) model.

The heating and evaporation of ethanol/gasoline and biodiesel/diesel fuel blends are
investigated using the DMCM. The combination of ethanol and gasoline fuels has a
noticeable impact on droplet heating and evaporation. For biodiesel/diesel blend, the
predicted droplet lifetimes of biodiesel/diesel blends with 5% biodiesel and 95% diesel are
only 1% less than that of pure diesel. The application of the MDQDM has improved the
computational efficiency significantly with minimal sacrifice in accuracy. It is found that the
original DMCM predicts ethanol/gasoline fuel droplet lifetimes with errors up to 5.7%
compared to those predicted using the same model but with the ACs obtained from the
UNIFAC model.

A new approach to the formulation of fuel surrogates in application to gasoline, diesel, and
their biofuel blends (including blends of biodiesel/diesel and ethanol/gasoline) is
proposed. This new approach, described as a “CFSM”, is based on a modified version of the
MDQDM. The CFSM is aimed to reduce the full composition of fuel to a much smaller number
of components based on their mass fractions, and to formulate fuel surrogates. A new
algorithm for the auto-selection of Components/Quasi-Components in MDQDM is suggested
and applied to the analysis of fuel droplet heating and evaporation. In contrast to the
MDQDM, the new model takes into account the transient contributions of all groups of
hydrocarbons, aiming for higher accuracy of the selection of quasi-components than that
produced using the original MDQDM. Finally, a surrogate for kerosene is proposed using the
CFSM. The model is implemented into ANSYS-Fluent via a user-defined function in order to
provide the first full simulation of the combustion process. Detailed chemical mechanism is
also implemented into ANSYS CHEMKIN for the combustion study.
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Nomenclature

Abbreviations

AC Activity Coefficient

ADC Approximate Discrete Components

B# #% Biodiesel/diesel volume fraction

BME Butter Methyl Ester

C/QcC Components/Quasi-Components

CAN Canola Methyl Ester

CFD Computational Fluid Dynamics

CFSM Complex Fuel Surrogate Model

CME Coconut Methyl Ester

CML Camelina Methyl Ester

CN Cetane Number

CNE Corn Methyl Ester

co Carbon monoxide

co, Carbon dioxide

CPU Central Processing Unit

CSE Cottonseed Methyl Ester

DB Double Bond

Diff Difference

DLM Diffusion Limit Model

DMCM Discrete Multi-Component Model

E# #% Ethanol/gasoline volume fraction

EM# #% Ethanol/gasoline molar fraction

EW# #% Ethanol/gasoline weight fraction

Nomenclature
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EBD
ED
E/D
ETC
FACE
FAME
GGE
FGM
GTE
HC
H/C
HME1
HME?2
HV
ICE
ID
ITC
JTR
LME
LNE
MDQDM
MON
MW
NO4
Nu

NRTL

Ethanol/Biodiesel/Diesel

Effective Diffusivity

Ethanol/Diesel

Effective Thermal Conductivity
Fuel used in Advanced Combustion Engines
Fatty Acid Methyl Ester
Greenhouse Gas Emissions
Flamelet Generated Manifold
Gas-Turbine Engines
Hydrocarbons

Hydrogen/Carbon

Hempseed-oil, produced in Ukraine
Hempseed-oil, produced in the EU
Heating Value

Internal Combustion Engine
Infinite Diffusivity

Infinite Thermal Conductivity
Jatropha Methyl Ester

Lard Methyl Ester

Linseed Methyl Ester
Multi-Dimensional Quasi-Discrete Model
Motor Octane Number

Molar Weight

Nitrogen Oxides

Nusselt number

Non-Random Two Liquids

Nomenclature
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ON
Pe
PME
PMK
Pr
RMM
PTE
QDM
Re
RME
RON
Sc
SCM
SFE
Sh
SME
SNE
Sur#
TGE
TMDQDM
TME
UNIFAC
WCO

YGR

Octane Number

Peclet number

Palm Methyl Ester

Palm kernel Methyl Ester
Prandtl number

Rapid Mixing Model
Peanut Methyl Ester
Quasi-Discrete Model
Reynolds number
Rapeseed Methyl Ester
Research octane number
Schmidt number

Single Component Model
Safflower Methyl Ester
Sherwood number
Soybean Methyl Ester
Sunflower Methyl Ester
Surrogate number

Tung Methyl Ester

Transient Multi-Dimensional Quasi-Discrete Model

Tallow Methyl Ester

Nomenclature

Universal Quasi-Chemical Functional-group Activity Coefficient

Waste Cooking Oil

Yellow Grease Methyl Ester
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Symbols

a

Bu

Group interaction parameter
Spalding mass transfer number
Spalding heat transfer number
Specific heat capacity

Friction drag coefficient

Specific heat capacity of the fuel vapour at constant pressure
Diffusion coefficient

Activation energy

Mass film thickness correction factor
Heat film thickness correction factor
Group mass fraction

Parameter introduced at Equation 38
Parameter introduced at Equation 38
Convective heat transfer coefficient
Parameter introduced at Equation 10
Parameter introduced at Equation 21
Thermal conductivity

Latent heat of evaporation

Lewis number

Hydrocarbon group number or mass of the droplet
Evaporation rate of droplets

Carbon number

Number of atoms

Pressure

Nomenclature
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q Sum of the group area parameter
qn Parameter introduced at Equation 10
Q Molecular van der Waals surface area parameter
Q; Power spent on the droplet heating
r Sum of the group volume parameter
R Droplet Radius, molecular van der Waals volume parameter or
universal gas constant
R Rate of change in droplet radius
t Time
T Temperature
U Velocity
v Volume fraction or kinematic viscosity
Vp, Parameter introduced at Equation 10
\Y Volume
w Weight
x Molar fraction
y Mass fraction
Greek Symbols
a Parameter defined by Equation 19
B Parameter value for octane or cetane numbers
y Activity coefficient
6 Area fraction
€ Evaporation rate of specie
€ Error
K Effective thermal diffusivity

Nomenclature
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U Dynamic viscosity
p Density
p Relative density
v Number of structure groups in molecule i
U} Group interaction parameter
r Group residual activity coefficient
) Segment fraction
(o) Equivalence ratio
0] Parameter introduced in Equation 28 or fugacity coefficient
T Time instant in transient states or ignition time delay
o Stefan-Boltzmann constant
A Eigenvalues
w Acentric factor
X Recirculation coefficient
A Difference
Subscripts
av Average
b Boiling
B Biodiesel
c Critical
C Carbon
d Droplet
D Diesel
E Evaporation or Ethanol
eff Effective

Nomenclature
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Nomenclature

g Gas

H Hydrogen

i Index of individual components
ign [gnition

iso Isolated

j Molecular group of mixed type

k,m,n Molecular group of one type used in the UNIFAC model

l Liquid

m Mixture

r Reduced

rad Radiation

s Surface

T Temperature

v Vapour

oS} Far from the droplet surface
Superscripts

C Combinatorial term

R Residual term

Sat Saturation

* Modified values
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Chapter 1: Introduction

CHAPTER ONE: Introduction

The energy demand is sharply increasing along with the increase in worldwide population
and global fossil fuel consumption. This demand is expected to grow at an average annual
growth rate of around 1% [1]. Currently, more than 99% of the transport sector is powered
by combustion engines, which contribute to around 14% of Greenhouse Gas Emissions
(GGE) [1]. Due to the need for reducing GGE, which contribute to global warming, and the
depletion of fossil fuels, governments and industries are aiming to shift from the
dependency on fossil fuels to renewable energy sources (e.g., biofuels) [2,3]. The use of
mixture of biofuels (e.g., biodiesel and ethanol) with fossil fuels in standard propulsion

systems can reduce GGE and lead to complete combustion [4].

According to the US environment protection agency, all gasoline engine vehicles can use a
blend of gasoline fuel with up to 10% volume fraction of ethanol without the need for engine
modification [5]. The reduction in CO, emissions without loss of engine performance is
noticeable for this mixture [6]. According to the European Renewable Ethanol Association,
replacing the European gasoline with a mixture of 10% ethanol and 90% gasoline (known
as E10) would reduce the GGE by 6% [7]. Mixtures with up to 15% of ethanol and 85% of
gasoline fuel have been approved for use in 2001 and newer vehicles, under the U.S. federal
standards for renewable fuel [8]. Unsurprisingly, this increase in the ethanol content in the
baseline fuel would reduce the GGE even further. For diesel fuel, it is known that mixtures
with up to 85% diesel and 15% ethanol are used in standard diesel engines without
significant impacts on these engines [9]. It has been reported in [10] that ethanol can be
blended with diesel fuel at up to 20% ethanol in diesel engines. Likewise, the use of such
fuel blends in Gas-Turbine Engines (GTE) has also become common nowadays. These
blends have indeed been stimulated by the depletion of fossil fuel and most importantly the

environmental concerns.
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Based on scientific ground of the applicability of bio-fossil fuel blends in conventional
gasoline and diesel engines [11], governments set targets for the use of biofuels by
increasing their fractions in the baseline fuel (gasoline and diesel). According to the UK
Department for Transport, the British Government has legislated a new policy for
increasing the percentage of bio/fossil fuel blends from 4.75% in 2018 to 9.75% in 2020
and to 12.4% in 2032 to achieve its obligations regarding reducing the GGE by 6% by the
end of 2020 [12]. Recently, the US administration gave approval for the compulsory use of
E15[13].

The feasibility of mixing fuel from different origins (i.e. bio and fossil fuels) starts from their
storage to their final ignition and releasing the needed energy. The processes inside the

combustion chamber of an Internal Combustion Engine (ICE) are illustrated in Figure 1.

Primary  Secondary

breakup breakup Heating Evaporation Ignition

()
o () P
E 0 0% e o o T
Z ... o _®

@

Figure 1. Schematic of injection, breakup, heating, evaporation and ignition processes inside
the combustion chamber of an ICE [14].

In typical ICE chamber, the fuel is injected in a high pressure cylinder (up to 1000 bar [15])
in the form of large ligaments which are part of the primary breakup. These ligaments will
undergo a secondary breakup to form fuel droplets. These fuel droplets are then heated and
evaporated and then a gaseous phase of the fuel vapour and air is formed which is
eventually ignited to release the needed energy that drives the ICE. The importance of multi-
component fuel droplets heating and evaporation processes has been highlighted in
literature [11,16]. These processes precede the onset of ignition, and play an essential role

in the performance of engines due to their very short time before the ignition of the air/fuel
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mixture [17]. Incomplete combustion and high levels of pollutant are expected when the
fuel is not well mixed with air and completely evaporated. As such, understanding these

processes is crucial to the design and optimum operation of ICE.

Different models were developed for the simulation of multi-component fuel droplet
heating and evaporation [18-21]. In most cases, the modelling of heating and evaporation
of multi-component droplets were represented by single components, for instance gasoline
was represented by iso-octane [22] and diesel was represented by n-dodecane [23,24].
These approaches were based on two assumptions: 1) the effect of species diffusion inside
droplets during the evaporation process and 2) the effect of finite thermal conductivity with
droplets could be ignored. Most of these studies (e.g. [25,26]) relied on these assumptions

to reduce the model complexity and the computational cost (CPU time).

The importance of considering the effect of species diffusion inside droplets and finite
thermal conductivity was highlighted in many studies and they were modelled using the
Effective Thermal Conductivity/Effective Diffusivity (ETC/ED) models [27-29]. The
importance of the latter models was represented by the fact that they took into account the
recirculation, temperature gradient and species diffusion inside droplets. Recent models
were developed to take into account ETC/ED models including the Discrete Multi-
Component Model (DMCM), Quasi-Discrete Model (QDM) and Multi-Dimensional Quasi-

Discrete Model (MDQDM).

The combustion studies were always based on the approximation of the composition of a
fuel by certain number of components to match the real combustion characteristics of the
fuel [30,31]. These approximations, commonly known as fuel surrogates, were mainly used
due to the unavailability of the chemical mechanisms of many components and the lack of
the computational resources. Although fuel surrogates were good representatives of the
real fuel composition in terms of their chemical behaviour, these surrogates might not be

able to match the physical characteristics of that fuel.
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Like the reciprocating engines, in GTE the understanding of the evaporation and
combustion processes of liquid fuels involving hundreds of components is crucial for the
improvements of these engines. The surrogates’ formulation of those fuels for GTE can also
be a substantial step in the accurate modelling of the heating and evaporation processes in

some GTE with less computational time.

1.1. Motivation
There are several gaps in the current state of fuel droplet heating and evaporation research
and formulation of fuel surrogates, which are outlined below. These form the main basis for

the motivation in this research:

* There are limited attempts to cover a broad range of biofuel/diesel fuel blends (including,
biodiesel/diesel, E85-diesel (E85 refers to 85% vol. ethanol and 15% vol. gasoline) and
ethanol/biodiesel /diesel) heating and evaporation.

* The impact of ethanol/gasoline fuel blends has only been investigated in the literature by
approximating the full composition of gasoline with iso-octane.

* The non-ideal vapour-liquid equilibrium has not been considered for the multi-
component heating and evaporation.

* The selection of quasi-components in the recently suggested MDQDM has been based on
trial and error, and on the initial fuel fraction (not transient); hence, the model is not
applicable for implementation into CFD software for real engineering applications.

* The previous studies have been mainly focussed on the formulation of chemical surrogates
to match the combustion characteristics of the full fuel compositions. There have not been
any attempts to formulate fuel surrogates that can match both the chemical and physical
characteristics of such a broad range of fuels and their blends.

* There has notbeen a study that considered the implementation of heating and evaporation

models into CFD codes for the modelling of GTE combustion system.
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1.2. Aim and Objectives

The aim of this study is to provide an accurate and CPU efficient approach for the modelling
of major processes preceding the onset of combustion (fuel droplet heating and
evaporation), with an application to the blends of multi-component bio-fossil fuel droplets.
Additionally, a new approach is introduced for the formulation of fuel surrogates to capture
the major physical and chemical fuel characteristics. The models are applied in conditions

relevant to direct injection internal combustion and GTE.

The following objectives were set as milestones and conducted to achieve the project aim:
e To understand the underlying physics related to automotive fuel droplet heating and

evaporation, and chemistry of fuel ignition.

To calculate the detailed thermodynamic and transport properties of all types of fuels

covered in this work, including their mixtures.

To further develop the multi-component modelling approach for the heating and

evaporation of different fuels and their blends.

To formulate suitable fuel surrogates that can match both the physical and chemical

behaviour of blended fuels.

To implement the models into a commercial CFD code for a broad range of combustion
applications. A proof of concept is presented in application to a GTE combustion

system.

1.3. Thesis Structure

The thesis is structured in the following frame of chapters and topics:

e In Chapter 2, a comprehensive literature review for the recent models for the
simulation of fuel droplet heating and evaporation, and for the formulation of fuel

surrogates is offered.
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In Chapter 3, the basic equations and mathematical expressions for the prediction of
fuel droplet heating and evaporation, and vapour liquid equilibrium are illustrated.

In Chapter 4, the DMCM, taking into account the Universal Quasi-Chemical Functional-
group Activity Coefficient (UNIFAC) model, is applied for the predictions of
ethanol/gasoline fuel droplet heating and evaporation.

In Chapter 5, the DMCM and MDQDM are applied for the analysis of biodiesel/diesel
blends, E85-diesel blends and ethanol/biodiesel /diesel fuel blends.

In Chapter 6, a new suggested Complex Fuel Surrogate Model (CFSM) is used for the
formulation of fuel surrogates for a broad range of automotive fuels.

In Chapter 7, a new “Transient MDQDM” is suggested and tested for the predictions of
blended fuel droplet heating and evaporation.

In Chapter 8, the developed model in Chapter 6 is used for the formulation of kerosene
surrogates and then implemented into ANSYS-Fluent, via the user-defined function, for
the simulation of heating, evaporation and combustion of kerosene fuel in a GTE.

In Chapter 9, the main key findings of the thesis are summarised and recommendations

for future work are highlighted.
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CHAPTER TWO: Literature Review

2.1. Overview

The physical delay of fuel combustion due to droplets heating and evaporation processes is
crucial for the performance of Internal Combustion Engines (ICE) and Gas-Turbine Engines
(GTE). The understanding of these processes is essential to the design and enhancement of
ICE. The heating and evaporation, as dominant processes to proceed combustion, are
complex processes due to the intervention of hundreds of chemical components in them.
Measurements related to these processes are commonly expensive, time consuming, and

not always available.

Also, the numerical simulation of such large numbers of components, including their
detailed thermodynamic and transport properties, is computationally expensive. Instead,
analytical modelling provides an alternative approach to fully understand these processes.
As such, the recent analytical studies about fuel droplets heating and evaporation are
summarised to identify the research gaps, challenges and rooms for improvement. The
major combustion characteristics and research findings for fuels used in automotive
engineering, including gasoline, diesel, ethanol, biodiesel and their blends and their

formulated surrogates, are reviewed.

2.2. Infinite Diffusivity/Infinite Thermal Conductivity Based Models

In previous studies, two approaches were used for the modelling of multi-component
automotive fuel droplet heating and evaporation. These approaches were based on the
analysis of approximating large number of components, such as the distillation curve model
[18,19] and the continuous thermodynamics model [20,21]. These approaches relied on
crude assumptions for modelling automotive fuel droplets; for example, species inside

droplets were assumed to either mix infinitely quickly (leading to Infinite
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Diffusivity/Infinite Thermal Conductivity (ID/ITC) models), or do not mix at all (leading to

Single Component Model (SCM)).

The ID/ITC approaches are widely used in research and Computational Fluid Dynamics
(CFD) codes, despite their simplicity. Different findings were relied on these approaches.
The continuous thermodynamics approach was utilised in [32] to model the multi-
component diesel fuel and compared to the SCM. Shorter evaporation time was predicted
by the multi-component model than that of SCM. This was due to the early evaporation of
lighter components, while the single component model might be represented by a heavy

component which took more time to evaporate.

The influence of ambient temperature on the evaporation time of normal decane was
predicted in [33] using the Diffusion Limit Model (DLM) and the Rapid Mixing Model (RMM).
Compared to the DLM, it was observed in this study that the RMM underpredicted the
droplet temperature and resulted in a slightly faster droplet heating. Results also showed
that the evaporation time decreased as a result of increasing the ambient temperature. In
addition, the impact of ambient pressure on the evaporation time of a mixture of normal
heptane and decane was investigated. Predictions showed that increasing the ambient

pressure from 1 bar to 8 bar led to a significant increase in the evaporation time.

The impact of ambient temperatures on the evaluation of droplet lifetime was also studied
in [34]. In this study, the droplet was represented by n-heptane. Similar behaviour to [33]
was obtained where the evaporation rate increased with increasing the ambient gas
temperature. The impact of ambient pressure on normal heptane and decane droplet
lifetime was investigated in [35] using three dimensional numerical simulation. The
ambient pressure was in the range of 0.1-0.2 MPa. Numerical simulation showed that, at low
gas temperature, droplet lifetimes for both components increased with increasing the
ambient pressure. However, they decreased with increasing the ambient pressure at high

gas temperature.
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The continuous thermodynamic evaporation model was facilitated in [25] to analyse the
evaporation of biodiesel fuel droplet. Predictions showed that the difference in the
evaporation time of both the saturated and unsaturated Fatty Acid Methyl Ester (FAME)
groups was negligible. The evaporation of biodiesel fuel droplet, represented by Rapeseed
and Soybean methyl ester separately, was investigated in [36] using the ITC model. The
ambient pressure was 1 bar and the ambient temperature was in the range of 550-1050 K.
The numerical work showed that the droplet lifetime decreased with increasing the
ambient temperature for both types of biodiesel fuels. Good agreement was observed by

comparing the numerical predictions with the experimental work provided in [37].

The evaporation process of normal decane, two components surrogate (normal decane and
trimethyl-benzene) and three components surrogate (normal dodecane, iso-octane and
toluene) was investigated in [38], assuming uniform temperature and composition inside
droplets . The evaporation rate of the three components surrogate was noticed to be faster
in the initial period and slower in the subsequent period than those of n-dodecane and two
components surrogate. This was attributed to the fact that iso-octane and toluene in the

three components surrogate had higher volatilities, while dodecane had lower volatility.

Numerical study was performed in [39] to study the evaporation of ethanol/iso-octane
droplet using ANSYS-Fluent. The Universal Functional Activity Coefficient (UNIFAC) model
was used to address the non-ideal equilibrium behaviour. The temperature was found to be
the most effective parameter in evaporation time. The evaporation rate was found to be
faster with increasing the ambient temperature. The impact of UNIFAC model on the
predictions of ethanol/iso-octane was also investigated in [40]. Significant difference in the
evaporation rate was observed as a result of considering the non-ideal vapour-liquid

equilibrium compared to the case where vapour-liquid equilibrium was treated as ideal.

The impact of non-ideal vapour-liquid equilibrium on the evaporation of ethanol/iso-octane

droplets was investigated in [41]. The non-random two liquids (NRTL) model was used to
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describe the non-ideal equilibrium behaviour. Significant drop in the evaporation rate was
observed when the non-ideal behaviour was accounted for. However, the droplet
temperature was significantly decreased especially when the ethanol fraction increased.
Different predictions were observed at low ambient temperature. The evaporation time was
seen to be decreased when the non-ideal behaviour was considered. At high ambient
temperature, the impact of the non-ideal behaviour led to small difference in the
evaporation time compared to the case when the non-ideal behaviour was ignored. The non-
ideal behaviour of vapour-liquid equilibrium in ethanol/gasoline fuel blends was
investigated in [42] by adapting the UNIFAC model. Consistent evaporation rate was
predicted by the numerical model due to the incorporation of the non-ideal behaviour

compared to the case when it was ignored.

The modelling of ethanol/gasoline fuel droplet evaporation was presented in [43]. The
evaporation model was developed using real solvent approach based on COSMO-RS theory.
In this study, the gasoline was approximated by 15 components. The evaporation time was
decreased with increasing the ethanol fraction. The evaporation of ethanol/iso-octane was
investigated numerically and experimentally in [44]. The non-random two liquids (NRTL)
model was used to describe the non-ideal equilibrium behaviour. It was found that the
evaporation rate decreased with increase the ethanol fraction. Hybrid multi-component
evaporation model was formulated and tested for multi-component fuel evaporation based
on reduced number of components [45]. This model was based on the assumption that
composition distribution inside the droplet was uniform. The developed model improved
the computational efficiency compared to the case when the full number of components was

considered.

All the results discussed in this section so far relied on the ID/ITC models. The limitations
of these models are well known and defined in [28]. In these models, the following balanced

energy equation is used to model the droplet heating:
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dT . (1)
Corma - = 2nNukyRy (T, — Ts) + Lig + Gint

where, Cp, is the specific heat capacity of liquid, m; and R, are the mass and radius of the
droplet, respectively, Nuis the Nusselt number, kg is the thermal conductivity of gas,
T, and Ty are gas and surface temperatures, respectively, L is the latent heat of evaporation,
and gjp; is the heat supplied.

The assumption of effects of temperature gradients inside droplets can be ignored was the
main support of the derivation of equation 1 [46-56]. This assumption was supported by
the fact that the thermal conductivity of gas is much lower than that of liquid [57]. That
means the ratio of the heat transfer coefficient of the gas phase and the conductivity of liquid
(i.e. Biot number) is very small (<0.1). In some studies, Lewis number becomes relevant in
the case of multi-components evaporation due to the significant differences in thermal
conductivities and diffusion coefficients of components involved in the fuel mixture.
However, a comparison of the liquid and gas thermal diffusivities should be performed and
used as a base for the aforesaid assumption when modelling transient processes. In most
engineering applications, the thermal diffusivity of gas is much higher than that of liquid.
Equation 1, therefore, cannot be used for the modelling of transient heating process [57].
Moreover, the rapid evaporation of light components at the surface of the droplet leads to a
high gradient of component mass fractions inside the droplet which is another important

factor that also needs to be considered.

In response to the importance of considering the thermal diffusivity, the impacts of
temperature gradient, species diffusion and recirculation inside droplet are taken into
account through: 1) the analytical solution to the transient heat conduction and mass
transfer equations assuming that all the processes inside the droplet are spherically
symmetric [27,28]; or 2) the numerical solution to the energy equation. The models that

account for the temperature gradient, species diffusion and recirculation inside droplet are
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referred as Effective Thermal Conductivity/Effective Diffusivity (ETC/ED) models. A typical
distribution of temperature inside a moving droplet taking into account the ETC model is

shown in Figure 2 [11].

Based on the solutions of the heat and mass transfer equations and by taking into account
the ETC/ED models, several models have been developed during the last 15 years [58-60].
These models have been facilitated for the analysis of droplet heating and evaporation of

gasoline, diesel and biodiesel.

(b)

12|Page



Chapter 2: Literature review

Tlig
408 l
£400

-390
380

[370
357 B360

(c)

Figure 2. The effect of internal recirculation on temperature distribution inside a droplet
moving with relative velocities (a) 0.2 m.s-1, (b) 1 m.s-! and (c) 3 m.s-1 [11].

2.3. Discrete Multi-Component Model

This approach (Discrete Multi-Component Model (DMCM)) was based on the consideration
of all components of fuel without any approximation using the ETC/ED models. It was
based, in most cases reviewed in this section unless otherwise stated, on the analytical
solutions to the heat and mass transfer equations as will be discussed in Chapter 3. It was
originally suggested in [27] for the heating of non-evaporating droplets and then
generalised for evaporating droplets. It was used for the simulation of 2 components and
up to 105 components. This model was used extensively for the modelling of droplet heating

and evaporation.

One of the early developments of the DMCM was introduced in [61] to model the
evaporation process of gasoline and diesel fuel. The work was based on an approximate
solution to the quasi-steady energy equation accounting for the ETC/ED models. The
authors of [61] observed a significant difference between the predictions of their suggested
model and those obtained from the SCM. Also, a significant difference in the predicted
droplet lifetime was noticed between the case of considering the ETC model and the case of
ignoring it. The evaporation process of biodiesel/diesel fuel blends was investigated

numerically in [26] using the DMCM . In this study, the model was based on the numerical
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solutions of the heat and mass transfer equations rather than the analytical solution.
Predictions showed that the fuel blending ratio had a significant impact of the droplet
lifetime. The evaporation time and droplet surface temperature tended to increase with
increasing the biodiesel fraction in the fuel at certain ambient conditions and droplet sizes.
The impact of the ambient temperature was also highlighted in this study. Droplet lifetime
was observed to be decreasing with increasing the ambient temperature for all fuel

fractions.

In [62], four types of biodiesel fuel combined of methyl ester groups had been analysed by
means of heating and evaporation processes. These were Rapeseed, Soybean, Hemp oil and
Palm. Different models were used in this study and compared to identify the deviation in
droplet lifetimes and surface temperatures. It was found that the approximation of biodiesel
fuel by single component led to 2.4% deviation in droplet surface temperature compared to
the DMCM. Four biodiesel fuel types were analysed in [58] using the DMCM . These biodiesel
fuels were combined of methyl ester groups which were: Palm, Rapeseed, Hemp-oil and
Soybean having 15 different methyl esters. It was found through this study that the
approximation of biodiesel fuel by single component gave 5.5% underprediction in droplet
lifetime as compared to multi-components. This difference was seen rather close for all

types of biodiesel.

Heating and evaporation of a broad range of biodiesel fuels were investigated in [63].
Several types of biodiesel fuel (up to 19) combined of methyl ester groups were analysed.
These were Lard, Tallow, Butter, Palm, Palm Kernel, Waste cooking-oil, Cottonseed, Peanut,
Corn, Tung, Sunflower, Hemp-oil 1, produced from Hemp seed oil in Ukraine, Linseed,
Hemp-oil 2, produced in European Union, Canola, Safflower, Soybean, Coconut and
Rapeseed. Several models were used in this study. The first model was the DMCM which
took into account the contribution of all the methyl ester groups in the biodiesel fuels,

recirculation, species diffusion and temperature gradient inside droplet (i.e. ED/ETC
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model). The second approach was the DMCM which also took into account the contribution
of all the methyl ester groups in the biodiesel fuels, however, the thermal conductivity and
diffusivity were assumed infinitely large (i.e. ID/ITC model). The last model was similar to
the first model, but the fuel was approximated by a single component. The single component
model predicted up to 5.5% and 2.4% deviation in droplet lifetime and surface temperature,

respectively, compared to the DMCM.

Heating and evaporation of these types of fuels were also analysed in [64]. The study was
performed to analyse the blend of standard diesel fuel and waste cooking oil (WCO). The
DMCM was used to investigate the effect of fuel compositions on the droplet lifetime. It was
found that increasing the fraction of biodiesel from pure diesel (B0) to pure WCO biodiesel
(B100) had a noticeable impact on droplet lifetime. For B100, the predicted droplet lifetime

was roughly 11% less than that of BO.

Hybrid approach was suggested in [65] to simulate the evaporation of diesel/biodiesel fuel
blend, where the biodiesel fuel was represented by soybean methyl ester. This approach
included the DMCM for biodiesel fuel and the continuous thermodynamic model for diesel
fuel. It was found that the evaporation time increased with increasing the biodiesel fraction.
This increase in droplet lifetime was due to the low volatility associated with biodiesel fuel.
The same approach was used in the same study to analyse the ethanol/gasoline fuel droplet
heating and evaporation. Different fractions of this type of blend were analysed. It was
highlighted that increasing the ethanol fraction led to increasing in droplet lifetime. This
was due to the higher latent heat of vaporisation associated with ethanol.

Droplets heating and evaporation of FACE A gasoline fuel were investigated in [30], using
the DMCM described in [61]. According to the US department of energy, the term FACE is
defined as fuels for advanced combustion engines, while A refers to paraffin-rich gasoline
fuel. As mentioned in [30], FACE A gasoline fuel consisted of n-paraffins, iso-paraffins,

aromatics, naphthenes and olefins with compositions of 10.57%, 68.12%, 0.37%, 2.49% and
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0.45% respectively. Firstly, three surrogates were analysed based on their ability to match
the ignition time delay, the research octane number or the hydrogen to carbon ratio. These
surrogates, however, could not accurately predict the evolution of droplet surface
temperature and radii. Therefore, new surrogates were suggested after reducing the Sixty-
six components of this fuel to 19 components. Different surrogates were analysed and
compared with the reduced FACE A gasoline fuel (19 components). It was found that one of
these suggested surrogates gave the best prediction as compared with FACE A, where the
error in the time evolution of surface temperature and droplet lifetime was up to 0.25% and

5% respectively.

FACE I gasoline fuel droplet heating and evaporation was investigated in [66] using the
DMCM . Five surrogates were formed and compared to FACE I gasoline in this study. FACE I
gasoline consisted of 33 hydrocarbon components and it had intermediate octane number
which was around 70. Among the five suggested surrogates, one of them, which had eight
components, gave closer predictions to those obtained by full compositions of FACE I

gasoline fuel (i.e. less deviation in droplet lifetime and surface temperature).

New discrete model was suggested in [59] for the modelling of droplet heating and
evaporation. This model was referred as the quasi-dimensional multi-component model. In
contrast to the DMCM used in [16,27], this model was based on the polynomial
approximations of the temperature gradient and mass fractions distributions of species
inside droplets rather than the analytical solution to the heat and mass transfer equations
inside droplets. In [59], the authors believed that the predictions of their model were a
reasonable compromise between the analytical solutions of the DMCM and the simplified
model in which temperature gradient and mass fractions distributions of species inside

droplets were ignored.

The authors of [67] presented an evaporation model for aviation kerosene and butanol

blend. In their study, the non-ideal behaviour of the mixture and impact of recirculation
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inside the droplet were considered through the activity coefficient. It was found that the
dropletlifetime increased with increasing the butanol content. Additionally, it was observed
that the evaporation rate was impacted significantly by the convection velocity due to the

increase in Sherwood number and Reynolds number.

2.4. Quasi-Component Models

The DMCM, reviewed in Section 2.3, was generally applicable to cases of relatively small
number of components. The application of this model to real fuel composition (where the
number of components exceeds several dozens) make it computationally expensive. To
address this issue, the Quasi-Discrete Model (QDM) was suggested in [68]. This model was
based on the assumption that the components with close carbon numbers could be replaced
with representative components called Quasi-Components (QC) having non-integer carbon

number.

The QDM was tested for the predictions of diesel fuel droplet heating and evaporation in
[68]. In this study, the diesel fuel was approximated by 20 and 5 quasi normal alkane
components. Predictions showed that droplet radii and surface temperatures were almost
the same for both 20 and 5 QC and closer to the diesel fuel than the single component
approach did. The model that was suggested in [68] was further developed in [69] by taking
into account the dependency of viscosity, density, thermal conductivity and heat capacity of
liquid components on temperature and carbon number rather than approximated all the
previously mentioned properties of 20 QC by n-dodecane. The new model predicted 10%
longer droplet lifetimes than that where all the liquid properties were approximated by n-
dodecane. In the latter study, the QDM was also used for the investigation of the evaporation
characteristics of gasoline fuel droplets. The model was based on the replacement of the
actual number of components in gasoline fuel by certain QC. The gasoline fuel was

approximated by 13, 3 and 1 QC. Results showed that the droplet lifetime for the 13 QC was
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two times higher than that of SCM when the ambient temperature and pressure were

relatively low, 450 K and 3 bar, respectively.

