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Yasin Şöhret
Department of Airframe
and Powerplant Maintenance
Süleyman Demirel University
School of Civil Aviation
Isparta, Turkey

C. Ozgur Colpan
Department of Mechanical Engineering
Dokuz Eylul University, Faculty of
Engineering
Buca, Izmir, Turkey

ISBN 978-3-319-67133-8 ISBN 978-3-319-67134-5 (eBook)
DOI 10.1007/978-3-319-67134-5

Library of Congress Control Number: 2017956935

© Springer International Publishing AG 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, express or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Preface

The rapid depletion of fossil fuels and increasing concerns regarding environmental
problems are prompting us to develop more efficient energy systems for a sustain-
able future. The aviation sector, including air and cargo transportation, management
of air traffic, management of airport terminals and associated buildings, numerous
manned and unmanned aerial vehicle operations, and so on, is one of the fastest
growing sectors in the last decade. The number of aircrafts in service, managed
airports, and people using air transportation are increasing every day. Given this
growth, the sustainable management of energy in the aviation sector is vital.

This book, Sustainable Aviation: Advances in Sustainable Aviation, presents the
state-of-the-art sustainable aviation. The book compiles selected outstanding papers
presented at the International Symposium on Sustainable Aviation 2016 (ISSA-
2016). This event was held in Istanbul, Turkey, from May 29, 2016, to June 1, 2016,
with the participation of researchers, scientists, and academics from all over the
world. The contribution of leading aviation companies and distinguished scientists
in the field of aviation turned the event into a platform where the future of the sector
was discussed.

The book is composed of 4 parts and 20 chapters in total. Each chapter in the
book aims to present an issue and solution on how to achieve more sustainable
aviation. The first part of the book includes research associated with aviation fuels
and combustion technologies. Recent studies on aerodynamics are presented in the
second part of the book. The third part involves energy and environmental issues
associated with the aviation. The last part of the book addresses the advances in
employment of electronic systems and control technologies in aviation.

This book provides a unique source of sustainable aviation with a prime focus
on advances in sustainable aviation. The contributions of the authors and reviewers
and the assistance provided by the conference organizing committee members in the
preparation of this book are sincerely appreciated.

Eskisehir, Turkey T. Hikmet Karakoç
Izmir, Turkey C. Ozgur Colpan
Isparta, Turkey Yasin Şöhret
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Part I
Advances in Fuel and Combustion



Chapter 1
Environmentally Clean Reformulated Aviation
Gasoline

Olesia Kondakova and Sergii Boichenko

Production of fuel for aircraft engines is one of the priorities of world refining
industry. Due to growing air traffic intensity, it is necessary to improve the fuel
efficiency of aircraft and fuel quality. As soon as provision with high-quality fuel
is a decisive issue of aircraft efficiency, saving and rational use of aviation fuels
become of national importance.

Aviation gasoline blend components are obtained in various technological
processes. The basic component in the production of gasoline is catalytic reforming
at which the aromatization and isomerization of straight gasoline is the output. This
increases its detonation resistance. Additional components with a high detonation
resistance – alkylate, isooctane technical, pirobenzol, ethyl liquid, isopentane, and
toluene – are entered into the composition of fuels (Table 1.1).

The main indicator of gasoline quality is its detonation stability. This is an
ability of fuel to burn without detonation in piston engines with spark ignition;
octane number has direct influence on operational and environmental performance
of transport.

But today, all the known brands of aviation gasoline use tetraethyl lead as anti-
knock additive in spite of its toxicity. Thus, for aviation piston engines, according
to GOST 1012, aviation gasoline brands B-95/130 and B-91/115, whose oil fraction
boils within 40–180 ıC, are produced. Today known brands of aviation gasoline are
B-92 (µ¶ 38.401-58-47-92) and B-70 (µ¶ 38.101913-82) with low concentration
of TEL. DEF STAN 91-90 Issue 3 reflects requirements for AVGAS 100LL,
AVGAS 100, and AVGAS 80. According to ASTM D 6227, new aviation gasoline
82UL, which already contains TEL, is introduced, but its testing has not yet been
completed. Having analyzed these documents, we have compiled a comparative
table (Table 1.2) presenting TEL content in aviation gasoline [3]. The table shows

