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KEYWORDS Abstract The danger of vapour lock, generation of vapor bubbles inside the aircraft fuel system,
Aviation Gasoline; needs a well-documented understanding to establish safe operating confines at existing fuel temper-
Motor Gasoline: ature and pressures. The aim of the research is specifically to make contributions in the direction of
Factor Analysis; the present scientific studies of UL aviation gasoline initiatives in piston aircrafts, globally specifi-
Factor Score; cally aiming on the vapor locking tendencies of aviation fuels, motor fuels and the blends and com-
Vapor Lock; paring the results both experimentally and statistically. Chemical and physical properties of the
Lycoming O-320 fuels were tested and categorised based on hydrocarbon types and properties. Study considered nine

variables for vapor lock. Twenty-three aviation fuels from various literatures were collected, model
equations derived, and respective comprehensive factor scores were calculated. The model was
applied to the 14 fuels in this study and their respective comprehensive factor scores were calculated
and ranked from the best to worst. The temperature of the gasoline as it approaches the carburettor
was experimentally derived for comparative analysis with the comprehensive factor scores. Results
showed that Kaiser’s Measure of Sampling Adequacy (MSA) measure of sampling adequacy value
is 0.728. Four common factors and their cumulative variance proportion of rotation sums of
squared loadings has reached 95.530%. Based on the loadings of the rotated components, PC1
has strong significant correlation with VL index of value 0.917. Among the aviation rated fuels,
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for vapor lock tendency UL 82, UL 87, SWIFT UL 102, SWIFT Binary Blend and 100 SF have the
highest factor score. Fuels AVGAS 100LL (D910), AVF1, AVF2, AVF4, AVGAS, Leaded 91/98,
and UL 94 exhibited very poor vapor lock tendencies. RON 98 exhibited the best VL protection
among all the tested fuels in this study with ccomprehensive factor scores of 0.126166 and the best
experimental temperature of the gasoline as it approaches the carburettor was also exhibited by
RON 98. The findings showed that RON 98 able to outperform the commercial AVGAS in terms

of vapor locking characteristics.

© 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org

licenses/by-nc-nd/4.0/).

1. Introduction

Vapor lock is a condition in which AVGAS vaporizes in the
fuel line or other components between the fuel tank and the
carburettor [1]. This typically occurs on warmer days on air-
craft with engine-driven fuel pumps that suck fuel from the
tank(s). Vapor lock can be caused by excessively hot fuel,
low pressure, or excessive turbulence of the fuel traveling
through the fuel system [1]. In each case, liquid fuel vaporizes
prematurely and blocks the flow of liquid fuel to the carburet-
tor. Developing practice of utilizing automotive fuels as flight
fuel, leads to higher chances of dangerous scenarios, particu-
larly in the operation of piston aircraft engines. The use of
MOGAS containing ethanol in the operation of aviation pis-
ton engine increases the risk of vapour locking [2]. A number
of elements of engine functionality predominantly add to this
type of danger [1]. In the event that the gasoline turns out to
be very hot from the fuel container, the vapor bubbles of hot
boiling fuel may instantly arise. If obstructions (limited cross
sections of gasoline major parts, blocked filters, etc.) obstruct
the movement, pressure declines, leading to intense oscillations
in fusion with increased temperatures of the gasoline. This
might contribute to vapor bubbles formation by a combina-
tion of hot boiling, increased temperatures of the gasoline
and eventually an engine stoppage [3].

The present rapid increase in the number of light aircraft
and private pilots will undoubtedly lead to a more general
use of these aircraft. This will also mean more frequent oper-
ation under extremes of weather and operating conditions,
and will increase the tendency on the part of many users to uti-
lize automotive rather than aviation gasoline as an engine fuel
because of its wider availability. Both these factors bring the
problem of fuel vapor lock closer, hence it became desirable
to study light aircraft fuel systems from the standpoint of
vapor handling capacity.

D. Patterson et al. (1980) [4] concluded that vapor lock
issue is most challenging to fix. In relation to gasoline metering
two options provide independently. The first is to completely
as well as constantly vaporize the fuel earlier to metering there-
fore totally prevent the issue corresponding with metering
vaporizing fluids. For such an individual setup is needed for
starting as well as warm up before exhaust heat can be
acquired for vaporization. The additional probability requires
to utilize greater pressure separate cylinder gasoline injection
or perhaps single point injection over the throttle body. As a
result, solid gasoline is metered, along with the huge pressure
fall from the nozzle guarantees which liquid fuel is within the
lines. Patterson et al. (1980) [4] mentioned that one benefit
regarding single point injection would be that the injector is

eliminated out from the hot ingestion port. Constant recircula-
tion of the gasoline returned towards the tank might be utilized
to keep injectors cool plus vapor get back towards the fuel
tank meant to eradicate injector vapor issues. Few technology
and improvement are needed to give totally sufficient systems
of whichever kind. The vapor lock issues corresponding using
fuel line as well as pump amount is often relieved from a mix of
bigger diameter lines, in-tank pump as well as routing of lines
for lowest heat pick-up.

K. Morrison et al. (1984) [5] studied some characteristic of
automotive fuels as well as their efficiency over a mild aircraft
engine 0-320 Lycoming engine plus fuel system utilizing Avgas
100LL and four automotive kind fuels. An alteration from the
ASTM test towards vapor to liquid proportion whereby the
gasoline was granted to turned into wet, substantially elevated
the vapor to liquid proportions furthermore signifies the
propensity to vapor lock is higher whenever a slight measure
of liquid water is existing within fuel. Exhaust air to fuel pro-
portion, fuel pressure, vapor to liquid proportion, fuel system
temperatures as well as engine yield torque all presented signs
of vapor lock. Throughout experimental error, at a provided
speed-load state, vapor lock regularly took place with the exact
vapor to liquid proportion irrespective of fuel volatility. The
greater the volatile fuels hit this crucial value at lesser fuel sys-
tem temperatures. Among controlled heating on the fuel sup-
ply line (on a non-linear level) the time period for vapor lock
was contained to be associated to fuel volatility along with
the increased volatile gasoline vapor locking within instances.
A semi-empirical computer evaluation mainly in relation to
experimental data was discovered to describe complicated
interactions directing to vapor lock. This design forecasted
that an increment in carburettor intake valve region alongside
with insulation on the fuel strainer or even the utilization of an
in-tank fuel pump could substantially decrease vapor-lock
propensity.

H. Byrnes et al. (1987) [6] studied Autogas in general avia-
tion aircraft using a Lycoming 0-320 engine that was mounted
on the dynamometer with a Cessna 172 fuel system. The study
found that take-off fuel flow, initial fuel temperatures in
between 38 and 43°C, Ambient air temperatures of 29°C or
higher, engine at operating temperatures typically found after
a prolonged idling or a hot soak and ASTM class E (winter
grade) Autogas fuel were conditions which defined the worst
case for vapor locking testing. H. Byrnes et al. (1987) [6] sug-
gested that in preparing an Autogas for vapor lock testing, the
fuel should not be allowed to exceed 43°C. The technique for
heating the fuel used in vapor lock studies does not affect
the outcome of the test sequence provided the fuel is fresh; it
is stored in a sealed barrel until the beginning of the test
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sequence and the fuel is heated to temperature within three
hours. Byrnes et al. (1987) [6] found that for every conditions
tested, Autogas was more severe than avgas for vapor lock.
Hence, any fuel system that is capable of operating with Auto-
gas will be capable of operating with avgas.

A. Ferrera and R. Wares (1988) [7] studied the performance
of alternate fuels in general aviation aircraft to to determine
the effects of pressure altitude, fuel temperature, fuel composi-
tion, and aircraft configuration on fuel weathering. In these
tests, fresh fuel was heated in a sealed container, carried to
the designated pressure altitude, then transferred to the aircraft
wing tank. Three types of aircraft were used for this study with
the intent of investigating the various fuel system configura-
tions: a Cessna Model 172 (C-172), a Beechcraft Musketeer,
and an American Aviation Corporation Traveler. The C-172
is a 4-place aircraft with a gravity feed fuel system and a car-
buretted engine. The Musketeer is a 4-place aircraft with a suc-
tion feed system and a fuel injected engine. The Traveler is a 4-
place aircraft with a suction feed fuel system and a carburetted
engine. The engine in the C-172 was originally certified to
operate on aviation gasoline (avgas) with a minimum aviation
lean octane rating of 80. The engines in the Musketeer and the
Traveler were originally certified to operate on avgas with a
minimum aviation lean octane rating of 91. The authors found
that storing autogas at or below 10°C will minimize the amount
of unintentional weathering and increase the probability of
vapor lock occurring, the autogas used for hot weather certifi-
cation tests should be heated in the aircraft tanks to obtain the
most severe conditions possible. A fuel temperature of 43°C
results in the most severe test for vapor lock when using auto-
gas to conduct a hot fuel certification test. Heating autogas
above 43°C decreases the chance of experiencing vapor lock.
Overall, the butane rich fuels experience more vapor lock than
the iso-pentane rich fuels. Weathering a fuel reduces the chance
of encountering vapor lock. After 30 min, there is no signifi-
cant difference between the butane rich fuels and the iso-
pentane rich fuels. Since it takes approximately 30 min to heat
the fuel in the aircraft wing tank, either butane rich or iso-
pentane rich fuels may be used for hot fuel certification. The
fuel flow rate affects the chance of vapor lock occurring. The
higher the fuel flow rate, the greater the tendency to vapor
lock. Vapor lock results in lean fuel-to-air ratios eventually
exceeding the lean misfire limit. The more complex an aircraft
fuel system is, the greater the tendency to vapor lock. This is
probably a consequence of the fuel’s increased exposure to
heat and turbulence, both of which aggravate vapor lock beha-
viour. Finally, abrupt power loss due to vapor lock can occur
without prior indication on the existing aircraft
instrumentation.