The effect of fuel approximations on gasoline fuel droplets heating and evaporation was
investigated in [70] using the QDM. Different gasoline fuel approximations were formed.
These approximations consisted of three normal alkanes: Surrogate I (C¢H14, C10H22 and
C14H30 with compositions of 83%, 15.6% and 1.4% respectively) and Surrogate II (C7H1e,
C11H24 and Ci5H3, with compositions of 83%, 15.6 and 1.4% respectively). Also, another two
surrogates were proposed, these consisted of not only normal alkane but iso-alkane and
aromatic components, Surrogate A (n-C;Hzs, iso-CgHig and C7Hg with compositions of 56%,
28% and 17% respectively) and Surrogate B (n-C7H1¢, iso-CgHis and C7Hg with compositions
of 63%, 20% and 17% respectively). The predicted results were compared with those
predicted in [69], where the gasoline fuel was approximated by 13, 3 and 1 QC. It was
illustrated that Surrogate Il gave better predictions than the other three surrogates
(Surrogate I, Surrogate A and Surrogate B) compared to the approximation of 13 QC using

the QDM by means of less deviation in droplet lifetimes and surface temperatures.

The importance and efficiency of the QDM was clearly demonstrated in [68-70]. This model,
however, turned out to have some significant limitations. The obvious one was that the
model was based on the approximation of diesel and gasoline fuels by the n-alkanes
hydrocarbon group only. These two fuels, however, had more than six hydrocarbon groups
and n-alkanes group represents only 40% of the total fractions of these fuels [60,71].
Therefore, the QDM was generalised to take into account the contribution of all
hydrocarbon groups in diesel and gasoline via a new suggested model called the Multi-

Dimensional Quasi-Discrete Model (MDQDM) [60].

The MDQDM was tested for the analysis of diesel fuel droplet heating and evaporation [60].
The diesel fuel, used in this study, matched the standard European Union diesel fuel

(EN590). N-alkanes and iso-alkanes groups were considered separately in contrast to [68]
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where they are taken into account as one group of alkanes. The actual components of diesel
fuel were replaced by 15 QC. Results showed that this reduction in the number of
components of diesel fuel led to 1.6% and 2.5% difference in droplet surface temperatures
and lifetimes, respectively. However, the CPU time was noticed to be 6 times less than that
required when all the diesel components were taken into account, and that made this

approach computationally efficient.

In [72], the diesel fuel was approximated by 20 normal alkane components and single
component (n-dodecane). In this study, the DMCM was used to investigate the heating and
evaporation of this fuel and compared to the case where all the components in diesel fuel
were considered. Results showed that droplet lifetimes deviated by 22% for the case of 20
alkane components and 50% for the case of single component. However, the deviation did
not exceed 3% when diesel fuel was replaced by 15 QC, which represent all the hydrocarbon

groups in diesel fuel rather than considering the normal alkane group only.

The MDQDM was used for the modelling of heating and evaporation processes of FACE C
gasoline fuel droplets [71]. The authors were able to reduce the number of components
from 83 to 20 components. This was done by grouping the same components (components
having the same carbon number, see [71]) and replace them by one component. It was
highlighted in this study that replacing the actual number of gasoline components by 6 QC
resulted in errors in the estimated evaporation times and droplet surface temperatures of
approximately 6.6% and 0.9% respectively. The main advantage of this model was that the
CPU time was reduced by 70 % when the 6 QC scenario was compared to the case of 20

gasoline fuel components.

A recent study was conducted in [73] to analyse the heating and evaporation of blended
biodiesel/diesel fuel droplet using the MDQDM. In this study, the biodiesel fuel was
represented by the widely used biodiesel fuel ‘soybean methyl ester (SME)’. Different

biodiesel/diesel fuel compositions were used. It was found that using a blend of 95% diesel
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and 5% biodiesel fuels with the approximation of this blend by 17 C/QC led to 9%
underpredictions in droplet lifetime and up to 4% in the case of 50% diesel and 50%
biodiesel as compared to the DMCM when 105 components were considered (98

components of diesel and 7 components of SME fuel).

The limitation of the MDQDM is the generation of components with non-integer carbon
numbers (i.e. QC). These QC cannot be used for the prediction of reaction pathways and
combustion simulations. The approximations of MDQDM, however, can still be useful for
reducing the large numbers of components to much smaller ones. In order to utilise this

benefit for the combustion applications, the formulation of surrogates will be investigated.

2.5. Formulation of Fuel Surrogates

Commercial fuels are complex mixtures of many hydrocarbon components [74,75]. Due to
the lack of chemical data and complexities in the combustions processes (including heating,
evaporation and ignition) of these fuels, surrogate fuels are used to match the physical and
chemical behaviour of such fuels. In fact, surrogate fuels are usually including one, bi, or
multi components which are much less than the actual number of components in a
commercial fuel such as gasoline and diesel. A wide range of fuel surrogates have been
formulated to emulate either the physical or chemical behaviour of the full composition of

the real fuel using small number of components [31,66,76-84].

Due not only to the lack of chemical complexities in the combustions processes, but also the
limitations of the computational resources, studies started by approximating the fuel by
single component, where diesel and gasoline were represented by n-dodecane and iso-
octane, respectively [22,23,85,86]. However, as the chemical mechanism became available
for a wide range of components and the increase in the computational efficiency,
researchers started to approximate the fuel by a certain number of components blended

together to mimic any desirable characteristic of a certain fuel. Some surrogates were
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generated to match the chemical properties such as ignition time delay, H/C ratio and
Research Octane Number (RON), while others were generated to match the physical
properties such as droplet lifetime and surface temperature, distillation curve, density and
molecular weight (MW). Therefore, there have been two directions for the models

developed for the formulation of fuel surrogates.

A new gasoline surrogate was proposed in [87] to analysis the gasoline fuel droplet heating
and evaporation using the batch distillation approach. The surrogate approximation was
composed of iso-C5, n-C7, toluene, iso-C8, n-propyl cyclohexane and iso-C11. Good
agreement with experimental data was obtained with up to 3% deviation. This deviation,
where the gasoline evaporated faster that the formed surrogate, was due to the more
volatile components in gasoline fuel compared to the new surrogate. A new computational
methodology of different software tools was proposed in [80] to generate surrogates for
gasoline FACE A and C. The methodology combined the detailed hydrocarbon analysis for
the selection of species types, the NIST Reference Fluid Thermodynamic and Transport
Properties Database and MATLAB code for the predictions of distillation curve and physical
properties and CHEMKIN for the predictions of RON via the ignition time delay. Predictions
revealed that the generated surrogates, using the proposed computational methodology,
gave a very good agreement compared to the full compositions of the fuel. The distillation
curve model was used in [82] to generate surrogates for gasoline fuel. In this study, it was
found that the specific generated surrogate cannot match two properties. In other words,
there should be two surrogates to match the vapour pressure and the distillation profiles
by each individual surrogate.

A decoupling approach for detailed and simplified oxidation mechanisms was suggested in
[88] to reproduce the heat release, ignition time delay, flame propagation and other
combustion characteristics using small number components. In that approach, detailed

mechanisms were considered for Hydrogen (H), Carbon monoxide (CO) and methane (C1),
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while simplified oxidation mechanisms were used for C,-Cn. The decoupling approach was
used to generate a simplified oxidation mechanism for a surrogate of n-decane, iso-octane,
toluene, and methyl-cyclohexane. The decoupling approach was motivated by: 1) the
predictions of flame propagation and extinction characteristics were dominated by small
radical and molecular species even when considering fuels with large hydrocarbon chains
and this had been proven in [89-91], 2) the heat release during the combustion of any fuel
mainly originated from the conversion of CO to carbon dioxide (CO:) as have been
investigated in [92], therefore, it was important to approximate the oxidation of CO in
details as the heat release has significant impact on the performance of the ICE and
emissions, and 3) the ignition time delay of large hydrocarbons can be accurately predicted
using a very simplified oxidation mechanisms of C4-C,, which was also proven previously in
[93]. The final generated mechanisms involved 70 species and 220 reactions. The
predictions of the heat release, ignition time delay, flame propagation and extinction using
the suggested simplified chemical oxidation mechanism for the surrogate were compared
to experimental data. Results showed that all the modelled characteristics were in good
agreement with those obtained from the experimental measurements. This agreement

confirmed the assumptions of ignoring the detailed oxidation mechanism of C-Cx.

A model, widely known as the Physical Surrogate Group Chemistry Representation
approach, was developed in [94] to model the combustion processes of multi-component
fuel. The developed model combined physical multi-component model and the reduced
chemical mechanism model. The combination of these two models were performed to
match the physical and chemical characteristics of surrogate fuels. In this study, detailed
chemical mechanisms were used for components with available chemical pathways, and
generic chemical mechanisms were used for components with unavailable chemical

pathways. Findings showed that the developed model matched the combustion behaviour
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of the multi-component fuels and improved the computational efficiency using the reduced

mechanisms of the physical surrogates.

New approaches, based on chemical functional hydrocarbon groups, were suggested
recently. In [95] an approach was suggested to generate fuel surrogates based on the
molecular structure. The approach was applied for biodiesel and jet fuels. For jet fuel, the
functional groups were CHs, CH», CH, C and phenyl, while for biodiesel fuel, they were CHs,
CH, CH,=CH=CH, and COO-CHs. It was observed that the generated hydrocarbon and
oxygenated surrogates were able to match the combustion characteristics of real fuels. A
minimalist functional group approach was suggested in [96] for the formulation of gasoline
FACE A, G, F, G and I surrogates. The approach was based on the different functional group
which were: paraffinic Chs, CH2 and CH, naphthenic CH-CH;, and aromatic C-CH groups. The
model was able to generate surrogates with fewer components to reduce the computational

expenses and the complexity of chemical kinetics without noticeable losing to the accuracy.

In [97], a framework was developed to reduce the hundreds of species and their thousands
of reactions of kerosene fuel. The considered kerosene consisted of n-dodecane,
methylcyclohexane and m-xylene. The target was to match the laminar flame speed and the
ignition strain rate using two sets of surrogates, one with 42 species and the other with 17
species. Results revealed that both the premixed and non-premixed structures of the flame
were well predicted using the reduced surrogates. Compared to the original fuel, it was

found that the reduced mechanism saved up to 19 times of the computational time.

An aviation kerosene surrogate of two components was generated by targeting the ignition
time delay [98]. The formulated surrogate included 8% n-propylbenzene and 92% n-decane
on molar basis, with a detailed mechanism of 308 species and 1865 reactions. The latter
mechanism was simplified to 45 species and 151 reactions. Through the numerical

simulation using CHEMKIN tool, results showed that there was a good agreement in the
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ignition time delay and flame propagation predicted by the simplified mechanism and those

computed using the detailed mechanism.

A recent study by Liu et al. [99] developed a new surrogate for RP-3 kerosene fuel targeting
the average molar weight, low heating value, hydrogen/carbon ratio, cetane number,
density and viscosity. The developed surrogate was composed of 14 mol.% n-decane, 10
mol.% n-dodecane, 30 mol.% iso-cetane, 36 mol.% methylcyclohexane and 10 mol.%
toluene. The six targeted properties predicted by the developed surrogate were compared
to those predicted using the original RP-3 fuel which showed excellent agreement.
Moreover, the predicted laminar combustion velocities and the ignition time delays of the
surrogate were compared to those of the original RP-3 fuel experimentally which also

showed a good agreement.

2.6. Summary of Chapter 2

Despite the recent progress in the development of rigorous models for the predictions of
droplet heating and evaporation, the simplified models, assuming no gradients of species
fraction and temperature inside droplet, are still widely used for modelling these processes,
including those in most of CFD codes. In fact, much simpler model based on the assumption
that the droplet temperature is constant over time is still used by some authors for the
modelling of droplet evaporation. The latter assumption leads to the commonly known

d? model.

In response to that, a number of models have been developed based on the analytical
solutions to the heat and mass transfer equations. These models are the DMCM, QDM and
MDQDM. The importance of these models is attributed to the fact that they take into account
the recirculation, temperature gradient and species diffusion inside droplets via the
ETC/ED models. Noticeable progress was made to reduce the computational time without

losing the accuracy. This was achieved through the development of the MDQDM by reducing
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the number of fuel components to much less number of representative components called
QC. However, there is still no rigorous algorithm for the reduction in the number of

components in each chemical functional group in the recently suggested models.

Fewer models were developed for the formulation of fuel surrogates as most of the studies
relied on the experimental work and trial and error for the generation of surrogates. These
fewer models were used to generate surrogates that either match the physical or chemical
delays. No sufficient universal models have been suggested to match both chemical and
physical properties. Also, very limited surrogates have been suggested for bio-fossil fuel

blends.
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CHAPTER THREE: Computational
Methodology

3.1. Overview

The models, presented in this research, are based on the analytical solutions to the heat and
mass transfer equations. The droplet movement relevant to ambient gas (air) is considered
to account for the Effective Thermal Conductivity (ETC) and Effective Diffusivity (ED) using
the ETC/ED models [100]. Note that the modelling, provided in this work, is based on the

following assumptions:

1. All processes are assumed to be spherically symmetric. The shapes of some droplets in
Internal Combustion Engine (ICE) applications, however, can be far from sphericity. On the
other hand, developing a general model for droplet heating and evaporation for arbitrary
shapes is not possible in most cases. Attempts have been made in [101,102] to model the
heating and evaporation of spheroidal droplets. In most cases, the heating and evaporation
of non-spherical droplets are investigated based on the numerical solutions to the heat and

mass transfer equations not their exact (analytical) solutions [103,104].

2. The modelling is based on an isolated droplet. In other words, the coupling effect of
interaction between droplets on their heating and evaporation is ignored. This assumption
is open to question because the evaporation rate decreases when the number of droplets
per unit volume increases [105]. In ICE, however, positions of evaporated moving droplets
are rather complex. It is not obvious yet how this complex interaction between moving

droplets can be accounted for when modelling single droplet heating and evaporation.

3. The non-ideal gas behaviour of the gas phase is not considered as the current work
focuses on the effects of multicomponent fuel composition on the processes in the liquid
phase. One of the most recent investigations of these effects in the gas phase was presented

by Tonini and Cossali [106]. The latter analysis is beyond the scope of this thesis.
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4. The modelling of droplet heating and evaporation is based on the hydrodynamic
approximation. In this approximation, it is assumed that the vapour at the surface of droplet
is saturated and the evaporation process is modelled on the basis of the vapour diffusion
from the surface of the droplet to the ambient gas. In the immediate vicinity of droplets, the
kinetic region was introduced in some studies (see Figure 3 [107]). This region was
simulated using the Boltzmann equations, to determine the evaporation coefficient and
collisions between molecules for the correction of the temperature and vapour density. This
region, however, was only introduced for the modelling of up to three component [107]. The
values of evaporation coefficients are obtained from the molecular dynamic simulations
based on the United Atom Model [29]. Itis far too complex to consider the inelastic collisions
between tens of molecules in a multi-component fuel such as gasoline and diesel in order to
predict their evaporation coefficients. Additionally, this region was showing very minor
effects on the scope of this thesis interest. For example, the droplet lifetime was only

affected by less than 0.6% when using this model for a typical ICE ambient conditions [107].
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Figure 3. Liquid kinetic and hydrodynamic regions near the surface of the droplet. T is the
droplet surface temperature, ps; is the vapour density of component i in the immediate
vicinity of the droplet surface, Ty, is the temperature at the outer boundary of the kinetic
region and pgq; is the vapour density of component i at the outer boundary of the kinetic
region.
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All the relevant equations used in producing the results and thesis analysis are described in

the following sub-sections.

3.2. Droplet Heating

The heating of spherical droplets is described by the unsteady heat conduction equation

[108,109]:
aT 92T 20T
= (GE+a5) (2)

where T = T(t, R) is the temperature in the liquid phase, t is time, R is the distance from

the centre of droplet, and « is the effective thermal diffusivity [110,111]:

K = kegs/ C1py, (3)

p; is the liquid density, ¢; is the liquid specific heat capacity, and ke is the Effective Thermal

Conductivity (ETC), defined as [112]:

kefr = xki, (4)

x = 1.86 + 0.86 tanh|2.225 log; 4 (Peg(;)/30)], (5)

2p1UsRq

Pe; = Rey()Pry, Reqq) = is the droplet Reynolds number in the liquid phase, Us =

H
%AU (ﬂu—“‘l’) Re,Cr is the maximum surface velocity inside a droplet, AU = |Ug — Ud|, Cr =

12.69
Re2/3(1+B)y)

!

is the friction drag coefficient, Pr; = Ck— is the Prandtl number, U; is the
l

velocity of gas, U; is the velocity of the droplet, y; is the liquid dynamic viscosity, k; is the
liquid thermal conductivity, Re, is the Reynolds number of droplet, and B, is the Spalding

mass transfer number defined later [28]. The initial and boundary conditions for Eq. (2) are:
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T(t=0) = Tgo(R)

aT

h(Tg—TS) = keffﬁ ’ (6)

|R=Rd—0
where Ty = Ty(t) is the droplet surface temperature, T, = T,(t) is the ambient gas

temperature, R; is the dropletradius, and h = h(t) is the convective heat transfer

coefficient, found as a function of the Nusselt number (Nu), as:
h =Nuk,/2R,, (7)

kg is the thermal conductivity in the gas phase.

In contrast to [58,71,113], this work has taken into consideration both the convective and
radiative heating of droplets. A more rigorous approach to modelling the radiative heating
of droplets would take into account the semi-transparency of droplets as described in [28].
This approach, however, would involve measurement of the absorption properties of
gasoline, diesel, biodiesel and ethanol fuel components in the visible and infrared ranges
which is currently not available. The presented approach is based on the estimation of the
maximal possible radiative absorption in droplets, which allows the author to use a
simplified model of the process.

In the suggested approach, the droplet is assumed to be opaque and non-reflective
(emissivity equal to 1). The following boundary condition, which represents an energy

balance at the droplet-gas interface, is applied at its surface:

oT dRgy

— 4
Effa_R R=Ry = pL F + h(Tg — Ts) + O-Trad' (8)

where ko = yk; is the effective thermal conductivity, k; is the liquid thermal conductivity,

x is the circulation coefficient (see [114] for details), p is the liquid density, L is the latent

. dRg . . : .
heat of evaporation, d—td is the rate of droplet radius change due to evaporation, h is the
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convection heat transfer coefficient, T, g 1s the ambient temperature, and o =
5.6703 1078 W m~2K™* is the Stefan-Boltzmann constant. The radiative temperature Ty,q
is equal to gas temperature in the case of optically thick gas and external temperature in the
case of optically thin gas. The analysis will focus on the latter case when the impact of
thermal radiation is expected to be the strongest for engine conditions.

The radiation flux emitted by the droplet 6T, to the ambient gas is assumed to be negligible,
compared with the radiation flux hitting the droplet oT,%4 (e.g. due to remote flames). The
effect of radiation is considered within the analytical solution to the heat transfer equation,
described in [103,107], by replacing the gas temperature with the effective temperature:

pLde 4
o1
Teff =T hdt frlad’ (9)

R4p is the droplet radius change rate due to evaporation, and L is the latent heat of
evaporation.

Within any given time step 4t, R; is assumed constant and is updated at the end of At,
as Rgmnew) = Raotay + R4At, where the value of R is influenced by the droplet evaporation
rate and thermal swelling (see Equations (31) - (33)).

The analytical solution to Equation (2) at the end of each time step (t = t;) was obtained as

[115]:
An
qn exp[—kpAnt] — oin 5 Uo(0) exp[—kpAnt]
T(R, t) = % Z?f=1 sin A tdllo(li i sin (/1”— Ri) +
~ ez Jo —ar exPl=reAn(E = D]dr ¢ (10)
Tege(t),

fRdTo(R) sm( n}fd) dR,

2 _1(, sin2iy hor _
where ||v,||* = > (1 ) (1 + ), qn = Y ”v 7 Jo

22, har+2%

ke hTg()R hR
To(R) = R Tao(R)/Ray ki = 5, 1o (6) = =2 =224, hy = (124) =

apr Rz' Keff
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A set of positive eigenvalues 4,,, n > 0 (the trivial solution 4 = 0 is not considered), is

determined from the solution to the following relation:

Acosd+ hysind = 0. (11)

In the limit ko — oo, the prediction of Expression (10) will reduce to that of the so-called
‘Infinite Thermal Conductivity’ (ITC) model [24]. The value of Nu for an isolated moving

droplet is calculated as [110]:

(1+RedPrd)1/3 max({1, Red0'077}—1], (12)

In(1+B7)
Nujso = 2 5 i [1 + > F )

where F(Br) = (1 + By)%7 ln(;ﬂ, By is the Spalding heat transfer number:
T

Letf

Cpv 1s the specific heat capacity of the fuel vapour at constant pressure,

QL

zimy’

Q
Legs =L + m—'; =Yi€L; + (14)

Q. is the power spent on the droplet heating, €¢; = €;(t) are the evaporation rates of
species i, and m; = €; my (hy = Y,;m;). The interactions among droplets are ignored
(these are discussed in [111,116,117]). The analysis of the evaporation process is based on
the assumption that a mixture of vapour species and air can be treated as a separate gas

(see Equation (24)).

3.3. Species Diffusion
The mass fractions of liquid species Y;; = Y;;(¢t, R) are described by the transient diffusion

equations for spherical droplets as [27]:
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oYy _ %Yy anli) (15)

at Deff(aRZ R OR

where i = 1,2,3,... refers to species, D¢ is the effective diffusivity of species in liquid

phase, determined as a function of the liquid diffusivity D; as:

Degr = xy Dy, (16)
coefficient yy is approximated as:

Xy = 1.86 + 0.86 tanh[2.225 log;,(Req(Sc;/30)], (17)

Pe; = Req(y) Sc, Seqqy = ;—’lis the liquid Schmidt number, Req; is the Reynolds number, as

in Equation (5), and v; is the kinematic viscosity of liquid phase. The model based on
Equations (15)-(17) is known as the Effective Diffusivity (ED) model [16,110].
The following boundary condition, which also represents an energy balance at the droplet-

gas interface, is considered for the solution to Equation (15) [100]:

ayy;
a(e; = Yiis) = —Degr7 :
R=R4—-0
(18)
where Y;; = Yj;(t) are liquid components’ mass fractions at the droplet surface,
L T
" 4mpR: |RdE|’ (19)

myg is the droplet evaporation rate, the calculation of which is discussed in Section 3.4 (see
Equation (24)).

The initial condition is Y¥;; (t = 0) = Y};0(R),

Assuming no impacts of species in the ambient gas, the values of ¢; were obtained as

[27,118,119]:
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Yois

€; = A
: Ziyvis

(20)

The following analytical solution to Equation (15) atthe end of each time step was obtained

[27]:
% . R
. [exp [Deff (R—‘;) t] [qi0 — €;Q0] sinh (/10 R_d) +
Yli =6 + E 1.\ 2 R , (21)
Yn=1 [eXP [_Deff (R—Z) t] [qin — €;0,,] sin (An R—d)
where Ay and A,, are calculated from tanh Ay = — 43/hgy and tanh 4,, = — A,,/hgy (forn >
: _ aRgy
1), respectively, hgy = (1 + Deff)
||v1||2( ) (1 + hg) sinh 4, when n=0
Qn = 1 , (22)
v ”2( ) (1 + hgy) sind, when n>1
1 22n
Where [[v, 12 = 3 (1 - 522) = (1 + hzyw)' and:
|,, ool Jo fRd R Y;(R) sinh (/10 )dR when n =0
qin = (23)

fRd R Y};0(R) sin (/1 —) dR when n>1)

”an|2

Solution (21) is incorporated in the Discrete Multi Component Model (DMCM), which is used

in the analysis of droplet heating.

3.4. Droplet Evaporation
For multi-component fuels, droplet evaporation depends on the diffusion rate of individual
species in the gas phase; the evaporation rate of each component is affected by the

evaporation rate of other components [27,116]. Following [120], however, the relative
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diffusion of individual components in the gas phase is not considered. The analysis of

droplet evaporation rate (m,) is based on the following expression:
Mg = —21R 3Dy protalBm Shiso, (24)

where D,, is the binary diffusion coefficient of vapour in gas (air), ptotar = Pq + Pv is the
total density of the mixture of air (p,) and fuel vapour (p,,), By, is the Spalding mass transfer

number defined as [121]:

— Pvs—Pvoo __ Yvs—Ypoo (25)

)’

1=pys 1-Yys

Y, is the vapour mass fraction, p,; and p,,. are densities of vapour near the droplet surface
and at a large distance from it, Shjs, is the Sherwood number for isolated droplets

approximated as [110]:

In(1+By) 14 (1+RedScd)1/3 max{1, Red°'°77}—1] (26)

Shiso = 257 2 F(Byy)

Scq is the Schmidt number for the gas phase, F(B,) is the same as in (12) but with By

replaced with By, [29]. By and By, are linked by the following formula [110]:

Br = (14 By)? -1, (27)

0=(2)(5) = (28)

Le = kg/(cp Pg D,,) is the Lewis number, and Sh* and Nu* are the modified Sherwood and

Nusselt Numbers, respectively, calculated as:

* (1+RedSCd)1/3 maX{l,Reg'077} -1

=z [1 " 2F(Bym) ’ (29)
* (1+RedPrd)1/3 maX{l,Reg'077}_1

=2 [1 i 2F(Br) ’ (30)
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Sh* . . . : .
N 1S equal to 1 for stationary droplets. This ratio was sometimes assumed equal

The ratio

to 1 for slowly moving droplets [27,28]. Such an assumption turned out to be too crude in
some cases. Hence, Expressions (29) and (30) are used to estimate ¢ based on Equation

(26). Note thatm,; < 0.

When calculating the value of R, both droplets evaporation and thermal swelling during

the time step were taken into account [122]:

Ry = Rar + Ry, (31)

where R;r is the rate of change in droplet radius, caused by thermal expansions or

contractions, calculated as [122]:

1/3
. _ Rd(Tav,O) pl(Tav,O) —
Ryr = At [(pl(Tav,l)) 1]’ >

Tqy,0 and Ty, ; are average droplet temperatures at the beginningt = t; andtheend t = t;

of the time-step. The value of R, is controlled by droplet evaporation [100]:

. _ md
R = prr (33)
3.5. Vapour-Liquid Equilibrium

Vapour mass fraction of individual species i are calculated from the vapour molar fractions

at the droplet surface (X,;5) using modified Raoult’s law:

Xus Pt (34)
X = y; —2is
vis }/l QD
where p is the total (ambient) pressure, X;;, is the liquid molar fraction of the i*" species at

the surface of the droplet, y; is the AC of the i*"* species, p{2* is the saturated pressure of the

35| Page



Chapter 3: Computational methodology

i" species in the absence of other species, p is the total pressure, and ¢; is the fugacity
coefficient. It has been shown, in some studies (example [41]), that the non-ideality mainly
originates from the liquid phase, while it is very low at the gas phase for the parameters
used in this study. Hence the fugacity coefficient can be assumed equal to unity,

In contrast to [60,63,71,123-126], where Raoult’s law is assumed to be valid (y; = 1), this
study accounts for the values of ACs taking into consideration the effect of corrected partial
pressures of vapour components. The UNIFAC model is used for the estimation of the ACs
of 21, up to 114 and 119 components of ethanol/gasoline, biodiesel/diesel and E85-diesel
fuel blends, respectively. This model includes two terms: the combinatorial term (C) and
residual term (R), taking into account the contribution of the excess entropy and the effect
of the excess enthalpy, respectively. The excess entropy is inferred from various shapes and
sizes of molecules or functional groups of atoms, while the excess enthalpy is inferred from
interactions between molecules or groups [127,128]. The UNIFAC equation for the AC of

component i in a multi-component mixture is presented as [129]:

Iny; =1In yic +In yiR (35)

@; ; @; : : :
where Inyf = lnX—lf + gﬂh ln%‘i +[; —;:Z]- Xjl; is the combinatorial part, Inyf =

Yk vi(nT) — InT%) is the residual part, [; = g (ri—q)—(—1),Z=10,6;, = Zq;X;( is the
J %]

TiXi
XjTiXj

area fraction of each molecule in the mixture, ®; = is the segment (volume) fraction

of each molecule,r; = ¥, v} Ry is the volume parameter, q; = Y v} Q) is the surface

is the area

parameter, InTy = Qg [1 —InCQm Om¥mr) — Xm %}, Oy = SO

fraction of group m, X; is the molar fraction of liquid component i (the same as X;;; in
Equation (2)), X,,, is the molar fraction of group m, and Rj and @, are the van der Waals
volumes and surface areas for each group, respectively [128,129]. Ry, is the volume occupied

by each group in the molecule, while @y is the surface area occupied by each group in the
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molecule. Both R;, and Q;, are functions of bond distances, bond angles, contact distances,
and shapes that are characteristic of the group [130]. v,i is the number of groups in
molecule i. T, is the residual AC of group k in the mixture and F}‘( is the residual AC of group
k in a reference solution containing only molecules of type i (for example ch for the CH,OH
group in ethanol refers to a solution containing 50% CH20H and 50% CH3, while CH;0H in
1-pentanol refers to a solution of 20% CH:0H, 60% CHz, and 20% CH3). In other words,
I'L. deals with each group in each molecule, while I, deals with each group in the mixture.
Yn = e_(aan) is the interaction and temperature dependent coefficient, a,,,, is the group-
interaction parameter between groups m and n, m and n refer to the group in the mixture
(in the case of ;) or in the molecule (in the case of I',) [129]. T is the interface temperature.

The R, and @ for different groups in ethanol, biodiesel, and gasoline components are

shown in Table 1, which are inferred from [129].

Table 1. Van der Waals volumes (Ry) and surface areas (Qy) for various molecules and
atoms.

Name Group | Group number Ry Qx

CHs 1 0.9011 | 0.848

alkanes CH: 1 0.6744 | 0.540
CH 1 0.4469 | 0.228

olefin CH>=CH 2 1.3454 | 1.176
benzene ACH 3 0.5313 | 0.400
ACCH3 4 1.2663 | 0.968

alkylbenzenes | ACCH: 4 1.0396 | 0.660
ACCH 4 0.8121 | 0.348

ethanol OH 5 1.0000 | 1.200
methyl ester | CH,COO 11 1.6764 | 1.188

In Table 1, there are six groups in ethanol, biodiesel, and gasoline fuels, and each group
interacts with the other five groups. The a,,,, between these groups are shown in Table 2

[129].
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Table 2. The m-group and n-group interaction parameters (a,,,) in K, used in the UNIFAC

model.
Group
umber n=1 2 3 4 5 11
m=1 0.0 86.02 61.13 76.50 986.5 23211
2 -35.36 0.0 38.81 74.15 524.1 37.85
3 -11.12 3.446 0.0 167.0 636.1 5.994
4 -69.70 -113.6 -146.8 0.0 803.2 5688
5 156.4 457.0 89.6 25.82 0.0 101.1
11 114.8 132.1 85.84 -170.0 245.4 0.0

The structure of the groups and the values of R, and @ in E85-diesel fuel blends are the
same as those shown in [131] for the ethanol/gasoline blend. Diesel fuel, however, has 5
more groups of molecules than gasoline fuel, namely, bicycloalkanes, naphthalenes,
tricycloalkanes, diaromatics and phenanthrenes. The values of parameters R and Q; for
these five groups in the composition of diesel fuel are not provided anywhere in the
literature, to the best of the author’s knowledge. The structures of these groups of molecules
are approximated to the nearest available structures for which the values of parameters
Ry and Qy, are known, taking into account the number of groups in each molecule. For
example, when the aromatic molecule C10H14 (its structure group is available in [128,129])
has 1 aromatic ring (Cs), 3 CHzand 1 CHs (the numbers 1, 3 and 1 refer to v} which is the
number of groups in molecule i), the diaromatic molecule Ci2H16 is approximated by 2
aromatic rings (Ce). Thus, the diaromatic group is approximated by 2 single aromatic
groups, as shown in Table 3. This approximation allowed the author to predict the activity

coefficients for all components of the E85-diesel fuel blend.
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Table 3. The approximation of the missing structure groups for the predictions of the ACs.

Group name Group structure

Missing group Approximation

Bicycloalkanes (CH2)3CH3
[ I J |

The bicyclo-CioH1s is approximated by Cyclo-C¢, 3 CHz and 1
CHs.

Naphthalenes CH,CH=CHCHj5

The naphthalenes C1oHs is approximated by 1 aromatic Ce, 1
CH, 1 CH=CH and 1 CH3,

110 ¢

The tricycloalkane Ci4Hz4 is approximated by 2 cyclo Cs and
2 CHs.

CH3 CH3

The diaromatic C12H16is approximated by 2 aromatic Ce.

Tricycloalkanes

Diaromatics
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Phenanthrenes

CHs

The phenanthrene C14H11 is approximated by 2 aromatic Ce
and 2 CHs

3.6. Multi-Dimensional Quasi-Discrete Model

The Multi-Dimensional Quasi-Discrete Model (MDQDM) was introduced in [60] which was

a generalised model to the original Quasi-Discrete Model (QDM) introduced in [68]. In the

MDQDM, the generation of the Components/Quasi-Components (C/QC) was based on the

molar fraction contribution of each component instead of distribution function used for the

generation of the C/QC by the QDM. The matrix X,,, describes the distribution function,

where n represents the carbon number, and m represents the group (e.g. aromatics).