O. Kondakova (�) • S. Boichenko
National Aviation University, Kyiv, Ukraine
e-mail: izabellac@mail.ru

© Springer International Publishing AG 2018
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1 Environmentally Clean Reformulated Aviation Gasoline 5

Table 1.2 Content of TEL in aviation petrol [22, 23]

№
Aviation petrol
brand Regulation

Content of
antiknock agents

Name of antiknock
agents

1 B-95/130 GOST 1012-72 3.1 g/kg TEL
2 B-91/115 2.5 g/kg
3 B-92 µ¶ 38.401-58-47-92 2.0 g/kg
4 B-70 µ¶ 38.101913-82 0
5 Avgas 80 DEF STAN 91-90

Issue 3
0.14 g/l

6 Avgas 100LL 0.56 g/l
7 Avgas 100 0.85 g/l
8 82UL ASTM D6227 0 Similar to

automobile gasoline
but without
automotive additives

9 85UL – 0 Oxygenate-free
10 91/96 – Almost negligible TEL
11 91/96UL ASTM D7547 0 Ethanol-free,

antioxidant, and
antistatic additives

12 100/130 – 1.12 TEL
13 G100UL – 0 Aromatic

compounds such as
xylene or mesitylene

14 100SF – 0 Mesitylene
15 115/145 (“Avgas

115”)
– 1.29 TEL

the trend to reduction of TEL concentration in aviation gasoline, but almost all
brands today contain toxic TEL. Therefore, the development of new environmen-
tally friendly aviation gasoline is an urgent modern problem that needs solution.

One solution to this problem is the introduction of aliphatic alcohols, ethanol,
methanol butanol, and other oxygenates into the aviation gasoline instead of
tetraethyl lead.

Oxygenates include lower alcohols and ethers, which could be used as high-
octane components of motor fuels. They are made of raw alternative materials,
ethanol, methanol, and butanol, predominantly derived from coal, plant products,
and heavy oil residues. The use of aliphatic alcohols expands resource potential for
fuels production and often improves their quality. They can be primary fuel or used
as additives for fuels of petroleum origin. Such fuels are characterized with better
cleaning properties and better combustion and during combustion form less carbon
monoxide and hydrocarbons.

The recommended concentration of oxygenates in gasoline is 3–15% (vol.). It is
chosen to provide oxygen content in fuel within 2.7%. The reason is that this content
of oxygenates, despite their lower value compared to petrol oil calorific value, will
not have negative effects on engine power characteristics [1, 2].
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In general, the use of alcohol as motor fuels and high-octane additives is known
from the beginning of the last century, but their widespread industrial use began
only in 80–90 years of the twentieth century.

Analysis of the existent literature [1–17] confirms that the addition of the
aliphatic alcohol in fuels changes their properties.

The world centers of biofuel production in 2012 were the United States, Brazil,
and the European Union. For example, in 2010, they concentrated 85% of the world
production of biofuels; only the United States accounted for 48% global production
of biofuels.

The most common type of biofuel – bioethanol – has 82% share in the total
volume of fuel from biological raw materials produced in the world [5]. Its leading
producers are the United States and Brazil.

Since today the use of aliphatic alcohols, methanol, ethanol, and butanol as
additives to gasoline is widely distributed, we intend to analyze the prospects for
aviation gasoline modification through the use of oxygenates and study the prospects
of using alcohol as a part of aviation gasoline.

1.1 Methanol

Methanol is an alcohol with one carbon atom (CH3OH). Methanol is one of the
most promising fuels due to its high octane value [6]. As an additive to gasoline,
methanol is used infrequently [3]. The most typical mixture used as motor fuel
is M85 (85% methanol and 15% carbohydrates) and pure methanol M100 (100%
methanol) [9]. In all cases, it allows to reduce the toxicity of engine exhaust. The use
of absolute methanol is limited because of its high toxicity and corrosivity in relation
to constructional materials, which reduce the life of the engine parts and quality
of fuel, increasing the risk of emission of volatile organic compounds that can
lead to depletion of ozone. The typical emissions of methanol combustion process
include formaldehyde, while during the combustion of ethanol mainly acetaldehyde
is emitted [10].

When using methanol, engine efficiency increases by 5–15% compared to
gasoline. This is the high temperature of methanol vaporization, which reduces the
temperature of mixture and increases the value of the fuel-air ratio and reduces the
heat in the engine cylinders and exhaust gas temperature while maintaining capacity.