M. Zemel (1992) [8] studied the utilization of ethanol being
an additive to motor gasoline in an effort to decrease dis-
charges coming from aircraft engines had been analysed in
the laboratory at the Federal Aviation Administration Techni-
cal Centre. Vapor to liquid proportion as well as Reid vapor
pressure tests had been carried out on different motor gasoline
blends. The blends varied starting as slight as 5 percent ethanol
to nearly 100 percent ethanol upon a volume/volume basis.
The research discovered that the vapor to liquid proportion
automated measurer is undoubtedly an reliable instrument
for calculating vapor lock propensities.

N. Cheremisinoff (1996) [9] discovered that vapor locking
threat in naturally aspirated aircraft gasoline systems occurs

through the form with the breakdown on the gasoline supply
inside carburettors as a result of the creation of vapor bubbles.
Cheremisinoff (1996) [9] recommends that this occurrence hap-
pens at atmospheric levels at lower ambient pressures aiding
on creation associated with vapor bubbles through the fuel sys-
tem. These creation of vapor bubbles fails to specifically sug-
gest which zero fuel is streaming into the carburettor; instead
it reduces the fuel pressure to a certain severity that the engine
is forced to stop the operation causing the engine to quit [9].
This is really serious if the aircraft is operating at altitudes
and an engine failure forces an emergency situation during
flight which might be fatal

T. Wallington et al. (2006) [10] state that according to Ber-
noulli’s principle “‘the pressure of liquids/fluid reduces with the
square of its velocity”. Any kind of restrictions within fuel lines
or pumps, may increase gasoline speed and decrease its pres-
sure. Wallington et al. (2006) [10] claim that scenario due to
the increased fuel velocity and reduced fuel pressure, naturally
aspirated engines are much more susceptible into vapor lock.
Nevertheless, this problem could influence the naturally aspi-
rated engine whenever temperatures get relatively hot or per-
haps whenever the reid vapor pressure gets extremely high
influencing the fuel system [10]. Apart from that, a pinch
within a gasoline line between the carburettor as well as the
gascolator might induce vapor lock [10].

Vapor-to-Liquid, V/L measurement signifies a variable
which demonstrates the percentage through vapor to a liquid
of gasoline within a certain temperature [10]. V/L is useful
when comes to predict vapor locking propensity. Scientists
analysed V/L proportion in a research laboratory making
use of a temperature-V/L analyser, the ASTM D439 and distil-
lation and vapor pressure data [10]. T. Wallington et al. (2006)
[10] recommend that the RVP is a logically an accurate predic-
tor of the vapor lock tendency in airplane. The RVP assess-
ment is performed at V/L proportion of four. This
proportion is close to the V/L threshold of most naturally aspi-
rated airplane engines. The V/L curvature obtained with the
ASTM distillation data, once gasoline temperature grows
beyond the temperature meeting with the V/L threshold of
particular airplanes, vapor lock occurs [10].

ASTM International (2009) [11] warns that currently its
need to be considered that little differences on ASTM 10%,
20% as well as 50% distillation profile offer one substantial
influence by the V/L against temperature graph. The steepness
of the graph is extremely important [11]. If the graph is nearly
contant, the differences within gasoline system temperature
among the V/L proportion that triggers the engine to quit as
well as V/L proportion which induces leaning is marginal. This
certainly indicates which there is perhaps a marginal notifica-
tion duration in order to differentiate such symptoms of vapor
lock. Studies in order to evaluate the impact of motor gasoline
on naturally aspirated fuel systems are significant [11]. ASTM
International (2009) [11] suggests that imitated fuel systems
could be developed in a research laboratory before exposing
to various pressure, vacuum, and temperature conditions.
Considerable experimental systems need to be formulated
and evaluated. Alternatives appear possible, nevertheless fuel
system modification is required, especially in vulnerable air-
craft such as the low-wing types.

R. Langton et al. (2009) [12] recommends that the gasoline
structure differs from one engine/aircraft to another. The vari-
ations are meant to allow these systems to fit configurations.
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Langton et al. (2009) [12] mentioned that the essential compo-
nents of a plane’s fuel system setup are fuel containers, filtering
system, fuel pumping systems, and fuel lines linking these ele-
ments with each other. The fuel container acts like the provider
on the fuel source [12]. It is manufactured using self-sealing
component and might not unveiled to the environment [13].
The filtering system avoids unknown substances in the fuel
from penetrating the engine. Conversely, the fuel pumping sys-
tem gravitationally gets fuel from the container and disperses it
to the carburettor [13].

European aviation industry implies which over 20,000 air-
craft tend to be afflicted whether particularly based on the var-
ious downside effects of fuel blended using ethanol [14,15]. For
some current carburettor engines, there will be issues corre-
sponding along with ethanol-admixed gasolines that contain
possible to troubled engine functioning. The risk of vapour
lock, that would be the formation of vapor bubbles inside
within fuel system leading to an disability of gasoline motion
within the engine, is perfectly recorded especially through
researches on aircraft making use of MOGAS [16]. Thus, an
understanding of vapour handling ability of small aircraft is
essential to establish safe operating confines at existing fuel
temperature and pressures. Besides that, gasoline blended with
ethyl alcohol (ethanol) possess a bigger enthalpy of vaporiza-
tion, that brings higher temperature fall of the absorbed air
through the carburettor. This causes quicker ice build-up
and needs a more powerful pre-warming of air. For airplanes
which are susceptible to carburettor icing, operating with etha-
nol blended gasoline raises the risk [17]. Should ethanol mixed
fuels be accidentally blended, this often leads to increased
vapor pressures. For engines popular to encounter vapor lock
with previous motor gasoline characteristics, vapor pressure
higher than this standard will be harmful. One issue which
was stated pertaining to inclusion of ethanol to MOGAS
would be a propensity towards phase separation. Such issue
might not be common since after the MOGAS is utilized in
automobiles; though, whenever utilized in airplanes, gasoline
might get impacted by quick variations in altitude [18]. As
soon as the aircraft ascends, the gasoline quickly cools while
the temperature drops. This quick changes in temperature
sparks that which is identified to be phase separation, that is
whereby the oxygenated ethanol distinguishes from the
hydrocarbon-based fuel. The issue is which often, “when the
alcohol separates from the gasoline, it may carry water that
has been held in solution and that cannot be handled by the
sediment bowl” [19-21]. Once mentioned phase separation
happens, this might contribute towards such water freezing
within fuel lines, leading to fuel starvation, or perhaps possibly
a slug of water might move inside the engine at merely one
point eventually once engine power is required, leading to
the engine to end operating. Additionally, in case the ethanol
is divided out from the water, the fuel might no further contain
anti-knock, or anti-detonation, shelter. This might contribute
to extreme engine knocking, ensuing through the possible to
have a devastating engine breakdown during flight.

Experimental Aircraft Association (EAA) (2009) describes
which when the degree of ethanol admixture towards the base
fuel enhances, the growing stage of alcohol as well as water
phase consumes some considerable area within the tank when
a phase separation gets occurred. Through an E-5 fuel this
could give roughly 5% of volumetric occupancy. As a result,
when a low situated tank outlet, this might settle inside within

scope, providing mainly the alcohol phase towards the engine
might give choke [18].

EASA (2010) and Experimental Aircraft Association
(EAA) (2009) state that the greatest obstacle for being no easy
technique of taking out the blended water out from the gaso-
line. Still one small filter which could perfectly split perhaps
emulated water may not get rid of it. Consequently, the man-
ufactures that produce and exchange with ethanol-admixed
fuels be cautious of the importance of maintain every type of
water (liquid and gaseous) out of getting into the fuel storage
tanks. It generally make use of venting systems along with
water traps to accomplish this. It has been towards such cause
which the ethanol or even ethanol admixed gasoline are not
able to be moved through ship or through pipelines [17].

The major issue of ethanol mixed MOGAS is, the decrease
on the overall energy content of the fuel. In the Special Air-
worthiness Information Bulletin (SIAB), FAA suggests which
Methanol carries around 55% from the energy content
through fuel, plus ethanol contains around 73% from the
energy content out of automobile gasoline. FAA claims which
the higher the level of alcohol within automobile fuel, the
higher the decrease in the airplane’s range [19]. As for an auto-
mobile a reduction in such range usually, just an irritation due
to additional regular stoppages at gas stations. Pertaining to
any aircraft a decline in range brings about the difference
between making it to the location and crashing anywhere aside
from an airport. The greatest issue is that pilots are unable to
make up for such a reduced distance, as they could possibly
have no idea what kind of gasoline they might have got on
board [22]. The reduced heat content from the ethanol mixed
gasoline decrease the engine efficiency, that outcomes to failure
on the aircraft to ascend. Generally, if the aircraft cannot be
set to ascend correctly, it might not be confident to go through
the difficulties by the end on the runway or perhaps ascend
across hills or bad weather. Many of such issues were sepa-
rately very dangerous to secure airplanes functioning as well
as probably deadly for flight crews and people on board. [23].