For each m, the values of nj» of C/QC can be produced as:

N=N(pm+1)m
Tnengot " (X pm)

TMm = =i m
S e )

n=N2om+2)m
_ Zn:n((pm+2)m (NXnm)

Nom = Z":"(2<pm+2)m

n:n(¢m+2)m (Xnm)

n=NGEom+3)m
Zn:n(2<pm+3)m(nxnm)

N3ym = z:TL=n(3q)m_'_?,)m(X )
Epmzym:
=N (apm+a)m
_ X

_ Zn_n(3<.0m+4-)m(n nm)

Nam =

=N(a@m+4)m
S )

(36)

40| Page



Chapter 3: Computational methodology

Zn:nkm
n — =N (- em+HHm
fm Zn=nkm
N=N((-1)pm+HHm

(nXnm)

(Xnm)

where nin and ngm are the minimal and maximal values of n, respectively for which X,,,,, #
0, ¢ = int. ((kyy, + ©m)/(@m + 1)). The value of ¢, is always assumed to be integer and the
same for all generated C/QC within each group m; ¢,, + 1 is the number of components to
be grouped and form a QC. The MDQDM becomes the DMCM (i.e. the number of C/QC is
equal to the number of actual components) when the parameter ¢,, = 0 which leads to £ =

k.

The molar fractions of the generated C/QC can be estimated as follows:

_ v om+m
le - Zn:nlm Xnm

_ v 2em+2)m
XZm - Z "

N=N(pm+zym M
_ v Gem+3)m
X3m - Zn:n(2¢m+3)m nm (37)
_ T N apm+a)m
X4m - Z m nm

N=N(Eom+4)m

— V=Nkm
Xim = Zin=n((r_sgpyseym Krm

3.7. Solution Algorithm

The following algorithmic steps are used in the droplet heating and evaporation analysis

[60]:

1. The temperature distribution and species molar fractions are provided inside the
droplet (initial homogeneous or inferred from the previous time step). The species
molar fractions are converted into species mass fractions.

2. The liquid thermal conductivity and effective thermal conductivity of the droplet are

calculated for each individual component using the appropriate physical properties
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presented in Appendices B, C, E and F. The blending rule for the thermal conductivity,
presented in Appendix |, is used to make up the thermal conductivity of the mixture. All
other needed properties are calculated in the same way.

The partial pressures and molar fractions in the gas phase are calculated, using Equation
(34).

The Spalding mass transfer number is calculated, using Equation (25).

The liquid heat capacity and the mixture diffusivity of vapour species in air, and species
evaporation rates (¢;) are calculated, using Equation (20).

The Spalding heat transfer number is calculated, using Equations (27) - (30).

The Nusselt and Sherwood numbers are calculated for isolated droplets, using
Equations (12) and (26).

Nu* and Sh* are determined, using Equations (29) and (30).

The change rate of droplet radius is found, using Equations (31) - (33).

The effective temperature is found, using Equation (9).

The temperature distribution inside the droplet is found, based on Equation (10), with
44 terms in the series [60].

The species distribution inside the droplet is found, based on Equation (21), with 33
terms in the series [60].

The droplet radii are calculated at the end of each time step At using Equations (31) -
(33). The ratio of the calculated radius to the initial radius should be higher than an a
priori small number of &, = 107° to go to the next step; otherwise, the droplet is
assumed to be completely evaporated [28]. It should be noted that & is a safety net for
closing the calculation loop before droplet size reaches ‘nil’, which does not affect the
accuracy of the results.

The temperature and species distributions for the droplet with the new radius, found in

the previous steps, are used back in Steps 1-12 until the condition in Step 13 is satisfied.
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The equations for heating and evaporation processes presented in this chapter as well as
the physical properties presented in Appendices B, C, E or F were solved in a FORTRAN code.
A one-dimensional numerical analysis was made for the liquid phase model in a droplet of

300 layers; while a 0-dimensional analysis was made for the modelling the gas phase.

Due to the importance of the DMCM for the simulation of advanced combustion, several
attempts have been made to implement it in some of the combustion processes (mainly fuel
injection). In [122], the authors focused on the influence of the selected heating and
evaporation model on the predicted amounts of fuel vapour and in-cylinder pressure of a
diesel engine. In most recent studies (e.g., [57]), the DMCM was implemented for the
modelling of single droplets and sprays evaporation. However, the model has not been
implemented in any CFD code for the full engine cycle simulation including combustion. In
real efforts to address this issue, in Chapter 8, the developed FORTRAN code was translated
to C# language for the implementation into Ansys Fluent via its User-Defined Function. This
first of its kind approach has been made to showcase the impact of the model accuracy on
the fuel combustion in a typical GTE, due to the capability of such engines to deal with

broader variety of fuels than the ICE.
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CHAPTER FOUR: Ethanol/Gasoline Fuel
Blends

4.1. Overview

Gasoline is a volatile fuel, combining middle distillate of petroleum derivatives and liquid
mixture of hydrocarbons in the range of C4-Ci2 [70,132,133]. It is the most common fuel in
the automotive sector for spark ignition engines [31]. With 40% of global transport energy
is used in passenger cars, about 80% of these cars are powered by spark ignition engines.
Due to that demand on gasoline fuel, it is therefore essential to fully understand its
combustion characteristics which could result in modifications of engines’ design for better
performance. Many investigations focused on the replacement of gasoline with
ethanol/gasoline blends to improve those characteristics [41,43,134]. These have been
mainly driven by the importance of reducing Greenhouse Gas Emissions (GGE) and

dependency on fossil fuels.

In several studies (e.g. [41,135-137]), gasoline fuel was approximated by iso-octane, whilst
in reality commercial gasoline fuel grades consist of hundreds of hydrocarbons [138]. Multi-
component fuel droplet heating and evaporation are essential processes in ICE, which
strongly depend on ambient (in-cylinder) conditions and controlled spray combustion

behaviour.

The UK government policy allows using up to 5% mixture of biofuel with gasoline [12].
However, it is revealed recently that gasoline can be mixed with 10 % ethanol with minimal
or no impacts on the engines [8]. According to the UK Department for Transport [139],
increasing the content of ethanol in gasoline from 5% to 10% could cut the CO2 emissions
by a further 750,000 tonnes per year. This is equivalent to taking 350,000 cars away from

UK roads.
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In this chapter, the impacts of ethanol (a typical biofuel blend for gasoline) on gasoline
droplets heating and evaporation are investigated, accounting for several in-cylinder
conditions, including the radiative temperature. In addition, the model is improved, taking
into account the vapour-liquid equilibrium of the blend with the adjusted calculation of
activity coefficient. In previous studies (e.g. [28]) Raoult’s law was assumed to be valid (the
activity coefficient (AC) was assumed equal to one) for the predictions of vapour-liquid
equilibrium. Unlike fossil fuels, ethanol fuel is polar liquid. Therefore, Raoult’s law may not

be suitable for predicting the vapour pressures of such fuel blends [140].

4.2. Impacts of Fuel Blends and Ambient Conditions

This section focuses on the effects of ambient pressure, ambient and radiative
temperatures, and blending ratios on the evaporation characteristics of ethanol/gasoline
fuel droplets. The Discrete Multi Component Model (DMCM) was applied to the analysis of
heating and evaporation of gasoline FACE C (fuel used in advanced combustion engines,

type C), ethanol and their blends.

4.2.1. Fuel compositions
Gasoline FACE C (Fuel for Advanced Combustion Engines Type C) fuel was used in this study
(inferred from [71]). In [71], the number of the components with identical chemical
formulae and close thermodynamic and transport properties were replaced with
characteristic components leading to reducing the original composition of gasoline fuel (83
components) to 20 components only, represented by 6 hydrocarbon groups as presented in

Table 4.
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Table 4. The molar composition (%) of gasoline FACE C fuel.

carbon no |n-alkanes| iso-alkanes |alkylbenzenes|cycloalkanes|naphthalenes| olefins
C4 3.905 0.092 - - - -
C5 13.87 7.456 - - - -
Ccé 10.842 2.98 - - - -
Cc7 - 11.67 - - - -
C8 - 42.17 0.242 1.49 - -

Co - 0.137 3.521 - 0.104 0.346
C10 0.01 0.36 0.44 - - -
C11 - 0.113 0.055 - - -
C12 0.012 - - - - -

Total% 28.64 64.98 4.26 1.49 0.104 0.346

In this research, the physical properties of air used are presented in Appendix A. While those

for gasoline and ethanol are illustrated in Appendices B and C, respectively.

4.2.2. Model validation
Firstly, the results of application of the DMCM to the evaporation of an ethanol/gasoline
(combined iso-octane and heptane) mixture droplet were validated for mixtures EW30,
EW70, and EW100 (EWX refers to a mixture with X% weight fraction of ethanol and
(100 — X)% weight fraction of gasoline) against experimental data inferred from [134]. The
results are shown in Figure 4. The mixtures of weight fractions EW30 and EW70 are
approximately equivalent to the mixtures of volume fractions 27% ethanol/73% gasoline
and 67% ethanol/33% gasoline, respectively. Droplets of 23.6 um initial radius and 280.15

K initial temperature were suspended in stationary dry air at 1 atm.
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Figure 4. Predicted and experimentally measured [134] normalised radii of the EW30,
EW?70 and EW100 droplets.

As can be seen from Figure 4, the predicted initial evolutions of droplet radii are close to
those inferred from experimental data. However, clear deviations between model
predictions and experimental data can be seen at the final stages of droplet evaporation.
This deviation is attributed to the experimental procedure used in [134]. As noted by the
authors of [134] this is caused by the water uptake from the ambient gas into fuel droplet
during the measurement, the impact of which is outside the scope of the used model. The
impact of such measurement uncertainty becomes more significant for higher fractions of
ethanol, hence experimental results near the end of EW70 - EW100 droplet evaporations

are not reliable.

4.2.3. Impacts of ethanol/gasoline fuel blends
In the following analysis, the effects on droplet heating and evaporation on various molar
fractions of ethanol in the mixture were investigated. The following molar fractions of
ethanol were considered: 100%, 85%, 50%, 20%, 5% and 0%. The corresponding molar
mixtures were referred to as EM100, EM85, EM50, EM20, EM5 and EMO as in the case when

volume fractions of ethanol were considered. In this case, mixtures EM85, EM50, EM20 and
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EM5, are approximately equivalent to the mixtures with volume fractions 70%
ethanol/30% gasoline, 29% ethanol/71% gasoline, 9% ethanol/91% gasoline, and 2%
ethanol/98% gasoline, respectively. The plots of droplet surface temperatures T and radii
R; versus time for various ethanol/gasoline fuel blends, taking into account the
contributions of all 21 components in ethanol/gasoline fuel blends, are shown in Figures 5
and 6 respectively. As in [71], the initial droplet radius was taken to be R;, = 12 um, based
on the measured SMD of gasoline fuel droplets, and its constant axial velocity in still air and
initial temperature were assumed equal to U; = 24 m.s™! and Ty, = 296 K, respectively.
The ambient air pressure and temperature were assumed constant and equal to p; =9 bar

and T, = 545 K, respectively.

12 A

[ee]

Ry (um)

0 T T T T T
0.0 0.5 1.0 time (ms) 2.0 2.5

Figure 5. The plots of droplet radii versus time for various ethanol/gasoline blends.
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Figure 6. The plots of droplet surface temperatures versus time for various ethanol/gasoline
blends.

The plots for droplet radii and surface temperatures are shown for six blends of
ethanol/gasoline fuel (EM0-EM100). The impact of ethanol/gasoline fuel blends on droplet

lifetimes, compared to the case of pure gasoline FACE C fuel (EMO0), is shown in Table 5.

Table 5. The impact of ethanol/gasoline fuel blends on estimated droplet lifetimes (in ms);

lifetime(blend)-lifetime(E0)

Diff % = ifotime(E0) x 100.

Blend Lifetime Diff %
EMO 1.988 -

EM5 1.989 0.050
EM20 1.994 0.302
EM50 2.093 5.282
EM85 2.356 18.511
EM100 2.662 33.903
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As evident from Figure 5, the droplet lifetime for pure gasoline fuel (EMO) is shorter than
for any of the blends. It increases as the fraction of ethanol increases. This trend is similar
to thatreportedin [43,134]. The difference reaches 33.9% for EM100. This can be attributed
to the different thermodynamic and transport properties of ethanol and gasoline. For
example, the latent heat of evaporation of ethanol is much higher than those of averaged
gasoline fuel components. In Figure 6, the predicted droplet surface temperature for EM100
is up to 24.3% lower than that predicted for EMO. However, the volatility of ethanol is lower
than gasoline due to the difference between their vapour pressures which leads to a lower
droplet wet bulb surface temperature for the blends compared with the pure gasoline fuel.
The sudden increase in the multi-component droplet surface temperatures is due to the
sudden drop in droplet size at the final stage of evaporation. For a single component (e.g.
pure ethanol), however, it is plateau because there is smooth evaporation.

The results presented in Figures 5 and 6 are based on a droplet with radius R;, = 12 pm,
based on the estimated SMD of gasoline fuel droplets. It is obvious that droplet lifetimes of
larger droplets will be longer. The impact of droplet radii, however, was not investigated as
the focus was on the modelling of heating and evaporation process of droplet with average

size similar to that of real applications.

The time evolution of surface mass fractions of representative components of the fuel

mixture, predicted by the author’s solver, is shown in Figure 7.
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Figure 7. The plots of surface mass fractions of representative components of EM50, Y,
versus time. The plots of the following components are shown: n-Ci2Hz6 (1), iso-CgHis (2),
iSO-C11H24 (3), C9H12 (4), C9H1o (5) and CzHeO (6)

As follows from Figure 7, the mass fractions of heavy components monotonically increase
with time at the expense of lighter components. The mass fractions of the intermediate
components (iso-CgHisg) initially increase but then decrease with time. This is consistent
with the results from a previous study on this phenomenon [28]. One can expect this
complex behaviour of different components to significantly affect the distributions of mass
fractions of components inside the combustion chamber in realistic engine-like conditions,

where the ambient gas temperatures are not homogeneous.

4.2.4. Impacts of ambient conditions
As mentioned earlier, in contrast to previous studies (e.g. [112,115]), the suggested model
takes into account the impact of thermal radiation on droplet heating. The focus is on a
reasonable range of petrol engine injection conditions, accounting for different radiative

temperatures and in-cylinder pressures and temperatures for EMO-EM100 fuel mixtures.
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The ambient pressures, gas and radiative temperatures were considered in the ranges 3-
30 bar, 400-650 K, and 1000-2000 K, respectively. Transient diffusion of 21 hydrocarbons,
temperature gradient, and recirculation inside droplets were accounted for in the model.

The impact of radiative temperatures is shown in Figure 8.

N
(o))
1

Droplet lifetimes (ms)

1.4 T
1000 1500 T4 (K) 2000
Figure 8. The estimated droplet lifetimes versus radiative temperatures T,,q for EMO-
EM100 fuel blends, using the DMCM.

Table 6. The blended fuel droplet lifetimes when the effects of thermal radiation are taken

into account and the estimated differences compared with the predictions of the model
timeno rad — timerag X 100)

when radiation is ignored (Table 5), (Diff% =

timeng rad

Blends Traq= 1000 K Trag= 1500 K Traq= 2000 K

time Diff % time Diff % time Diff %
EO 1.882 5.33 1.736 12.67 1.420 28.57
E5 1.881 5.43 1.737 12.67 1.423 28.46
E20 1.892 5.11 1.749 12.29 1.439 27.83
E50 1.958 6.45 1.815 13.28 1.504 28.14
E85 2.206 6.37 2.049 13.03 1.712 27.33
E100 2.618 1.65 2.448 8.04 2.083 21.75
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From Figure 8, it is clearly evident that the potential for radiation to reduce droplet lifetimes
becomes more significant at higher radiative temperatures, as expected. Further
illustrations of this effect are presented in Figure D1 in Appendix D. The blended fuel droplet
lifetimes with and without accounting the effects of thermal radiation are presented in
Table 6. From the latter table, one can see that the impact of radiation is less significant for
blends with higher ethanol ratios compared to the cases when gasoline is dominant in the
blends. This is related by the fact that the lifetimes of the droplets with high ethanol ratios

are the longest.

The effect of ambient pressures on droplet lifetimes for EM0-EM100 fuel blends at ambient

gas temperature 650 K is shown in Figure 9.
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Figure 9. The effect of ambient pressures on droplet lifetimes for EMO-EM100 fuel blends,

estimated at ambient gas temperature 650 K, using the DMCM. The effects of thermal
radiation are ignored.

As shown in Figure 9, increasing the ambient pressure at a relatively high ambient
temperature (650 K) leads to a reduction in estimated droplet lifetimes with almost the

same effect for all mixtures (EM0-EM100, with higher droplet lifetimes for EM100 and
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lower ones for EMO). Similar trends are observed when ambient temperatures are
increased at a relatively low ambient pressure (3 bar) (see Figure 10).

As can be seen in Figure 10, at a relatively low ambient pressure (3 bar), increasing the
ambient temperature noticeably reduces droplet lifetime. This effect becomes more

significant at higher ambient pressure (30 bar), as shown in Figure 11.
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Figure 10. The effect of ambient temperatures on droplet lifetimes for EMO-EM100 fuel
blends, estimated at ambient pressure of 3 bar, using the DMCM. The effects of thermal
radiation are ignored.
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Figure 11. The effect of ambient temperatures on droplet lifetimes for EMO-EM100 fuel
blends, estimated at ambient pressure of 30 bar, using the DMCM. The effects of thermal

radiation are ignored.

To summarise, increasing radiative temperature, ambient pressure, or ambient
temperature, always leads to a faster evaporation of ethanol/gasoline droplets, regardless
of their blending fractions.

In Figures 5, 9 and 11, the general trends indicate slower evaporation for ethanol (EM100)
droplets than for gasoline and ethanol/gasoline blend droplet (EM0-EM85). However,
these trends are not the same at relatively low ambient gas temperatures (< 400 K), as can
be seen from Figure 12. At these temperatures, as follows from the latter figure, EM100
droplet evaporation can become slightly faster than that of EM0-EM85 droplets. The droplet
lifetimes versus gas pressure for all mixtures under consideration for ambient gas

temperature 400 K are presented in Figure 12.
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Figure 12. The effect of ambient pressures on droplet lifetimes for EM0-EM100 fuel blends,
estimated at ambient temperature 400K, using the DMCM. The effects of thermal radiation
are ignored.

As can be seen in Figure 12, ambient pressures have a different effect on the lifetimes of
EMO0-EM100 droplets to those shown in Figures 6 and 11 for the same fuels, but at higher
ambient temperatures (> 400 K). The full evolution of droplet radii and surface
temperatures of EMO, presented in Figures 9-12, are shown in Figures D2-D5 in Appendix
D. The uncommon in-cylinder conditions, relatively low ambient temperatures (< 400 K)
and high ambient pressures (= 12 bar), lead to lower droplet lifetimes for EM100 than for
EO. This can be attributed to the different responses of the thermodynamic and transport
properties of these fuels under these unique ambient conditions. This is due to the fact that,
at high ambient pressure, the vapour pressure becomes more effective than the evaporation
rate and diffusion coefficient. Hence, E100 has longer droplet lifetime than that of EO at high

pressures (= 12 bar). The opposite response is observed at low pressures (< 12 bar).
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4.3. Impacts of the Activity Coefficient

As ethanol and gasoline form a highly non-ideal solution, the partial vapour pressure must
be corrected by taking into account the AC. In some studies (e.g. [141]), the Wilson equation
was used for the predictions of ACs. The Wilson equation is a simple approach but limited
to binary components. In the general case, the UNIFAC model is believed to be the most

suitable for prediction of the multi-component ACs [39,127].

In [142], the UNIFAC model was used to predict the ACs of 20 components in gasoline FACE
C and 98 components in diesel fuel. This approach, however, was based on the initial molar
fractions of components and droplet surface temperatures. In the current analysis, the
impact of transient ACs on the evolutions of blended ethanol/gasoline fuel droplet
temperatures and radii is investigated. The transient droplet surface temperatures and

diffusion of 21 components are considered using the UNIFAC model.

4.3.1. Model validation
The total vapour pressure of E0O-E100 ethanol/gasoline blends, predicted using the UNIFAC
model, was validated against experimental data provided in [143] as shown in Figure 13.
Note that the difference between the vapour pressure predicted by the transient UNIFAC
model and the experimental results presented in [143] can be at least partly attributed to
the differences between gasoline FACE C and the gasoline used in the experiments (New
Zealand regular grade unleaded gasoline). None the less, the thermodynamic and transport

properties of these fuels, however, were found to be reasonably close.
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Figure 13. The predicted and experimentally observed total vapour pressures of
ethanol/gasoline blends at various temperatures and ethanol volume fractions in the liquid
phase [143].

4.3.2. Predictions of heating and evaporation
The total vapour pressures versus molar fractions of ethanol/gasoline in the liquid phase
(indicated as EMX, where X is the percentage of ethanol in the mixture) at 296 K and 350 K
are presented in Figure 14. In this figure, a comparison between the two approaches,
Raoult’s and UNIFAC, is shown. In Raoult’s law, the AC is equal to unity, while in the UNIFAC

model, the values of multi-component ACs are used.
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Figure 14. Total vapour pressure of various ethanol/gasoline molar blends (EM0-EM100),
predicted by Raoult’s law and the UNIFAC model at T = 296 K and 350 K.

As can be seen from Figure 14, the multi-component ACs have significant impact on the
predictions of the total vapour pressure of ethanol/gasoline blends. For low ethanol molar
fractions, breaks in the hydrogen bonds lead to a reduction in the inter-molecular forces
[144]. This leads to an increase in the total vapour pressure. For high ethanol molar
fractions, however, this pressure decreases as the contribution of the hydrogen bonds
becomes important [144]. These predictions agree with those inferred from the

experimental results presented in [143,145,146] (see Figure 13).

The heating and evaporation of blended ethanol/gasoline fuel droplets was also
investigated using the same operating conditions as in Section 4.2 but taking into account
the impacts of non-unity ACs. The evolutions of droplet surface temperatures T, and radii
R, versus time for various initial ethanol molar fractions (EM85, EM50, EM20 and EM5) are
shown in Figure 15. In this figure, the results predicted by four models are compared. The

first one (labelled ‘Ethanol/iso-octane’) is based on the transient UNIFAC model to predict
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the ACs for a binary mixture, in which gasoline fuel is approximated with iso-octane. The
second one (labelled ‘Raoult’) is based on the assumption that the AC is equal to one, taking
into account the full composition (21 components) of ethanol/gasoline fuel blend. The third
model (labelled ‘Steady UNIFAC’) is based on the steady-state UNIFAC model, in which the
ACs are predicted based on the initial liquid fuel composition (21 components of gasoline
and ethanol fuels) and temperature. In the fourth model (labelled ‘Transient UNIFAC"), the

ACs are calculated based on the surface compositions and temperatures at each time-step.
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Figure 15. Droplet surface temperatures and radii versus time for EM5 (a), EM20 (b), EM85
(c) and EM85 (d) blends for various approaches to calculating the total vapour pressures at
droplet surfaces.

As can be seen in Figure 15, the predicted droplet lifetimes and surface temperatures
strongly depend on the type of model used to estimate the ACs. The approximation of
gasoline by a single component (iso-octane) leads to significant underpredictions of droplet
surface temperatures and lifetimes. These underpredictions can be as much as 22.6% and
10.7% for droplet surface temperatures and lifetimes, respectively. The predictions of
droplet lifetimes using the steady-state UNIFAC model show reasonable agreement with
those predicted using the transient UNIFAC model (ACs are calculated using the molar
fractions of components and droplet surface temperatures at each time step). The latter two
models, however, predict rather different droplet surface temperatures. Using the steady-
state UNIFAC model can lead to about 14.7% error in the prediction of droplet surface
temperatures, compared to those predicted using the transient approach. This is related to
high dependency of the ACs on the liquid molar fractions at the surface of the droplet. The

accuracy of the transient UNIFAC model is illustrated in comparison to the experimental
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data, as in Figure 13. Assuming a steady UNIFAC model gives similar trends to those in
Figure 14 where the vapour pressure shows linear relationship with the fuel fractions. The
assumption of unity ACs leads to underpredicted ethanol/gasoline droplet lifetimes by up
to 6.7%, compared with those predicted using the transient UNIFAC model. A significant
impact of ACs on droplet heating and evaporation can be attributed to the fact that ethanol
and gasoline fuels form blends which are far from ideal due to the high polarity of ethanol
[140,145]. Hence, Raoult’s law is not recommended for predicting the vapour pressures of

such blends.

The droplet lifetimes and surface temperatures for various volume fractions of
ethanol/gasoline fuel blends and their differences compared to EO (pure gasoline), taking
into account the multi-component ACs, are presented in Table 7. The following volume
fractions of the components were considered: EO, E5, E20, E30 E50 and E85 (EX refers to a

mixture of X% volume fraction of ethanol and (100-X) % volume fraction of gasoline).

Table 7. The impact of ethanol/gasoline fuel blends on estimated droplet lifetimes (in ms)
and surface temperatures (in K) taking into account transient multi-component ACs

(i B -t T 1)

blend lifetime Diff % T Diff %
EO 1.968 - 483.7 -
E5 1.954 0.71 482.0 0.35
E20 1.964 0.20 478.2 1.14
E30 2.031 3.20 476.0 1.59
E50 2.241 13.9 475.5 1.70
E85 2.563 30.2 471.4 2.54

As can be seen from Table 7, in contrast to the results presented in Section 4.2, the droplet
lifetimes of E5 and E20 are shorter than those of EO. This is attributed to the higher total

vapour pressure of the mixture (calculated using the transient ACs) than predicted in
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Section 4.2. In Tables 8 and 9, the results of droplet lifetimes and surface temperatures,
obtained using Raoult’s law and the transient UNIFAC model for E0-E85 blends, are
compared. As these tables show, the errors in calculating droplet lifetimes and surface

temperatures, using Raoult’s law, can reach up to 5.7% and 0.4%, respectively.

Table 8. The estimated errors in prediction of droplet lifetimes (in ms) based on Raoult’s
law compared to the case where the transient UNIFAC approach is used

(error 6 (2 ) = Sl 00),

blend lifetime, UNIFAC |lifetime, Raoult £%

EO 1.968 1.988 1.02

E5 1.954 1.989 1.79
E20 1.964 2.021 2.90
E30 2.031 2.058 1.33
E50 2.241 2.156 3.79
E85 2.563 2.418 5.66

Table 9. The estimated errors in prediction of droplet surface temperatures (in K) based on
Raoult’s law compared to the case where the transient UNIFAC approach is used

T -T
(error % (£ %) _ ITs unirac- Ts Raoutt| XlOO).

Ts unirac
blend T,, UNIFAC T, Raoult E%
EO 483.7 483.2 0.10
E5 482.0 481.5 0.11
E20 478.2 478.2 0.00
E30 476.0 476.8 0.17
E50 475.5 473.6 0.40
E85 471.4 473.1 0.36

4.4. Summary of Chapter 4
The previously suggested model (Discrete Multi-Component Model (DMCM)) was applied

for droplet heating and evaporation of gasoline, ethanol and their blends. The DMCM took
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into account the temperature gradient, recirculation, and species diffusion inside droplets.
In contrast to all previous studies, the DMCM was improved to take into account the impact
of the radiative temperature and the impact of the vapour-liquid equilibrium on the droplet
heating and evaporation. The effects of ambient conditions (ambient pressure, ambient
temperature and radiative temperature), and ethanol/gasoline fuel blend ratios on multi-
component fuel droplet heating and evaporation were investigated. The ambient pressures,
gas and radiative temperatures, and ethanol/gasoline fuel ratios are considered in the
ranges 3-30 bar, 400-650 K, 1000-2000 K, and 0% (pure gasoline)-100% (pure ethanol),
respectively.

Results revealed that gasoline fuel had less evaporation time than ethanol under realistic
gasoline engine conditions. It was found that he evaporation time always increased with
increasing the ethanol fraction on the expense of gasoline fraction. The droplet surface
temperature for gasoline, however, was significantly higher than that of ethanol. For pure
ethanol, the predicted droplet surface temperature was 24.3% lower, and lifetime 33.9%
higher, than that for gasoline fuel under the same conditions. Taking into account radiation
decreased the gasoline fuel droplet evaporation times by up to 28.6%, and those of ethanol
fuel droplets by up to 21.8%, compared to the cases where radiation was ignored.

The universal quasi-chemical functional-group activity coefficient model was used to
predict the ACs of the blended ethanol and gasoline fuels approximated by 21 components.
In contrast to previous studies, it was shown that droplet lifetimes predicted for pure
gasoline were not always shorter than those predicted for ethanol/gasoline blends. They
depended on the total vapour pressure of the mixture. Considering the ACs led to errors of

up to 5.7% in droplet lifetime compared to the case where the ACs were ignored.

These findings proved the applicability of increasing the fractions of ethanol in gasoline and
the possible use of the new blend for petrol engines without any modifications to meet the

ongoing governmental regulations for reducing the GGE.
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CHAPTER FIVE: Bio/Diesel-Fuel Blends

5.1. Overview

Diesel engines are, by far, the main power source of heavy duty vehicles and power
generation systems because of their relatively high efficiencies [147]. Due to the common
GGE (mainly carbon oxides and nitrogen oxides) associated with diesel engines, and its
depletion as a fossil fuel, many investigations (e.g. [148-155]) have been carried out on the
possible replacement of diesel fuel with blended fuels, such as ethanol, biodiesel and
ethanol/gasoline (85% ethanol and 15% gasoline which is known as E85).

In this chapter, the possibility or replacing some of the diesel fractions by biodiesel and
ethanol are investigated in terms of common physical and chemical characteristics, such as
droplet heating and evaporation, Cetane Number (CN), viscosity and heating value. Also, the
impacts of the maximal radiative temperatures and non-ideal behaviour of the vapour-
liquid equilibrium are investigated. The impact of reducing the number of components on

the predictions accuracy and CPU time is also investigated in this Chapter.

5.2. Biodiesel /Diesel Fuel Blends

The most used biofuel, in specific fractions in diesel fuel, is biodiesel due to relatively close
CN and density to those of the diesel fuel. Compared to fossil fuel, biodiesel fuel has several
advantages: it has less CO; emissions, higher flash point, and it is cost effective; in addition,
the blend of biodiesel/diesel fuels can be used in diesel engines with minimal/no
modifications [149,150]. According to the U.S. Environmental Protection Agency Tier I and
Tier Il standards (see [5] for details), Fatty Acid Methyl Ester (FAME) biodiesel types

produced over the last decade pass the testing requirements for health effects [156].
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The commercial diesel fuel used in the present work conforms to standard European Union

fuel (EN590), formed of 98 hydrocarbons represented by 6 hydrocarbon groups and 3

characteristics components which are CioHss (tricycloalkane), Ci3Hiz (diaromatic), and

C14H10 (phenanthrene). Molar fractions of various components in this fuel are presented in

Table 10 [60].

Table 10. Molar fraction (%) of diesel fuel components.

Carbonno | alkanes |cycloalkanes|bicycloalkanes|alkylbenzenes itrégf;frfeil naphthalenes
C8 0.308 - - 0.497 - -
C9 3.032 - - 3.2357 - -
C10 5.0541 0.6408 0.6926 5.3584 1.3157 1.9366
C11 3.163 1.8745 1.0524 0.9492 1.3632 2.5290
C12 2.6156 1.6951 0.9753 1.9149 1.1951 1.4012
C13 2.5439 1.2646 0.6611 0.6873 1.0652 0.7692
C14 2.6497 1.3633 0.5631 0.6469 0.8406 0.4879
C15 3.1646 1.2353 0.4314 0.4782 0.7051 0.3843
C1l6 2.6579 1.0449 0.4921 0.4564 0.6684 0.2854
C17 2.8605 1.0162 0.6529 0.4204 0.5598 0.2072
C18 3.2403 1.2848 0.6554 0.5234 0.5357 0.2358
C19 3.5296 1.3566 0.9901 0.3226 0.3403 0.2151
C20 2.2338 0.9961 0.1965 0.2848 0.3227 0.2256
C21 1.443 0.5374 0.0935 0.2032 0.1638 -
C22 0.799 0.304 0.0701 0.0969 0.0781 -
C23 0.3972 0.109 0.0488 0.0494 - -
C24 0.1903 0.0755 0.0234 0.0473 - -
C25 0.0997 0.0445 0.0169 - - -
C26 0.0425 0.0214 - - - -
Cc27 0.0309 0.0155 - - - -

Total % 40.65 14.88 7.62 16.17 9.15 8.68

The other 3 components considered were Ci9H34 (represents the tricycloalkane group (with

molar fraction of 0.015647)), Ci13H12 (represents the diaromatic group (with molar fraction
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of 0.01224)) and CisHio (represents the phenanthrene group (with molar fraction of

0.006577)).