The most serious problems that complicate the use of methanol additive are
its toxicity, poor solubility in hydrocarbons, and high water absorption. The
tendency for mixture separation increases with decreasing temperature, leading
to the accumulation of water and reduction of aromatic content in gasoline. To
stabilize the gasoline-methanol blends, special additives, like propanol, isopropanol,
isobutanol, and other alcohols, are used. The content of methanol in gasoline
can be administered about 5% (vol.); in this case gasoline-methanol mixture is
homogeneous [3].

Operating characteristics, energy performance, and starting quality of methanol
fuel are improved after additional introduction of higher alcohols and esters. Such
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fuel is called mixed alcohol fuel. Tests of one of the mixed fuel compositions have
shown an increase in engine power by 4–7% and improved fuel economy (compared
to pure alcohol) by 10–15%, while the content of nitrogen oxides is reduced by 25–
30% compared with the work on gasoline [3].

Great interest to the use of methanol as a fuel is observed in countries with rich
resources of coal and insufficient oil resources. Methanol can be produced from
natural gas, coal, and biomass.

1.2 Ethanol

Ethanol is of much greater interest as an additive for fuel, because it is more soluble
in hydrocarbons and less hygroscopic. Ethanol molecule consists of two carbon
atoms – C2H5OH.

Widely known use of “gasohol” which is a mixture of gasoline with 10–20%
ethanol in the United States and Brazil, with significant resources of alcohol derived
from sugar cane. Sweden has introduced the state program of oil abandonment by
2020. In general, the use of ethanol as fuel is more interesting for the countries with
rich plant resources, including Ukraine.

Petroleum gasoline is the largest source of man-made carcinogens. Therefore,
the main environmental benefit of using ethanol as a part of mixed gasoline is the
ability to exclude the use of highly toxic antiknock additive of metal and methyl tert-
butyl ether (MTBE). With the addition of even 10% ethanol, gasoline is enriched
with oxygen, which promotes more complete combustion and reduces emissions of
carbon monoxide by 30%. Also, it decreases toxic emissions by 30% and emissions
of volatile organic compounds – by more than 25 . Using the mixture of gasoline and
ethanol, E10, allows all the major car manufacturers to improve engine performance
by adding 2–3 units of detonation resistance to fuel, prevents engine overheating,
acts as antifreeze for fuel system, and does not cause contamination of the fuel
injectors [10].

However, when using ethanol, there are a number of specific issues. Thus,
bioethanol in its physical and chemical properties is significantly different from
gasoline; it has higher octane number at 92 units by motor method and lower heating
value (but higher corrosion activity); at the concentration of more than 12%, it may
adversely affect the engine (Fig. 1.1).

The potential annual production of bioethanol from the available raw materials
(molasses, corn, grain, sugar sorghum) according to the expert group “Ukrspirt”
reaches 2 million tons; that will potentially replace 40% of gasoline consumed in
Ukraine. The EU official documents consider Ukraine as a potential exporter of
ethanol to Europe [11].

The value of efficiency of engines using alcohol gasoline in the whole range of
the mixture is increased, so that the specific energy consumption per unit of power
is reduced. Total fuel efficiency gradually increases with the percentage of ethanol
in fuel [12].

Under real conditions, water inevitably gets into the gasoline-alcohol fuel during
storage, transport, and use, which leads to phase separation. This problem does
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Fig. 1.1 Ethanol affects the
formation of gasoline octane
number (Notes: 1
ishymbaysky gasoline; 2
B-59; 3 B-70 [5, 22])

not disappear gasoline-alcohol mixtures and when using absolute ethanol. Benzyl
alcohol is proposed to be used as stabilizer [14].

Today authors [14] have developed recipes of biological motor fuel E85 (µ¶¶
24.6-35523958-001:2009 “motor biological fuel specifications”) that meets envi-
ronmental and operational requirements to motor fuels for modern cars and takes
into account raw materials of Ukraine.

1.3 Butanol

In addition to methanol and ethanol, aliphatic alcohol family includes propanol
(three carbon atoms, C3H7OH) and butanol (four carbon atoms, C4H9OH) [15].