The aim of the research is specifically to make contributions
in the direction of the present scientific studies of UL aviation
gasoline initiatives in piston aircrafts, globally specifically aim-
ing on the vapor locking tendencies of aviation fuels, motor
fuels and the blends and comparing the results both experi-
mentally and statistically. This paper analyses tendency of
vapor lock threats which might cause accidents occurring in
piston powered aircraft. These instances are analysed through
the application of factors analysis framework to determine the
factor scores and experimental temperatures across the various
leaded and unleaded fuel alternatives and recommend possible
improvements. This research encourages a broad spectrum of
contribution in the engineering sciences focusing on interdisci-
plinary nature, experimental and statistical comparative anal-
ysis. Based on literature, motor gasoline in piston aircrafts
by Federal Aviation Administration (FAA) was the last con-
ducted research on similar topic, in March 1987. Along the
paradigm shift in the automotive industry, motor gasoline
properties have been transformed based on the existing global
needs. As mentioned as a result of Civil Aviation Authority of
Malaysia (CAAM) research in 1987 [24] concerning TEL in
motor gasoline, present motor gasolines in Malaysia and glob-
ally are all UL and this signifies a major modification of the
existing policy on UL motor gasoline usage in spark-ignited
(SI) aviation engines. CAAM (1987) claims aviation gasoline
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is expensive and that many civil aviation bodies are authoriz-
ing the utilization of UL motor gasoline in aviation however
CAAM announces such endorsement will not be straight
applied to such fuel usage in Malaysia. Pertaining to motor
gasoline approval in Malaysia, testing of motor gasoline must
be conducted in climatic scope of Malaysian geography [24].
Connectively, this study implemented the weather conditions
of Malaysia (performed at Universiti Teknologi Malaysia,
Malaysia). Outcomes of the research are anticipated to
amend CAAM’s policy on motor gasoline utilization in
Malaysia and regions with equivalent climate. CAAM
(1987) stated that motor gasoline is different from aviation
gasoline in terms of physical and chemical characteristics.
The vapour pressure (Pv) of an aviation gasoline is desired
to be between 38 and 48 kPa [24]. CAAM (1987) claims no
information is obtainable on the Pv of motor gasoline in
Malaysia however states a lot broader distillation tempera-
tures of motor gasoline compared to aviation gasoline. These
difference is often extremely considerable for the risk of det-
onation in the SI aviation engines. This research specifies
almost all such concerns utilizing existing motor gasoline in
Malaysian aviation industry which is likely to create a leap
forward of motor gasoline application in aviation. Consider-
ing no UL gasoline alternative that details the concerns and
matches the compulsory specifications of piston aircraft engi-
nes is presently available, this research offers an alternative
for piston powered aircraft companies worldwide to give con-
sideration to a move to an UL gasoline. This research will
likely turn out to be an awareness creator for the agencies
fighting for environmental well-being to consider additional
study on lead pollutants in aviation [25-27] which assist in
anti-knocking [28,29]. Presently, no standard method is avail-
able to enable piston aircraft engine assessment of anti-knock
studies. This research provides an empirical design for anti-
knock ability of leaded and UL gasoline spark-ignited air-
craft engine’s gasoline formation effort. TEL in AVGAS
result in severe medical influences, such as sensory problems
in kids that induce behavioural problems, understanding inef-
ficiencies and decreased 1Q [25]. TEL composition in human,
if not instantly cleared, affects vital organs [30] and is
regarded as a carcinogenic substances. This research provides
a considerable understanding of potential improvement to
create the step to a low octane UL options [31.32] to com-
pletely remove TEL release from SI aircraft engines. This
study exposes an environmental justification to change to
an alternative UL gasoline due to the fact of the threat that
lead brings to humans and ecology. The relevance of discov-
ering an alternate fuel for lead discharge from aviation gaso-
line as stressed in this study comes in course with the
initiatives by World Health Organization (WHO). WHO is
consistently developing specifications on the regulation of
lead poisoning. These specifications provide medical practi-
tioners and health organizations help and support on proce-
dures to protect the health humans lead direct exposure. The
removal of lead in AVGAS by 2020 is the leading strategies
for agency involved in the FAA’s efforts in direction of UL
fuel transition objective. It is envisioned that by 2030 to
tremendously decrease the volume of deaths and illnesses
from lead pollution; and by 2020, achieve an eco-friendly
governing administration of lead pollutants in concurrence
with agreed international memorandum of understandings
to noticeably decrease the release to atmosphere.

2. Research methodology

2.1. Engine test set up

The arrangement of the experimental design comprises of a
Lycoming O-320-D3G engine, a dynamometer (DY NOmite),
and a gas analyser (EMS). The actual and schematic views
of the research design are as per Fig. 1 and Figs. 2a and 2b.
The technical specifications of the research engine are pre-
sented as per Table 1. The engine was coupled with the engine
dynamometer by a coupling shaft. A 100 kW water-brake
DYNOmite dynamometer coupled with DYNOmite “Pro”
Data Acquisition Subsystem is a 28-channel configuration
which monitors four frequencies (engine RPM, speed, air
and fuel flow), several millivolt thermocouple and strain gauge
inputs (for EGTs and torque load cells), plus an array of 0-5V
ones (handling pressures and similar transducers) [33] was used
to measure the required output parameters in this study. The
sensitivity and measurement accuracy of the sensors are
described in Table 2.

2.2. Vapor lock measurement

One of the most critical and expensive aspects of obtaining a
new MOGAS STC is determining if vapor lock will occur
using MOGAS [34]. Pertaining to vapor lock danger, the pri-
mary observation goal would be the fuel temperature given
that it approaches the carburettor [17]. Thermocouple is
installed at the position where gasoline approaches the carbu-
rettor as per Fig. 3. Vapor lock assessment will be carried out
for each tested fuel in terms of temperature of the gasoline as it
approaches the carburettor.

The vapor-locking tendency of a gasoline is influenced by
the distillation profile and by its vapor pressure. However,
vapor-liquid ratio of 20 (V/L = 20) [35-37] is the property
that correlates best with vapor lock potential of a gasoline.
At atmospheric pressure Ty, o is the temperature the gaso-
line exists as 20 volumes of vapor in equilibrium with one vol-
ume of liquid. Gasolines with higher Ty, —»o temperature give
better protection against vapor lock. Ty 2o correlation was
developed for vehicles with suction-type fuel pumps and carbu-
rettors [8,35,36,38,39]. Based on the literatures above the value
Ty =20 is calculated for each gasoline and is adopted for the
evaluation of vapor lock tendency of the tested gasolines in
this study using factor analysis as per Eq. (1).

Tyj—0 = 52.47 —0.33(P,) + 0.20 (T10) + 0.17 (T50) (1)
Wre;

Ty/L-20 = intermediate temperature, °C, at V/L of 20:1,
P, = vapor pressure, kPa,

T10 = distillation temperature, °C, at 10% evaporated,
T50 = distillation temperature, °C, at 50% evaporated.

2.3. Test fuels

The fuels in this study were purchased from local petrol sta-
tions. AVGAS 100LL was purchased from PETRONAS avia-
tion fuel supplier at Senai International Airport, Johor Bahru,
Johor. RON 97 and RON 98 were purchased from SHELL
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Fig. 2b  Detailed combustion chamber structure of Lycoming O-320.

stations in Johor Bahru City and RON 100 fuel was purchased
from PETRON stations in Johor Bahru, Johor.

2.4. Test fuels preparation

Fuel blending was done based on a direct blending approach
where the selected base gasolines (RON 98, RON 100 and
AVGAS) were blended in the ratios of 20%, 30%, 50%,
70% and 80% [40]. To blend the fuel first pour the volume
of AVGAS and the volume of MOGAS (RON 98 and RON
100) based on the blend ratios into a suitable container
approved for use with fuel. Before pouring this blend into
the fuel tank, the fuels are mixed thoroughly by shaking the

Table 1 Lycoming O-320-D3G specification [33]

Engine Lycoming O-320-D3G
Manufacturer Lycoming

Rated Power 160 BHP

Rated RPM 2700 RPM

Number of cylinders 4

Compression Ratio 80.5: 1

Induction Firing Order 1-3-24
Ignition Timing BTC 25° spark occurrence
Bore Inches 5.125

Stroke Inches 3.875

Displacement 319.8 cubic inches

container. Repeat the steps with volumes of fuel blends for
RON 98 and RON 100 with AVGAS to the the blend propor-
tions of 20%, 30%, 50%, 70% and 80%. All the fuels and the
blends were kept in the engine chemical laboratory in desig-
nated containers. A total of fourteen (14) fuels were studied
in this research and are denoted as; RON 97 (Motor Gasoline),
RON 98 (Motor Gasoline), RON 100 (Motor Gasoline),
AVGAS (Aviation Gasoline), RON 98 80% AVGAS 20%
(Blend), RON 98 70% AVGAS 30% (Blend), RON 98 50%
AVGAS 50% (Blend), RON 98 30% AVGAS 70% (Blend),
RON 98 20% AVGAS 80% (Blend), RON 100 80% AVGAS
20% (Blend), RON 100 70% AVGAS 30% (Blend), RON 100
50% AVGAS 50% (Blend), RON 100 30% AVGAS 70%
(Blend) and RON 100 20% AVGAS 80% (Blend). Tables 3
and 4 list the GC results of the fuels in this study based on
hydrocarbon type. Tables 5 and 6 list the properties of the fuels
in this study.