Twenty-two types of biodiesel fuels were blended with diesel using the authors’ solver to
investigate their heating and evaporation processes. These are: Tallow Methyl Ester (TME),
Lard Methyl Ester (LME), Butter Methyl Ester (BME), Coconut Methyl Ester (CME), Palm
Kernel Methyl Ester (PMK), Palm Methyl Ester (PME), Safflower Methyl Ester (SFE), Peanut
Methyl Ester (PTE), Cottonseed Methyl Ester (CSE), Corn Methyl Ester (CNE), Sunflower
Methyl Ester (SNE), Soybean Methyl Ester (SME), Rapeseed Methyl Ester (RME), Linseed
Methyl Ester (LNE), Tung Methyl Ester (TGE), Hemp-oil Methyl Ester, produced from Hemp
seed oil in Ukraine (HM1), Hemp-oil Methyl Ester, produced in European Union (HM2),
Canola seed methyl ester (CAN), Waste cooking-oil Methyl Ester (WCO), Camelina methyl
ester (CML), Jatropha methyl ester (JTR) and Yellow grease methyl ester (YGR). Four
fractions of biodiesel/diesel blends were investigated; these are 5% biodiesel with 95%
diesel fuels (B5), 20% biodiesel with 80% diesel fuels (B20), 50% biodiesel with 50% diesel
fuels (B50), pure biodiesel (B100) and pure diesel fuels (B0). The molar fractions of these

biodiesel fuels are illustrated in Tables 11 and 12.
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Table 11. Biodiesel fuel compositions (:0,1,2,3,4 refer to the number of double bonds in the
component’s structure) [63].

Biodiesel Fuels

Methyl
esters TME LME BME CME PMK PME SFE PTE CSE CNE SNE
C8:0 - - 52 6.0 26 - - - - - -
C10:0 - - 28 80 4.0 - - - - - -
C12:0 0.2 - 34 500 500 0.3 - - - - -
C14:0 2.5 1.0 11.0 150 17.0 13 - 05 20 1.0 -
C15:0 - - - - - - - - - - -
C16:0 27.9 260 317 90 80 451 52 80 190 90 59
C17:0 - - - - - - - - - - -
C18:0 23.0 140 108 3.0 1.7 45 22 40 20 25 42
C20:0 0.4 - 0.4 - 1.5 04 - 7.0 - - 1.4
C22:0 0.4 - 0.4 - 1.5 0.2 - 7.0 - - 1.4
C24:0 - - - - - - - - - - -
Cle:1 2.5 28 24 - 04 0.2 - 1.5 - 1.5 -
C17:1 - - - - - - - - - - -
C18:1 40.0 440 263 7.0 120 384 764 49.0 31.0 40.0 185
C20:1 0.3 20 1.0 - - - - - 25 1.0 -
C22:1 0.3 20 1.0 - - - - - 25 1.0 -
C24:1 - - - - - - - - - - -
C18:2 2.0 80 30 20 13 92 162 23.0 41.0 440 683
C20:2 - - - - - - - - - - -
C18:3 - - 0.6 - - 0.2 - - - - 0.3
C20:3 - - - - - - - - - - -
C18:4 - - - - - - - - - - -
Others 0.5 0.2 - - - 0.2 - - - - R
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Table 12. Biodiesel fuel compositions (continued).
Methyl Biodiesel Fuels
esters TGE HM1 SME LNE HM2 CAN WCO RME CML JTR YGR
C8:0 - - - - - - - - - - -
C10:0 - - - - - - - - - - -
C12:0 - - - - - - 0.2 - 04 01 02
C14:0 - - 03 0.2 - - 0.7 - 26 03 08
C15:0 - - - - - - - - - - 0.1
C16:0 3.6 6.6 109 62 65 45 157 49 58 143 16.0
C17:0 - 0.2 - - - 0.1 0.2 - - 0.1 01
C18:0 2.6 21 44 06 25 20 61 1.7 27 59 69
C20:0 - 05 04 - 09 06 04 06 13 02 03
C22:0 13.1 0.3 - - - 04 04 - 09 02 04
C24:0 - 0.2 - - - 02 03 - 0.7 25 02
Cl6:1 - 0.3 - - - 04 0.7 - - 1.0 09
C17:1 - - - - - - - - - - 0.1
C18:1 10.1 119 240 180 119 59.7 428 26.6 159 389 432
C20:1 0.8 0.3 - - 09 15 06 - 13.7 01 05
C22:1 - 0.2 - - - 04 02 223 29 01 01
C24:1 - 0.2 - - - - - 08 02 01 43
C18:2 13.8 56.6 528 16.0 54.7 208 294 248 160 348 243
C20:2 - - - - - - - - 1.4 - -
C18:3 51.6 206 7.2 59.0 201 94 20 9.7 338 03 11
C20:3 - - - - - - - - 0.8 - -
C18:4 - - - - - - - - - - 0.5
Others 4.4 - - - 2.5 - 0.3 86 09 11 -

The properties of diesel and biodiesel are illustrated in Appendices D and E, respectively.

The liquid and vapour diffusion coefficients are provided in Appendix F. The average values
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of the liquid properties were estimated based on appropriate formulae as illustrated in

Appendix G.

5.2.2. Impacts of biodiesel /diesel fuel blends
The Discrete Multi Component Model (DMCM) was facilitated for the analysis of heating and
evaporation of biodiesel/diesel fuel droplets of initial radius R, = 12 pm and temperature
T, =360 K. The droplet was moving at J; = 10 m.s'1 in still air of pressure and temperature
equal to py = 30 bar and T; = 800 K, respectively. The evolutions of droplet surface
temperatures (7T,) and radii (R;) for BO, B5, B20, B50, B80, and B100 fuels of twenty-two
types of biodiesel fuels were analysed. Typical results from these analyses are presented in

Figures 16 and 17.
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Figure 16. Droplet surface temperatures and radii versus time for various SME/diesel fuel
blends.
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Figure 17. Droplet surface temperatures and radii versus time for various WCO/diesel fuel
blends.

In Figures 16 and 17, one can see that increasing the fraction of biodiesel fuel from B5 to
B100 has a noticeable effect on the evolution of T, and R, for both SME and WCO fuels. The
predicted droplet surface temperature of B100 is higher than that of B5 during the initial
heating period. This is attributed to a sudden increase in biodiesel fuel density, compared
with a relatively small increase in diesel fuel density. According to [73], the increase in
droplet surface temperature can enhance the droplet break-up process due to the decrease
in droplet surface tension (droplet’s surface tension decreases with increasing the its
surface temperature). The droplet lifetimes of SME and WCO biodiesel fuels blended with
BO fuel and their deviations from those predicted for BO fuel (2.25ms) are presented in

Table 13.
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Table 13. Estimation of the droplet lifetimes (in ms) of biodiesel/diesel blends and their

differences compared with BO droplet lifetime (2.25 ms), (Diff % = “fetimeB,O_,“fetimeble"d) X
lifetimeg
100.
Biodiesel Fuels
Blends SME WCO
Lifetime Diff % Lifetime Diff %
B5 2.236 0.62 2.237 0.57
B20 2.198 2.31 2.194 2.49
B50 2.127 5.47 2.121 5.73
B80 2.055 8.67 2.052 8.80
100 1.981 11.96 2.002 11.02

As can be seen from Table 13, the droplet lifetime for B100 (SME) fuel is 12% less than that
for BO. This reduction does not exceed 0.7% for the B5 fuel blend for the same fuel. Also, the
droplet lifetime of the WCO biodiesel fuel droplet is noticeably close to that of the SME
droplet; itis 12% and 0.7% shorter for the B100 and B5 blends, respectively. The deviation
in droplet lifetimes for B100 of both SME and WCO may not be ignored in most engineering

applications; for B5 it can be tolerated in some engineering applications.

A full illustration of the droplet lifetime results for the other 20 types of biodiesel fuels are
shown in Table 14. The droplet lifetimes of 20 types of biodiesel fuels mixtures with diesel

fuel and their differences from the one predicted for B0 (2.25ms) are presented in this table.
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Table 14. Estimation of biodiesel and biodiesel/diesel fuel droplets lifetimes (in ms) and
their differences compared with those of BO fuel (2.25 ms).

Biodiesel B100 B50 B20 B5
fuels  ifetime Diff% | Lifetime Diff% | Lifetime Diff% | Lifetime Diff %
TME 1967 126 | 2102 66 | 2184 29 | 2232 080
LME 1995 113 | 2114 60 | 2190 27 | 2234 071
BME 1943 136 | 2089 72 | 2180 31 | 2232 080
CME 1765 216 | 2036 95 | 2166 3.7 | 2229 093

PMK 1.846 18.0 2.050 8.9 2.169 3.6 2.230 0.89

PME 1.944 13.6 2.097 6.8 2.183 3.0 2.232 0.80
SFE 1.980 12.0 2.122 5.7 2.195 2.4 2.235 0.67
PTE 2.052 8.8 2.138 5.0 2.199 2.3 2.236 0.62
CSE 2.014 10.5 2.128 5.4 2.197 2.4 2.236 0.62
CNE 2.002 11.0 2.128 5.4 2.197 2.4 2.236 0.62
SNE 2.011 10.6 2.132 52 2.200 2.2 2.237 0.58

RME 2.131 53 2.188 2.8 2.222 1.2 2.242 0.36
LNE 1.991 11.5 2.141 4.8 2.206 2.0 2.239 0.49
TGE 2.085 7.3 2.160 4.0 2.211 1.7 2.240 0.44
HME1 2.022 10.1 2.138 5.0 2.203 2.1 2.237 0.58
HME?2 1.994 114 2.135 51 2.202 2.1 2.238 0.53

CAN 2.014 10.5 2.130 5.3 2.199 2.3 2.236 0.62
CML 2.064 8.3 2.153 43 2.209 1.8 2.239 0.49
JTR 2.047 9.0 2.133 5.2 2.198 2.3 2.236 0.62
YGR 2.077 7.7 2.149 4.5 2.203 2.1 2.237 0.58

As can be seen from Table 14, the droplet lifetime for B100 of RME fuel is 6% less than that
of BO. This reduction does not exceed 0.4% for the B5 fuel blend for the same fuel. Also,
droplet lifetime of TGE biodiesel fuel droplet is noticeably close to that of BO droplet; it is
less than 8% and 0.5% for B100 and B5 mixtures, respectively. The maximum difference in

droplet lifetimes for these fuels is up to 21. 6% (B100 CME), which cannot be sacrificed in
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any engineering application, and it is always higher than 5.29% (RME) compared to B0,
which may be tolerated in some limited engineering applications.

Several past studies (see [64,73] for example) analysed the heating and evaporation of BO
fuel droplets, and compared with the results of biodiesel /diesel blends. For instance, in [64],
the droplet lifetime for B100 of WCO was shown to be 11% less than that of BO. While in
[73], the droplet lifetime for B100 of SME fuel was shown to be 6 % less than that for B0. In
this study, too similar trends were predicted for the same fuels. This prediction, however,
was different for the other types of biodiesel fuel presented in this work. For example, the
B100 droplet lifetimes for CME and PMK biodiesel fuels showed deviations of 21.6% and
18%, respectively, from that of BO fuel.

A general trend shows that droplets' lifetimes of all 22 types of B5 biodiesel/diesel blends
that are used in this study deviate with less than 1% from the one predicated for BO
droplets. This concludes the possibility of labelling biodiesel /diesel blends fuel pumps, with
up to about 5% biodiesel concentration, without modifying the automotive system is
achievable. For some fuel blends (for example B20 RME, TGE, LNE, and HME1), this
deviation (up to 2%) is still relatively negligible to mix higher biodiesel concentrations (for
example, 20% biodiesel and 80% diesel fuels) without losing the main feature of these
processes (i.e. droplet lifetime).

The difference in vapour pressures and enthalpies of evaporation between hydrocarbons
and methyl esters is the main reason for the influence of biodiesel fuel fractions on the
heating and evaporation of diesel fuel droplets. For instance, when increasing the biodiesel
fractions, the droplet surface temperature tends to reach a plateau during the evaporation
process, which is similar to the case of single component model (see [113]). Additionally,
the significance of such behaviour can change depending on the input parameters and

ambient conditions.
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5.2.3. Impacts of ambient conditions
In contrast to the findings in [60,64,73], where the radiative effects on the evaporation of
droplets are shown to be negligible, the current analysis provides interesting updates to
previous findings. In the model used in this research, the full composition of biodiesel /diesel
fuel is considered, but with a simplified radiation model. The results of investigations under
a range of diesel engine injection conditions, accounting for different radiation
temperatures of BO - B100 fuel blends (based on SME and WCO biodiesel fuels), are

presented in Figures 18 and 19, and Tables 15.
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Figure 18. The estimated droplet lifetimes versus radiation temperatures T;.,4 for BO-B100
SME/diesel fuel blends.
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Figure 19. The estimated droplet lifetimes versus radiation temperatures T,,q for BO-B100
WCO/diesel fuel blends.

Table 15. The blended fuel droplet lifetimes (in ms) under radiative effects and their

lifetime raq- lifetime oq

estimated differences for the case when radiation is ignored, (Diff % = TrT— X
100).
Blends |No radiation Traq= 1000 K Traq= 1500 K Traq = 2000 K

time time Diff % time Diff % time Diff %

BO 2.250 2.218 1.42 2.097 6.80 1.814 19.38

B5 2.237 2.203 1.52 2.082 6.93 1.799 19.54

ol B20 2.198 2.162 1.64 2.039 7.23 1.758 20.02
§ B50 2.127 2.091 1.70 1.963 7.71 1.683 20.87
B80 2.052 2.016 1.75 1.889 7.94 1.607 21.69

B100 2.002 1.964 1.89 1.834 8.40 1.542 22.97

BO 2.250 2.218 1.42 2.097 6.80 1.814 19.38

B5 2.236 2.204 1.43 2.083 6.84 1.800 19.50

| B20 2.198 2.166 1.46 2.043 7.05 1.761 19.88
E B50 2.127 2.094 1.55 1.968 7.48 1.688 20.64
B80 2.055 2.021 1.65 1.893 7.88 1.612 21.56

B100 1.981 1.946 1.77 1.814 8.43 1.520 23.27
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As evident from Figures 18 and 19, the impact of radiation becomes more significant at high
radiation temperatures. For instance, droplet lifetime is reduced by 19.4% and up to 23.3%
for BO and B100, respectively, when the radiation temperature is 2000 K. From the results
presented in Table 15, the impact of radiative temperature on droplet lifetimes is seen to
increase as the biodiesel fraction increases.

The effect of in-cylinder pressures and temperatures on the estimated droplet lifetimes for
B0 - B100 fuel blends is presented in Figures 20-23. As follows from Figures 20 and 21,
increasing ambient pressure at ambient temperature 800 K leads to a reduction in
estimated droplet lifetimes with similar trends for all SME/diesel and WCO/diesel fuel
blends. This effect is attributed to the fact that higher ambient pressure leads to increased
gas density and a faster evaporation rate. Similar trends are observed for the impact of

ambient temperatures on droplet lifetimes at ambient pressure Py = 30 bar, as shown in

Figures 22 and 23.
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Figure 20. The impact of ambient pressures on droplet lifetimes for BO - B100 of
SME/diesel fuel blends at T, = 800 K.
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Figure 21. The impact of ambient pressures on droplet lifetimes for BO - B100 of

WCO/diesel fuel blends at T, = 800 K.
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Figure 22. The impact of ambient temperatures on droplet lifetimes for BO - B100 of

SME/diesel fuel blends at P,= 30 bar.
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Figure 23. The impact of ambient temperatures on droplet lifetimes for BO - B100 of
WCO/diesel fuel blends at Py= 30 bar.

As can be seen from Figures 22 and 23, ambient temperatures have a noticeable impact on
reducing droplet lifetimes for all biodiesel/diesel fuel blends. Increasing the ambient
temperature leads to a reduction in the liquid density and an increase in the vapour
pressure. Thus, the evaporation rate increases. The full evolution of BO fuel droplet radii
and surface temperatures, presented in Figures 20-23, are shown in Figures F1 and F2 in

Appendix F.

To summarise the findings, an increase in the radiative temperature, ambient pressure, or
ambient temperature, leads to a faster evaporation of biodiesel/diesel fuel droplets,
regardless of their blending fractions. The differences in droplet lifetimes for various
biodiesel/diesel fractions are clearly observed for high ambient temperature and pressure.
This can be attributed to the impact of these high conditions on the thermodynamic and
transport properties. For instance, the partial vapour pressure of each individual

component is proportional to the total ambient pressure. The influence of ambient pressure
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on other properties, such as density, viscosity, specific heat capacity, latent heat of

evaporation and thermal conductivity, depend on the ambient temperature.

5.3. E85-Diesel Fuel Blends

Ethanol and ethanol/gasoline mixtures have been shown to be suitable for blending with
diesel fuels [147,157]. It is known that mixtures with up to 85% diesel and 15% ethanol are
used in standard diesel engines without significant impacts on these engines [9]. Also, it has
been reported in [10] that ethanol can be blended with diesel fuel at up to 20% ethanol. For
higher fractions of ethanol, additives may become essential to attain the needed miscibility
in order to stabilise the blend, control the phase separation, and attain the required cetane
number [9,148,153,158-160].

The most common blend of diesel fuel is not pure ethanol but E85 fuel (E85 refers to 85%
ethanol and 15% gasoline) [147,157,159,161]. The addition of 15% gasoline to ethanol is
commonly used to improve the low temperature properties of the mixture and the cold start
in diesel engines [159,162]. The results of experimental research, provided in [159], have
shown that the presence of E85 in diesel fuel leads to a noticeable reduction in nitrogen
oxides. This mixture, however, has also led to a noticeable increase in the ignition delay and
an increase in the production of carbon monoxides. The combustion temperature decreases
with increasing the E85-diesel fuel fraction, and the brake efficiency slightly increases for
higher E85-diesel fuel fractions [159]. These effects, however, need to be treated cautiously;
for instance, the addition of 20% E85 can lead to up to 16% increase in nitrogen oxides
[159].

So far, the research on E85-diesel fuel blends has focused on the physical properties,
exhaust toxic emissions and ignition of this fuel [147,157,159,161]. The impact of such
blends, accounting for full fuel compositions, and their detailed species chemical structure

and properties, on droplet heating and evaporation has not been studied anywhere in the
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literature to the best of the author’s knowledge. In this section, the analysis of Section 4.3 is
generalised to the case of blended E85-diesel droplets, using the DMCM and Multi-
Dimensional Quasi-Discrete Model (MDQDM). Note that, the composition of diesel fuel used

in this section is same as that used in Section 5.2.

5.3.1. Model validation

The results of the application of the DMCM to investigate the evaporation of diesel fuel were
validated against experimental data and verified against the results of other numerical
simulations [163,164]. In these papers, diesel fuel was approximated by the following
components (based on their mass fractions): 8% toluene (C7Hsg), 11% decane (C10Hz2), 21%
dodecane (Ci2H26), 27% tetradecane (CisHzo), 17% hexadecane (Ci¢Hss), and 16%
octadecane (CigHsg). Droplets with initial diameters of 0.86 mm (for ambient gas
temperature T = 523 K), and 0.84 mm (for ambient gas temperature T = 723 K) with an
initial temperature of 300 K were suspended at the tip of a quartz fibre [164]. The droplet
relative velocities in a chamber with ambient pressure of 1 atm were 0.3 m/s. The ETC/ED
models were used in [163]. Note that the authors of the latter paper state that ‘the droplet
temperature and composition were assumed to be uniform’, which would contradict their
claim that they used the ETC/ED models. It is believed that this was a typo and they were
referring to the droplet surface temperature and composition.

The time evolutions of the normalised squared droplet diameters, predicted using the
DMCM, were compared with the numerical results presented in [163] and experimental
data provided in [164]. The results of the comparison are shown in Figure 24. As follows
from this figure, the predictions from the author’s computational solver are close to the

numerical and experimental data.
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Figure 24. Normalised squared diameters of diesel fuel (represented by 6 components)
droplets versus time [163,164].

5.3.2. Predictions of the DMCM
The impacts of various volume fractions of E85-diesel fuel blends on droplet heating and
evaporation were investigated using the DMCM, where the contribution of 98, 119 and 21
components were considered for the full number of components (i.e. without any
approximation or ignoring any components) of pure diesel, 4 mixtures of E85-diesel blends
and pure E85, respectively, as shown in Tables 4 and 10. The following volume fractions of
E85-diesel fuels were considered: pure diesel, E85-5 (5% E85 and 95% diesel), E85-20
(20% E85 and 80% diesel), E85-50 (50% E85 and 50% diesel), and E85. The partial vapour
pressures of the components of the blended fuel were calculated taking into account the
non-unity ACs for up to 119 components using the UNIFAC model. The same ambient
conditions and input parameters, used in Section 5.2, were used in this section. The time
evolution of droplet radii (R;) and surface temperatures (T) for various E85-diesel fuel

blends are shown in Figures 25 and 26, respectively.
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Figure 25. Droplet radii versus time for various E85-diesel blends.
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Figure 26. Droplet surface temperatures versus time for various E85-diesel blends.
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As follows from Figure 25, droplet lifetime for pure diesel is longer than that for any blend.
It decreases as the E85 fraction increases. The difference in droplet lifetime for E85-5
compared to pure diesel is 5.7%. This difference reaches 49.5% for pure E85. This
significant reduction in droplet lifetime is ascribed to the fact that E85 is more volatile than
pure diesel and has a saturation vapour pressure of 107 KPa (at T = 360 K). It is worth
noting here that it is only 2.3 kPa for the pure diesel at the same temperature.

As can be seen from Figure 26, droplet surface temperature decreases with increasing E85
volume fractions. For E85-5, it is up to 0.78% less than that of pure diesel. This reduction is
as high as 3.4% for E85-50 and reached 23.4% for pure E85. This difference is attributed to
the fact that the heat capacity of ethanol is noticeably higher than that of diesel fuel. In
agreement with the previous studies, droplet surface temperatures do not show plateau
profiles due to the diffusion of components in droplets [73,165].

The temperature distribution inside the droplet is shown in Figure 27 at time instants 0.02,
0.3, 0.5 and 1 ms. As can be seen from the figure, the temperature difference between the
droplet centre and its surface can reach up to 9.2 %. The results shown in Figure 27 should
be treated with care for the case of non-zero droplet relative velocities, since the ETC/ED
models were primarily developed for prediction of the average surface temperatures and

species mass fractions in moving droplets.
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Figure 27. Temperature inside droplet versus normalised distance from the centre of
droplet for E85-5 blend at time instants 0.02, 0.3, 0.5 and 1 ms.

The distillation characteristics of E85-5 and pure E85, estimated using the ETC/ED models
are presented in Figure 28. The ambient conditions for these cases are same as the cases in
Figures 25-27. As can be seen from the figure, the percentage volume recovered as distillate,
for pure E85, starts at T = 403 K and ends (100% recovered) at T = 440 K, which is less
than the average boiling point of pure E85 atp = 30 bar. For the E85-5 mixture, the
percentage volume recovered starts at T = 438 K and ends atT = 760 K. The sudden
increase in droplet surface temperature without any volume recovered, for the latter
mixture, is ascribed to the fact that the lighter components (E85) are evaporated and the
remaining are only the diesel components which start evaporating at T = 584 K. This
behaviour is similar to that observed in [140]. Such behaviour cannot be predicted if the

ETC/ED models were not used.
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Figure 28. Droplet surface temperature versus percentage volume recovered as distillate
for E85-5 and pure E85 using the ETC/ED models.

To assess the impact of the non-ideality of the liquid phase on the estimated droplet
lifetimes and surface temperatures, a comparison between the results based on the two
activity coefficients (the unity and UNIFAC) for E85-5 and E85-20 fuel blends is shown in
Figure 29. One can see from this figure that the droplet lifetime predicted, using the UNIFAC
model, is about 3.6% shorter than that based on the assumption of a unity activity
coefficient. This is attributed to the fact that the non-ideal mixture entails a higher vapour
pressure, due to the presence of ethanol, compared to the ideal mixture. Hence, the faster
evaporation rates and shorter droplet lifetimes. Although the impact of the ACs on droplet
lifetime was too small, causing only up to 3.6% shorter droplet lifetime, these had significant
impacts on vapour pressure with up to 29% high vapour pressure when considering the

impacts of ACs (see Figure 14, Chapter 4).
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Figure 29. Evolution of droplet radii and surface temperatures for E85-5 and E85-20 blends.
The time evolution of nine selected (out of 119) species mass fractions for E85-5 blend is
shown in Figure 30. The selected components are: C1oHz2, C19Hao, C27Hse (the alkane group),
C20H40, C27Hs4 (the cycloalkane group), Ci2His, C24Ha, (the alkylbenzene group), CsHis (iso-
octane in gasoline) and C;HsOH (ethanol). As evident from the figure, the mass fractions of
the lighter components in the blend (e.g., C;HsO0H, CsH1s and C10H>2) decrease monotonically
with time, while the mass fractions of the intermediate components initially increase at the
expense of lighter components and then decrease with time. The mass fractions of heavy
components (Cz7Hse and Cz7Hs4) increase until they become the dominant ones, although

they have very small fractions initially.
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Figure 30. The plots of surface mass fractions Yj;s of 9 representative components of the
E85-5 blend versus time. The plots for the following components are shown: CioHz2 (1),

time (ms)

C19Ha0 (2), C27Hs6 (3), C20Hao (4), C27Hs4 (5), C12H1s (6), C24Haz (7), CsHis (8) and C2HsOH (9).

5.3.3. Predictions of the MDQDM

The MDQDM was also used to analyse E85-5 droplets. The input parameters and ambient

conditions were the same as those used for the analysis based on the DMCM. The impacts of

various approximations of 119 components of E85-5 blends on the predictions of droplet

radii and surface temperatures are shown in Figures 31 and 32, respectively. These

approximations are: 90, 63, 45, 20 and 16 C/QC (see Table H in Appendix H for details).
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Figure 31. Droplet radii versus time for six approximations of E85-5: 119 components using
the DMCM, and 90, 63, 45, 20 and 16 C/QC (numbers near the curves) using the MDQDM.

760 =
—119 /
—_..90
— —63
660 -+ =45
----- 20
< 16
E-w
560
460 -
360 : : : :
0 0.5 1 time (ms) 1.5 2

Figure 32. Droplet surface temperatures versus time for six approximations of the E85-5
blend: 119 components using the DMCM, and 90, 63, 45, 20, and 16 C/QC (numbers near
the curves) using the MDQDM.
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As can be seen from Figures 31 and 32, the errors in droplet lifetimes and surface
temperatures predicted by the model using 90 C/QC are 0.38% and up to 0.26%,
respectively, compared with those predicted using the DMCM taking into account the
contributions of all components. These errors increase to 0.99% and up to 0.39% for droplet
lifetimes and surface temperatures, respectively, when the blend is approximated by 63
C/QC. They further increase to 7.16% for droplet lifetime and up to 2.90% for the droplet
surface temperature, when 16 C/QC were used. [t should be noted that the less % difference,
the better, as this means the reduction model is accurate and the original number of
components can be represented by less components to save the computational time. These
errors are rather large for many engineering applications. At the same time, it was found
that the approximation of the blend by 20 C/QC underpredicts the droplet lifetimes and
surface temperatures by up to 3.58% and up to 2.90%, respectively, which is acceptable in
most engineering applications.

The computational efficiency of the MDQDM is illustrated in Table 16. For example, the
approximation of 119 E85-5 components by 20 components/quasi components reduces
CPU time by up to 82.7%. The workstation used is fitted with i5-3337U, dual Core, 8 GB

RAM, and 1.80 GHz processor. The time step was setas 1 ps.

Table 16. The impact of reducing the number of components on CPU time (in

sec) (Diff 0= P timz;,cé(l;;:itimem| X 100).

number of C/QC CPU time Diff %
119 1816 -
90 1360 25.1
63 955 47.4
45 687 62.2
20 314 82.7
16 247 86.4
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It should be noted that these results were produced using the analysis presented in this
thesis. However, the estimated time for produced the same results using conventional CFD
tools is almost impossible to predict, as the computational time is expected to be much

longer and dependent on the computer simulation capacity.

5.4. Ethanol/Biodiesel/Diesel Fuel Blends

As stated in Section 5.3, blending higher fraction of ethanol with diesel requires some
additives to attain the needed miscibility in order to stabilise the blend, control the phase
separation, and attain the required cetane number. Therefore, researchers have started to
add some agents to stabilise the mixture and attain the required CN [148,166]. Dimethyl
ether is one of such agent for suitable CN booster when it is mixed with diesel, as it has a CN
of greater than 55 [167]. However, it is believed that this component cannot be used in
diesel engines effectively due to its lower values of MW, boiling point, and density, which
make it evaporate much faster than the components of diesel fuel. Among other different
agents, biodiesel is a chemically-convenient additive to mix with ethanol/diesel fuel (E/D)

blend [168].

The most recent studies conducted have focused on the ethanol /biodiesel/diesel (EBD) fuel
blend. For instance, Kwanchareon et al. [148] studied the GGE and the CN of this fuel blend.
The presence of biodiesel in EBD blend resulted in a significant reduction in the Carbon
monoxide (CO) and Hydrocarbons (HC) emissions of internal combustion engines (ICE)
compared to the E/D blend. In [151], the solubility of EBD blend was investigated at two
different temperatures, which showed that the solubility of ethanol increased when
increasing the temperature. Beatrice et al. [169] studied the influence of blending 10%
biodiesel, 20% ethanol, and 70% diesel fuels on ICE performance. In the latter study, the
smoke and Nitrogen Oxides (NOx) emissions were found to be significantly less than those

of pure diesel. The impact of EBD blend on emissions was investigated experimentally in
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[170], where results showed that the EBD blend had lower NOx emissions compared to
those of pure diesel. In similar other studies [171-175], the EBD blend was CN-richer and
its combustion produced less NOx emissions than diesel combustion. According to
[168,176], up to 25% of biodiesel and 10% of ethanol could be blended with diesel
effectively.

In a brief summary, previous studies on EBD blends only focused on the solubility, toxic
emissions, heating value and CN of these blends. The impact of such blends on droplet
heating and evaporation, with consideration to full fuel compositions, has not been
investigated anywhere in the literature to the best of author’s knowledge. In this section,
the new key findings are the investigation into mixing different fractions of EBD blends with
consideration of their droplet lifetimes and surface temperatures, viscosities, CN and

heating value.

5.4.1. Heating and evaporation
The heating and evaporation of EBD blends were investigated using the DMCM and same
ambient conditions and input parameters as in Sections 5.2 and 5.3, taking into account the
UNIFAC model for the predictions of ACs of 106 components of the EBD blends. The
biodiesel fuel was represented by SME in this study. The evolutions of droplet radii are

shown in Figure 33, and their surface temperatures are presented in Figure 34.
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Figure 33. The evolution of droplet radii for pure diesel (indicated as D100), pure biodiesel
(indicated as B100), pure ethanol (indicated as E100), and three different EBD blends.

As presented in Figure 33, the droplet lifetime decreases as the fractions of biodiesel,

ethanol, or both fuels increase at the expense of diesel fuel. This decrease is 0.7% when a

blend of E5/B5/D90 is used, and further decreases by 0.9% when 10% of ethanol is mixed

with 90% of diesel. This reduction reaches up to 1.2% when the total fraction of biofuels

was 20% (15% biodiesel and 5% ethanol). Predictions show that pure biodiesel and pure

ethanol have 11.7% and 43.3% less droplet lifetime than pure diesel respectively. This

shorter droplet lifetime is ascribed to the fact that ethanol and biodiesel had higher vapour

pressures than diesel, which make them evaporate faster than pure diesel.
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Figure 34. The evolution of droplet surface temperatures for the same fuels and their blends
as in Figure 40.

Droplet surface temperature decreases with increasing biofuels fractions (Figure 34). A
reduction of up to 0.5% is predicted for the E5/B5/D90 blend compared to the pure diesel.
This decrease reaches up to 1% for the E5/B15/D80 blend. However, the reduction is
significant for pure biodiesel and pure ethanol, which are up to 10.6% and 39.4%,
respectively, compared to pure diesel. This is attributed to their higher heat of capacity, as
components with higher heat capacity have lower temperature rise. The very negligible
differences between diesel fuel and its blends are obtained for single droplet. For real
applications which include a polydisperse spray, these differences can be tolerated further
(i.e. up to 5% differences can be acceptable, as a result of the higher uncertainties on the
droplet size). That makes the suggested blends in this chapter broadly acceptable in

relevant engineering applications.
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5.4.2. Cetane number and viscosity
In order to further illustrate the feasibility of mixing different fractions of biofuels with
diesel, some important characteristics were investigated. CN is one of the most important
characteristics of diesel fuel, as it measures the combustion quality of diesel fuel [75]. The
presence of ethanol in diesel results in a reduction in its CN and viscosity, which is another
important property that influences the quality of atomization and combustion [174,177].
Therefore, biodiesel fuel was used to compensate the decrease in the aforesaid two
properties [166]. The impact of biodiesel fuel on the CN of ethanol/diesel blends was
predicted using the formula suggested in [178]. The CN of pure diesel fuel (CNp) was

predicted using the formula suggested in [179], as follows:

iViBiCN; 36
CNp = 205 ee)

For each species group, v; is the total volume fraction, g; is the blending parameter, and
CN; is the cetane number of that group. The CN number for each component is inferred from
[179,180,84,181]. It should be emphasised that the n-alkanes and iso-alkanes groups were
merged together in [60] to form one group due to their similar physical properties. For the
predictions of the CN, however, these two groups were considered separately due to the
impact of varying component structures (straight chain or branched) on the CN. The
predictions of the CNyp, using Equation (36), is presented in Table 17. Note that the last three
groups of diesel fuel, presented in [60], have been ignored due to their small fractions

(1.56%, 1.224%, and 0.66%).
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Table 17. The volume fractions and parameters of each group of diesel fuel and their
predicted CN.