The use of butanol fuel is the next significant stage in the development of
biofuels, the use of which has to meet the growing demand for environmentally
friendly, renewable transport fuels [16]. Butanol is an alcohol (colorless liquid with
a characteristic smell of fusel oil). The term “biobutanol fuel” is used to refer to
butyl alcohol (butanol), which is produced from plant material.

Since butanol does not have corrosive properties, it can be transported through
the existing infrastructure [15].
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Butanol provides cleaner energy for duty cycle than ethanol or methanol and
about 10% more than gasoline. Currently derived from corn, butanol attracted
increasing attention of experts for its use as a fuel, in connection with the
introduction of new highly efficient butanol fuel production technologies. It is
possible that in the next 10–15 years, ethanol will lose its priority. The success is
due to a number of advantages of butanol over ethanol, including:

• Butanol contains 25% more energy than ethanol: 110,000 BTU per gallon of
butanol to 84,000 BTU per gallon of ethanol. Gasoline also contains about
115,000 BTU per gallon.

• Butanol is much less aggressive substance than ethanol, so it can be transported
through the existing fuel pipelines, while ethanol must be transported by rail or
water transport.

• Butanol can be mixed with gasoline.
• Butanol can completely replace gasoline, while ethanol can only be used as an

additive to gasoline with the maximum content in the mixture not more than 85%
and only after significant alterations in engine structure. Currently, the mixture
of 10% ethanol is dominant in the world.

• Modified butanol has higher energy output than ethanol.
• Burning butanol produces no sulfur or nitrogen oxides, which gives significant

advantage in terms of ecology.

Butanol fuel improves fuel efficiency and increases vehicle mileage per unit of
fuel consumed [15]. Biobutanol fuel is produced from the same raw material –
corn, sugar beets, sorghum, cassava, sugarcane, cornstalks and other biomass, and
ethanol – but it can replace gasoline in equal measure.

Biobutanol fuel provides significant environmental advantages over petroleum-
based fuel, including lower levels of greenhouse gas emissions. Biobutanol fuel will
also reduce the emission of carbon dioxide into the atmosphere [15].

Today, biobutanol fuel can be added to gasoline in concentrations of up to 10% in
Europe and 11.5% in the United States without engine modifications. In the future,
there is potential to increase the maximum use of biobutanol fuel in gasoline to 16%
by volume.

Biobutanol fuel, despite the presence of water, is less prone to separation than
ethanol/gasoline, so it allows distribution through the existing infrastructure, not
requiring modifications to facilities for mixing, storage, or refueling.

According to [17], the relative cost ceiling of biobutanol fuel is 0.73 of the cost
of MTBE and 0.8 of the cost of bioethanol. Values are benchmarks in assessing the
competitiveness of high-biobutanol fuel and as a component of motor gasoline.

The main advantages of biobutanol fuel include larger combustion heat than that
of ethanol; therefore, it can be used in higher concentrations in gasoline. Obtaining
biobutanol fuel from non-plant materials is an efficient way of recycling wastes of
agriculture and timber industry.

Butanol is safer in exploitation, because it evaporates six times less intensively
than ethanol and it is 13.5 times less volatile than gasoline. Vapor pressure of butanol
by Reid is 2.3 kPa, gasoline is 31 kPa, and ethanol is 14 kPa. It makes butanol safer
when used as an oxygenate and does not require any changes in the proportions
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of mixture for winter and summer. Now it is used as an oxygenate in the states of
Arizona, California, and others.

Butanol can replace gasoline as a fuel better than ethanol due to its physical prop-
erties, economy, security, and the fact that its use does not require modernization of
motor vehicles. Until recently, no one knew of butanol as an alternative fuel, and its
production has never been considered economically feasible [15].

Analysis of the existing literature leads to the conclusion that the addition of
aliphatic alcohol affects the properties of traditional fuels [3–15]. We have compared
the physical and chemical properties of different components of aviation gasoline.

According to Table 1.3, we see that the heat of combustion of ethanol, methanol,
and butanol is significantly lower than the heat of combustion of aviation gasoline,
causing increase in fuel consumption when using these alcohols. However, the
oxygen content in the composition of oxygenates results in a higher completeness
of combustion, so the difference in combustion heat is not so noticeable.