2.5. Experimental procedure

The test fuels were prepared in the laboratory prior to the
engine test. The initial step is to switch on all the devices (i.e.
computer, data acquisition system, gas emission analyser and
exhaust ventilation system). This was followed by filling the
fuel tank with the test fuel. After that, the in-line valve was
opened to allow gasoline flow to the test engine. No modifica-
tions were made to the test engine for all tests and the tests
were performed under steady-state condition with sufficiently
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Table 2 Sensor installation on Lycoming O-320-D3G engine connected to dynamometer.

Measurement Measurement Range Measurement Technique Accuracy
1 EGT Sensor 0 - 1200 'C Type K thermocouple +0.3°C
2 Engine speed (RPM) 0 — 10,000 rpm Jack Shaft Magnetic RPM Pick-Up Transducer + | rpm
3 Engine shaft torque + 600 Nm Strain Gauge Type Load Cell + 0.1 Nm
4 Brake horsepower (BHP) - - + 0.03 kW
5 BSFC - Fuel Flow Transducer (BSFC) + 5 g/kWh
6 Fuel temperature 0 - 1200 'C Type K thermocouple + 0.3C
7 Oil temperature 0 - 1200 C Type K thermocouple + 0.3°C
8 Time = = + 0.1s
Fig. 3 Thermocouple location at the location right before carburettor.

Table 3 GC result based on hydrocarbon type of RON 100 and the blends with AVGAS.

20% RON100 30% RONI100 50% RON100 70% RONI100 80% RON100 RON100 RON97

80% AVGAS 70% AVGAS 50% AVGAS 30% AVGAS 20% AVGAS
Paraffin 1.1311 2.2934 2.4277 3.2458 3.7789 3.4882 4.8729
Iso-Paraffin 49.8305 46.9448 36.9661 25.9592 19.7674 8.5707 13.4714
Aromatic 39.7242 44.4759 52.7859 60.8239 67.4903 71.626 60.5435
Olefin 1.3548 1.1628 2.5969 2.9697 3.0627 6.0864 6.1344
Toluene 18.3071 18.0334 17.4734 15.8871 15.6933 12.8383 4.8397
Amine ND ND ND ND ND ND 1.629
Tetra-alkyl 1.7052 1.6312 0.8832 0.8831 0.6748 0.3657 ND
TEL 0.7529 0.6089 0.4534 0.2989 0.1401 0 ND
Table 4 GC result based on hydrocarbon type of RON 98 and the blends with AVGAS.

AVGAS 20% RON98 30% RON9S 50% RON9S8 70% RON98 80% RON98 RON98

80% AVGAS 70% AVGAS 50% AVGAS 30% AVGAS 20% AVGAS

Paraffin 0.6427 1.7769 2.5101 3.4412 4.406 4.5478 2.5477
Iso-Paraffin 67.0805 47.9025 34.4183 21.3176 14.323 10.8251 0.7736
Aromatic 18.2473 43.7014 55.6202 64.6815 72.6811 77.3139 87.8006
Olefin 0.1466 2.4062 3.2173 3.9965 5.0564 5.0704 5.4589
Toluene 17.807 18.344 17.4154 15.2317 14.0462 13.4448 11.0079
Amine ND 0.0192 0.0234 0.0399 0.0482 0.0698 1.75178
Tetra-alkyl 2.0006 0.3409 0.2566 0.2133 0.1738 0.1163 0.0463
TEL 0.9039 0.7453 0.5588 0.3217 0.1985 0.1043 Not Detected
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Table 5 Basic fuel properties of tested fuels.

FUEL Motor Octane Tetraethyl Lead, Density at 15 °C, Vapor Pressure, Heat of Combustion,  Ty;;,—»
NumberASTM mL/L ASTM Kg/m® ASTM KkPaASTM MJ/KgASTM D3338  (Carcutated)
D2700 D5059 D4052 D5191

1  RONY97 88.0 0.001 775.0 49.9 44.30 63.1

2 RON98 91.8 ND 754.0 48.9 45.50 63.2

3 80% RONOS 93.0 0.12 745.1 51.3 45.10 64.6
20% AVGAS

4  70% RONO98 94.5 0.18 737.7 50.6 44.94 66.3
30% AVGAS

S5  50% RON98 95.8 0.28 730.0 50.1 44.43 66.9
50% AVGAS

6 30% RONOS 97.0 0.39 722.0 49.5 44.30 68.4
70% AVGAS

7  20% RONOS 98.9 0.44 715.4 49.1 43.99 70.9
80% AVGAS

8 RONI100 92.7 ND 740.2 42.0 45.90 66.5

9 80% RONI100 94.1 0.11 738.0 41.6 45.48 67.1
20% AVGAS

10 70% RONI00 95.6 0.17 734.0 40.9 45.06 67.8
30% AVGAS

11 50% RONI100 96.9 0.28 727.8 40.3 44.64 68.4
50% AVGAS

12 30% RONI00 97.6 0.39 721.4 40.0 44.22 69.0
70% AVGAS

13 20% RONI100 98.5 0.45 715.0 39.8 43.99 69.7
80% AVGAS

14 AVGAS 102.2 0.51 708.0 39.8 43.81 70.1

Table 6 Distillation profile of tested fuels.
FUEL Initial 10 vol 40 vol 50 vol 90 vol Final Boiling Sum of Recovery, Residue, Loss,

Boiling % % % % Point, °C 10% + volume % volume %  volume
Point, °C 50% %

1  RON97 30.0 48.0 99.8 123.0 160.0 210.0 145.0 109.0 0.9 0.6

2 RON98 37.9 45.0 102.5 1350 155.0 190.0 150.0 105.0 0.4 0.6

3 80% RONO9S 37.5 44.7 101.3 1443 1488 179.5 154.3 104.2 0.4 0.5
20% AVGAS

4 70% RON98 37.5 49.4 100.8 123.5 142.6 168.9 155.0 103.3 0.4 0.3
30% AVGAS

5  50% RONO98 36.8 54.0 99.1 122.8 1363 1584 158.0 102.5 0.4 0.2
50% AVGAS

6  30% RONO9S 36.4 59.0 98.5 112.1  130.1 1478 163.1 101.6 0.4 0.1
70% AVGAS

7  20% RON9S8 36.4 63.5 97.5 101.1 1239 1373 173.1 100.0 0.4 —0.1
80% AVGAS

8 RONI100 35.0 55.5 86.6 91.9 155.8  180.0 153.2 98.2 0.9 1.5

9 80% RONI100 35.1 57.7 88.7 93.3 146.2 178.6 155.6 98.5 0.8 1.2
20% AVGAS

10 70% RON100 35.1 59.9 90.9 94.8 136.7 171.5 158.3 98.9 0.7 0.9
30% AVGAS

11 50% RONI100 35.3 62.2 92.5 96.2 127.0  165.0 160.6 99.1 0.6 0.5
50% AVGAS

12 30% RONI100 35.4 64.4 94.6 97.6 117.3  134.0 163.5 99.4 0.5 0.3
70% AVGAS

13 20% RONI100 35.4 66.6 95.5 99.1 110.2  130.7 166.7 99.4 0.4 —0.1
80% AVGAS

14 AVGAS 35.6 68.5 96.5 104.7 107.7 126.7 169.0 99.9 0.4 —0.3
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warmed up exhaust gas temperature [41]. The fuel tank was
first drained using a fuel pump to completely remove the pre-
vious fuel that was used for testing and the test fuels were also
filled by using the same pump to avoid any spillage. Before the
test run for actual data collection, the test fuel was run for at
least 15 min to ensure the engine is circulating only the test
fuel to avoid any unnecessary data errors [42]. The experi-

ments were carried out at 100% load keeping throttle
100% wide open. “Step RPM Test” mode (between 2000
and 2700 RPM with 100 RPM intervals) was conducted.
All parameters were measured continuously by digital data
acquisition. For improved accuracy, each test point was
repeated three times. Fig. 4 shows the experimental flow chart
of the research.

Start

!

Fuel Selection

'

AVGAS/MOGAS/Blends (ASTM 7826)
Base gasoline, 80%, 70%, 50%, 30% 20% blends

! v

v

Data Collection

No
Expected

MON, Vapor pressure, Characterisation GC Analysis Hydrgcarl)_on
Density, Heat of Classification
Combustion, ¢ ¢
Distillation profile ¢
Experimental Test Set Up
(Dynamometer)
1.  AVGAS
2. RON 100 v
3. RON00 80% AVGAS 20% Test Fuel Preparation
4. RON 100 70% AVGAS 30% P
5. RON 100 50% AVGAS 50% +
6. RON 100 30% AVGAS 70%
7. RON 100 20% AVGAS 80% a1 . l¢— Calibrate |4
3 RON 100 Filling Fuel Tank with Test Fuel & Repeat
9. RON 98 80% AVGAS 20% *
10.  RON 98 70% AVGAS 30%
11. RON 98 50% AVGAS 50% . .o
12 RON 98 30% AVGAS 70% Dynamometer, Engine, Emission Analyser — Start Up
13.  RON 98 20% AVGAS 80% +
14. RON97
4 Fuel in-line valve opened to allow fuel into the engine
Test Run for 15 minutes to remove traces of other fuels and
stabilisation of the engine test bed with new test fuel
Repeat with New Test Fuel *
4 Run automated Load test
STEP RPM Test (2000 — 2700 RPM) — 100 RPM interval
100% Load, Throttle Wide Open

Results

Yes

Data Analysis |

)

Finish

Fig. 4 Flow Chart of the research.
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2.6. Factor analysis (FA)

Factor Analysis (FA) is often used by scientists to obtain the
dimensional structure of data and for data reduction purposes
[43.44]. Factor analysis is one method which is commonly used
to reduce data and come up with a dimensional structure of
data interrelating each other in term of principal components
[44.,45]. Statistical Package for the Social Sciences (SPSS) ver-
sion 16.0 was used in this research paper for factor analysis.
Factor analysis (FA) extract a set of p variables a reduced
set of m components or factors that accounts for most of the
variance in the p variables [46,47]. In other words, reduction
of a set of p variables to a set of m underlying superordinate
dimensions [46]. Suppose that we have a random vector X as
per Eq. (2).