Groups v; Bi
n-alkanes 15.94 0.5212
iso-alkanes 31.32 7.3717

cycloalkanes 1599 0.0727
bicycloalkanes  7.53 0.0727
aromatics 12.84 3.1967
tetralines 10.39 3.1967

naphthalenes 597 0.0727

CNp = 54.5

The CN number of each component present in biodiesel fuel was predicted using the
formula suggested in [182], which is based on the carbon number of the component and the
number of double-bonds existing in each component. Then, the following formula (Equation
37), suggested in [183], was used for the predictions of the CN of biodiesel fuel (CNy). Note
that CNg depends on molecular structure. Methyl lineolate (C19H3403), for instance, has very
low CN (23). Based on this, not all types of biodiesel can compensate for the reduction of CN
caused by ethanol. However, SME fuel has small fractions of methyl lineolate which make it

an appropriate fuel to boost the CNy of the blend.

CNj = 1.068 X(CN;,y;) — 6.747, (37)

where CN; and y; are the CN number and mass fraction, respectively, of component i in the
biodiesel fuel.

The CN of the EBD blend was predicted using the formula proposed in [178] and compared
with the volume fraction mixing rule for the predictions of CN of EBD blends [184]. The
latter formula proposed in [178] illustrates that each 1 vol. % of ethanol causes a decrease

in CN by 0.6 units which will be well compensated by 0.55 units for each 1 vol. % of biodiesel.
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The impact of different fractions of ethanol and biodiesel on the CN of the EBD blend is

shown in Table 18.

Table 18. Predicted CN of biodiesel, diesel, ethanol, and their blends.

EBD vol.% CN[184] CN[178]

D100 54.5 54.5
B100 56.4 56.4
E100 8.0 8.0
E10/D90 49.8 48.6
E5/B5/D90 52.3 54.4
E5/B15/D90 52.5 55.0

Zoldy [178] suggested a correlation to predict the viscosity of EBD blends based on several
experimental measurements [178]. Such an approach may not be enough to predict the
viscosity of the analysed blends. A more rigorous approach will need to be considered to
predict the viscosity of a blend of species with different structures. Therefore, the UNIFAC-
VISCO method was used, which is described as [129]:

A*gEC  A*gRC

+ )
RT RT

In iy = X4 %; In(i V) — Invy, + (38)

where p,,, is the mixture viscosity and y; is the viscosity of i*®component, respectively. V,,

. , . A*gEC D;
and V; are the volumes of the mixture and i**component, respectively, ;T =YX lnX—‘ +
i
z 0; A*gER *R . .
EZixi g;In > and P YixiIny;”. All the terms and parameters appearing in
i

Equation (38) and their related terms are the same as those for the UNIFAC model (see
Chapter 3 for more details). The application of Equation (38) for the predictions of the EBD

viscosity is summarised in Table 19.
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Table 19. Predicted viscosity (at T = 40 °C) of biodiesel, diesel, ethanol, and their blends.

EBD vol.% Um (cP)

D100 3.51
B100 3.59
E100 0.81
E10/D90 3.27
E5/B5/D90 3.46

E5/B15/D80  3.44

As can be seen from Tables 18 and 19, the addition of 15% biodiesel and 5% ethanol results
in up to 0.2% and 2% reduction in the CN and viscosity, respectively, compared to pure
diesel, which can be sacrificed in diesel engines. In fact, the presence of biodiesel
compensates the reduction in the CN and viscosity caused by ethanol, as the E10/D90 blend
has approximately 10.8% and 7% less CN and viscosity, respectively, compared to pure

diesel.

5.4.3. Heating value
The impact of biodiesel and ethanol additions on the heating value (HV) of diesel was

predicted for different EBD blends using the following formula [185]:

HVyjena = (WgHVppp + vgHVpp + veHVEPE) /Pblends (39)

where HVj, HVg, and HVg refer to the heating values (in M]/kg) of diesel, biodiesel, and
ethanol respectively; and vp, vg, and vg refer to the volume fractions of diesel, biodiesel,
and ethanol respectively. pp, pg, pg, and ppeng refer to the densities of diesel, biodiesel,
ethanol, and their blend, respectively. The solution to Equation (39) was compared to the
experimental data of [148], and presented in Figure 42 (see Table 20 for the blends in x-axis

of Figure 35).
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Figure 35. The predicted heating value, experimentally measured in [148], for ethanol,
biodiesel, diesel, and their blends. The x-axis blend cases are illustrated in Table 20.

Table 20. The cases of EBD blends used in Figure 35.

Sample %D %B %E

1 90 10 O
2 90 5 5
3 90 O 10
4 85 15 0
5 85 10 5
6 85 5 10
7 85 0 15
8 80 15 5
9 80 10 10
10 80 5 15
11 100 O 0
12 0 100 O
13 0 0 100
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As shown in Figure 42, the predicted HVs are in agreement with the experimental data. The
HV of ethanol (case 13) is very low due to its small structure. The addition of biodiesel has
compensated the reduction in HV caused by ethanol. For instance, E10/D90 (case 3) has 3%
less HV compared to pure diesel, while E5/B5/D90 has only 0.5 less HV compared to pure
diesel. Predictions shows that the targeted blend (E5/B15/B80) has 2.2% less HV compared

to pure diesel, which can be tolerated in diesel engines.

5.5. Summary of Chapter 5

In this chapter, the discrete multi-component model was applied for diesel, 22 types of
biodiesel and their blends, E85-diesel blends and ethanol/biodiesel/diesel blends under
conditions representative of diesel engines. Moreover, the Multi-Dimensional Quasi-
Discrete Model (MDQDM) was applied for E85-diesel blend. Approximations were made for
the universal quasi-chemical functional-group activity coefficient model in order to include
some functional groups of diesel fuel that their non-ideal vapour-liquid equilibrium
characteristics were not available in literature. The impact of the ambient pressures, gas
and radiative temperatures on two selected types of biodiesel fuel (SME and WCO), diesel
and their blends was analysed. Ambient pressures and temperatures, and radiative
temperatures in the ranges 20-60 bar, 700-950 K, and 1000-2000k, respectively, were
considered. Finally, the effect of ethanol and biodiesel on the CN and heating value of diesel

fuel was studied.

In contrast to previous studies, it was shown that droplet evaporation time and surface
temperature predicted for B100 were not always close to those predicted for pure diesel
fuel, but were dependent on the biodiesel fuel type and ambient conditions. The impact of
radiation on opaque droplet lifetimes was shown to be significant, leading to about 19.4%
and 23.3% faster evaporation for BO and B100, respectively, compared to the case where

radiation is ignored.
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For EB5-diesel blend, results showed that high fractions of E85-diesel fuel blends had a
significant impact on the evolutions of droplet radii and surface temperatures. For instance,
droplet lifetime and surface temperature for a blend of 50 vol. % E85 and 50 vol. % diesel
were 23.2% and up to 3.4% less than those of pure diesel fuel, respectively. The application
of the MDQD model led to a saving of up to 86.4% of CPU time when reducing the 119
components to 16 C/QC without a sacrifice to the main features of the model. Under the
same ambient conditions, the temperature difference between the droplet centre and its
surface reached up to 9.2 %.

Ultimately, for ethanol/biodiesel/diesel blend, it was observed that a mixture of up to 15%
biodiesel, 5% ethanol, and 80% diesel fuels had led to small variations in droplet lifetime,
CN, viscosity, and heating value of pure diesel, with less than 1.2%, 0.2%, 2%, and 2.2%
reduction in those values, respectively.

All the presented findings of increasing the biofuel fraction in the diesel fuel, using the
models presented in Chapter 3, confirmed the possibility of using higher biofuel fractions
than those currently proposed in the UK market for instance (up to 7% in diesel fuel). It can
be concluded from this chapter that the currently allowed fraction can be increased to 20%.

This finding can have noticeable impact on reducing the GGE.
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CHAPTER SIX: Complex Fuel Surrogates

6.1. Overview

This chapter presents a new approach to the formulation of fuel surrogates in application
to gasoline, diesel, and their biofuel blends (including blends of biodiesel/diesel and
ethanol/gasoline). This new approach, described as a ‘Complex Fuel Surrogates Model
(CFSM)’, is based on a modified version of the Multi-Dimensional Quasi-Discrete Model
(MDQDM).

There are two types of surrogates, namely, physical and chemical surrogates. Physical
surrogates are used to match the processes preceding the onset of combustion (droplet
heating and evaporation); while chemical surrogates are used to match the combustion
characteristics of fuels. To the best of the author’s knowledge, there has not been any study
on formulating surrogates for bio-fossil fuel blends to match both the physical and chemical
characteristics of these fuels.

In this work, the aim is to predict fuel surrogates that can be used for the simulation of
processes preceding and exceeding the onset of ignition. Some of the combustion
characteristics are also predicted using the formulated surrogates in order to investigate

their ability to represent the real fuel.

6.2. The Complex Fuel Surrogates Model

The CFSM is also based on the analytical solutions of the heat and mass transfer equation.
This model is essentially a modified version of the MDQDM. In the latter model, QC are
generated within each hydrocarbon and methyl-ester groups. These components have non-
integer carbon numbers (see [73,186] for more details). It is not possible to formulate the
physical surrogates of each fuel using these QC, because they cannot be measured
experimentally for validation purposes. Furthermore, they cannot be implemented into

commercial CFD codes for the prediction of combustion characteristics; since the chemical
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mechanisms of the vast majority of these QC are not available. To address these issues, in
this chapter, a modified version of the MDQDM is proposed which would be able to generate
actual components (with integer carbon numbers) that can be utilised to analyse, design
and development of broad range of engineering applications by means of numerical
simulations. The model is described as a ‘Complex Fuel Surrogates Model’ (CFSM), and
primarily designed to generate actual components (with rounding half-up to the nearest
integer carbon numbers) and formulate fuel surrogates.

The carbon number of each Approximate Discrete Component (ADC) generated by the CFSM

can be introduced as [187]:

bmg,, . g
im — [ am(nlm Ylm) (40)

X5 Yim
where m refers to the hydrocarbon group number in the fuel, n is the carbon number of the
it" component in groupm, Y is the mass fraction of the i*® component in group m. In
contrast to the original MDQDM (where the QC carbon number is a non-integer value, see
Equation (6) in [60]), the nearest integer of the carbon number is determined from Equation
(40). Also, in contrast to the MDQDM, the mass fractions Y;,,, are used (instead of the molar
fractions) to calculate the ADC group averaged carbon number n;,,. These mass fractions
are used to demonstrate the importance of heavy components on the expense of less
important (lighter) ones for the prediction of droplet lifetime. For example, alkanes (the
heaviest group) make up to 44.53% of diesel mass fractions (only 41.48% diesel molar
fractions), which dominates the fuel composition on the expense of lighter components -

such as naphthalenes with up to 7.46% mass fractions (9% molar fractions) and

alkylbenzenes with up to 13.62% mass fractions (16.75 molar fractions).

The integer ADC are generated within each group, where am and bm are the start and end
counted components of the grouped species, respectively; and am for the second grouped

components is bmgq4+1. For example, a typical diesel fuel has 9 groups of hydrocarbons in
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which the group of alkanes contains 20 components. To reduce these 20 alkane components
to 4 components, each row of 5 components (sub-group) is grouped to form an ADC. The

ADC carbon numbers of each sub-group of alkanes are determined as:

Zl S(nlm lm)
Ni-s5ym = W
1= m
n _[ i=10(nim Yim)
6-100m = [T wize v
Y:
lzilw m } (41)
Zz 15(Mim Yim)
N11-15ym = Zl %EY
= m
l 16(nlm Lm)
Ne—200m = |~ wici6 v

%226 Yim 1/
The mathematical expressions for the formulation of fuel surrogates, presented so far, are
based on the numbers of carbon atoms and mass fractions of species. In this study, the
formulation of fuel surrogates based on the latter two key parameters bridges the gap

between the physical and chemical properties predicted by the formulated surrogates.

6.3. Diesel Fuel Surrogates

The diesel fuel surrogates were formulated using the CFSM, and their physical
characteristics were compared with those predicted using MDQDM and Discrete Multi
Component Model (DMCM). An example of the QC generated using the MDQDM and the ADC
generated using the CFSM is presented in Table 21, where the 98 components of diesel fuel

were replaced with 6 QC and 6 ADC.
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representing the groups of species in diesel fuel.

Group Molar fractions (%) QC Mass fractions (%) | ADC

n-alkane 41.48 C14763H31.526 44.53 Ci6H34
cycloalkane 15.41 C1s.364H30.728 17.05 C17H34
bi-cycloalkane 7.89 C14.743H27.486 8.29 C16H3o
alkylbenzene 16.75 C11.726H17.452 13.62 C13Hazo
tetraline 9.48 C13.832H19.664 9.05 CisHaz2
naphthalene 8.99 C12392H12.784 7.46 Ci3His

The evolutions of droplet surface temperatures and radii (Figure 36) predicted using the
MDQDM and CFSM were compared with those predicted for the full compositions of diesel
fuel using the DMCM. These computations were performed using the identical ambient
conditions and input parameters as outlined in Chapter 5. The results clearly show that the
CFSM model improves these predictions when compared to those predicted using the

MDQDM.
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Figure 36. Evolution of droplet surface temperatures and radii predicted for the full
compositions of diesel fuel (98 components) using DMCM, 6 approximate discrete
components using CFSM, and 6 quasi-components using MDQDM.

Figure 36 shows the improvement in the evolutions of droplet radii and surface
temperatures achieved through the CFSM compared to the MDQDM. Other chemical and
physical properties of individual species can also be examined. As presented in Appendices
B, C, E and F, all properties are carbon number dependant and they can be calculated
whether the carbon number is integer or non-integer (i.e. for QC). For example, the average
density of the 6 QC fuel presented in Table 21 is 762 kg. m~3 which deviates by 7.9% from
the real diesel fuel. For 6 ADC, however, the average density is 801.5 kg. m~3 which deviates
by only 3.1% from the full composition of diesel fuel.

A detailed comparison between the MDQDM and CFSM was made at different time instants.
The droplet radii and surface temperatures variations with the numbers of C/QC and ADC
were predicted using the MQDQM and CFSM at four different time instances (t = 0.5 ms,t =
1 ms,t = 1.5 ms and t = 2 ms), and the comparative plots are presented in Figures 37-40.

The ambient and the input parameter values were maintained as in Chapter 5.
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Figure 37. The values of droplet surface temperatures (a) and radii (b) versus ADC and C/QC
at time instant 0.5 ms.
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Figure 38. The values of droplet surface temperatures (a) and radii (b) versus ADC and C/QC
at time instant 1 ms.
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Figure 39. The values of droplet surface temperatures (a) and radii (b) versus ADC and C/QC

at time instant 1.5 ms.
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Figure 40. The values of droplet surface temperatures (a) and radii (b) versus ADC and C/QC
at time instant 2 ms.

111 |Page



Chapter 6: Complex fuel surrogates

As can be seen from Figures 37-40, the predictions of CFSM are generally better than those
obtained using the MDQDM especially with the small numbers (<10) of ADC and C/QC. The
predictions of the CFSM for droplet radii and surface temperatures when the full
composition of diesel fuel (98 components) is approximated by 10 ADC are reasonably close
to those predicted using the DMCM with up to 4% errors. The results presented in Figures

37-40 confirm the previous trends inferred from Figure 36.

Although the diesel droplet heating and evaporation using the CFSM are verified, the
selection of ADC in this model is still based on trial and error. Hence, this model still requires
experienced end-users to run it. The impact of the trial and error on the predicted droplet
surface temperatures and radii are noticeable in Figure 37 - where the new approximation
of the full composition of diesel fuel with the range 50-75 ADC overpredicts these results.
Some fluctuations are observed in at different time instants (e.g., Figure 40) where those
approximations can overpredict or underpredict the results of the 98 components. A
universal algorithm is undoubtedly needed for the selection of QC or ADC to minimise such
uncertainty. In the current work, however, the primary aim was to formulate fuel surrogates

that match the real physical and chemical characteristics of their fuels.

The chemical and physical characteristics of the formulated surrogate were further
investigated using the CFSM (Surl) and two other surrogates from literatures (Sur2 [188]
and Sur3 [189]). The predictions of these surrogates were compared to the full composition
of diesel fuel obtained from [186]. Table 22 summarises the molar fraction of the formulated

surrogate (Surl) and the other two surrogates from the literature (Sur2, Sur3).
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Table 22. The molar fractions of the three surrogates (Surl, Sur2, and Sur3) of diesel fuel.

_ Molar fractions (%)
Component Chemical
formula Surl | Sur2[188] | Sur3 [189]

n-hexadecane Ci6H34 42.89 41.3 0.88
iso-cetane Ci6Hza - 36.8 7.48
n-butylcyclohexane Ci0H20 - - 29.66
n-pentylcyclododecane Ci7H34 16.43 - -
bi-cyclohexane Ci2H24 - - 25.26
bi-cycloocatne Ci6H30 7.88 - -
toluene CsHs - - 10.94
heptylbenzene Ci3H20 13.12 - -
decalin C1oH1s - - 25.78
1-dimethyl-4-iso-propyltetralin CisH22 8.72 - -
naphthalene C11H1o - 21.9 -
1-methyl-2-ethyl-naphthalene Ci3Hia 10.95 - -

The diesel fuel droplet lifetimes were investigated for the full composition of fuel, using the

DMCM and the three surrogates (Surl, Sur2 and Sur3), the evolutions of which are

illustrated in Figure 41. The ambient and the input parameter values were again maintained

as in Chapter 5 apart from the droplet initial temperature which was assumed to be equal

to Ty = 296 K.
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Figure 41. Evolutions of droplet surface temperatures and radii for the full compositions of
diesel fuel and the 3 surrogates (Surl, Sur2 and Sur3).

From Figure 41, the evolutions of the droplet radii of Sur1 are of reasonably close with those
predicted for the full compositions of diesel, where it underpredicts the droplet’s lifetime
by up to 6.8%. The predictions of Sur2 (inferred from [188]) and Sur3 (inferred from [189])
however, were found to result in the errors of 26.8% and 8.4%, respectively while
predicting the droplet lifetime. Also, the droplet surface temperatures are underpredicted
by 7.3%, 8.4%, and 9.9% using Surl, Sur2 and Sur3 respectively. These errors were
estimated in comparison to the same reference values obtained for the full composition of

diesel fuel using the DMCM.

To further understand the suitability of the suggested surrogates to represent diesel fuel,
the Cetane Number (CN) was calculated for these surrogates. In the original composition of
diesel fuel presented in [60], n-alkanes and iso-alkanes were merged together into one
group due to their similar thermodynamic and transport properties. For the calculation of

CN however, these two groups were treated individually in the current analysis, due to their
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different CN values with various component structures - normal (straight chains) or
isomers (branched chains) [190]. In addition, the viscosities of the two suggested
surrogates were also compared to the full compositions of diesel fuel. The viscosity was
predicted using the UNIFAC-VISCO method [129]. The predictions of the CNs and the
viscosities of the formulated surrogate, using the CFSM (Sur1), and the other two surrogates
(Sur2 and Sur3), were compared to those calculated for the full compositions of diesel fuel

as shown in Table 23.

Table 23. The CNs and viscosities (in cP) of diesel fuel and its three surrogates (Sur1, Sur2
and Sur3).

Fuel CN Error (%) | Viscosity Error (%)
diesel 54.5 - 4.516 -
Surl 533 2.2 4.442 1.6
Sur?2 [188] 39.8 27.0 4.483 0.8
Sur3 [189] 60.1 10.3 3.35 26.2

As can be seen from Table 23, Surl mimics the CN of diesel fuel with an error of less than
3%. Also, Surl and Sur2 closely match the viscosity for the full composition of diesel fuel,
with errors of only 1.6% and 0.8%, respectively. Despite a close agreement on the prediction
of viscosity, it is evident from these results (Figure 48 and Table 23), that the Sur2 model
predictions were found to record significant errors, beyond the acceptable limit. This is
ascribed to the fact that Sur2 (composed of 3 components) is dominated by alkanes (78.1%,
as shown in Table 22), ignoring the fair contributions of other hydrocarbons. Considering
the importance of physical and chemical features of fuel surrogates (droplet’s lifetime and
temperature, CN and viscosity), Surl is relatively the best surrogate group to represent

diesel fuel, compared to the other two surrogates (Sur 2 and Sur3).
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6.4. Gasoline Fuel Surrogates

The droplet surface temperature and lifetime for the full composition of gasoline FACE C
were predicted in Section 4.2, assuming Raoult’s law was valid. In Section 4.3, the impact of
activity coefficient on the vapour-liquid equilibrium for this fuel was accounted for. In this
section, a comparison is made for the physical and chemical features of the full composition
of fuel obtained from [71,124], the formulated surrogates using the CFSM (Sur4), and the
two suggested surrogates (Sur5 and Sur6) inferred from [31,80]. Table 24 illustrates the

molar fraction of the three surrogates.

Table 24. The molar fractions of the three surrogates (Sur4, Sur5 and Sur6) of gasoline fuel.

Molar fractions (%)
Component
Sur4 | Sur5[31] | Sur6 [80]

n-butane - 17.0 18.4
n-pentane 29.184 - -
n-heptane - 11.0 12.5
n-undecane 0.022 - -
iso-pentane 10.737 8.0 5.0
iso-heptane - 5.0 4.7
iso-octane 55.231 56.0 54.6
iso-decane 0.483 - -
toluene - 3.0 4.8
iso-propylbenzene 4.343 - -

Initially, the droplet surface temperatures and lifetimes were predicted using DMCM using
the conditions and input parameters stated in Chapter 4. The predicted evolutions of
droplet radii and surface temperatures for the full compositions and the three surrogates

are presented in Figure 42.
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Figure 42. Evolutions of droplet radii and surface temperatures for the full compositions of
gasoline and its 3 suggested surrogates: Sur4 (derived using the CFSM), Sur5 (inferred from
[31]) and Suré6 (inferred from [80]).

As shown in Figure 42, the predictions of Sur4 droplet surface temperatures and radii using
the CFSM vary only by 0.71% and 0.41%, respectively, when compared to those predicted
for the full composition of the same fuel using the DMCM. At the same time, the use of the
Sur5 and Sur6 surrogates underpredicts the droplet lifetimes and surface temperatures by
up to 15% and 11.3%, respectively.

The densities and vapour pressures of the three fuel surrogates (Sur4, Sur5 and Sur6) and
the full composition were calculated under the same input parameters and transient
conditions of the droplet. The density of each component was predicted using the data
inferred from [191]. The linear blending of volume fractions was used to make up the
density of the mixture. The vapour pressure was calculated using the set of expressions
provided in [129] for each component. The modified Raoult’s law, using the UNIFAC model,

was used to determine the partial vapour pressure of each component. The predicted values
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of densities and vapour pressures for the full composition of fuel and the three fuel

surrogates (Sur4, Sur5 and Sur6) are presented in Table 25.

Table 25. The calculated vapour pressures (in kPa) and densities (in kg - m~3) for gasoline
fuel and its surrogates (Sur4, Sur5 and Sur6) at 296 K.

Fuel Vapour pressure Error (%) | Density Error (%)
gasoline 34.25 - 682.3 -
Sur4 35.77 4.4 680.8 0.22
Sur5 [31] 54.49 59.1 680.3 0.29
Suré6 [80] 52.41 53.0 683.3 0.15

As evident from Table 25, the densities of all three surrogates are found to be in close
agreement with that predicted for the full composition of gasoline fuel. However, the vapour
pressures of the two surrogates, Sur5 and Sur6 (inferred from [31,80]), are found to be
significantly different from those calculated for the full composition of gasoline fuel,
showing errors of up to 59.1% and 53%, respectively. These large errors produced by Sur5
and Sur 6 surrogates were expected, because these surrogates were originally developed to
match the RON, H/C and MW ignoring the physical characteristics of fuel (e.g., droplet
lifetime and vapour pressure). These characteristics were predicted using Sur4, resulted in

an error of only 4.4%, when compared to the results from DMCM.

The RON, MW and H/C ratio were compared to those of the full composition of gasoline
FACE C. According to [192], the flame speed and the diffusivity of the real fuel can be
matched using a suggested surrogate when the H/C ratio and the MWs are matched. Also,
the ignition time delays of the fuel and its surrogates can be matched when their RONs are
in good agreement [31]. The H/C ratios were predicted for the suggested surrogates using

the following relationship [80]:

H _ X Xi(Vu) (42)
c IMXi(Ng)
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where X;, N¢;, H;; are the molar fraction, number of carbon atoms, and number of hydrogen
atoms respectively, of their i*" component. The RON of Sur4 is predicted using the following

relationship [193]:

_ ZiviBiON; (43)
RON YiviBi '

where v;is the volume fraction of component i, [;is a parameter value for each
hydrocarbon group and ON; is the octane number of component i. Equation 43 can be used
for the predictions of RON and MON by using the appropriate ;. The MW was calculated
using the linear blending of the molar fractions. The values of RON, MW and the H/C ratio
of the full composition fuel and the three surrogates are shown in Table 26. It should be
emphasised that the RON, predicted in [31,80] for Sur5 and Sur6, were based on the linear
molar blending rule and not on detailed hydrocarbon groups. As can be seen from this table,
the suggested surrogate matches the three aforesaid properties with negligible deviation

compared to the full composition of FACE C gasoline fuel.

Table 26. The RONs, H/C ratios and MWs (in g - mole™1) of gasoline fuel and its surrogates.

Fuel RON H/C MW
gasoline 84.7 2.27 97.2
Sur4 85.8 2.24 97.8
Sur5 [31] 85.3 2.25 98.4
Sur6 [80] 85.3 2.23 98.1

6.5. Blended Ethanol/Gasoline Surrogates

The predictions of the droplet heating and evaporation of biodiesel, ethanol,
ethanol/gasoline  blends and Dbiodiesel/diesel blends are investigated in
[41,43,124,134,194,195]. Due to ongoing efforts in research communities worldwide in
increasing the fraction of biofuels in the baseline fuel and to comply with some of the recent

governmental regulations (for instance, the UK Department for Transport announced in
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April 2018 that the government was aiming to double the use of biofuel from its current
4.9% to 9.75% by 2020), the formulation of bio-fossil fuel blend surrogates is essential to

study the feasibility of increasing the biofuel fractions.

The ethanol/gasoline fuel surrogate was generated using the input parameters and ambient
conditions and input parameters described in Chapter 4. The UNIFAC model was considered
for all functional groups in this section (without any approximation) due to the significant
non-ideality of ethanol/gasoline blends. The impact of ethanol addition on droplet lifetime
and surface temperature of gasoline fuel was presented in Chapter 4. In this study, the
impact of ethanol on the RON and the densities was investigated and compared to those of
pure gasoline. In addition, the predictions of all the aforementioned characteristics were
computed by the suggested fuel surrogate and compared to the full composition of fuel. The
RONs and the densities of different fractions of ethanol/gasoline blends are shown in Table

27.

Table 27. The RONs and densities (in kg - m™3) of ethanol/gasoline fuel blends.

Fuel RON Density
gasoline 85.8 680.4
E5 87.7 685.7
E20 92.7 701.7
E50 100 773.8
E85 106 770.1
E100 108 787.2

Results indicates that the addition of ethanol can be sacrificed in gasoline engines by up to
20% due to the minor deviations in RON and density (which were 8% and 3%, respectively)
when compared to pure gasoline. According to the findings in Chapter 4 and in the current
work, ethanol can be blended with gasoline by up to 20% without any engine modifications.

Based on these findings, the E20 is used for the surrogate formulation of the
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ethanol/gasoline blend. The molar fractions of the suggested surrogate, using the CFSM and

the surrogate suggested in [196], are shown in Table 28.

Table 28. The molar fractions of E20 surrogates (Sur7 and Sur8).

Component Molar fractions (%)
Sur?7 Sur8 [196]
n-hexane 18.13 -
n-heptane - 11.82
iso-pentane 6.64 -
iso-octane 34.17 25.28
iso-decane 2.99 -
toluene - 25.81
iso-propylbenzene 3.1 -
ethanol 38.13 37.08

The evolutions of the droplet radii and surface temperatures predicted by the author’s

formulated fuel surrogate (Sur7), the surrogate suggested in the literature (Sur8 [196]) and

the full composition of the E20 blend, are shown in Figure 43.
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Figure 43. Evolution of the droplet radii and surface temperatures for the full compositions
of E20 and the two surrogates (Sur7 and Sur8).
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The predictions reveal that the suggested surrogate (Sur?7) is in a good agreement with the
full composition of E20. The predicted errors in droplet lifetime and surface temperature
are up to 2.1% and 4%, respectively, compared to the same results predicted using the
DMCM. Similarly, a negligible deviation in droplet lifetime, compared to the full composition
of gasoline, is observed for Sur8 (the surrogate inferred from [196]). However, using Sur8
shows a significant deviation in the droplet surface temperature with up to 14%. The RON,
H/C and MW were studied to examine the ability of the two surrogates by means of fuel

representation, as shown in Table 29.

Table 29. The RONs, H/C ratios and MWs (in g - mole™1) of gasoline fuel and its surrogates.

Fuel RON H/C MW
E20 92.5 2.23 78.22
Sur?7 95.3 2.24 79.54
Sur8 [196] 96.4 2.25 81.59

The RONs, H/C ratios and MWs predicted by the two surrogates show a good agreement

with those predicted by the full composition of gasoline fuel.

6.6. Blended Biodiesel /Diesel Surrogate

The feasibility of adding biodiesel fuel to diesel at different fractions has been highlighted
in many studies (e.g., see [73]). According to the latest renewable fuel statistics report by
the UK Department for Transport, 80% of the biodiesel produced in the UK was from used
cooking oil, which accounts for around 115 million litres [197]. Therefore, biodiesel /diesel
surrogate is commonly based on the blend of WCO biodiesel and diesel [198]. To the best of
the author knowledge, there is insufficient literature about the surrogates of WCO and its
diesel blends. The impact of biodiesel addition on droplet lifetime and surface temperature

was presented in [73].
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In this study, the impact of biodiesel on the CN was investigated and compared to that of
pure diesel. The CN, predicted by different biodiesel/diesel blends using the expression
provided in Chapter 5 which is based on the linear blending of volume fractions, is shown

in Table 30.

Table 30. The CNs of biodiesel/diesel fuel blends.

Fuel CN
diesel 54.5
B5 54.8
B10 55.1
B20 55.8
B50 57.7
B100 60.9

Following a recent finding by the author in [195], biodiesel can be blended with diesel by
up to 10% without a need for engine modification. In this section, the same ambient
conditions and input parameters as in Chapter 5 were used to generate surrogates of B10
(10% vol. biodiesel and 90% vol. diesel fuel blend). The formulated surrogate was
compared with the full composition of B10. The molar fractions of the formulated surrogate
are shown in Table 31. The original composition of WCO biodiesel fuel was inferred from

[50].
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Table 31. The molar fractions of the B10 surrogate (Sur9).

Component Chemical formula | Molar fractions (%)
n-hexadecane Ci6Haa 38.60
n-pentylcyclododecane Ci7H34 14.79
bi-cycloocatne Ci6H3o 7.09
heptylbenzene Ci3zH2o 11.81
1-dimethyl-4-isopropyltetralin CisH22 7.85
1-methyl-2-ethylnaphthalene CizH1a 9.86
1-methyl-oleate C19H3602 5.85
1-methyl-linoleate C19H3402 4.15

The WCO fuel consists of 8 saturated components (making 24.1% of the fuel), 4 unsaturated
components with one double bond (making 44.4% of the fuel) and 2 unsaturated
components with two double bonds (making 31.5% of the fuel). According to total fraction
of each group, the dominant two groups are those with unsaturated methyl esters, hence
unsaturated components (1-methyl-oleate, and 1-methyl-linoleate) were chosen to

represent WCO in B10 fuel blend.

The droplet radii and surface temperatures were predicted for the suggested surrogate
(Sur9) and compared with the full composition of B10 blends, using the DMCM as shown in
Figure 44. The surrogate’s droplet lifetime and temperature are underpredicted by up to
7.1% and 8.7%, compared with the full composition of B10. These underpredictions can be

tolerated in some engineering applications.
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Figure 44. Evolutions of droplet radii and surface temperatures for the full compositions of B10 and
a suggested surrogate. The same ambient conditions and model as in the case shown in Figure
41 were used.

The CN (predicted by the surrogate) was also compared to the full composition of B10. The
CN of Sur9 (53.9) shows a reasonable agreement with that of the full composition of B10
(55.1). Therefore, based on the verifications for droplet’s lifetime and surface temperature
and CN, the formulated surrogate for the B10 blend (Sur9) has closely matched the

characteristics of the full composition for the blend.