The main advantages of alcohols include their high-efficiency workflow and high
detonation resistance (octane number between 99 and 111). The value of alcohol
efficiency in the engines is over that for gasoline in the whole range of mixtures, so
that the specific energy consumption per unit of power is reduced [16, 17]. Ignition
limits of gasoline-ethanol mixture are broader than for pure gasoline [18].

The use of alcohol reduces emissions of products of incomplete combustion,
reduces the formation of soot but at the same time increases emissions of aldehydes
(as a product of incomplete oxidation of alcohols), and may also increase emissions
of nitrogen oxides. This problem can be eliminated by adding water (5%) or
0.8% aniline to alcohol, heating inlet air to the engine [18]. The development and
implementation of catalytic converters of exhaust gases can provide oxidation of
aldehydes, acids, and other products of incomplete combustion of fuel alcohol to
water and carbon dioxide [16].

The main disadvantage of gasoline-alcohol fuels is their phase instability under
even small amounts of water and, consequently, limited mutual solubility of the
components. Introduction of special additives for corresponding modification and
stabilization to alcohols cannot overcome the emerging challenges. To ensure the
stability of the alcohol-containing gasoline during production, storage and use it
is necessary: remove water; use stabilizing additives or cosolvents, homogenizing
system gasoline-water-alcohol. We recommend adding alcohol to gasoline directly
before refueling [1].

The following stabilizers are offered for gasoline-alcohol mixtures: aliphatic
alcohols C3–C12 with normal and branched structure, phenols, alkylacetate, ethers
and esters and their organometallic derivatives, ketones, amines, surfactants and
glycols and their ethers, aldehydes, ketals, acetals, alkylcarbonates, carboxylic
acids, and mixtures of these compounds.

Among aliphatic alcohols, the most researched and effective is ethyl alcohol.
Its high antiknock quality is known to have widespread use in internal combustion
engines with forced (spark) ignition [18]. Equally efficient performance is typical
for methanol, but its high toxicity and aggressiveness are significant obstacles for
its application.
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Today growing interest is paid to butyl alcohol as an antiknock additive. Its
advantage is that it can be transported through the existing fuel supply system
and manufactured at plants producing ethanol with minor changes in technology.
Butanol is less poisonous; its maximum allowable concentration is 10 mg/cm3,
while ethanol is 5 mg/cm3 and methanol – 1 mg/cm3.

Foreign countries are more active in terms of producing aviation fuel; today they
have patented a wide range of alternative fuels for aviation. Specifically, the patent
US 7559961 B2 presents alternative aviation petrol composite forming hydrocarbon
mixture of alcohols. According to US 0011765 A1, the regulated brand includes
ingredients extracted from biomass, but they should be distinguished from pure
chemicals. In addition, this patent states that the water content in the fuel should not
exceed 2%. If the water content is higher, it will grade fuel as unacceptable. Also,
amines are used, which are quite expensive chemical components, production of
which in Ukraine is not yet organized. The patent US 7553404 B2 mixtures include
60% traditional gasoline, butane, isopentane, and cyclohexane. Overall, 93% are
mixed composite fuel. But all of them are expensive and therefore cannot be used
for economic reasons [6].

Having analyzed the existing studies, we have formed an integrated comparative
characteristic of physical, chemical, and environmental properties of alcohols
(Table 1.4).

Table 1.4 Comparative physicochemical and environmental properties of alcohols

Alcohols Properties

Methanol Highest octane number (156 units)
Improvement in fuel economy by 10–15%
Engine efficiency increases by 5–15%
High toxicity and aggressiveness on construction materials
Content in the exhaust gases of nitrogen oxides is reduced by 25–30%

Ethanol Octane number (132 units) is significantly higher than gasoline (82.5–98 units)
Separation in the presence of water
Requires modification of the engine with increasing content
Low heat of combustion
Is less toxic
A couple of the less flammable
Significantly higher electrical conductivity

Butanol Octane number (104 units)
Energy intensity close to the energy intensity of gasoline
The mixture does not separate in the presence of water
Does not require engine modifications
Has no corrosive properties
Low vapor pressure of butanol fuel should not lead to the emergence of high levels
of emissions of volatile organic compounds
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Chapter 2
Ignition Performances of Alternative Fuels
Under Altitude Conditions According
to Their Aromatic Content

Renaud Lecourt

Nomenclature

ER Equivalence ratio
MERCATO Moyen Experimental de Recherche en Combustion Aérobie par