X

X,
X=1| . ()

XP

with population variance—covariance matrix Eq. (3);

2 g2 O1p
g1 O'% O2p

var(X) == (3)
Op1 O 0'}2)

Where o is the standard deviation and o is the variance of
the function. Consider the linear combinations Eq. (4);

YI = enXi+enXo+---+e,X,
Y = enXi+enXo+---+eX,

(4)
Y, = enXitepXo+--+epX,

Each of these can be thought of as a linear regression, pre-
dicting Y; from X, X,, ..., X,,. There is no intercept, but e;j,
ei, ..., €jp can be viewed as regression coefficients. Note that
Y; is a function of random data, and so is also random. There-
fore, variance is calculated as per Eq. (5);

P p
var(Y;) = exeion = € 2e; (5)
k=1 =1

Y; and Y; have covariance as per Eq. (6);

P P
COV(Y,', Y]) = Z Ze,-keﬂakl = e/,-Ze,- (6)
k=1 I=1

The variance and the covariance of covariance matrix are
absolute numbers. Hence, when the variables of the covariance
matrix are not measured in the same units then the covariance
or variances cannot be compared. The variables that has larger
values in the measurements will give larger variances while the
variables with smaller values in the measurements giving smal-
ler variances in factor analysis.

Once data reduction process has been applied by imple-
menting factor analysis descriptive, extraction methodology
is set for principal components with correlation matrix analysis
of components having eigenvalues of more than one. Then, the

variance contribution rate and cumulating contribution rate of
each principal component are obtained. The principal compo-
nent is calculated and the principal component to be retained
whose eigenvalue is greater than 1 or the cumulating variance
contribution rate is greater than 85% is determined.

2.7. Parameters of the study

In this research, aviation rated gasoline samples totalling
twenty three (23) from [26,29,48-51], covering a range of phys-
ical and chemical characteristics, as per Tables 7 and 8 were
investigated using factor analysis to make a comprehensive
evaluation of their vapor lock tendencies as per explained
and detailed out in Nazarov et al (1986) and as per suggestion
by Thom et al. (2015) to further study the relationship men-
tioned by Nazarov et al. (1986).

Sixteen (16) variables of the selected fuels were subjected to
data reduction in terms of vapor lock as per Table 9 (see
Table 10).

Based on Table 9, the V16y parameter for the vapor lock-
ing tendency of the gasoline will be studied based on the Ty,
L—»o value which is calculated using Eq. (7) is the temperature
at which a gasoline forms a vapor-liquid ratio of 20 (V/
L = 20) [26.,35,37]. At atmospheric pressure Ty -2 is the
temperature the gasoline exists as 20 volumes of vapor in equi-
librium with one volume of liquid [26,35,56,57]. Hence Ty,
L=»o value is given priority for vapor lock tendency
investigation.

Ty = 5247 —0.33(P,) +0.20 (T10) +0.17(T50)  (7)

2.8. Kaiser’s measure of sampling adequacy (MSA)

In this study, the reliability of the data was measured using
Kaiser’s Measure of Sampling Adequacy (MSA) measure of
sampling adequacy [58]. Data’s validity was measured using
Bartlett’s test of Sphericity [58-63]. Kaiser’s Measure of Sam-
pling Adequacy (MSA) for a variable X is the ratio of the sum
of the squared simple r’s between X; and each other X to (that
same sum plus the sum of the squared partial r’s between X;
and each other X) [44,46]. MSA is calculated based on Eq. (8).
[
MSA = % (8)
2ty

Kaiser’s description on the MSA [46,58,61];

Above 0.9 = marvelous,
above 0.8 = meritorious,
above = middling,

above 0.6 = mediocre,
above 0.5 = acceptable
below 0.5 = unacceptable

2.9. Varimax rotation

Varimax rotation, which is the most common rotational
method used in factor analysis is applied in this research
[58-63]. It maximizes the sum of the variances of the squared
loadings as all the coefficients will be either large or near zero,



5714

A. Manickam Wash et al.

Table 7 Basic fuel properties of 23 aviation fuels [26,29,48-55]

FUEL Source  Motor Octane Tetraethyl Density at 15 °C, Vapor Heat of Tv/L=20
Number Lead, mL/L Kg/m? Pressure, kPa  Combustion, MJ/ (Calculated)
ASTM D2700 ASTM D5059 ASTM D4052 ASTM D5191 Kg
ASTM D3338
1 SWIFT UL 102 [52] 104.4 0.01 819 42.5 41.90 77.4
2 SWIFT Binary  [53] 102.2 0.01 810.3 48.5 41.90 73.5
Blend
3 100 SF [50] 102.6 0.01 792 47.8 41.76 74.6
4  80% SF + 20% 101.2 0.33 768 459 42.01 74.4
100LL
5  60% SF + 40% 100.8 0.62 756 43 42.00 72.9
100LL
6 40% SF + 60% 100.2 0.89 744 40.5 42.96 71.3
100LL
7  20% SF + 80% 101.1 1.17 720 42.1 43.40 69.8
100LL
8 AVGAS This 102.2 0.51 708 39.8 43.81 70.1
Study
9 ULY% [54] 94.4 0.01 696.2 48.7 44.01 65.5
10 Hjelmco [51] 99.6 0.001 720.8 44.5 43.65 69.0
11 AVFI1 [29] 100.1 2 723.9 40.6 43.73 70.1
12 AVF2 100.5 0.35 724.5 38 43.64 70.6
13 AVF3 100.2 0.55 725.3 384 43.69 71.6
14 AVF4 100.8 0.9 721 41.4 43.71 69.5
15 Leaded 91/98 [55] 92.0 0.502 715.6 50.1 43.64 66.1
16 100LL (D910) [26] 99.6 0.53 N. A 38-49 43.50 68.2
17 91 (D910) 90.8 0.53 N. A 38-49 43.50 68.2
18 100VLL (D910) 99.6 0.43 N. A 38-49 43.50 68.2
19 100 (D910) 99.6 1.06 N. A 38-49 43.50 68.2
20 UL 82 (D6227)  [49] 82.0 0.013 N. A 38-62 40.80 74.5
21 UL 87 (D6227) 87.0 0.013 N. A 38-62 40.80 74.5
22 UL 91 (D7547) [48] 91.0 0.013 N. A 38-49 43.50 69.2
23 UL 94 (D7547) 94.0 0.013 N. A 38-49 43.50 69.2

with few intermediate values [46,61]. The goal is to associate
each variable at most one factor. Varimax rotation (V) finds
the rotation that maximizes this quantity. The Varimax proce-
dure, as defined in Eq. (9), selects the rotation in order

to maximize;
P N\ 2 2
> (1)
=1

Here, Regression coefficients (lj) = factor loadings.;
lij = loading of the ith variable on the jth factor m = factors

P

= ()

= | =

©)

2.10. First principal Component: Y,

The first principal component is the linear combination of x-
variables that has maximum variance, the second principal
component is the linear combination of x-variables that
accounts for as much of the remaining variation as possible
and all subsequent principal components have this same prop-
erty — they are linear combinations that account for as much of
the remaining variation as possible and they are not correlated
with the other principal components [64]. These are expressed
in terms of Equations below.

P

P
z : E : /
Var(Yl) = €1k€110x = € 1261

k=1 I=1

(10)

P P

V'dI'(Y2) = Z ZeZkGZIUkl = 6/2262 (11)
= =1
P P

var(Y;) = Z Zeikeilﬂkl =€ (12)

k=1

=1
2.11. Deciding how many components to retain

Principal components associated with eigenvalues (A). Any
principal component associated with an eigenvalue whose
weight is more than or equal to 1.0 is retained. In a factor anal-
ysis model, each eigenvalue represents the level of variation of
the original features explained by the associated principal com-
ponents. If k-components are retained, then we may represent
the cumulative variance explained by the first k principal com-
ponents by Eq. (13).
E:(:lj'i

=S5
i:l;{i

(13)

2.12. Communalities

Communality would be the overall impact for a single ascer-
tained factor after each of the factors corresponding with it.