6.7. Summary of Chapter 6

A new approach to the formulation of fuel surrogates in application to gasoline, diesel, and
their biofuel blends (including blends of biodiesel/diesel and ethanol/gasoline) was
suggested. This new approach, described as a ‘Complex Fuel Surrogates Model (CFSM)’, was
based on a modified version of the multi-dimensional quasi-discrete Model. The new
approach was aimed to reduce the full composition of fuel to a much smaller number of

components based on their mass fractions to formulate fuel surrogates.
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The mathematical expressions for the formulation of fuel surrogates are based on the
numbers of carbon atoms of components and their mass fractions and not on targeting
certain physical or chemical properties during the formulation of surrogates. It was found
that these two targeted characteristics were substantial for matching the final physical and
chemical properties of the full components of fuels.

The formulated surrogates for gasoline and blended ethanol/gasoline fuels matched the
data from the full compositions of the same fuels for droplet lifetime, surface temperature,
density, vapour pressure, H/C ratio, molar weight and research octane number, using the
CFSM. Also, the Cetane number and viscosity of diesel and biodiesel/diesel blends were
mimicked by their suggested surrogates.

The findings can be used for the development of detailed combustion model using the
formulated surrogates. The importance of the CFSM can be more significant in application
to fuel blends in order to fully understand the influence of these blends and maximise their

uses for road vehicles.
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CHAPTER SEVEN: Auto-Selection of
Quasi-Components of Fuel Blends

7.1. Overview

A new algorithm for the auto-selection of Components/Quasi-Components (C/QC) in the
Multi-Dimensional Quasi-Discrete Model (MDQDM) is suggested and applied to the analysis
of fuel droplet heating and evaporation in this chapter. The suggested approach is utilised
for the maximum number of components to assess its functionality. The heating and
evaporation predictions as well as the computational time of the new approach are
compared to those of the Discrete Multi Component Model (DMCM) and the original

MDQDM.

The component generated by the MDQDM have non-integer carbon number (called QC)
which cannot be used for the prediction of the combustion characteristics due to the
unavailability of the chemical mechanisms for such components. Efforts were made to
reduce the number of components of different fuels through the generation of component
with integer carbon number (so-called ‘Approximate-Discrete Components (ADC)’)
representative components as investigated in Chapter 6. This was achieved through the
suggestion of a CFSM which was based on the modified version of the MDQDM. The CFSM
was used for the formulation of fuel surrogates in application to gasoline, diesel and their
biofuel blends. In the MDQDM and CFSM, the choice of the QC and ADC was based on trial
and error, which required experienced end-users (i.e. not directly implementable into
commercial CFD codes). In response to this problem, the development and application of a
new algorithm for the auto-selection of C/QC is achieved. The model is described as
“Transient Multi-Dimensional Quasi-Discrete Model (TMDQDM)”. The importance of this
new approach is that the generated C/QC are provided through a universal algorithm based

on the transient (rather than initially decided) contributions of each group of species. The
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model can be generalised to be a transient multi-dimensional approximate-discrete model
(i.e. transient model with ADC). The proposed model can be applicable to any fuel type and
mixtures with least user-interventions, which makes it directly implementable into CFD
codes. Also, in contrast to MDQDM, the TMDQDM is aimed to improve the predicted droplet

lifetimes and temperatures.

7.2. The Transient Multi-Dimensional Quasi-Discrete Model
The TMDQDM is based on the original MDQDM, assuming that all processes are spherically
symmetric. The droplet movement relevant to ambient gas (air) is considered, using the

ETC/ED models.

In contrast to the original application of the MDQDM, the new algorithm does not require
directuser involvementin the selection of C/QC. Changes in the number of C/QC are allowed
during the process of droplet heating and evaporation. A flowchart for the new algorithm is
shown in Figure 45. Initially (¢=0), the number of components is taken equal to the total
number of components (i.e. the DMCM is used for the prediction of droplet heating and
evaporation). Then, during the evaporation process, the formation of C/QC is allowed
within each group of hydrocarbons, as in the conventional MDQDM. In contrast to the
conventional MDQDM, the number of QC/QC within each group is not pre-selected by the
user but is determined by the code at each time-step.

The new algorithm allows automatic reduction of the number of C/QC from their initial
number to a smaller number, which is determined by the algorithm at specific time-steps.
The mass fraction of group i at a certain time-step (G;) increases or decreases compared
with its value in the previous time-step (Giold)' The species mass fractions are more

sensitive to transient effects than their molar fractions; hence, their use in this model to

calculate G; [199]:
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N;
Gi = Z Yni' (44)

n=1
where Y,,; are the mass fractions of individual species n in group i and N; is the total

number of species in the same group i (in the case of Diesel fuel, N; < 20 for all groups). The

change in G; is estimated as:

|Gi B Giold'_

3 (45)

AGi =

If AG; is greater than an a priori chosen small number K (in our current analysis, K = 0.1),
the number of C/QC within each group (N;) is reduced from the previous number (Niold) by
a certain factor F:

N; = [F Nigq], (46)
where F is assumed equal to 0.75, [ | indicates rounding up or down to the nearest integer
(e.g.[7.5]=8 and [7.4]=7). The value of F can be chosen in accordance to the requirement of
model. For small values, the reduction in number of components will be fast (i.e. CPU
efficient model), but the solution accuracy will be sacrificed. In a compromise between the
two important features, in this analysis, the number F = 0.75 is proposed using trial-and-

error.

The QC in the developed algorithm are formed of the components with the smallest molar
fractions in any group i. The selection is based on reverse collation of components to
accommodate merging the least contributing components in that group first, starting with
the components with the largest carbon numbers (usually the smallest molar fractions) and
ending up with the components with the smallest carbon numbers, and usually the highest
molar contributions. The number of C/QC selected to form the new QC is taken equal to
[N;/2]. In the case where [N;/2] is an even number, the QC are formed of each 2
components in the group of components with the largest carbon numbers. If [N; /2] is an

odd number, however, then the nearest component that is not selected is added to this
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group to form an even number of components and each two C/QC in this group are merged
to form a new QC. For example, in the case of the alkanes, which include 20 of 98 Diesel fuel
components, at the initial stage (N; ,, = 20), N; = [0-75 X 20] = 15 C/QC after the first
reduction of the number of components. The first 10 components remain unchanged, and
the remaining 10 components form 5 QC (each 2 components form 1 QC). Thus, the

averaged carbon numbers of these 5 alkane QC are determined as:

_ _ lZszanV
n(ll—lZ)alk - Zj:i;X]
j=13 v ]
N(13-14)y = %
| Zj=144]
ﬁ _ Zf:izni?{/ > (47)
(15—16)alk ijlsX' "
| ~j=16"]
j=17 v.]
7_1(17—18)alk = %
| ~j=187"J
j=19 1
N(19-20), = Z—;ﬂ: )](X]
| ~j=207]

Similarly, if a certain group contains 11 components, these reduce to N; = [0+ 75 X 11] =
8. The first 5 components remain unchanged, while the last 6 components form 3 QC -
distributed as 2 components each, following the same procedure as shown in (6). The speed
of change in mass fractions of certain species or groups is influenced by their high
evaporation rates, which indicates the need to reduce their C/QC representation in the fuel
composition. When the reduction in group mass fractions G; is small (i.e. AG; < K), the code

uses the previous number of C/QC, N; 4 (i.e. F = 1).
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Figure 45. Flowchart of the new algorithm, where the minimum change in mass fraction
ratio K = 0.1, reduction factor F = 0.75 and the minimum ratio of droplet radii £ = 107°.

In the new algorithm, users can define the minimum number of C/QC. This option is built
into the final stage of the algorithm when further auto-reduction in the number of C/QC is

blocked after this number reaches a certain minimum value. For example, if the minimum
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number of C/QC is defined by the end-user as ‘10 C/QC’ and the remaining number of C/QC
is ‘15°, the auto-reduction will lead to 11 C/QC ( [0.75 x 15]). However, the further
reduction of 11 C/QC, following the algorithm, would lead to less than 10 C/QC. Hence, ‘11

C/QC’ will auto-reduce to ‘10 C/QC’ only.

The new algorithm can lead to a compromise between the accuracy of the DC model and the

computational speed of the original MDQD model.

The model will be applied for the E85-diesel fuel blends. As stated in Chapter 5, the blending
ethanol with hydrocarbons form a highly non-ideal mixture, therefore, the multi-
component universal quasi-chemical functional group activity coefficients model is

combined with the new model to accurately predict the vapour-liquid equilibrium.

7.3. E85-Diesel Fuel Blend

The model was applied for E85-diesel blends as this blend has the highest number of
components to the best of the author’s knowledge, and it is important that the proposed
model is applied for the highest possible number of components to examine its significance
for the predictions of droplet lifetimes and surface temperatures. The same volume
fractions of E85-diesel fuel blends, and ambient conditions and input parameters as set out
in Chapter 5 were considered, apart from the initial droplet temperature which was taken
to be equal to T, = 298 K. The evolution of different fractions of EB5-diesel fuel droplet radii
and surface temperatures predicted using the DMCM, MDQDM and TMDQDM are shown in
Figures 46-55.

In Figure 46, five cases are shown: the contributions of all 98 components are accounted
for, using the DMCM (indicated as DMCM (98)); the 98 components are approximated with
15 C/QC using the MDQDM (indicated as MDQDM (15)); the 98 components are reduced to
15 C/QC using the TMDQDM (indicated as TMDQDM (98-15)); the 98 components are

approximated with 10 C/QC using the MDQDM (indicated as MDQDM (10)); and the 98
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components are reduced to 10 C/QC using the TMDQDM (indicated as TMDQDM (98-10)).
As can be seen from the figure, the TMDQDM 98-15 comes the closest in predicting the
droplet evolution and lifetime, when compared with those predicted using the DMCM. This
is followed by the TMDQD 98-10. Note that the results of the DMCM is always used as a
reference as it includes the total number of components and it has been validated for

different fuels in Chapters 4 and 5.

12
8 _
DMCM (98)
£ — - - TMDQDM (98-15)
o - . — MDQDM (15)
P TMDQDM (98-10)
......... MDQDM (10)

0 T T

0 1 time (ms) 2

Figure 46. Evolutions of droplet radii versus time for 98 components of pure diesel fuel
using the DMCM and two approximations of the original MDQDM and MDQDM with the new
transient algorithm (indicated as TMDQDM).

The reduction of the number of components to 15 using the TMDQDM underpredicts the
droplet lifetime by only 1.3% compared to the DMCM. The approximation of the full
composition by 15 C/QC using the MDQDM, however, underpredicts the droplet lifetime by
6.5%. The underprediction is further increased when the number of C/QC is reduced to 10.
The underprediction is 2.8% using the TMDQDM and 7.8% using the MDQDM. As expected,

the same trends are present for the droplet surface temperatures (Figure 47).
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Figure 47. Evolution of droplet surface temperatures of pure diesel fuel using the DMCM,
original MDQDM and the MDQDM with the new transient algorithm (indicated as
TMDQDM).

The evolutions of droplet radii and surface temperatures were predicted for the
contributions of all 119 components of E85-diesel blends, using the same models as in
Figures 46 and 47 (see Figures 48-55). Similar to Figures 46 and 47, both the droplet
lifetimes and surface temperatures show the nearest agreement between the results

predicted by the MDQDM with the new algorithm (119-20) and DMCM.
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Figure 48. Evolutions of droplet radii versus time for 119 components for E85-5 (95%
diesel and 5% E85) using the DMCM and two approximations of the original MDQDM and
MDQDM with the new transient algorithm (indicated as TMDQDM).
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Figure 49. Evolution of droplet surface temperatures versus time for 119 components for

E85-5 (95% diesel and 5% E85) using the DMCM, original MDQDM and the MDQDM with
the new transient algorithm (indicated as TMDQDM).
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Figure 50. Evolutions of droplet radii versus time for 119 components for E85-20 (80%
diesel and 20% E85) using the DMCM and two approximations of the original MDQDM and

MDQDM with the new transient algorithm (indicated as TMDQDM).
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Figure 51. Evolution of droplet surface temperatures versus time for 119 components for
E85-20 (80% diesel and 20% E85) using the DMCM, original MDQDM and the MDQDM with

the new transient algorithm (indicated as TMDQDM).
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Figure 52. Evolutions of droplet radii versus time for 119 components for E85-50 (50%
diesel and 50% E85) using the DMCM and two approximations of the original MDQDM and
MDQDM with the new transient algorithm (indicated as TMDQDM).
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Figure 53. Evolution of droplet surface temperatures versus time for 119 components for

E85-50 (50% diesel and 50% E85) using the DMCM, original MDQDM and the MDQDM with
the new transient algorithm (indicated as TMDQDM).
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Figure 54. Evolutions of droplet radii versus time for 21 components for E85 (100% E85)
using the DMCM and two approximations of the original MDQDM and MDQDM with the new
transient algorithm (indicated as TMDQDM).
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Figure 55. Evolutions of droplet surface temperature versus time for 21 components for E85
(100% E85) using the DMCM and two approximations of the original MDQDM and MDQDM
with the new transient algorithm (indicated as TMDQDM).
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The predicted droplet lifetimes for various E85-diesel fuel blends are illustrated in Table
32, using the original MDQDM and the one with the new algorithm and the errors compared

to the DMCM.

Table 32. Droplet lifetimes (ms) of various E85/diesel blends, predicted using the MDQDM
with the new algorithm implemented into it (TMDQD) and the original MDQDM, and the
errors (€% = (timepyey — timepeqe) X 100/timepyey) Of their predictions compared to the

predictions using the DMCM.

Model diesel €% | E85-5 &% | E85-20 &% | E85-50 &% | E85 €%
DMCM 231 - 2.186 - 2026 - 1817 - 122 -
TMDQD(20) | 228 1.3 |2.173 041 |2.018 040 |1.812 028 |- -
MDQD(20) |216 6.4 [2092 412 |1.96 336 | 1.769  2.64 |- -
TMDQD(10) | 225  2.77 | 2.164 0.82 | 2.01 079 |1.809 044 | 1.218 0.16
MDQD(10) 213 7.75 | 199 88 | 185 859 | 1.698 655 |1.99  1.17
TMDQD(5) | - - - - - - - - 1211 074
MDQD(5) | - - - - - - - - 1.195  2.05

As can be seen from Table 32, the droplet lifetimes and the prediction errors of both models
decrease with increasing the E85/diesel fuel blend ratios in most cases. The MDQDM with
the new algorithm, however, shows better predictions of droplet lifetimes for all fuel blends
than the original MDQDM. For instance, reducing the number of components of E85 fuel
(21) to 5 using the MDQDM with the new algorithm leads to underprediction of the droplet
lifetime by up to 0.74%. In the case of the original MDQDM this error increases up to 2.05%.
In all IC engines, the whole processes preceding the onset of combustion (physical delay)
within their idle speed range are typically (2- 6 ms) [200-202]. In such a short time, the
accuracy in droplet lifetimes is crucial and hence, the use of TMDQD model for simulating

these processes can be invaluable in such applications and conditions.

The values of droplet surface temperatures and radii versus the number of C/QC predicted
using both versions of the MDQDM based algorithms are shown in Figure 56. These results

are estimated for the E85-5 fuel blend, composed of 119 components, at time instants t =
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0.3ms,t =05ms,t =1ms,t = 1.5 ms and t = 2 ms. The values of the numbers of C/QC
used by the TMDQD algorithm were fixed at these time instants and are shown as triangles.
Note that in the TMDQD algorithm the full composition of fuel is auto-reduced to different
numbers of C/QC at different time instants. In the case of the original MDQDM, the number

of C/QC is pre-defined for each separate code run.
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Figure 56. Droplet radii in um (a) and surface temperatures in K (b) versus the numbers of

C/QC predicted by the TMDQD algorithm (A), the DMCM (@) and the original MDQDM (m)
at time instants (0.3 ms, 0.5 ms, 1 ms, 1.5 ms and 2 ms) for various numbers of C/QC.
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As can be seen from Figure 56, the predictions of the TMDQD algorithm for droplet surface
temperatures and radii are generally more consistent with the DMCM predictions than
those predicted using the original MDQDM. Note that the predictions of both approaches
are closer at the early stages of heating and evaporation (up to 0.5 ms) than at the later
times. The predictions of the original MDQDM show fluctuations in droplet radii and surface
temperatures for small numbers of C/QC. This is attributed to the fact that the reduction in
the number of C/QC in the original MDQDM is based on trial-and-error, which requires
experienced end-users and makes it difficult to implement this approach into CFD codes.
Note that the fluctuations predicted by the original MDQDM become less visible at later
evaporation times (= 1ms), when the lighter (volatile) components have mostly
evaporated. At times close to the evaporation time (>1.5 ms), the original MDQDM fails to
predict the droplet surface temperatures and radii accurately. The deviation becomes more

noticeable for small numbers of C/QC in the MDQDM.

As expected, the improvement in the modelling capacity of TMDQDM comes at a price, and

it is on the expense of its computational time, as shown in Figure 57 (for E85-5 fuel blend).
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Figure 57. CPU time (wide bars) and errors (narrow bars) of various modelling approaches,
compared with the prediction of the DMCM for three modelling approaches as
error %=100 X (timepycm-timeyoger)/timepmem, for E85-5 fuel blend.

In Figure 57, a noticeable improvement in TMDQDM predictions is made, in comparison to
the same results predicted using the original MDQDM, but on the expense of computational
time. This finding can justify the importance of using MDQDM where CPU efficiency is more
important than accuracy in some engineering applications. However, the TMDQDM
proposed in this research thesis is a compromise when both prediction accuracy and CPU
efficiency are needed for these predictions.

The CPU time of all fuel blends using the three models and their time savings are illustrated
in Table 33. From that table and Table 32, it can be concluded that the importance of the
TMDQDM is presented when the actual droplet lifetime is around 2 ms or greater. For the
case of pure E85, the TMDQDM underpredicts the droplet lifetime by 0.738, while the
MDQDM underpredicts the droplet lifetime by 2.094 (for the case of 21-5 and 5,
respectively). On the other hand, the TMDQDM saved 53.92% and the MDQDM saved

74.18% of the CPU time compared to the DMCM. In conclusion, the MDQDM is still sufficient
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to be used when the droplet lifetime is less than 2 ms, although this lifetime does not exist
for a droplet in any automotive system as droplet lifetimes for ICE are in the range of 2-6

ms.

Table 33. CPU time (in sec) required for each blend using two approximations of the
TMDQDM and MDQDM and their saved time compared to the DMCM.

CPU time (sec) and their time savings (T.S.%) compared to DMCM

Model diesel T.S.% | E85-5 T.S.% | E85-20 T.S.% | E85-50 T.S.% | E85 T.S.%
DMCM 2511 - 2331 - 2177 - 1985 - 306 -
TMDQDM(20) | 789 68.6 | 635 65.03 | 537 75.33 | 488 75.42 | - -
MDQDM(20) | 428 829 | 351 80.67 | 427 80.39 | 363 81.71 | - -
TMDQDM(10) | 698 72.2 | 528 70.93 | 480 77.95 | 421 78.79 | 158 48.4
MDQDM(10) | 329 869 | 218 88 306 85.94 | 261 86.85 | 107 65.03
TMDQDM(5) | - - - - - - - - 141 53.92
MDQDM(5) - - - - - - - - 79 74.18

7.4. Summary of Chapter 7

A Transient Multi-Dimensional Quasi-Discrete Model (TMDQDM) was suggested for the
analysis of fuel droplet heating and evaporation. The model was a generalised approach for
dealing with a broad range of fuel blends and compositions. It was based on the previously
suggested Multi-Dimensional Quasi-Discrete Model (MDQDM). In contrast to the MDQDM,
the new model (TMDQDM) took into account the transient contributions of all groups of
hydrocarbons, aiming for higher accuracy of the selected quasi-components than those
produced using the original MDQDM. The associated effects of transient fuel compositions
on the droplet lifetimes were numerically investigated for several mixtures of E85 (85%
ethanol and 15% gasoline) and diesel fuels. It was shown that using the new TMDQDM
approach could reduce the full compositions of all analysed E85-diesel mixtures from 119
components to 10 components/quasi-components with up to 0.82% errors in predicted
droplet lifetimes. These predictions were relatively more accurate than those predicted

using the previously suggested MDQDM - which gave up to 8.8% errors. The CPU time
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needed to run this model was up to 79% less than that needed using the full composition of
fuel. However, this was not the best CPU efficient approach compared with the time saving
of the MDQDM (88%) less than using the full fuel composition. Overall, in this age of
continuing advancement on computation resources, the slightly increased computational

expense is more than offset by the improved accuracy offered by the new model.
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CHAPTER EIGHT: Combustion of Fuel
Surrogate

8.1. Overview

In this chapter, surrogate for kerosene fuel is formulated using the model presented in

Chapter 6. The formulated surrogate is then compared with the kerosene surrogate

provided in the commercial CFD software tool ANSYS-Fluent. The suggested surrogate is

examined in terms of heating and evaporation using the implemented CFSM into ANSYS-

Fluent via the User-Defined Function (UDF). Finally, the ignition time delay of the suggested

surrogate is predicted and compared to those of the fuel composition of kerosene and

ANSYS kerosene suggested surrogate.

8.2. Surrogate Formulation

The Complex Fuel Surrogate Model (CFSM), which has been discussed and presented in

detail in earlier chapter (Chapter 6), was used for the formulation of kerosene surrogate.

The composition of the full kerosene is shown in Table 34.

Table 34. Molar fractions of kerosene fuel, inferred from [203,204].

Carbon no |n-alkanes| iso-alkanes |cycloalkanes/olefins|alkylbenzenes|naphtobenzenes|diaromatics
C7 0.19 0.23 0.17 0.09 - -
C8 0.19 0.39 0.63 0.61 - -
Co 0.49 1.72 2.38 1.56 0.22 -
C10 0.70 4.09 5.83 2.72 1.06 0.09
C11 0.75 5.33 6.93 2.19 1.81 0.25
C12 1.15 6.67 7.40 3.00 3.48 0.3
C13 0.87 5.06 4.49 291 0.9 0.06
C14 0.89 5.14 3.78 1.74 0.24 -
C15 0.57 5.63 1.67 0.35 - -
C1l6 0.05 2.11 0.74 - - -
C17 - - 0.48 - - -

Total % 5.84 36.09 34.52 15.16 7.70 0.7
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The composition shown in Table 34 was investigated in terms of heating and evaporation
using the DMCM. The CFSM was then used to generate a surrogate for the kerosene fuel. The
CFSM was limited for 2 Approximate-Discrete Components (ADC) (i.e. the generated
surrogate consisted of two components only). This limit in the number of components was
because the generated surrogate was later used for combustion studies using detailed
chemical mechanisms. The two generated ADC were iso-decane (C;oH,,) and
cyclododecane (C;,H,,), with fractions of 0.534 and 0.466, respectively. These two
components with their fractions represent the suggested surrogate for kerosene. In Table
34, one can see that these two components represent two groups of the highest molar
fractions (iso-alkanes and alkylbenzene). Therefore, the CFSM has generated iso-decane
(not n-decane) among the dominant species in kerosene fuel. The evolutions of droplet
diameter for the suggested surrogate, using the CFSM, were compared with the predictions
of the Multi-Dimensional Quasi-Discrete Model (MDQDM) and DMCM (Figure 58). For this
comparison, a single droplet was considered using a typical GTE conditions. The initial
droplet diameter and temperature were 100 pm and 375 K, respectively. The ambient gas

temperature and pressure were 800 K and 4 bar respectively.

100 A
75 +
N
50 - = = Surrogate \\
“““““ MDQDM .
DMCM )
25 4
time (ms) :
O T T T T - T
0 10 20 30 40 50

Figure 58. The droplet evaporation versus time for kerosene using the DMCM, MDQDM and
surrogate (CFSM).
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Compared to the full composition, the suggested surrogate shows 7.6% deviation. This
deviation can be well reduced if only one extra component was considered for the surrogate.
For the implementation and combustions studies, however, this deviation is acceptable in

order to maintain no more than two components.

8.3. Implementation of DMCM

The main reason behind the implementation of the DMCM model into ANSYS-Fluent is due
to the fact that the latter software tool does not take into account several factors for the
droplet heating and evaporation, e.g. temperature gradient, diffusion of species, and
internal recirculation inside moving droplets. Instead, it is based on the assumption that all
these factors can be ignored. The reasons behind these simplifications were discussed in
Chapter 2. The work presented in [57] was the first work of its kind to investigated the
implementation of the droplet heating and evaporation model for the simulation of ICE full-
cycle. The work of [57] was for mono-component. This work was then generalised in [205]
to the case of binary-components in which the diffusion of species were also considered,
combined with the temperature gradient inside the droplet. The latter work, however, was
conducted for cooling evaporation in which the droplet was left in the ambient for

evaporation. Furthermore, no full evaporation was observed.

In this proof of concept work, the thesis finding of CFSM was implemented into a
commercial CFD code with an attempt to simulate the combustion processes in a GTE. Such
an approach is the first of its kind for any former literature work. A detailed analysis of the
heating and evaporation of the generated kerosene fuel surrogate was implemented into
the 3D CFD model [206]. The implemented heating and evaporation model takes into
account the temperature gradient, species diffusion and recirculation inside droplets. This
was done via the implementation of the DMCM into ANSYS-Fluent using the UDF. The

heating and evaporation were assumed to take place in a can type combustor. The
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computational domain and polyhedral mesh used for the hydrodynamic model are shown
in Figure 59. The generated mesh consisted of 262,255 cells with a cell volume range of

0.0057647 - 470 mm? and face cell area range of 0.014 - 8 mm?.

Six side fuel
surface area= 0,

Six side air inlets, with
surface area = 2 cm? eacM

The main air inlet is guil
vanes of total surface area =57 cm2

(b)

Figure 59. The can combustor geometry, showing (a) the internal walls of the system, and
(b) the polyhedral mesh, used in the CFD simulation. The cell volume range is 0.0057647 -
470 mm?3, the face cell area range is 0.014 - 8 mm?, and the total number of cells is 262,255.

Pressure-based solver with a realizable k —¢ turbulence model was used for the
hydrodynamic region with enhanced wall treatment taking into account the effect of
curvature. The domain pressure and velocity were coupled in a quasi-transient manner. The
following modelling set-up was made: standard for pressure and first order upwind for the
momentum, the turbulent kinetic energy, dissipation rate, progress variable, mean mixture
fraction, mixture fraction variance and progress variable variance. Four thousand iterations

were set for the numerical residuals.
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The droplet lifetime predicted by the new ANSYS CFD model was assessed in comparison to
the original in-house code for a 100 pm diameter droplet moving into stationary air at
U; = 1m.s™. The initial fuel temperature was T, = 375K under the ambient air
temperature and pressure of T, = 800 K and p, = 4 bar, respectively. In Figure 60, the
evolution of droplet diameter with time is presented using three approaches: 1) the results
predicted by standard ANSYS-Fluent software using constant properties; 2) the results
predicted by ANSYS-Fluent and transient properties of fuel components using the UDF, but
without the CFSM; and 3) ANSYS-Fluent results with full implementation of the CFSM and

transient thermodynamic and transport properties.

100

80

60

40

20

time (ms) | \
O T T T T \ !
0 10 20 30 40 50

Figure 60. The evolutions of droplet diameter using the three modelling approaches: 1
refers to Standard ANSYS-Fluent results, with constant properties, 2 refers to ANSYS-Fluent
results, with in-house properties using UDF, and 3 refers to ANSYS-fluent results
incorporating the CFSM using UDF.

As follows from Figure 60, the incorporation of the DMCM into ANSYS-Fluent leads to
prediction of up to 10.4% longer evaporation times compared to the case when the standard

ANSYS-Fluent model is used.
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A contour of the droplet evaporation inside the can combustor is shown in Figure 61. As can
be seen from that figure, all droplets are injected at a diameter of 100 um, and all these

droplets are evaporated at around a distance of 40% of the injection point.
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Figure 61. Profile of droplet diameter starting from the injection until the full evaporation.

The results validating ANSYS-Fluent simulation that incorporated the new model is
presented in Figure 62. The validation was done by comparing the computed results with
experimental data reported in the literature [207]. This was based on a kerosene droplet
with initial diameter 1.8 mm and initial temperature 298 K. The droplet was exposed to an
air flow rate of 20 L/min at 0.1 MPa ambient pressure. As can be seen from Figure 62, there
is a general agreement between the numerical results and experimental data. In CFSM
analyses, the effect of thermal swelling on droplet heating and evaporation was taken into
account. Some discrepancies, however are presented when comparing numerical to
experimental results. The major one is that the full evaporation is not achieved for the

experimental measurements. This is attributed to measurement uncertainty [207].
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Figure 62. The validation of the models for the normalised squared droplet diameters
predicted by the standard ANSYS-Fluent (solid curve), and ANSYS-Fluent incorporating the
CFSM (dotted curve), using data reported in [207] (bold triangles) for kerosene fuel.

8.4. Combustion and Ignition Time Delay

The combustion characteristics of the suggested surrogate (53.4% iso-decane and 46.6%
cyclododecane) was also compared with the simulated results of a suggested kerosene
surrogate in ANSYS. The latter surrogate consists of one hypothetical component (C12H23)
which does not exist in real life. The combustion of the surrogates was investigated based
on the partially premixed combustion model. A co-axial air-blast atomizer was used with
primary and secondary air and fuel mass flowrates of 0.15, 0.025 and 0.003 kg/s,
respectively.

The thermodynamic state of the species in the flame is described using the Flamelet
Generated Manifold (FGM) model. In the FGM model, a detailed mechanism of reactants and
products is required to describe the combustion reactions. Flamelet structures were

imported from an external file generated in ANSYS CHEMKIN tool. The combustion
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mechanism of iso-decane and cyclododecane (components of the suggested surrogate)
were imported from [208]. The chemical mechanism of iso-decane and cyclododecane were
merged together using ANSYS CHEMKIN tool. The resulting chemical mechanism of the two
components, included 194 species and 1459 reactions. The equations of the adiabatic
premixed flame are converted from physical-space to the reaction-progress space. These

equations are [89,170, 209]:

W O

P T ac We =P T Wi (48)
O = e 2L~ L5y i+ e (22 20) o1
p6t+6cwc_pxcac2 ckahkwk-l_cp 6C+chp'k+6c ac (49)

where Y, is the mass fraction of species k, t is time (in s), wy (in mol.L-1.s1) is the reaction
rate of species k, p (in kg.m=3) is the density, hy is the enthalpy (in k].mol), and ¢, is the
specific heat capacity (in kJ.kg1.K1). y. is the scalar dissipation which is expressed as

[89,170, 209]:

2
Xc(f: C) = Xmax €XP [_2 (erfc_l (fsf_m)> ] -€Xp [—Z(erfc_l(ZC))z] (50)

where f is the mixture fraction and fy;, is the stoichiometric mixture fraction.

After importing the flamelet, the compositions and temperature of the fuel and oxidizer
streams were specified. Compositions of the fuel were the same as those presented in
Section 8.2 and the temperatures presented in Table 35. The flamelet was numerically
described using the advanced default control options of Ansys-Fluent. These control options
include initial Fourier number, Flourier number multiplier, relative error tolerance,
absolute error tolerance, flamelet convergence tolerance and maximum integration time.

The default values for the size of flamelet (32), maximum number of flamelet (10) and scalar
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dissipation of each flame (0.01 s1) were used in this CFD model. Additionally, the
probability density function was created which acted as a lookup table in the final
calculations. Furthermore, the FGM model was fully defined and the combustion chemistry

has been preprocessed.

Table 35. The input parameters used for the combustion simulation.

Parameter Value Unit
Primary injection air velocity 10 m/s
Secondary injection air velocity 6 m/s
Fuel mass flowrate 0.003 Kg/s
Ambient pressure 4 Bar
Air temperature 293 K
Fuel temperature 375 K
Oxidation temperature 800 K

The NOy species are calculated in Ansys-Fluent via solving the mass transport equation
which accounts for the diffusion, convection, formation and consumption of all species. The

transport equation can be expressed as [89,170, 209]:

% (pYNOX) + V (pV)YNox) = +V (pDVYNOx) + SNOx (51)

where D is the effective diffusion coefficient and Sy, is a source term.

As can be seen from Figure 63, the entrainment of air flow enhances the oxidation of the
mixture (suggested surrogate and air) with charge from the dilution holes. The NOx, and CO;

are at a relatively low level, indicating well diluted fuel leading to complete combustion.
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Figure 63. The species distribution (dimensionless mass fraction), (a) NOx and (b) COq, at
the symmetry plane of the combustion chamber using the suggested kerosene surrogate

(53.4% iso-decane and 46.6% cyclododecane). Black arrows show the species diffusion
from the high concentration content to the lower concentration content.