Techniques Optiques
P pressure, MPa
T temperature, K

Subscripts

ch chamber

2.1 Introduction

During the last years, the introduction of alternative fuels, produced from other
sources than oil, has been quickly developed because of environmental constraints
and anticipated economical issues. For their use in aircrafts, the fuels must comply
with accurate international specifications (ASTM, DefStan). The first produced
alternative fuels, XtL fuels from the Fischer-Tropsch process and hydroprocessed
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Table 2.1 Fuel compositions FUEL AROMATICS (%) ACRONYM

Jet A-1 20.6 JETA
SPK 2.5 SPK
Jet A-1 C SPK 8 SPK08A
SPK C aromatic cut 20.6 SPK20AC
SPK C aromatic cut 8 SPK08AC
Aromatic cut 100 AC

esters and fatty acids (HEFA), do not contain any aromatic compound and have to be
mixed up to 50% with Jet A-1 to comply with the above quoted specifications which
require at least 8% aromatics in the aviation fuel composition. Nevertheless, this
specification of 8% aromatics has no absolute technical justification. Therefore, to
widen the spectrum of the aviation fuels, it is important to understand the influence
of the fuel composition and determine the true acceptable limit.

In the frame of an in-house program, EXPLIC (exploration of limits of hydrocar-
bon fuels), ONERA is investigating the influence of the fuel composition, aromatic
content and carbon molecule distribution on the fuel behaviour under high and low
temperature conditions. The present paper deals with the most critical issues for
aeronautical engines and fuels operability, altitude relight and cold start, which has
been rarely described in the open literature, especially for actual turbojet injection
systems and combustion chambers [1].

In a first step, it was decided to investigate the influence of the content of
aromatics in the fuel composition by measuring the ignition performances of the six
fuels described in Table 2.1, under altitude conditions. The content of aromatics of
the samples was measured by high-performance liquid chromatography according
to ASTM D 6379-04 specifications.

Jet A-1 is used as a reference. The sample used contained 20.6% in mass of
aromatic compounds. The SPK (synthetic paraffinic kerosene) fuel was purchased
from SkyNRG. The fuel aromatic rate is 2.52%, exclusively mono-aromatics. The
SPK was mixed with Jet A-1 to produce a fuel with 8% aromatics. In addition,
the petroleum company TOTAL Marketing Services provided aromatic streams,
representative of the aromatic composition of Jet A-1, named aromatic cut (AC).
This aromatic cut was blended with SPK to form two mixtures with, respectively,
20.6% and 8% aromatics. Finally, the pure aromatic cut was also tested. Some
physical properties of the main fuels tested in this work are presented in Table 2.2.

2.2 Methodology

2.2.1 Test Bench

The experiments were carried out at the MERCATO (Experimental Mean for
Research in Air-breathing Combustion by Optical Techniques) test facility at
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Table 2.2 Fuel properties at fuel temperature 20 ıC

Fuel designation JETA SPK SPK08A SPK08AC

Density (kg/m3) 799.6 756.9 775.1 766.0
Viscosity (mm2/s) 1.70 1.65 1.67 1.60
Surface tension (mN/m) 28.3 27.5 27.5 25.8
H/C ratio (�) 1.9 2.1 2.0 2.1
Aromatics (vol%) 15.6 <1.0 8.2 8.2
Naphthalenes (vol%) 1.72 0.08 0.65 1.06
Sulphur dioxide (wt%) 0.066 0.003 0.0316 0.0024

Fig. 2.1 MERCATO test bench

ONERA Fauga-Mauzac (Fig. 2.1). It is a small air-breathing propulsion research
facility. Air and fuel are supplied at low flow rates, up to 100 and 10 g/s, respectively,
but at a wide range of temperature from 233 to 473 K for air and from 233 K to
ambient for fuel. Air is cooled through an air/LN2 cooling tower, fuel through a
cooling bath. The pressure in the test chamber can be varied from 0.05 to about
0.4 MPa. This facility was extensively used to investigate the ignition phenomenon
[2], especially under altitude conditions.
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2.2.2 Test Set-Up and Conditions