Table 8 Distillation profile of 23 aviation fuels [26,29,48-51]

FUEL Source Initial Boiling 10 vol 40vol 50vol 90 vol Final Boiling Sum of 10% + Recovery, Residue, volume Loss, volume
Point, °C % % % % Point, °C 50% volume % % %
1 SWIFT UL 102 52] 28.0 58.0 161.0 161.0 161.5 182.0 219.0 99.0 0.4 0.6
2 SWIFT Binary 3] 28.0 48.5 161.0 161.0 161.5 175.0 209.5 98.5 0.5 1.0
Blend
3 100 SF [50] 27.6 52.2 161.1 161.3 161.5 176.2 213.5 99.7 0.3 0.0
4  80% SF + 20% 31.8 54.7 143.9 153.5 161.3 169.4 208.2 99.7 0.4 —0.1
100LL
5  60% SF + 40% 33.3 59.3 122.7 1343 161.5 170.2 193.6 99.4 0.5 0.1
100LL
6 40% SF + 60% 35.0 62.4 107.6 134.5 161.3 173.5 163.7 99.6 0.3 0.1
100LL
7  20% SF + 80% 35.7 65.9 100.6 122.3 144.0 169.4 172.3 100.1 0.5 —0.6
100LL
8 AVGAS This 35.6 68.5 96.5 102.1 107.7 126.7 169.0 99.9 0.4 —0.3
Study
9 UL% [54] 37.5 64.5 92.0 95.6 99.5 115.0 160.0 98.0 0.7 1.3
10 Hjelmco [51] 39.0 67.0 101.0 106.0 111.0 135.0 172.0 98.2 1.4 0.4
11 AVFI [29] 39.0 69.5 97.5 103.0 108.5 138.0 170.5 98.0 1.2 0.8
12 AVE2 39.0 69.5 97.0 98.5 100.0 110.5 168.0 99.0 0.7 0.3
13 AVEF3 38.5 70.5 101.5 105.8 110.0 168.5 174.5 98.0 1.2 0.8
14 AVF4 37.5 68.0 97.5 102.5 107.5 128.5 168.5 99.0 0.8 0.2
15 Leaded 91/98 [55] 37.0 68.2 94.3 97.9 101.5 115.0 165.3 98.8 1 0.2
16 100LL (D910) [26] N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
17 91 (D910) N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
18 100VLL (D910) N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
19 100 (D910) N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
20 UL 82 (D6227) [49] N. A Max Min Max Max Max 225 Min 191 Min 95 Max 2 Max 3
70 60 125 190
21 UL 87 (D6227) N. A Max Min Max Max Max 225 Min 191 Min 95 Max 2 Max 3
70 60 125 190
22 UL 91 (D7547) [48] N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
23 UL 94 (D7547) N. A Max Min Max Max Max 170 Min 135 Min 97 Max 1.5 Max 1.5
75 75 105 135
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Table 9 Vapor lock parameters.

Variable Description

Vi Motor Octane Number

V2 Tetraethyl Lead

V3 Density

V4 Initial Boiling Point

V5 10 vol%

Vo6 40 vol%

\%i 50 vol%

V8 90 vol%

V9 Final Boiling Point

V10 Sum of 10% + 50%

Vi1 Recovery, volume %

Vi2 Residue, volume %

Vi3 Loss, volume %

Vi4 Vapor Pressure

V15 Heat of Combustion

V16yy, Tv/i-20

Table 10 Reliability and validity.

Vapor Lock

Bartlett’s test Chi-Square 161.5

of Sphericity df 134
Sig 0.000

Kaiser’s Measure of Sampling Adequacy (MSA) 0.728

It is usually equivalent towards the total of each of the squared
factor loadings for those factors pertaining to the ascertained
factor which this value would be the equivalent to R2 in mul-
tiple regression. The value varies starting from zero to 1
whereby 1 show which the factor could possibly be totally
characterized based on the factors as well as lacks any individ-
uality. On the contrary a value of 0 implies that variable may
not be forecasted at any cost through from either of the fac-
tors. The communality is often based of each variable through
taking the total of the squared factor loadings for every factor
corresponding along with the variable. The communalities for
the ith variable are computed by taking the sum of the squared
loadings for that variable as per Eq. (14);

b =>"1 (14)
=1

2.13. Standardisation of the variables

If the variables have different units of measurement, (i.e.,
pounds, feet, gallons, etc), or if we wish each variable to
receive equal weight in the analysis, then the variables should
be standardized before conducting a principal components
analysis. To standardize a variable, subtract the mean and
divide by the standard deviation [58,60,65] as per Eq. (15):

Xii — X
Z; =18 (15)

e X;j = Data for variable j in sample unit i
e x; = Sample mean for variable j
e s; = Sample standard deviation for variable j

2.14. Factor analysis procedure with standardized data

The estimated principal components scores are calculated
using the standardized data as per Eq. (16):

Y, = enZ +enlo+---+eZ,

Y, = enZ +enZ,+---+eyl,
(16)
Y

p = CpZitepnlst - FepZ,

2.15. Estimation of factor scores

The methods for estimating factor scores depend on the
method used to carry out the factor analysis. The vectors of
common factors F is of interest. There are m unobserved fac-
tors in the model, and those factors can be calculated using Eq.
(17). Fig. 5 exhibits the flow chart of the data analysis method-
ology using factor analysis (see Fig. 6).

>iF:
> iSFy

3. Results and discussion

(17)

FactorScore =

Kaiser’s Measure of Sampling Adequacy (MSA) measure of
sampling adequacy value is 0.728 for VL investigation (more
than 0.6) which indicates factor analysis is useful with the data
used in this study. Significance probability of Bartlett’s test of
Sphericity is 0.000 (<0.05) for both investigation, which indi-
cates that the parameters are related, so it is suitable for factor
analysis [58,60,63,66].

Beaumont (2012) says that it is a good sign if there are
many correlations above 0.3 and few correlations below 0.3
it is a waste of time carrying on with the analysis. From corre-
lation matrix as per Table 11 it is analysed that most parame-
ters have relatively strong correlation, so it is necessary to
make a factor analysis. Based on Table 11, it is noticed that
parameter 16 (vapor lock) correlates extremely well with
parameters V3, V5, V6, V7, V8, V9, V10, V14 and V15.

3.1. Evaluation of eigen value (1), contribution rate of variance
of the correlation matrix and extract Number of factors

This Section presents the results of factor analysis using vari-
max as rotation method for factor loadings. Only parameters
V3, V5, V6, V7, V8, V9, V10, V14, V15 and V16 were consid-
ered since these parameters had strong correlation with V16yy.
Eigenvalue (1) and contribution rate of variance of the corre-
lation matrix are important parameters to be considered in fac-
tor analysis. Eigenvalues of any principal component
associated with an eigenvalue whose magnitude is greater than
or equal to 1.0 is chosen for further analysis [45,58,71,59-61,
63,67-70]. Based on Table 12, it is noticed that only four (4)
eigenvalues were above 1, for VL, thus study concluded that
four components were extracted from sixteen (10) variables.
Factor analysis is used as a common factor’s extraction
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method. Four common factors and their cumulative variance
proportion of rotation sums of squared loadings (Table 12)
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Fig. 6  Scree Plot.

has reached 95.530% for VL. So, four common factors repre-
sent the whole amount of information in this study.

3.2. Determination of common factors as rotated component
matrix

Varimax with Kaiser Normalization method is used to obtain
communalities, rotated component matrix and component
score coefficient matrix as shown in Table 13. It needs the
application of revolving of component matrix. The purpose
of rotation would be to spot the axes near to as many points
as it can [58,61.62,70]. This might relate every single set of vari-
ables having factor (axis) as well as attain explanation better
objective [58,61,62,70]. The ensuing axes subsequently portray
the natural factors. That is certainly, in a few prevalent factors
each variables own higher loads, whereas in many others lesser
loads [58,61,62,70].
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Table 11 Correlation matrix (Vapor Lock).
V1 V2 V3 V4 V5 Vo6 V7 V8 V9 V10 V11 VIi2 V13 V14 VIS5 Vl16yL
V1 1.000 0.345 0.231 -0.768 -0.499 0.654 0.441 -0.265 -0.389 0.246 0.779 -0.731 -0.762 0.005 0.275 0.128

V2 1.000 -0.401 -0.133 0.202 -0.139 -0.347 -0.361 -0.323 -0.220 0.327 -0.182 -0.393 -0.275 0.438 -0.259
V3 1.000 -0.467 -0.689 0.703 0.871 0.643 0.503 0.610 0.102 -0.284 0.011 0.124 -0.656 0.756
V4 1.000 0.792 -0.796 -0.690 -0.008 0.199 -0.440 -0.689 0.747 0.615 -0.221 0.035 -0.228
V5 1.000 -0.914 -0.894 -0.388 -0.094 -0.781 -0.544 0.711 0.415 -0.096 0.489 -0.561
V6 1.000 0.910 0.195 -0.057 0.779 0.687 -0.795 -0.584 0.029 -0.322 0.582
V7 1.000 0.452 0.230 0.767 0.392 -0.561 -0.270 0.168 -0.559 0.697
V8 1.000 0912 0462 -0.285 0.096 0.380 -0.124 -0.908 0.731
V9 1.000 0.239 -0.532 0.391 0.584 -0.139 -0.776 0.613
V10 1.000 0.358 -0.506 -0.251 -0.393 -0.707 0.828
V11 1.000 -0.938 -0.979 -0.052 0.245 0.075
Vi2 1.000 0.848 0.063 -0.039 -0.242
V13 1.000 0.042 -0.353 0.028
V14 1.000 0.263 -0.474
V15 1.000 -0.839
V16y., 1.000

Table 12 Total variance explained.