Further illustrations of the combustion species formation inside the can combustor, and at

various sections along its length are provided in Figure 64.
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3% nete

Figure 64. Species formation and distribution across the can combustor at four planes,
showing (a) the four planes along the combustor, and (b) the profile contours for the four
planes.
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The above results were obtained for the suggested surrogate. The species distributions
were also obtained for ANSYS kerosene surrogate. The distribution of NOx, and CO; are
shown in Figure 65. Compared to Figure 63, it can be seen that the implementation of the
detailed combustion chemistry of the suggested kerosene surrogate leads to lower NOx, and
CO;. This is because the combustion chemistry of the ANSYS kerosene surrogate does not
include a detailed species generated as a result of the combustion process. Instead, it
includes 20 species only (N2, 02, C12Hz23, CO, CO2, H20, Hz, C, OH, CHy4, H, O, HO,, H,0,, HCO,
CHO, NO, HOCO, CzHs and HCOOH). Hence, the mass fractions of NOx, and CO; are higher
than those of the suggested surrogate (using the CFSM) with the detailed combustion

chemistry.
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Figure 65. The species distribution, (a) NOx and (b) CO, at the symmetry plane of the
combustion chamber using ANSYS kerosene surrogate (Ci2Hz3).
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The Thermodynamic characteristics of the combustion process of the suggested surrogate
and ANSYS surrogate are presented in Table 36. Noticeable difference between the two
surrogates is observed. The thermodynamic characteristics of ANSYS surrogate are always

higher because, in average, this surrogate is heavier than the suggested surrogate.

Table 36. Thermodynamic characteristics of the combustion process

Parameter ANSYS surrogate Suggested surrogate
Total reaction heat (M].kg1) -4.99E+02 -4.03E+02
Internal Energy (M].kg1) 3.11E+04 3.05E+04
Total enthalpy at the outlet (M].kg1) 3.48E+02 3.41E+02
Evaporation enthalpy (M].kg1) -1.61 -1.473

The ignition time delays of kerosene surrogates were estimated at different combustion
temperatures, pressures and equivalence ratios. The Arrhenius relationships of ignition
time delay suggested in [99], for RP-3 kerosene, was used for the suggested surrogate
(53.4% iso-decane and 46.6% cyclododecane) using the appropriate activation energy. The

relationships can be expressed as [209]:

- - E
Tign = 4.719 X 10 3p=072127 gy (é) o

where P is the pressure in Pa, ¢ is the equivalence ratio (fuel/air ratio), Ea is the activation
energy which is 134.68 k]. mol™1, R is the universal gas constant in k]. mol~1. Kand T is the

oxidation temperature in K.

The ignition time delay of the suggested kerosene surrogate was compared to the full
composition of kerosene fuel. The ignition time delay of the latter one was estimated based
on a modified form of the Arrhenius relationships (using the appropriate activation energy),

recommended for a multi-component kerosene of n-decane, n-dodecane, isocetane,
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methylcyclohexane and toluene with a molar fraction of 14%, 10%, 30%, 36%, 10%,
respectively. Further details on this expression can be found in [209]:

- - E
Tign = 6.824 X 1073P 7071915 exp (77) (53)

The Ea for the kerosene fuel is 132.8 kJ. mol 1.

A comparison between the ignition time delay of the full composition of kerosene fuel and
the two surrogates (suggested surrogate and ANSYS surrogate) was conducted (Figure 66).
The analysis was conducted at pressure of 4 bar, equivalence ratio of 1 and oxidation
temperature range of 1000-1500 K. The prediction of the ignition time delays of the fuel and
its suggested surrogate are very close at the high oxidation temperature. However, a
significant difference is noticed at low oxidation temperature. To improve the predictions
of the ignition time delay at low oxidation temperature, surrogate with higher number of
components is possibly needed. The ignition time delay of the surrogate suggested in ANSYS
deviates significantly from that of the full composition of kerosene fuel. The main reason
behind that deviation is that the activation energy of ANSYS surrogate is noticeably low (118

k] /mole).
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Figure 66. Ignition time delay of the full composition of kerosene fuel and its surrogates
(suggested surrogate and Ansys surrogate) at pressure of 4 bar and equivalence ratio of 1.

The ignition time delays of the suggested kerosene were estimated, using equation 52, at

different pressures and equivalence ratios. For the predictions of the ignition time delays, a

range of 1000-1500 K oxidation temperature was chosen. The impact of equivalence ratio

on the ignition time delays is shown in Figures 67 and 68. It can be seen from these figures

that the ignition time delay increases with increasing the equivalence ratio. Moreover, it

increases with decreasing the oxidation temperature. The impact of pressure, at three

different equivalence ratios, is illustrated in Figures 69-71. It is obvious that the ignition

time delay decreases with increasing the pressure for all equivalence ratios.
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Figure 67. Ignition time delay of the proposed kerosene surrogate at different equivalence
ratios and pressure of 1 bar.
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Figure 68. Ignition time delay of the proposed kerosene surrogate at different equivalence
ratios and pressure of 4 bar.
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Figure 69. Ignition time delay of the proposed kerosene surrogate at different pressures and

equivalence ratio of 0.5.
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Figure 70. Ignition time delay of the proposed kerosene surrogate at different pressures and

equivalence ratio of 1.
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Figure 71. Ignition time delay of the proposed kerosene surrogate at different pressures and
equivalence ratio of 1.5.

Based on the results obtained above, one can say that formulated surrogates should include
higher number of components (not only two as suggested) in order to improve the
predictions accuracy. This vision can be true to a limited extent, based on the fact that the
chemical mechanisms are compatible for a wider range of components. Generally speaking,
if a certain fuel is represented by at least two components with reasonable component
fraction, these two components can reproduce certain characteristics of that fuel with a
negligible deviation. For example, representing kerosene fuel by n-hexadecane only will
overpredict its evaporation time, while the evaporation time will be underpredicted if the
kerosene fuel is represented by n-octane only. Therefore, using a mixture of the two
components with appropriate distribution to their mass fractions may solve the problem.
This will also reduce the computational cost significantly. Based on these justifications, the

suggested surrogate, generated by the CFSM, consisted of two components in this chapter.
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8.5. Summary of Chapter 8

In this chapter, the Complex Fuel Surrogate Model (CFSM) was used to generate surrogate
for kerosene fuel. A heating and evaporation model including the suggest surrogate was
then implemented into ANSYS-Fluent for 3D simulation. The combustion of the suggested
surrogate was also investigated based on partially premixed combustion model. The
chemical mechanism of 194 species with 1459 reactions was implemented into the CFD
code. The ignition time delay of the suggested surrogate was compared to those of the

surrogate suggested by ANSYS and the full composition of kerosene fuel.

Results revealed that the customised version of ANSYS-Fluent including the implemented
model showed close agreement with experimental data. This was attributed to the physics
inside droplet that the implemented model considered which were the temperature
gradient, recirculation and mainly species diffusion. The generated surrogate, using the
CFSM, showed closer predictions for the ignition time delay to the full composition of

kerosene fuel than that of the surrogate suggested by ANSYS.

It was demonstrated through simulations in this chapter that surrogate of at least two
components can capture the actual characteristics of the real fuel if there was an
appropriate distribution to the mass fraction of these two components. This will have

substantial influence in terms of the computational efficiency.

The improvements of the accuracy of commercial computational software tools, with the
implementation of the models presented in this thesis, are the key significance of this
chapter. The findings showcase the importance of the introduced models, mainly those in

Chapters 6 and 7, to a real example of engineering application.
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CHAPTER NINE: Conclusions and
Recommendations

This chapter outlines the main concluding remarks from the research undertaken in this

thesis and sets out the recommendations to progress the research further in future.

9.1. Conclusions

In line with the global demand to reduce the greenhouse gas emissions (GGE), a detailed
research programme was formulated and conducted to assess the feasibility of increasing
the fraction of biofuel in the baseline fuel (diesel and gasoline) with the main aim of
reducing GGE; various processes associated with the combustion mechanism were also
considered.

This work investigated the heating, evaporation and some of the combustion characteristics
of pure fuels (gasoline, diesel and kerosene) and blended fuels (ethanol/gasoline,
biodiesel/diesel and ethanol/biodiesel/diesel). Previously developed models, including the
Discrete Multi-Component Model (DMCM) and the Multi-Dimensional Quasi-Discrete Model
(MDQDM), were generalised to take into account some important factors such as the activity
coefficient and radiative temperature. The previously developed models were also
modified, and their new versions were examined for improving the predictions and CPU
time and formulating fuel surrogates.

The impacts of ambient conditions, including pressure and ambient and radiative
temperatures, and fractions of ethanol in ethanol/gasoline fuel blends, on droplet heating
and evaporation were investigated. The DMCM was used for the analysis as it took into
account all the number of components existed in the ethanol/gasoline fuel blends. The full
composition of gasoline FACE C fuel, transient diffusion of species, recirculation, and
temperature gradient inside droplets were accounted for, using the Effective Thermal

Conductivity/Effective Diffusivity (ETC/ED) models. All processes inside the droplet were
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assumed to be spherically symmetric. The model was validated against relevant
experimental data.

The analysis focused on ethanol/gasoline fuel blends with 0%, 5%, 20%, 50%, 85% and
100% molar fractions of ethanol, and it was shown that the droplet lifetime for pure
gasoline fuel was the smallest, but its maximal droplet surface temperature was the largest.
The droplet lifetime increased with increasing ethanol molar fraction, leading to a
difference of 33.9% between pure gasoline fuel and pure ethanol results under the same
conditions. Also, the predicted ethanol droplet surface temperature was shown to be up to
24.3% lower than that predicted for gasoline fuel. This was attributed to the fact that
ethanol has lower boiling and critical temperatures, but higher liquid density and lower
saturated vapour pressure than gasoline fuel.

It was concluded that the addition of ethanol to gasoline fuel made the fuel less volatile.
Increasing the radiative temperature, ambient pressure, or ambient temperature, led to a
faster evaporation of ethanol/gasoline droplets regardless of their blending fractions at
temperatures greater than 400 K. At low ambient temperature (400 K), however, increasing
the ambient pressure led to longer droplet lifetimes.

The DMCM was also applied for the ethanol/gasoline fuel blend but by considering the
Activity Coefficient (AC). The Universal Quasi-Chemical Functional-group AC (UNIFAC)
model was used to predict the activity coefficients of the components of blended
ethanol/gasoline (21 components) fuels. It was found that the droplet lifetimes for the
blends were not always shorter compared with those for pure gasoline droplets. It was
shown that the application of the model using Raoult’s law (AC=1) could lead to up to 5.7%
errors in estimated droplet lifetimes for ethanol/gasoline blends, compared to the

predictions of the same model using the transient UNIFAC approach.

The DMCM was also used to analyse the heating and evaporation of blended

biodiesel/diesel fuel droplets using twenty-two types of biodiesel fuels. The effect of

166 |Page



Chapter 9: Conclusions and recommendations

increasing biodiesel fuel concentration on the evolutions of droplet surface temperatures
and evaporation times was clearly illustrated in this research. The predicted B5 (5%
biodiesel and 95% diesel) fuel droplet lifetimes for the 22 types of biodiesel fuel were only
1% less than that of pure diesel fuel. The RME biodiesel fuel droplet were observed to have
lifetimes close to that of pure diesel fuel, where their predicted lifetimes for B5 and B100
(100% biodiesel) droplets were up to 0.4% and 6%, respectively, less than the one
estimated for pure diesel fuel droplet.

The impacts of ambient conditions, including pressure, temperature, and radiative
temperatures, on droplet heating and evaporation were also investigated using the DMCM.
The analysis was specifically focused on the SME and the WCO biodiesel fuel. It was
observed that increasing the radiative temperature, ambient pressure, and ambient
temperature always led to a faster evaporation of biodiesel/diesel fuel droplets.

The DMCM and MDQDM were applied for the predictions of heating and evaporation of
blended E85-diesel (E85 refers to 85% ethanol and 15% gasoline) fuel droplets. In the
MDQDM, a large number of components was replaced with a much smaller number of
Components/Quasi-Components (C/QC). This model was developed to address the issue
when the number of components exceeds several dozen which makes the DMCM
computationally expensive. The UNIFAC model was combined with MDQDM to improve the
predictions of the vapour-liquid equilibrium. The MDQDM was also based on the ETC/ED
models to solve the heat transfer and species diffusion equations.

It was shown that E85-diesel blended fuel droplets had shorter lifetimes than those of pure
diesel. Higher fractions of E85 resulted in up to 49.5% shorter droplet lifetimes and up to
23.4% lower droplet surface temperatures than those of pure diesel. Such a significant
impact of high E85-diesel fractions was thought to be due to the differences in their

saturated vapour pressure.
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In the case of the E85-5 blend, the assumption of an ideal-mixture with a unity activity
coefficient (i.e. Raoult’s law is valid) was shown to lead to overprediction of droplet lifetimes

by up to 3.6%, compared to the case when the UNIFAC activity coefficient was used.

It was shown that replacing 119 components of the blended fuel with 20 C/QC reduced the
CPU time by up to 83% with less than 3.6% and 2.9% underpredicted droplet lifetimes and
surface temperatures, respectively, compared to the prediction of the model accounting for
all the 119 components.

The feasibility of mixing different fuel fractions of biodiesel and ethanol with diesel in terms
of heating and evaporation characteristics, Cetane Number (CN), viscosity, and heating
value were also investigated using the DMCM and other mathematical correlations.
Predictions revealed that the presence of biodiesel at the expense of ethanol (e.g., 5%
biodiesel and 5% ethanol, instead of only 10% of ethanol) compensated the reduction in
droplet lifetime, surface temperature, CN, viscosity, and even the heating value. It was found
that a blend of 15% biodiesel, 5% ethanol, and 80% diesel fuels led to less than 1.2%, 0.2%,
2%, and 2.2% reduction in droplet lifetime, CN, viscosity and heating value, respectively,
compared to those of pure diesel fuel. It was concluded that the presence of biofuels with
up to 20% in diesel fuel can be used in engines designed for pure diesel with minimal, or no
any design modifications.

A new approach was developed for the formulation of fuel surrogates using based on a
modified version of the MDQDM, described as a ‘Complex Fuel Surrogates Model’ (CFSM).
In this new approach, the aim was to generate actual components (with integer carbon
numbers) instead of QC. These components called Approximate Discrete-Components
(ADC). The CFSM was verified against the DMCM, in application to the full compositions of
gasoline and diesel fuels and their ethanol/gasoline and biodiesel /diesel blends. The other
important purpose of the CFSM was broaden the usefulness of the model for future

implementation into commercial CFD codes and experimental validations. The physical and
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chemical properties of the formulated surrogates (Surl for diesel, Sur4 for gasoline, Sur7
for E20, and Sur9 for B10) were compared to the full compositions of each fuel.

The physical and chemical characteristics of the formulated surrogates were computed.
These included the evolutions of droplet radii and surface temperatures, vapour pressures,
H/C, research octane numbers for gasoline and ethanol/gasoline fuels, and cetane numbers
for diesel and biodiesel/diesel fuels. The same physical and chemical verifications were
applied to the fuel surrogates recommended in literature (noting that the surrogates of B10
have not been presented anywhere in literature to the best of the author knowledge). The
chemical and physical behaviours of the four suggested surrogates were in reasonably close
agreements with those predicted for the full compositions of their fuels, exceeding the
relative predictions of these fuels provided by the surrogates suggested in literature. For
example, in the case of gasoline fuel the literature alternatives to the surrogate suggested in
this research exposed the predicted droplet lifetimes to errors of up to 26.8% and the
predicted vapour pressure to errors of up to 59.1%. The usefulness of the introduced CFSM
was verified for the formulation of surrogates in application to a broad range of fuel
compositions.

Although the droplet heating and evaporation of the formulated surrogates using the CFSM
were predicted and compared to those when considering the total number of components
in fuel, the selection of ADC in this model was based on trial and error to match some
required characteristics of fuels. Hence, this model still requires experienced end-users to
run it. The impact of the trial and error on the predicted droplet surface temperatures and
radii were noticeable in some predictions. For instance, the new approximation of the full
composition of diesel fuel with the range 50-75 ADC overpredicted the results of the DMCM.
Some fluctuations were observed at varying time instants.

In response to that, a novel approach was proposed for the auto-selection of components in

the MDQDM. The model was used for the analysis of fuel droplet heating and evaporation.
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As in the original MDQDM suggested earlier, the large number of fuel components were
reduced to a much small number of C/QC. In contrast to the original MDQD model, these
were auto-updated within algorithmic time-steps to consider the transient diffusions of
species for the selection of quasi-components. Hence, the implementation of new algorithm

was described as ‘transient’ with the “TMDQDM’ acronym.

The new (TMDQD) model was analysed in application to a wide range of E85 and diesel fuel
blend and compared to the previously introduced MDQDM in terms of accuracy and
computational competency. Results revealed that that using the new TMDQDM approach
could reduce the full compositions of all analysed E85-diesel mixtures from 119
components to 10 C/QC with up to 1.82% errors in predicted droplet lifetimes and
temperatures. These predictions were consistently more accurate than those predicted
using the previously suggested MDQDM - which gives up to 8.8% errors. The CPU time
needed to run this model was 79% less than that needed using the full composition of fuel.
However, this was not the best CPU efficient approach since the time saving of the MDQDM
was 88% less than of when using the full fuel composition. None the less, this slight increase
in computing resource was more than offset by the improvement in the accuracy of
prediction.

The final part of this research involved formulation of kerosene fuel surrogate using the
CFSM. The model was implemented into ANSYS-Fluent, via the user-defined function. The
heating and evaporation of the surrogate using the implemented model was compared to
the standard simulation of heating and evaporation using ANSYS-Fluent. The combustion of
the proposed surrogate was investigated using ANSYS-Fluent and incorporating a detailed
combustion mechanism for the proposed surrogate. The ignition time delay of the suggested
surrogate was compared to the full composition of the kerosene fuel using Arrhenius
relationship. It was shown that a customised version of ANSYS-Fluent incorporating the

DMCM led to predictions that were closer to experimental data than the predictions of the
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conventional ANSYS-Fluent code. It was noticed that the implementation of the detailed
combustion chemistry of the proposed kerosene surrogate led to lower predictions of the
NOx, and CO; compared to the case of the ANSYS-Fluent surrogate. The prediction of the
ignition time delays of the fuel and its surrogate were very close at high oxidation
temperature T > 1200 K.

To sum up, the study has developed advanced models for the modelling of heating and
evaporation process as well as some other important characteristics such as octane number,
heating value, hydrogen/carbon ratio and cetane number. This has been done in line with
the current shifting from pure fossil fuels and those with up to 5% biofuels to 10% and more
(For instance, using E20 instead of E5 in on road vehicles). The developed models will be
opening up new possibilities for much higher blends than those currently existed in the fuel
processing industry, broader engine types (including GTE), and wider market consumption
with less GGE. The thesis’ findings revealed that up to 30% of biofuel can be blended with
fossil fuel and used in petrol and diesel engines with minimal modifications to these engines.
The feasibility of implementation of our models in GTE is performed, with application to the

full combustion process of that engine using three-dimensional CFD model.

9.2. Recommendations

Despite the good progress in developing the CFSM and TMDQDM and their usefulness in
generating fuel surrogates and improving the predictions of heating and evaporation, some
important processes were ignored in these models. All the modelled processes were based
on the assumption that all processes were spherically symmetric. Shapes of some droplets
in ICE applications, however, are far from sphericity. All modelled droplets were isolated
without considering the impact of interaction between droplet. The developed models were
based on the on the hydrodynamic approximation without considering the kinetic region.

The impact of moving interface, as a result of the evaporation, on droplet heating and
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evaporation was not considered. The impact of radiation on droplet heating and
evaporation was investigated based on the assumption that the droplet is a black body. Most

droplet are grey with emissivity of less than 1.

Based on the aforementioned facts and other important points, the following suggestions

could be explored:

e Non-spherically symmetric droplet can be modelled using the DMCM. This, however,
needs to a new analytical solution to the heat and mass transfer equations.

e The impact of radiation of the heating and evaporation of a semi-transparent droplet
needs to be modelled. This requires the measurements of wavelengths of all components
that needed to be considered when modelling the droplet heating and evaporation.

¢ The impact of species diffusion with time on the preignition process should be considered.
This is important as it demonstrates, for instance, why automotive fuel has more fraction
of the lighter components in the Winter.

e The implementation of the heating and evaporation model into a CFD code can be
improved by considering multi-components instead of binary mixture.

¢ Although the kinetic region is difficult to be introduced for fuels contained tens of
components, it may be practical to be introduced when modelling fuel surrogates (up to 5

components).
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Appendix A. Thermodynamic Properties of Air

A.1. Density

A direct implementation of the density in kg. m™3 of air can be found using the ideal gas

equation of state which can be generalised to take the nonideality of gas [11]:

Dy MW
Pair = i—Tr (A1)

where p, is the ambient pressure of gas in kPa, MW is the molar weight for air (18.015
kg.kmol™1), Ris the universal gas constant (8.314 k].kmol~1.K™1), T, is the reference

temperature (T, (K) = % T + %Tg).

A.2. Specific heat capacity
The specific heat capacity of air in J. kg~1.K™! is approximated as [11]:

cp =10748—0.558T +1.4x 1073 T? - 1.1 x 107 T3 +3.15x 10710 T* (A.2)
A.3. Viscosity

The dynamic viscosity of air in Pa. s is approximated as [11]:

u=27.724+0.581T — 1.934 X 10~* T2 (A.3)
A.4. Thermal conductivity
The thermal conductivity of airin W.m~1. K~ is approximated as [11]:

k =0.0036 + 0.0252 T — 1.89 x 1073 T2 (A4)

where T = STR. The above expression is valid for the range of temperature 250K < T <

1200 K.
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Appendix B. Thermodynamic Properties of Gasoline

All the thermodynamic properties of gasoline were inferred from [71] (apart from the

saturated vapour pressure) as follows:

B.1. Boiling and critical temperatures and critical pressure

The dependences of boiling and critical temperatures and critical pressures on the carbon

number (n) was approximated based on each hydrocarbon group as:

B.1.1. n-alkanes
T, = —1.1328n% + 45.02n + 111.68 (K)

T, = —=1.7679n% + 56.967n + 222.57 (K)
P. = —0.0404n3 + 1.2475n% — 14.239n + 79.185 (bar)

B.1.2. iso-alkanes

T, = —1.1597n% + 44.011n + 107.75 (K)
T, = —2.4511n?% + 66.891n + 183.88 (K)
P. = —0.0186n3 + 0.459n? — 5.924n + 54.071 (bar)

B.1.3. alkylbenzenes

T, = —1.4662n% + 46.596n + 136.63 (K)
T, = 0.0257n? + 15.718n + 499.56 (K)
P, = 0.7329n2 — 17.615n + 131.36 (bar)

B.1.4. naphthalenes, cycloalkanes and olefins

For naphthalene (CoH10), T, = 451.12 K, T, = 684.9 K, and P, = 39.5 bar
For cycloalkane (CsHi¢), T, = 394.25 K, T, = 586.99 K, and P, = 29.57 bar
For olefin (CoH1s), T, = 420.02 K, T, = 594 K,and P, = 23.3 bar

B.2. Liquid density

The liquid density (in kg. m~3) was approximated using the following expression:

— 1034R-1-T)¢ B.2
p =1034B
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The dependences of the coefficients A, B and C on the carbon number (n) was approximated

based on each hydrocarbon group.

B.2.1. n-alkanes

A =—-0.000248n? + 0.0047n + 0.2137

B =0.00003842n2 — 0.0029866n + 0.282645

C = 0.00006352n2 — 0.0001965n + 0.27969

B.2.2. iso-alkanes

A = —0.0009814n? + 0.01674n + 0.175683
B = —0.0007061n? + 0.0087363n + 0.249117

C =0.00114457n% — 0.0087363n + 0.343958

B.2.3. alkylbenzenes

For this hydrocarbon group, the coefficients A, B and C for the 4 components of this groups

are shown in Table B.2.3.

Table B.2.3. The coefficients used in equation B.2 for the predictions of the liquid density of

alkylbenzenes.
Component n A B C
CsH1o 8 0.2876 0.26513 0.2741
CoHi2 9 0.2692 0.24988 0.27454
C1oH14 10 0.2769 0.25841 0.28838
C11H16 11 0.2758 0.26261 0.28571

B.2.4. naphthalenes, cycloalkanes and olefins

For the naphthalene, cycloalkane and olefin components, the coefficients A, B and C are

shown in Table B.2.4.

Table B.2.4. The coefficients used in equation B.2 for the predictions of the liquid density of

naphthalene, cycloalkane and olefin.

Component A B C

naphthalene 0.3102 0.26114 0.0223
cycloalkane 0.26497 0.27385 0.28571
olefin 0.2391 0.25815 0.28571
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B.3. Liquid viscosity

The liquid viscosity (in Pa.s™1) was approximated using the following expression:

u= 10(a+§+cT+dT2)_3 (B.3)

The coefficients a, b, c and d are provided for each hydrocarbon group.

B.3.1. n-alkanes

For this hydrocarbon group, the coefficients a, b, c and d are shown in Table B.3.1.

Table B.3.1. The coefficients used in equation B.3 for the predictions of the liquid viscosity
of n-alkanes.

Component n a b c d

n-butane 4 -4.6402 485 0.0134 -0.0000197
n-pentane 5 -7.1711 747 0.0217 -0.0000272
n-hexane 6 -5.0715 655 0.0123 -0.000015
n-decane 10 | -6.0716 1020 0.0122 -0.0000119
n-dodecane | 12 | -7.0687 1263 0.013735 | -0.0000122

B.3.2. iso-alkanes

For this hydrocarbon group, the coefficients a, b, c and d are shown in Table B.3.2.

Table B.3.2. The coefficients used in equation B.3 for the predictions of the liquid viscosity
of iso-alkanes.

Component n a b o d

C4H1o 4 -1.8077 258.93 0.003021 | -0.00000864
CsHiz 5 -5.8089 | 706.6875 | 0.014813 | -0.00001853
CeH1a 6 | -10.2364 | 1387.16 | 0.024213 | -0.00002408
C7H1e 7 -4.8431 641.43 0.011545 | -0.00001374
CsHis 8 | -10.2217 | 1423.586 | 0.024242 | -0.00002336
CoH2o 9 -4.2577 652.867 | 0.008355 | -0.00000898
CioH22 10 | -4.8378 782.643 | 0.009299 | -0.00000938
C11H22 11 | -4.2302 709.676 | 0.007402 | -0.00000741
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B.3.3. alkylbenzenes

For this hydrocarbon group, the coefficients a, b, c and d are shown in Table B.3.3.

Table B.3.3. The coefficients used in equation B.3 for the predictions of the liquid viscosity
of alkylbenzenes.

Component n a b c d

CsHio 8 -7.8805 1250 0.016116 | -0.00001399
CoH12 9 -5.3013 897.655 | 0.009761 | -0.00000886
C1oH14 10 | -4.3468 781.441 | 0.007281 | -0.00000673
C11H1e 11 -4.641 853.23 0.00785 -0.0000071

B.3.4. naphthalenes, cycloalkanes and olefins
For the naphthalene, cycloalkane and olefin components, the coefficients a, b, c and d are

shown in Table B.3.4

Table B.3.4. The coefficients used in B.3 for the predictions of the liquid viscosity of
naphthalene, cycloalkane and olefin.

Component a b c d

naphthalene | -7.3304 1330.6 0.012617 | -0.0000086
cycloalkane -4.2467 654.41 0.008539 | -0.0000093
olefin -6.5557 993.5 0.014232 | -0.0000141

B.4. Liquid heat capacity

The liquid heat capacities (in J.kg~1.K™1) of all hydrocarbon groups were approximated

using the following expression:
Cl = A1 + AzT + A3T2 (B4)

The coefficients A1, Az and Az for all hydrocarbon groups were estimated as follows:

Ay = 4184 (~1.17126 + (0.023722 + 0.024907p)K,, + ~— =225k )

p

4, = 75312 (1074(1 + 0.82463K,,) + 1.12172 — 222°2%)

Az = 13556.16 (10-8(1 +0.82463K,,) + 2.9027 — 0'70958)
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1/3
K,, is the Watson characterisation factor, estimated as K,,, = %, p is the relative density

as shown in Table B.4,and T,. = Tl

c

Table B.4. The relative densities for each carbon number in each hydrocarbon group.

Component n D
n-alkanes 4 0.592
5 0.631
6 0.662
10 0.737
12 0.566
I[so-alkanes 4 0.620
5 0.661
6 0.391
7 0.713
8 0.729
9 0.739
10 0.743
11 0.884
alkylbenzenes 8 0.884
9 0.875
10 0.872
11 0.862
naphthalenes 9 0.969
cycloalkanes 8 0.771
olefins 9 0.733

B.5. Liquid thermal conductivity

The liquid thermal conductivities (in W.m™1.K™1) of all hydrocarbon groups were

estimated, using the Latini formula:

o = Aa-T)0 (B.5.1)

- 1/6
TT‘

The coefficient A was estimated using the following expression:
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A:Aﬁy (B.5.2)
MWAT]

where MW is the molar weight in g. mol~2. All other coefficients are shown in Table B.5 for

all hydrocarbon groups.

Table B.5. The coefficients used in equation B.5.2 for the predictions of the liquid thermal
conductivity of all hydrocarbon groups.

Component A a B y

n/iso-alkanes 0.0035 1.2 0.5 0.167
alkylbenzenes 0.0346 1.2 1 0.167
naphthalenes 0.035 1.2 0.5 0.167
cycloalkanes 0.031 1.2 1 0.167
olefins 0.0361 1.2 1 0.167

B.6. Enthalpy of evaporation

The enthalpy of evaporation (in J. kg~1) was estimated using the following expression:

— A(1 — T)B x 1% (B.6)
L=A(1-T)% x

The coefficients A and B are provided for each hydrocarbon group.

B.6.1. n-alkanes

For this hydrocarbon group, the coefficients A and B are shown in Table B.6.1.

Table B.6.1. The coefficients used in equation B.6 for the predictions of the enthalpy of
evaporation of n-alkanes.

Component n A B

n-butane 4 33.0198 0.377
n-pentane 5 39.8543 0.398
n-hexane 6 45.6100 0.401

n-decane 10 71.4282 0.451
n-dodecane | 12 77.1658 0.407

197 |Page



Appendix B. Thermodynamic properties of gasoline

B.6.2. iso-alkanes

For this hydrocarbon group, the coefficients A and B are shown in Table B.6.2.

Table B.6.2. The coefficients used in equation B.6 for the predictions of the enthalpy of

evaporation of iso-alkanes.

Component n A B

C4Hio 4 | 31.95380 0.392
CsHiz 5 | 37.68615 0.395
CeHia 6 | 42.32119 0.393
C7Hie 7 | 46.95571 0.388
CsHis 8 | 49.32456 0.382
CoHzo 9 | 56.10624 0.380
CioH22 10 | 59.25229 0.380
C11Hz2 11 | 65.11180 0.380

B.6.3. alkylbenzenes

For this hydrocarbon group, the coefficients A and B are shown in Table B.6.3.

Table B.6.3. The coefficients used in equation B.6 for the predictions of the enthalpy of

evaporation of alkylbenzenes.

Component n a B

CsH1o 8 55.6060 0.3750
CoH12 9 59.9749 0.3853
CioH14 10 | 63.3265 0.3796
C11H16 11 | 65.2016 0.3800

B.6.4. naphthalenes, cycloalkanes and olefins

For the naphthalene, cycloalkane and olefin components, the coefficients A and B are

shown in Table B.6.4

Table B.6.4. The coefficients used in B.6 for the predictions of the enthalpy of evaporation

of naphthalene, cycloalkane and olefin.

Component a b

naphthalene | 62.1067 0.42
cycloalkane 50.9505 0.38
olefin 61.7073 0.38
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B.7. Saturated vapour pressure

The following expression, inferred from [128,129], was used for the estimation of the

gasoline vapour pressure (in Pa)

Inp%2t = fO(T,) + wf N (T) + w?f3(T;) (B.7.1)
where
o= _ et Tor) (B.7.2)
fl(Tbr)
fOo(T,) = (—5.97616 T + 1.29874 15 — 0.60394 72> — 1.06841 7°) /T, (B.7.3)
fY(T,) = (=5.03365 7 + 1.11505 t1° — 5.41217 72> — 7.46628 t°) /T, (B.7.4)
f2(T,) = (=0.64771 t + 2.41539 t1° — 4.26979 12 + 3.25259 7°) /T, (B.7.5)
T=1-T.

Note that there was a mistake in the corresponding expression for p5a*

,given in,[210] which
was overlooked in [71]. For the range of temperatures used in the model of [71] (296 - 484

K), the error in the estimated pressure calculation in [210] could lead to overprediction of

the droplet evaporation time by up to 150%.
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Appendix C. Thermodynamic Properties of Ethanol

C.1. Boiling and critical points and liquid density
The boiling temperature, critical temperature, and critical pressure of ethanol (C2He0) are
351.44K,516.25 Kand 63.84 bar, respectively [211]. The following expression for the liquid
density of ethanol was used in the current analysis [211]:

p =1000 AB~1-T)° (kg.m™3), (cn
where A = 0.2657, B = 0.264 and C = 0.2367. The results predicted by Equation (C.1)
were compared with approximations suggested in [111] and validated against experimental

data provided in [212], as shown in Figure C.1.
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Figure C.1. Comparison of liquid density (p) estimated using Equation (C.1) with other
approximations and experimental data.

C.2. Liquid viscosity
The following approximation for the liquid viscosity of ethanol was used in the thesis’
analysis [111,213]:

logiou = 68?64 —5.282 (Pa.s). (C.2)

The results predicted by Equation (C.2) were compared with those inferred from [211,214]

and experimental data provided in [215] as shown in Figure C.2.
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Figure C.2. Comparison of liquid viscosity (u), estimated using Equation (C.2), with other
approximations and experimental data.