We used the same experimental set-up as the one described in Lecourt et al.
(2009) (Fig. 2.1). It is composed of a square section combustion chamber which
is 129 � 129 � 235 mm3 large. The injection system is implemented in a
plenum chamber, upstream from the combustion chamber. Downstream from the
combustion chamber, an interface part supports an air ejector, which is used to
lower the pressure in the test chamber. The test chamber can receive four lateral
windows for optical diagnostics. The injection system was provided by Turbomeca.
Its geometry is fairly simple. The air circuit is composed of a radial swirler, an axial
convergent and a cylindrical diffuser. Inside the convergent, an ovoid part holds a
pressure swirl fuel atomizer on the axis. Figure 2.2 shows the set-up, equipped with
one window facing the spark plug holder, on the opposite wall, and used with cold
air (notice the presence of frost on the set-up walls).

The experiments were performed under altitude conditions, i.e. with low air
pressure and temperature, but with fuel at room temperature. The characteristics
of the operating point are described in Table 2.3.

Fig. 2.2 MERCATO set-up under altitude conditions

Table 2.3 Operating point Air flow rate (kg/s) 0.0192
Air pressure (MPa) 0.06
Air temperature (K) 233
Fuel temperature (K) 290
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A Vibro-Meter ET64A1 spark plug was used to ignite the air/fuel mixtures. It
is a high-voltage spark plug using air as dielectric. It is supplied with an ignition
exciter HEP502T2 from Vibro-Meter and operated at a frequency of 6 Hz. It is
located 56 mm downstream from the injection face and flush mounted on one of the
lateral walls. The capacitive discharge energy of the ignition device is 2 J. The spark
energy was evaluated with tension and intensity measurements at electrodes by the
manufacturer. This evaluation gave a spark energy value of 0.4 J.

2.2.3 Test Procedure

The objective of the present ignition experiments was to determine the ignition
boundary for each fuel (Table 2.1) at the chosen operating point (Table 2.3). In
an engine, the ignition procedure is a short one, and then the test duration was only
6 s. The procedure was designed as follows:

• Air was flowed continuously at the right flow rate (0.0192 kg/s) and temperature
(233 K).

• At t D 0 s, a fuel solenoid valve, close upstream from the injection system, was
opened.

• In parallel, the fuel regulation valve was set from 0% to n % opening to inject the
required fuel flow rate.

• Then, at t D 0.5 s, the time at which the fuel flow rate has reached steady state,
the spark plug was triggered and flashed at about 6 Hz, during 4.5 s, producing
about 28 sparks during the tests.

• At t D 4.9 s, the kerosene regulation valve was set down to 0% opening.
• At t D 5 s, the kerosene solenoid valve was closed.
• Finally, at t D 6 s, the data recording was stopped.

An example of an ignition test is illustrated through Figs. 2.3, 2.4 and 2.5.
The flow rate curves (Fig. 2.3) show that the air flow rate is nearly constant during

the experiment. A steady measurement of the fuel flow rate is obtained only after
2 s, because of the long response time of the Coriolis flowmeter. It must be pointed
out that the steadiness of the flow rate curves allowed an accurate calculation of
the global equivalence ratio of each experiment. As air was flowed continuously, its
temperature was perfectly constant during the test (Fig.2.4). The fuel temperature,
measured in the fuel feeding line, where the feeding line enters the plenum chamber,
shows an increase from the line temperature surrounded by the cold air flow to the
fuel temperature flowing around the thermocouple after the start of the test.

As shown in Fig. 2.5, ignition is easily observed on the chamber pressure curve
thanks to the steep pressure increase of about 150 hPa. Then, pressure goes down to
a level of about 50 hPa higher than the one before ignition until full combustion of
the fuel injected in the combustion chamber during the 5 s test. In parallel, a signal
extracted from the ignition exciter is recorded and gives the sparking times (rising
edges, except the last one) (Fig. 2.5). In this experiment, ignition was obtained with
the 17th spark.
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Fig. 2.5 Chamber pressure and spark plug operation during a successful ignition experiment

Finally, the steadiness of the flow rates, temperatures and chamber pressure
during the experiments shows that the altitude conditions were well mimicked.