Component  Initial Eigenvalues Extraction Sums of Squared Loadings Rotation Sums of Squared Loadings

Total % of Variance Cumulative %  Total % of Variance Cumulative % Total % of Variance = Cumulative %

1 4.668 46.676 46.676 4.668 46.676 46.676 3.649 36.491 36.491
2 2.124 21.240 67.916 2.124  21.240 67.916 2.349 23.491 59.982
3 1.607 16.067 83.982 1.607 16.067 83.982 2.168 21.680 81.662
4 1.155 11.547 95.530 1.155 11.547 95.530 1.387 13.868 95.530
5 0.234 2.341 97.870
6 0.070  0.703 98.574
7 0.065 0.647 99.221
8 0.041  0.405 99.626
9 0.023  0.230 99.857
10 0.014 0.143 100.000

Extraction Method: Factor Analysis

Table 13 Communalities and component matrix.

Variables Communalities Rotated Component Matrix Component Score Coefficient Matrix
1 2 3 4 1 2 3 4

V3 0.873 0.464 0.535 0.540 0.285 0.057 0.144 0.161 0.157

\A 0.967 0.240 -0.284 -0.909 -0.050 0.220 -0.081 -0.503 0.110

V6 0.979 0.552 -0.100 0.811 0.076 0.107 -0.196 0.385 0.024

V7 0.979 0.881 0.081 0.297 0.329 0.284 -0.114 0.013 0.294

V8 0.962 0.205 0.936 0.205 -0.034 -0.066 0.435 0.005 -0.107
V9 0.965 0.096 0.974 0.008 0.081 -0.072 0.475 -0.108 -0.009
V10 0.942 0.776 0.071 0.461 -0.350 0.167 -0.068 0.195 -0.257
V14 0.980 -0.092 0.072 0.081 0.980 0.040 -0.040 -0.062 0.731

V15 0.939 -0.890 -0.326 0.204 -0.003 -0.290 -0.082 0.253 -0.080
V16 0.966 0.917 0.156 -0.034 -0.315 0.269 0.003 -0.110 -0.167

Extraction Method: Factor Analysis. Rotation Method: Varimax with Kaiser Normalization

Table 13 presents the communality involving 10 variables through each of the factors corresponding by it. It is equivalent
individually once the prevalent factor is taken out. Communal- to the total of each of the squared factor loadings for every fac-
ity will be the overall impact on a single ascertained variable tor associated towards the ascertained variable then this value
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is similar with R? in multiple regression. The value varies start-
ing from 0 to 1 wherein 1 show that this variable is often fully
characterized based on the factors plus in comparison a value
of 0 shows that this variable may not be predicted by any
means from any one of the factors. Communality value of as
high as possible, nearer to one is preferred [58,61,63]. Commu-
nalities column values display each parameter communalities,
computed through three prevalent factors. Following is usually
noticed that the taken prevalent factors give an effective anal-
ysis from the 10 parameters and this strength of the study
based on factor analysis.

Based on Table 13, for VL, taking the loading of the
rotated components into consideration the first component is
mainly related to density, 40% volume, 50% volume, sum of
10% and 50% volume, heat of combustion and Ty, —»o.
The second component is mainly related to density, 90% vol-
ume, final boiling point and the heat of combustion. The third
component explains density, 10% volume, 40% volume, and
the sum of 10% and 50% volume. The last component
explains 50% volume, sum of 10% and 50% volume, vapor
pressure and Ty, -2,

Based on the loadings of the rotated components, before
conclusion can be made, it is important to study the correla-
tion of each principal component towards VL index that mea-
sure the tendency of vapor lock. From Table 13, it is noticed
that only PC1 has strong significant correlation with VL index.
The value of 0.917 suggests that PC1 has strong significant and
positive correlation with Ty, -2 value, indicating that fuels
with high PC1 score will have the characteristics of high Ty,
L—»o Vvalue, which means, Ilesser tendency to VL
[35,37,38,57,72-76].

3.3. Predicted empirical equations for the determination of vapor
lock (VL) tendency of the tested fuels

Using the component score coefficient matrix (Table 13), the
VL tendency Equation be created [58,59,79,60-63,70,71,77,78
]. Descriptive statistic of independent variables involved in
analysis by using mean, standard deviation and sample size
(N) is as per Table 14 was used for standardization. Process
of standardization was conducted by subtracting the mean
from variable and followed by dividing the value with their
corresponding standard deviation [58,60,65] and 10 equations
were derived for VL investigation as per Eqgs. (18)—(27). This
standardization step was conducted so that all standardized
variables can be used for factor analysis, to calculate the Z
score, before it can be related to the component score coeffi-
cient matrix in Table 13.

Process of standardization for vapour lock variables are as
per Egs. (18)—(27) below.

(V3 —741.77)

ZV3 = 3118159 (18)
ZV5 :% (19)
zw:% (20)
zv7:% (21)

Table 14 Descriptive statistics.

Variable Mean Std. Deviation Analysis (N)
V3 741.77 31.18159 23
\& 65.9435 6.96503 23
V6 100.62 30.23510 23
\% 124.07 16.98331 23
V8 136.88 28.00499 23
V9 161.87 30.29182 23
V10 170.42 27.21673 23
Vi4 44.4261 4.46249 23
V15 42.9743 0.99295 23
V16yL 70.7129 3.02211 23
(V8 — 136.83)
IV = ———— 22
28.00499 (22)
(V9 —161.87)
N9 = ————— 23
30.29182 (23)
_ (V10 — 170.42)
ZV10 = 27.21673 @4
_ (V14 —44.4261)
ZVI4 = 1624 (25)
_ (V15 —42.9743)
ZVIS = 0.99295 (26)
V16VL — 70.7129
ZV16VL = ( ) (27)

3.02211

Based on the descriptive statistics, component score coeffi-
cient matrix (from Table 13) and the standardization process
[58,60,65], empirical Equation (28) for vapor lock is created.

Factor Score (Vapor Lock) = 0.057 ZV3
+ 0.220 ZV5
+ 0.107 ZV6
+ 0.284 ZV7
— 0.066 ZV8
— 0.072 ZV9
0.167 ZV10
0.040 ZV14
— 0.290 ZV15
+ 0.269 ZV16y, (28)

3.4. Empirical equation application to the study

Eq. (28) was applied to the 23 aviation fuels studied in this
research based on factor scores for each fuel and were ranked.
To further investigate the tendency of vapor lock in the motor
gasolines and the blends studied in this research, the empirical
Eq. (28) was applied to the fuel properties of the fuels in this
study and the results were ranked. Table 15 exhibits the rank
of the aviation fuels based on factor score of vapor lock ten-
dencies from the best to the worst. The Standard ASTM
D910 AVGAS 100LL, the AVGAS and the motor gasolines



5720

A. Manickam Wash et al.

Table 15 Vapor lock factor score of 23 aviation fuels and fuels in this study.

Rank Fuel Factor Score Rank Fuel Factor Score (Vapor Lock)
(Vapor Lock) (Continued)

1 UL 82 (D6227) 2.49761 19 AVF2 0.170861
2 UL 87 (D6227) 2.42471 20 RON98 0.126166
3 SWIFT UL 102 1.607204 21 AVF4 0.113293
4 SWIFT Binary Blend 0.968078 22 20% RON100 80% AVGAS 0.021992
5 100 SF 0.687718 23 70% RON100 30% AVGAS —0.04039
6 80% SF + 20% 100LL 0.674006 24 30% RON100 70% AVGAS —0.34486
7 60% SF + 40% 100LL 0.659783 25 50% RON100 50% AVGAS —0.40486
8 40% SF + 60% 100LL 0.459156 26 80% RON100 20% AVGAS —0.51683
9 AVF3 0.442729 27 RON100 —0.69412
10 UL 91 (D7547) 0.359098 28 AVGAS —0.79191
11 UL 94 (D7547) 0.349708 29 20% RON9YS8 80% AVGAS —1.04101
12 20% SF + 80% 100LL 0.313277 30 30% RON9Y8 70% AVGAS —1.04766
13 91 (D910) 0.306863 31 RON97 —1.11273
14 100VLL (D910) 0.306863 32 50% RONY8 50% AVGAS —1.2315
15 100 (D910) 0.306863 33 70% RON9Y8 30% AVGAS —1.31766
16 Hjelmco 0.259977 34 Leaded 91/98 —1.62867
17 AVGAS 100LL (D910) 0.259977 35 80% RON9YS8 20% AVGAS —1.65013
18 AVF1 0.239074 36 UL %4 —1.73266

and the blends are highlighted in bold throughout this section
to show the comparison as per Table 15.

3.5. Vapor lock analysis based on the factor score and
experimental results

The risk of vapor locking, for example the formation of vapor
bubbles within the fuel system directing into a stagnation of
gasoline flow in the engine, is common throughout the aviation
community [17]. As per Table 15, among the aviation rated
fuels, for vapor lock tendency UL 82, UL 87, SWIFT UL
102, SWIFT Binary Blend and 100 SF have the highest factor
score. Fuels AVGAS 100LL (D910), AVF1, AVF2, AVF4,
AVGAS, Leaded 91/98, and UL 94 exhibited very poor vapor
lock tendencies.

Based on Table 15, it can be observed that the AVGAS
100LL (D910) [26] outperformed all the motor gasolines stud-
ied in this study, but the motor gasolines and blends, RON98,
20% RONI100 80% AVGAS, 70% RONI100 30% AVGAS,
30% RONI100 70% AVGAS, 50% RONI100 50% AVGAS
and 80% RON10020% AVGAS, and RON 100 showed better
vapor lock tendencies than the AVGAS respectively. Whereas,
20% RON98 80% AVGAS, 30% RON98 70% AVGAS,
RON97, 50% RON98 50% AVGAS, 70% RONO98 30%
AVGAS, and 80% RON98 20% AVGAS exhibited very poor
vapor lock tendencies compared to AVGAS.