C.3. Liquid heat capacity

The specific heat capacity was calculated using the following approximation [216]:

g =(A+BT+CT?+DT3/MW (J.kg"L.K™), (C.3)
where A = 102640, B = —139.63, C = —0.03034 and D = 0.0020386. Predictions of
Equation (C.3) were compared with the approximations suggested in [111,211,213] and

validated against experimental data provided in [212]. The results are shown in Figure C.3.

124 -
—— Eq.(C.3)

— . Ref[203]
...... Ref[107,205]
Measurement [204]

118 A

112 ..".p

o.
”’
”
”
”
”

- T (K)
106 T T T T T
293 298 303 308 313 318

Figure C.3. Comparison of specific liquid heat capacity (c;), predicted by Equation (C.3), with other
approximations and experimental data.
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C.4. Saturated vapour pressure

The saturated vapour pressure was estimated using the following approximation

[111,213,214]:

In (132.53(1;24) =A-B/(C+T) (Pa), (C4)

where A = 18.5242, B = 3578.91 and C = 50.5. The predictions of Equation (C.4) were
compared with the approximations suggested in [129,211] and experimental data provided

in [217]. The results are shown in Figure C.4.
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Figure C.4. Comparison of saturated vapour pressure (p*%), predicted by Equation (C.4), with other
approximations and experimental data.

C.5. Latent heat of evaporation

Latent heat of evaporation was estimated using the following approximation [111,213]:

L =120910(T, — T)°*3® (J.kg™1), (C.5)
The predictions of Equation (C.5) were compared with the approximation suggested in
[211] and experimental data provided in [218]. The results of this comparison are shown

in Figure C.5.
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Figure C.5. Comparison of the latent heat of evaporation (L) inferred from Equation (C.5) with other
approximations and experimental data.

C.6. Liquid thermal conductivity

Liquid thermal conductivity was estimated using the following approximation [211]:
k=A+BT+CT? (W.m 1K), (C.6)
where A = 0.2245,B = —0.00005633 and C = —0.00000042178. The results predicted by
Equation (C.6) were compared with the estimations of thermal conductivity reported by
other authors [111,213,216] and experimental data reported in [219]. The results of this

comparison are shown in Figure C.6.
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Figure C.6. Comparison of the liquid thermal conductivity estimated using Equation (C.6) with other.
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Figure D1. Effects of radiative temperatures (1000 K, 1500 K, and 2000 K) on droplet radii
and surface temperatures for EMO (a), EM5 (b), EM20 (c), EM50 (d), EM85 (e) and EM100

(f) blends.
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Figure D2. Impact of ambient temperatures on the evolution of droplet surface
temperatures and radii for gasoline fuel at p; = 30 bar.
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Figure D3. Impact of ambient temperatures on the evolution of droplet surface
temperatures and radii for gasoline fuel at p; = 3 bar.
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Figure D4. Impact of ambient pressures on the evolution of droplet surface temperatures

and radii for gasoline fuel at T, = 650 K.
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Appendix E. Thermodynamic Properties of Diesel

All the thermodynamic properties of diesel were inferred from [60] as follows:
E.1. Boiling and critical temperatures

The dependences of boiling and critical temperatures on the carbon number (n) was
approximated based on each hydrocarbon group as:

E.1.1. alkanes

T, = 0.020138n3 — 1.404751n2 + 44.9138n + 118.37237 (K)
T, = 0.035337n3 — 2.188372n2 + 55.918666n + 242.30599 (K)

E.1.2. cycloalkanes
T, = —0.4776n% + 32.312n + 176.51 (K)

T, = 667 (K) forn <10
T. = 0.0125n3 — 0.9002n% + 31.442n + 425.28 (K) forn > 10

E.1.3. bicycloalkanes
Ty = 217.411In(n) — 32.662 (K)

T. =703.6 (K) forn =10
T, = 752.51 (K) forn =11
T, = 762.49 (K) forn =12
T. = 134.851In(n) + 395.85 (K) for13<n <24
T, = 833.34 (K) forn = 25

E.1.4. alkylbenzenes
T, = —0.5252n% + 33.426n + 171.6 (K)

T, = —0.4388n2 + 27.408n + 427.89 (K)

E.1.5. indanes and tetralines

T, = —0.3319n2 + 25.894n + 249.21 (K)
T, = 720.15 (K) forn = 10

T, = —0.2486n% + 17.898n + 555.59 (K) forn > 10
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E.1.6. naphthalenes
T, = 15.218n + 350.37 (K)

T. = 9.7878n + 655.14 (K)

E.1.7. tricycloalkanes, diaromatics and phenanthrenes
tricycloalkanes: T, = 692.33 (K) , T. =937.25 (K)
diaromatics: T;, = 537.42 (K) , T, = 760 (K)
phenanthrenes: T, = 610 (K) , T, = 869 (K)

E.2. Liquid density

The liquid density (in kg. m~3) was approximated using the following expression:
p=1034B~(-T° (E.2.1)

Equation E.2.1 was used to estimate the densities of alkanes, cycloalkanes, bicycloalkanes
and indanes and tetralines groups. The dependences of the coefficients A, B and C on the

carbon number (n) was approximated based on each hydrocarbon group.
E.2.1. alkanes

A =0.00006196n + 0.234362

B = 0.000047157n% — 0.00237693n + 0.2768741

C = 0.00059704n + 0.2816916

E.2.2. cycloalkanes

A =0.00003n% — 0.0016n + 0.278

B = 0.00003n% — 0.00237693n + 0.2823

C =0.28571

E.2.3. bicycloalkanes

A =-0.0034n + 0.3231 for11<n<12

A =-0.0002n% — 0.0072n + 0.3529 for13<n <18
A=5x%x10"°n% —0.0032n + 0.3168 for13<n <18
B =-0.0031n + 0.3022 for11<n <12

B = —0.0003n% — 0.0278n + 0.4966 for13<n <18
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B = 0.0004n% — 0.0179n + 0.4965 for13<n <18

C =0.28571

E.2.4. indanes and tetralines
A =0.0002n% — 0.0079n + 0.3622

B =7x10">n%+ 0.0031n? — 0.0438n + 0.4608 for10<n <16

B =7x10"°n? — 0.0025n + 0.2908 for17<n <20
C =0.2677 forn =10
C =0.28571 for11<n <20

For alkylbenzenes group, the following expression was used for estimating the densities (in
kg.m™3):

p=A+BT+CT?+DT3 (D.2.2)

where,

A =-32.04n+ 1422.6 for8<n<9

A =0.0477n% — 0.4141n + 1082.6 for10 <n <20

B =0.1831n — 2.824 for8<n<9

B = 0.0004n? — 0.0062n — 0.7017 for10 <n <20

C = —0.0005n + 0.0056 for8<n<9

C=0 for10 <n <20

D=6x10""n—7x107° for8<n<9

D=0 for10 <n < 20

For naphthalenes group, the following expression was used for estimating the densities (in
kg. m~3) with the following coefficients for diaromatics group:

p=A+BT (E.2.3)
where,
A =1.45n% —55.715n + 1671.9 for 10 <n <20
B = 0.0087n — 0.8084 for 10 <n < 20
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For tricycloalkanes and phenanthrenes groups, equation E.2.3 was used for estimating the
densities (in kg. m—3) with the following coefficients for tricycloalkanes and phenanthrenes
groups:

tricycloalkanes: A = 1151.17 , B = —0.69469
phenanthrenes: A = 1374.16 , B = —0.819355

For diaromatics group, equation E.2.2 was used for estimating the densities (in kg. m~3)
with the following coefficients:

A =1224.98
B =—0.721739

C = —8.65342x 107>
D =1.63332x107°

E.3. Liquid viscosity

The liquid viscosity (in Pa.s) was approximated using the following expressions:
p=10"3 [10(T)”<") _ 0.8] (E.3.1)

Equation E.3.1 was used for the estimation of viscosity for all hydrocarbon groups of diesel
fuel apart from tricycloalkanes, diaromatics and phenanthrenes. The coefficient b(n) was

obtained for each hydrocarbon group.

E.3.1. alkanes

b(n) = —5.745 + 0.616In(n) — 40.468n"1
E.3.2. cycloalkanes

b(n) = —9.001 + 2.35log,((14n)

E.3.3. bicycloalkanes

b(n) = —9.513 + 2.248log,((14n — 2)
E.3.4. alkylbenzenes

b(n) = —9.692 + 2.2611log,o(14n — 6)

E.3.5. indanes and tetralines

b(n) = —9.411 + 2.217log,¢(14n — 8)
E.3.6. naphthalenes
b(n) = —9.309 + 2.185log;((14n — 12)
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For tricycloalkanes. phenanthrenes and diaromatics groups, the liquid viscosity was
estimated as follows:

1q—597.82

u=MW(n) exp{ T

+np — 11.202} (E3.2)

The coefficients for each group are:

tricycloalkanes: MW = 262.47 , n, = 310793 , n, = —9.936

phenanthrenes: MW = 178.23 , n, = 1613.54 , n, = —3.372

diaromatics: MW = 168.23 , n, = 2199.18 , n, = —5.395

E.4. Liquid heat capacity

The liquid heat capacity (in J. kg~1. K~1) was approximated using the following expressions:

¢ = 103 [43.9+13.99(n—1)+0.0543(n—1)T] (E.4—.1)

MW(n)

where MW(n) is the molar weight.
Equation E.4.1 was used for the estimation of liquid heat capacity of alkanes group only.

For all other hydrocarbon groups of diesel fuel, the following expression was used:

6 = g [a rb()+ec (%)2] (E.4.2)

The coefficients a,b and ¢ are shown below for each hydrocarbon group and R =

8314 J.kmol~1.K™1 is the universal gas constant.

E4.1. cycloalkanes

a = 33.75209 + 2.7345(n — 10)

b = —5.21095283 + 0.122732(n — 10)
c = 2.78089 — 0.123482(n — 10)
E.4.2. bicycloalkanes

a =19.2782 + 2.7345(n — 11)

b =4.722955 + 0.122732(n — 11)

¢ =0.08912 + 0.123482(n — 11)

E.4.3. alkylbenzenes

a = 15.1109 + 2.7345(n — 7)
b = 0.68109 + 0.122732(n — 7)
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¢ = 196346 — 0.123482(n — 7)

E.4.4. indanes and tetralines

a=14.136 + 2.7345(n — 11)

b =6.43698 + 0.122732(n — 11)

c =14.136—-0.123482(n — 11)

E.4.5. naphthalenes

a =9.67805 + 2.7345(n — 11)

b =5.982952 + 0.122732(n — 11)

¢ =0.2688 + 0.123482(n — 11)

E.4.6. tricycloalkanes, diaromatics and phenanthrenes

tricycloalkanes: a = 32.9773 , b =8.243707 , c = 0.93225
diaromatics: a = 17.9997 , b =3.230018 , ¢ =0.5203
phenanthrenes: a = 2.43092 , b =12.11225 , ¢ =0.80569
E.5. Liquid thermal conductivity

For alkanes group, the following expression was used for the estimation of the liquid

thermal conductivity (in W.m~1. K™1):

é] (E.5.1)

A+B(1—Tlc)

k=10
where:
A =0.002911n? — 0.071339n — 1.319595
B = —0.002498n% + 0.05872n + 0.710698

For all other hydrocarbon groups, the following expression was used:

= 20264 3+20(1-T;)?/3 (E.5.2)
T /MWm) T 3+20(1-Tp,)?/3
T T
where: T, = o and Ty, = T—I;

E.6. Enthalpy of evaporation

The enthalpy of evaporation (in J. kg~1) was estimated using the following expression:
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i n_gA(-TE (E.6.1)
L=10 MW

Equation E.6.1 was used for the estimation of viscosity for all hydrocarbon groups of diesel
fuel apart from bicycloalkanes, tricycloalkanes, diaromatics and phenanthrenes. The

coefficients A and B were obtained for each hydrocarbon group.

E.6.1. alkanes
A = 0.0066n? + 4.697n + 20.258 forn < 20
B = —0.1143n?% + 7.853n — 8.8344 forn > 20

The used values of B were: B = 0.439 forn = 8,B = 0.377 forn =9, B = 0.451 forn = 10,
B =0.413forn =11, B =0.407 forn =12, B = 0.416 forn =13, B = 0.418 forn = 14,
B =0.419 forn =15, B =0.422forn =16, B =0.433forn =17, B = 0.451 forn = 18,
B = 0.448 forn = 19, B = 0.409 forn = 20, B = 0.38 forn > 8.

E.6.2. cycloalkanes
A = —0.0085n + 0.4134n* — 2.556n + 56.345
B =0.38

E.6.3. alkylbenzenes

A =0.0007124n> — 0.05315n* + 1.4963n% — 19.83n% + 128.65n — 276.8
B = —0.007n% + 0.1172n — 0.0989 for8 <n <10
B = —0.0062n?% + 0.1829n — 0.9093 fori11<n<14
B = —0.0013315n% + 0.0634n% — 0.9842n + 5.3794 for 15 <n < 20
B =0.38 forn > 20

E.6.4. indanes and tetralines

A =-0.0793n% + 6.3293n + 5.7796

B =0.303 forn <10

B =0.38 forn > 10

E.6.5. naphthalenes

A =0.2607n% — 2.1791n + 66.218 for10<n <16
A =-0.1929n% + 10.926n — 37.384 forn>17

B = —0.0003165n3 + 0.01545n2 — 0.2495n + 1.722
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For bicycloalkanes group, the following expression was used:

_ _ _RT E.6.2
L= —twes @[T 0) (E.6.2)

where,

® = [(—6.09648 — 15.6875w) + (1.28862 + 13.4721w)T, — 6(0.169347 +
0.43577w)T7] for T, < 0.6

® = 7.08(1 — T,)0.354 + 10.95w(1 — T,.)04>¢ for T, > 0.6
w = —0.001n% + 0.0679n — 0.3039

For tricycloalkanes, diaromatics and phenanthrenes groups, the following expression was

used:

_ __R_InpsY (E.6.3)
MW(n) ln(%)

E.7. Saturated vapour pressure

The saturated vapour pressure (in Pa) was estimated using the following expression:

B
log;0[0.001p%3t(n)] = A(n) — % (E7.1)

Equation E.7.1 was used for the estimation of the vapour pressure for n-alkanes,
cycloalkanes, alkylbenzenes, tricycloalkanes, diaromatics and phenanthrenes groups. The

coefficients A(n), B(n) and C(n) were obtained for each hydrocarbon group.

E.7.1. alkanes

A(n) = 0.022n + 5.8474
B(n) =52.807n + 981.92
C(n) = —=5.0431n — 31.205

E.7.2. cycloalkanes

A(n) = 0.0201n + 5.8268
B(n) = 47.34n + 1115.2
C(n) = —5.4145n — 23.03

E.7.3. alkylbenzenes
A(n) = 0.0007n% — 0.0064n + 6.0715
B(n) =51.811n + 1049.1
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C(n) = 0.1215n% — 9.6892n + 11.161

E.7.4. tricycloalkanes, diaromatics and phenanthrenes

tricycloalkanes: A(n) = 15.14702 , B(n) = 6103.355 ,C(n) =0 for301 <T < 321K
A(n) = 6.38684 , B(n) = 2334.129 ,C(n) = —92.028 for322 < T < 464K
diaromatics: A(n) = 9.79557 , B(n) = 3740.286 ,C(n) =0 for273 < T < 298K
A(n) = 6.19796 , B(n) = 1885.888 ,C(n) = —88.292 for 299 < T < 647 K
phenanthrenes: A(n) = 11.631 , B(n) = 4873.4 ,C(n) = 0.05 for306 < T < 321K
A(n) = 637081 , B(n) = 2329.54 ,C(n) = —77.87  for321 < T < 650K

For bicycloalkanes, indanes and tetralines, and naphthalenes, the vapour pressure was

estimated using the following expression:

sat
In(E-) = £0 + wf? (E.7.2)
where,
fO = 592714 — 2222 — 128862 In(T;.) + 0.169347T,¢

r

15.6875

fl=15.2518 — —13.47211n(T,) + 0.43577T¢

T

The coefficients the critical pressure (p. in Pa) and the acentric factor (w) were obtained

for each hydrocarbon group.

E.7.5. bicycloalkanes
pe = 105(0.0711n? — 3.8116n + 60.998)

w = —0.001n% + 0.0679n — 0.3039

E.7.6. indanes and tetralines

pe = 105(0.0693n? — 3.8821n + 63.771)
w =0.617In(n) —1.11

E.7.7. naphthalenes
pe = 10%(0.2009n2 — 8.443n + 104.09)

w = —0.0018n2 + 0.0997n — 0.5082
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Appendix F. Thermodynamic Properties of Biodiesel

All the thermodynamic properties of biodiesel fuels were inferred from [58] as follows:
F.1. Boiling and critical temperatures

The dependences of boiling and critical temperatures and critical pressures on the carbon
number (n) was approximated based on the number of Double Bonds (DB) existed in the

methylester structure as:
F11.DB=0

T, = 348.7 + 0.8478MW(n)
T, = 534.3 + 0.784MW(n)
F12.DB =1

Ty = 350 + 0.8463MW(n)
T, = 538.5+ 0.777MW(n)
F.1.3.DB =2

Ty = 352.1 + 0.8463MW(n)
T, = 542.6 + 0.772MW(n)
F14.DB =3

Tp = 353.82 + 0.8472MW(n)
T, = 546.8 + 0.7711MW(n)

F.2. Liquid density

The liquid density (in kg. m~3) was approximated using the following expression:

p =p, — ar(T — 288.15) (F2)
where,
250.718DB+280.899
po, = 851.471 + To1atn
7.536
T = h(m)+3584 0.446
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F.3. Liquid viscosity

The liquid viscosity (in Pa.s) for saturated methyl esters (zero double bond) was

approximated using the following expressions:

pL=p [exp (—2.177 —0.202n + 222 4 109%77")] x 1076 (F.3.1)

The liquid viscosity (in Pa.s) for unsaturated methyl esters was approximated using the

following expressions:
1= p(20)MW(n) [exp (A + §)] x 1076 (F.3.2)

where, p(20) is the density at T = 20°C. Coefficients A and B are:

A =-10.83 forDB=1
A =-993 for DB =2
A =-9.03 for DB = 3
B = 2009 forDB=1
B =1721 for DB =2
B = 1343 for DB = 3

F.4. Liquid heat capacity

The liquid heat capacity (in ]. kg~1. K~1) was approximated using the following expressions:
¢ =(a+bT +cT?) x 103 (F.4)

where the coefficients a, b and c are:

a=1.816 forDB=10
a=1915 forDB=1
a=2.018 for DB =2
a=2.115 forDB =3
b=-1462x1073 for DB=10
b=-2163x1073 forDB=1
b=-2.878x1073 for DB = 2

219 |Page



Appendix F. Thermodynamic properties of biodiesel

b =-3.580x%x 1073 for DB = 3
c=751x10"° for DB =0
c=829x10"° forDB=1
c=9.09%x10"° for DB = 2
c=9.92x10"° for DB = 3

F.5. Liquid thermal conductivity
The following expression was used for the estimation of the liquid thermal conductivity (in
W.m LK™ 1):

_ 0.0713T3%(1-T,)%38 (F.5)

MW(n)TC0'167TT1/6

F.6. Enthalpy of evaporation

The enthalpy of evaporation (in J. kg~1) was estimated using the following expression:

L = (a+ bMW(n))® (F.6)
where,
7,—7 \0-38
P = (TC—T}))

where the coefficients a and b are:

a = 1506 x 107 for DB =10
a = 1.389 x 107 forDB=1
a=1.270x 107 for DB = 2
a = 1.154 x 107 for DB =3
b =1.814 x 10° for DB =0
b =1.822 x 10° forDB=1
b = 1.834 x 10° for DB = 2
b = 1.843 x 10° for DB = 3
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F.7.Saturated vapour pressure

The saturated vapour pressure (in Pa) was estimated using the following expression:
p3at = 103ay, [a(DB +1)+b+ ﬁ] exp(ay,n) (F.7)
where,
ayo = 1.908 exp(0.01715T)
ay; = —5.656 + 0.02649T — 4.5417 x 107°T2 + 2.6571 x 107873
For DB=0
a=c=0b=1
For DB > 0
a = 5.05—0.0306T + 4.62 x 107°T?
b =-9.93+0.0339T

¢ =9.62 +0.0297T
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Appendix G. Diffusion Coefficients

G.1. Liquid diffusion coefficient

The liquid diffusion coefficient was approximated based on the following expression [60]:
X Xm
Djm = (Dms)" (Djm) (G1.1)

where m refers to the mixture of all other components, D,?lj and Dﬂn are diffusivities of
dilute solute j in solvent m, and dilute solute m in solvent j respectively. The difference

between DY, jand Dj(;n was not important. Therefore, it was assumed that D2, = Djpm.

_ 7.4x1071%, /MW, T (G.1.2)

DO .
mj Iquo'G

where MW, is the average molar weight obtained as [60]:

Mm=Mginal wi=N Yim |~ G.1.3
MVVV = [Zm=1 f : izgv MWlm ( )
where i is the i*"specie in the group m.
_ (o)} (G.1.4)
v (1.18)

o, is the Lennard-Jones length (in A). For individual components, this length could be

estimated based on the following formula [60]:
T\ 2

o} = 017791+ 11.779 (5£) - 0.049029 (%)

(G.1.5)

G.2. Vapour diffusion coefficient

The diffusion coefficient in (m?.s™1) were estimated for each fuel. Following a number of
publications, including [71], the diffusion coefficient of gasoline and diesel fuels were
approximated to that of iso-octane and n-dodecane, respectively. According to [136], the
binary diffusion coefficient of iso-octane and dodecane in air is representative of the
average diffusion coefficient of gasoline and diesel, respectively, in air with errors under 5%

for the temperature range 350 - 700 K.
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G.2.1. ethanol

D, =10"*x (—5.89 1072 + 3.6615 10~*T + 7.6299 10~'T?) /p (G.2.1)
G.2.2. gasoline (iso-octane)

D, =2 x107%(—0.0578 + 3.0455 X 1074T + 3.4265 x 1077T?) /p (G.2.2)

G.2.3. diesel (n-dodecane)

D, =527x107° () /p (G.2.3)
G.2.4. biodiesel

Following [58], all diffusion coefficients of biodiesel fuels were rather close. Therefore, the

following average values of this coefficient for the mixtures of methyl esters was used:

D, =2 x 107107175 /p (G.2.4)
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Appendix H. Blending Rules

For the work conducted in this thesis, the following blending rules were used to make the

properties of the mixture [60]:

H.1. Liquid density

=[xz (] )

H2. Liquid viscosity

Inp = LIV Xipy (H.2)
H.3. Liquid heat capacity

Cp = Zi21 YiGy, (H3)
H.4. Liquid thermal conductivity

k= (S vk )™ (H4)
H.5. Enthalpy of evaporation

L =YY XL, (H.5)
H.6. Vapour diffusion coefficient

D =i} X;D; (H.6)
Note that the vapour diffusion coefficient includes up to three binary diffusion coefficients
in air (in the case of blending three fuels such as ethanol/gasoline/diesel or

ethanol/biodiesel /diesel).
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Appendix L

Table I.1. The numbers of components/quasi-components (C/QC) (top line), and the compositions of
C/QC, used in the MDQDM for approximating E85-5.

Group [ 119 90 63 45 20 16
8 8 8
9 9 5 8.91 (C8-C9)
10 10 10 10.33 (C8-C12) | 10.33 (C8-C12)
1 1 1 10.38 (€C10-C11)
12 12 12
13 13 13 12.49 (C12-C13)
14 14 14
= 15 15 15 1ESH(CI4CIS) ) 505 (c13-c17) | 15.05 (C13-C17)
<]
2 16 16 16
L —_
8 17 17 17 16.52 (€C16-C17)
8 18 18 18
= . _
5 19 1 19 18.52 (C18-C19)
< 20 20 20 19.38 (C18-C22) | 19.38 (C18-C22)
2039 (C20-C21
21 21 21 0.39 (C20-C21)
22 22 22
2233 (C22-C2
23 23 23 33 (C22-C23)
24 24 24
25 25 25 2434 (C24°C25) | 5384 (C23-C27) | 23.84 (C23-C27)
2
2? 2642 (C26-C27) | 2642 (C26-C27) | 2642 (C26-C27)
10 10 10.74 (C10-C11) | 10.74 (C10-C11)
11 11
ﬁ 1? 1243 (C12-C13) | 1243 (C12-C13) | 1256 (C10-C15) | 12.56(C10-C15)
14 14
- Is Is 1447 (C14-C15) | 1447 (C14-C15)
3 16 16
g 17 17 1649 (C16-C17) | 16.49 (C16-C17)
3 18 18
£ 1 19 1851 (C18-C19) | 1851 (C18-C19) | 1829 (C16-C21) | 18.29 (C16-C21)
2
3 20 20
=}
3 2035 (C20-C21) | 20.35(C20-C21
s o1 21 0.35(C20-C21) | 20.35(C20-C21)
22 22
53 )3 22.26(C22-C23) | 22.26(C22-C23)
24 24
’c > 2437 (C24-C25) | 24.37(C24-C25) | 22.98 (C22-C27) | 22.98 (C22-C27)
2
2? 26.42 (C26-C27) | 26.42(C26-C27) | 26.42 (C26-C27)
19| 10,60 (c10-C11) | 10.60 (C10-C11)
El 11 ' ' 11.1 (C10-C12)
<]
g g 12.40 (C12-C13) | 12.40 (C12-C13)
%]
3]
=) - - -
5 U | 443 (C14-C15) | 1443 (Cla-crs) | 1386 (C13-C15) | 1474(C10-C25) | 14.74(C10-C25)
ER
(&}
16.57 (C16-C17) | 16.57 (C16-C1
'E 17 | 1657 (C16-C17) | 1657 (C16-CL7T) | 1) 0 e i
18 | 18.60 (C18-C19) | 18.60 (C18-C19)

225|Page



Appendix L

19
i;’ 20.32 (C20-C21) | 20.32 (€C20-C21) 19.31 (C19-C21)
22
53 | 2241(C22-C23) | 2241 (C22-C23)
” 22.92 (C22-C25)
o | 2442(C24-C25) | 2442 (C24-C25)
8 8
5 9 8.86 (C8-C9) 8.86 (C8-C9)
10 10
10.15 (C10-C11) | 10.15(C10-C11) | 10.207 (C8-C13)
11 11
12 12 10.72(C8-C16)
% 13 13 12.26 (C12-C13) | 12.26 (C12-C13)
A 14 14
> Is Is 14.42 (C14-C15) | 14.42 (C14-C15)
g 16 16
S 17 17 16.45 (C16-C17) | 16.47 (C16-C17) | 16.23 (C14-C19)
[«5]
8
= 1 1
=2 8 8 18.38 (C18-C19) | 18.38 (C18-C19)
= 19 19
20 20
o1 o1 20.41 (C20-C21) | 20.41 (C20-C21) 19.02 (C17-C24)
22 22 21.08 (C20-C24)
23 23.49(C23-C24) 22.74 (C22-C24) | 22.74 (C22-C24)
24
1 1
1(1) 1(1) 10.51 (C10-C11)
—_ 12 12 11.41 (C10-C13)
[«5)
12.47 (C12-C1
g 13 13 (C12-C13) 12.49 (C10-16)
= 14 14
g is Is 14.45 (C14-C15)
= 15.34 (C14-C17)
£ 16 16 13.83 (C10-C22)
i 17 17 16.46 (C16-C17)
§ 12 12 18.39 (C18-C19)
s 18.61 (C17-C22
E 20 20 19.24 (C18-C22) 8.61(C17-C22)
21 | a0 (C21-C22) 20.57 (C20-C22)
22
10 10
1 1 10.56 (C10-C11)
= 12 12
53 13 13 12.35 (C12-C13) | 11.53 (C10-C15)
= 14 14
8 14.44 (C14-C15
& 15 15 ( ) 12.39 (C10-C20) | 12.39 (C10-C20)
= 16 16
s 16.42 (C16-C1
g 17 17 6.42 (C16-C17)
ks 18 18 17.90 (C16-C20)
1 18.98 (C18-C2
9 | 1951 (C19-C20) 8.98 (C18-C20)
20
ST 19 19 19 19 - -
8| Dia. 13 13 13 13 - -
S Phe. | 14 14 14 14 - -
B 4
> 2 8| 5 5.24 (C4-C12) 5.24 (C4-C12) 5.24 (C4-C12) 5.24 (C4-C12)
© 6 5.24 (C4-C12)

226 |Page



Appendix L

10
12

—_ 4

5]

i 5

§ 6 7.37 (C4-C8) 7.37 (C4-C8) 7.37 (C4-C8) 7.37 (C4-C8)

g

0 / 7.41 (C4-C11)
g 8

£ 9

; 10 9.74 (C9-C11) 9.74 (C9-C11) 9.74 (C9-C11) 9.74 (C9-C11)

— 11

" 8

) ~

5T |9

E) § 10 9.07 (C8-C11) 9.07 (C8-C11) 9.07 (C8-C11) 9.07 (C8-C11) 9.07 (C8-C11)
= 5

ﬁ ~—

= 11

o Ind. 9 - - - - -
i

% Cyc 8 R R - - -
© 0ole. 9 - - - - R
Ethanol 2 2 2 2 2 2

227 |Page



	Structure Bookmarks
	Abstract 
	Acknowledgements 
	Nomenclature 
	List of Figures 
	List of Tables 
	Dissemination of Results 
	CHAPTER ONE: Introduction 
	1.1. Motivation  
	1.2. Aim and Objectives 
	1.3. Thesis Structure 
	CHAPTER TWO: Literature Review 
	2.1. Overview 
	2.2. Infinite Diffusivity/Infinite Thermal Conductivity Based Models 
	2.3. Discrete Multi-Component Model 
	2.4. Quasi-Component Models 
	2.5. Formulation of Fuel Surrogates   
	2.6. Summary of Chapter 2    
	CHAPTER THREE: Computational Methodology 
	3.1. Overview 
	3.2. Droplet Heating 
	3.3. Species Diffusion 
	3.4. Droplet Evaporation 
	3.5. Vapour-Liquid Equilibrium  
	3.6. Multi-Dimensional Quasi-Discrete Model 
	3.7. Solution Algorithm  
	CHAPTER FOUR: Ethanol/Gasoline Fuel Blends 
	4.1. Overview 
	4.2. Impacts of Fuel Blends and Ambient Conditions 
	4.2.1. Fuel compositions 
	4.2.2. Model validation  
	4.2.3. Impacts of ethanol/gasoline fuel blends  
	4.2.4. Impacts of ambient conditions 
	4.3. Impacts of the Activity Coefficient 
	4.3.1. Model validation  
	4.3.2. Predictions of heating and evaporation 
	4.4. Summary of Chapter 4 
	CHAPTER FIVE: Bio/Diesel-Fuel Blends 
	5.1. Overview 
	5.2. Biodiesel/Diesel Fuel Blends 
	5.2.1. Fuel compositions  
	5.2.2. Impacts of biodiesel/diesel fuel blends  
	5.2.3. Impacts of ambient conditions 
	5.3. E85-Diesel Fuel Blends 
	5.3.1. Model validation  
	5.3.2. Predictions of the DMCM  
	5.3.3. Predictions of the MDQDM 
	5.4. Ethanol/Biodiesel/Diesel Fuel Blends 
	5.4.1. Heating and evaporation  
	5.4.2. Cetane number and viscosity 
	5.4.3. Heating value 
	5.5. Summary of Chapter 5 
	CHAPTER SIX: Complex Fuel Surrogates 
	6.1. Overview 
	6.2. The Complex Fuel Surrogates Model 
	6.3. Diesel Fuel Surrogates 
	6.4. Gasoline Fuel Surrogates 
	6.5. Blended Ethanol/Gasoline Surrogates 
	6.6. Blended Biodiesel/Diesel Surrogate 
	6.7. Summary of Chapter 6 
	CHAPTER SEVEN: Auto-Selection of Quasi-Components of Fuel Blends  
	7.1. Overview 
	7.2. The Transient Multi-Dimensional Quasi-Discrete Model 
	7.3. E85-Diesel Fuel Blend 
	7.4. Summary of Chapter 7 
	CHAPTER EIGHT: Combustion of Fuel Surrogate  
	8.1. Overview 
	8.2. Surrogate Formulation 
	8.3. Implementation of DMCM 
	8.4. Combustion and Ignition Time Delay 
	8.5. Summary of Chapter 8 
	CHAPTER NINE: Conclusions and Recommendations  
	9.1. Conclusions 
	9.2. Recommendations 
	References 
	Appendix A. Thermodynamic Properties of Air 
	Appendix B. Thermodynamic Properties of Gasoline 
	Appendix C. Thermodynamic Properties of Ethanol 
	Appendix D. Supporting Results of Chapter 4 
	Appendix E. Thermodynamic Properties of Diesel  
	Appendix F. Thermodynamic Properties of Biodiesel  
	Appendix G. Diffusion Coefficients  
	Appendix H. Blending Rules 
	Appendix I. Components/Quasi-Components 