2.3 Results and Discussion

For every fuel, about 10 to 20 experiments were performed with different settings
of the fuel regulation valve to obtain different global equivalence ratios from test
to test. As ignitions were obtained with the highest values of equivalence ratio and
misfires with the lowest values, an ignition boundary could be determined, as an
equivalence ratio value, between these two sets of experiments:

ERboundary D �
max.ERmisfire/C min.ERignition/

�
=2 (2.1)

It must be pointed out that this equivalence ratio value was computed with one
unique C-H composition, close to the one of an “average” Jet A-1, and not with the
actual C-H composition of the tested fuels.

Some experiments were discarded because the targeted chamber pressure value,
0.06 Mpa, was not well reached. Finally, 10 to 12 experiments were kept by fuel.
Table 2.4 gathers the characteristics of the experiments kept for the measurement of
the ignition performances of the SPK08A fuel. From test to test, the discrepancies
are within ˙2.5% at most.
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Table 2.4 Characteristics of
the experiments for SPK08A
fuel

Test # Pch(MPa) Air flow rate (kg/s) Tair(K) Tfuel(K)

1 0.0600 0.0196 233 290
2 0.0607 0.0192 233 291
3 0.0613 0.0190 232 291
4 0.0604 0.0197 232 291
5 0.0586 0.0193 233 292
6 0.0600 0.0193 233 292
7 0.0597 0.0191 232 292
8 0.0608 0.0197 232 292
9 0.0595 0.0191 232 292
10 0.0607 0.0192 234 292
11 0.0614 0.0191 234 292

Table 2.5 Average
characteristics of the
experiments

Fuel
Pch

(MPa)
Air flow rate
(kg/s)

Tair

(K)
Tfuel

(K)

JETA 0.0600 0.0194 233 289
SPK08A 0.0603 0.0193 233 292
SPK 0.0605 0.0193 232 290
SPK08AC 0.0601 0.0193 233 291
SPK20AC 0.0601 0.0193 233 290
AC 0.0601 0.0191 233 291

The average characteristics of the operating point of these experiments for every
fuel are gathered in Table 2.5. Because of the good reproducibility from test to test,
the average characteristics of the operating point are close to each other for all fuels.
Therefore, their ignition performances will be able to be well compared.

Figure 2.6 gathers all the results, ignition or misfire, as the global equivalence
ratio for each test and each fuel. First, on an overall, the results show that, under
altitude conditions, a high equivalence ratio, about 2 and more, is needed to
obtain ignition. Then, around the ignition boundary, we can observe misfires with
equivalence ratio slightly higher than for some ignitions. This demonstrates the
existence of a fuzzy zone around the ignition boundary because of the stochastic
nature of the ignition phenomenon as it has been shown by [3] for one-phase flows
and, which is more representative of aeronautical issues [4], for two-phase flows.

Concerning the influence of aromatics on the ignition performances (Table 2.6),
a clear trend is observed with the SPK/AC blends. The fuels are easier and easier
to ignite, for ER 2.03–1.91, when the aromatics content is increased from 0% to
20%. But the pure aromatic cut is the most difficult fuel to ignite with an ignition
boundary of ER 2.3. Another surprising result is that SPK/Jet A-1 blend (SPK08A)
is easier to ignite than each of its components. Nevertheless, we can observe that
both the fuels with 8% aromatics (SPK08A and SPK08AC) have similar ignition
boundaries, respectively, ER 1.93 and ER 1.96.
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Fig. 2.6 Ignition results
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Table 2.6 Ignition
boundaries

Fuel Fuel flow rate (kg/s) ER (boundary)

JETA 0.00270 2.09
SPK08A 0.00253 1.93
SPK 0.00267 2.03
SPK08AC 0.00257 1.96
SPK20AC 0.00250 1.91
AC 0.00298 2.30

2.4 Conclusions

Successful measurements of the ignition performances of different fuel composi-
tions have been performed under altitude conditions. In this first step, the main
parameter was the content in aromatics. The results show that, to some extent, the
ignition performances increase with the concentration in aromatics. Nevertheless, a
part of the results show that other parameters play a role in ignition, which can work
against the positive effect of the concentration in aromatics. Concerning the fuel
specifications and with regard to the ignition performances, the results show that,
because of the low influence of the aromatic content on them, 1.91 at most against
2.03 ER, it could be acceptable to lower the specification under 8%. Moreover, as
the performances are similar for the SPK/Jet A-1 and SPK/AC mixtures, alternative
fuels without Jet A-1 could be certified according to ignition properties.