Based on Table 15, similar differences in rank between the
AVGAS and the AVGAS 100LL (D910) [26] is observed
between the standard UL94 (D7547) [48] and the locally pur-
chased UL94 fuel used in the study by Atwood et al. (2015)
based in the USA. The standard specification of the fuel in
ASTM does not necessarily match the fuel produced locally
in any country. Production depends primary on the local
demand and the environmental factors. This attributes to the
fact that the standard UL94 (D7547), exhibits very much bet-
ter vapor lock tendency than the locally purchased UL94 in the
USA [54]. The similar trend is observed in the VL tendencies
observed between the standard AVGAS 100LL (D910) and

the locally purchased AVGAS in this study. AVGAS 100LL
(D910) outperformed the AVGAS in terms of vapor lock
due to the property difference that is clearly observed.

RON 98 exhibited the best VL protection among all the
tested fuels in this study. This is attributed to the findings by
Atwood and Rodgers (2015) who suggested fuels with high
concentrations of high-boiling-point compounds are typically
less likely to VL. Meanwhile, fuels with high concentrations
of low-boiling-point compounds typically make engine starting
easier, due to the change in the aspect ratio of the low-boiling-
point compounds, in which the evolution of the insert path
conducts the heat in a more efficient fashion, namely, more
thermally efficient in reducing the maximum temperature
[80]; but may be more prone to VL as a result of the formation
of vapor bubbles as well as therefore vapor locking in hot cir-
cumstances. This condition is clearly exhibited by AVGAS
which did not outperform most of the fuels in this study as
per Table 15.

The poor tendencies of VL among all the RON 98 blends
than the AVGAS could be attributed to the greater vapour
pressure as a result of blending of various gasoline hazards
[17]. A significantly greater vapour pressure is noticed in differ-
ence through Raoult’s Law for perfect blending. As a result of
non-linear blending results, the vapour pressure out of the
mixes as well as a non-alcohol-admixed fuel might exceed com-
pared to every single blend component, directing up to a lower
boiling point out of the gasoline. This non-linear trend is
attributed to the non-ideal mixture behaviour of the highly
polar molecule which as a pure compound has high vapor
pressure [72]. This tends to cause an unforeseen VL with typ-
ical operational temperatures [17]. Throughout engine func-
tioning thermal transients out of changing time scales are
noticed. The gasoline vaporization within the engine, consider-
ably affecting the ignitability out of the fuel air blend, is often a
really brief-timed process which is primarily influenced based
on the overall evaporation enthalpy out of the fuel [17]. The
gasoline supply towards the carburettor or even the gasoline
injectors is, conversely, a quite slow process which guides the
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liquid via different possibly heated aggregates (tubing, pumps,
mixers) through prolonged exposition times [17]. The reason
for this is that only part of the transferred heat (i.e., energy)
can do work (i.e., exergy) and the rest of the transferred energy
by heat, does not have potential to do work; the exergy
destruction due to combustion is the main source of exergy
loss [81-83]. The vapour pressure for this light gasoline com-
ponents performs a leading part in accordance with the risk
of impulsive as well as gasoline movement suffocating vapour
bubble formation. Along with elevated internal vapour pres-
sures from the gasoline, pressure falls enforced by bottlenecks
inside a fuel system due to the fact of a streaming liquid might
generate further risks of vapor bubbles formation then there-
fore vapour locking [17]. Besides that, other contributing fac-
tors such as the poor fuel volatility of AVGAS in this study
could have induced this effect further. Comparatively, the boil-
ing range of AVGAS is lower compared to the motor gasolines
in this study which has wider boiling range. Fuels with high
concentrations of low-boiling-point compounds typically
make engine starting easier, due to the change in the aspect
ratio of the low-boiling-point compounds, in which the evolu-
tion of the insert path conducts the heat in a more efficient
fashion, namely, more thermally efficient in reducing the max-
imum temperature [80,84]; but may be more prone to VL
because of the formation of vapor bubbles as well as therefore
vapor locking in hot circumstances.

The better tendencies of VL among all the RON 100 blends
than the AVGAS could be attributed to the comparatively
lower vapor pressure values exhibited by the RON 100 blends.
This could have increased the vapor lock protection among
these blends. The low vapour pressure is primarily triggered
through quite greater polarity, together by the fairly strong
hydrogen bonds with the OH part of the CH3CH2OH mole-
cule [17]. When lesser ethanol levels are disintegrated in lower
polar material such as fuel such vapour pressure damping
impact is firmly decreased since far much less partners are
found towards the maintaining hydrogen bonding.

According to ASTM D910 (2017) and Research Report
RR: D02-1146 by FAA, fuels having a vapor pressure no
higher than 49 kPa will be free of vapor-locking tendencies
under most conditions of aircraft usage. Using this fact, it
can be observed that fuels that have vapor pressure more than
49 kPa are RON 97, 80% RON 98 20% AVGAS, 70% RON
98 30% AVGAS, 50% RON 98 50% AVGAS, 30% RON 98

Table 16 Experimental and calculated vapor lock results.

70% AVGAS and 20% RON 98 80% AVGAS. Hence it can
be predicted that besides these fuels, all the other fuels tested
in this study will be free of vapor-locking tendencies under
most conditions of aircraft usage.

To make a comparative analysis of the calculated factor
score of VL and the experimental data, the temperature of
the gasoline as it approaches the carburettor [17] was recorded
during experimental run and the results are presented in
Table 16 . In case the gasoline ends up being very hot coming
direct from the tank towards the engine, vapor bubbles of boil-
ing gasoline might in an instant emerge due to non-uniform
distribution of circular heat which sinks and divides single heat
sink into several smaller ones, which increases the thermal per-
formance of the system by reducing the peak temperature
[85,86]. Hence, the higher the temperature of the gasoline,
the more prone is the gasoline to VL. Table 16 compares the
experimental results and the vapor lock component score of
the gasolines.

From Table 16, it can be clearly observed that the experi-
mental VL tendency exhibited by the fuels in this study agrees
very well with the calculated factor score for VL. RON 98,
20% RONI100 30% AVGAS, 30% RONI100 70% AVGAS,
80% RONI100 20% AVGAS, AVGAS, 20% RON98 80%
AVGAS and RON 97 matches with the ranks of the fuels both
on the experimental temperature and the factor score obtained
in this study as highlighted in bold.

As for the blends of RON 100 with AVGAS, compara-
tively, these blends largely stay at the ranks between 3 and 7
with some above and below each other between these two
experimental and factor score values. The blends of RON 98
with AVGAS exhibited poor vapor locking tendencies with
ranks between 9 and 14 but closely in terms of rank between
each other in terms of the experimental and calculated values
of vapor lock tendency. This proves that component analysis
is an excellent evaluation to be considered for future testing
of aviation related studies.

4. Conclusion

The aim of the research is specifically to make contributions in
the direction of the present scientific studies of UL aviation
gasoline initiatives in piston aircrafts, globally specifically aim-
ing on the vapor locking tendencies of aviation fuels, motor

Rank Fuel Type Temperature (‘C) Fuel Type Factor Score (Vapor Lock)
1 RON98 21.6 RON98 0.126166
2 20% RON100 80% AVGAS 21.8 20% RON100 80% AVGAS 0.021992
3 50% RON100 50% AVGAS 23.4 70% RON100 30% AVGAS —0.04039
4 30% RON100 70% AVGAS 24.1 30% RON100 70% AVGAS —0.34486
5 RON100 26.4 50% RON100 50% AVGAS —0.40486
6 80% RON100 20% AVGAS 26.6 80% RON100 20% AVGAS —0.51683
7 70% RON100 30% AVGAS 27.0 RON100 —0.69412
8 AVGAS 28.5 AVGAS —0.79191
9 20% RONY8 80% AVGAS 29.1 20% RONY8 80% AVGAS —1.04101
10 80% RONI98 20% AVGAS 29.7 30% RONI98 70% AVGAS —1.04766
11 RON 97 30.2 RON97 —1.11273
12 30% RONI98 70% AVGAS 30.9 50% RONI98 50% AVGAS —1.2315
13 50% RONI98 50% AVGAS 314 70% RONO98 30% AVGAS —1.31766
14 70% RONI98 30% AVGAS 323 80% RONI8 20% AVGAS —1.65013
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fuels and the blends and comparing the results both experi-
mentally and statistically. This paper mainly focuses on the
use of locally available motor gasoline’s compatibility in piston
aviation engine to be used in the general aviation industry
focusing on vapor lock issue. It is demonstrated in the study
that the study was conducted using a Lycoming 0-320 engine
using RON 97, RON 98, RON 100 AVGAS and the blends
with AVGAS. vapor lock evaluation was carried out using
Factor Analysis by analysis of the correlation of fuel parame-
ters and the comprehensive factor scores and comparing the
statistical measure to that of the experimental results. Results
of the study have drawn the following conclusions.

1. RON 98 gave best comprehensive factor score of 0.126166
respectively and temperatures as it approaches the
carburettor

2. AVGAS exhibited worst BSFC and worst vapor lock factor
score of all tested fuels and temperature as it approaches
the carburettor

Conclusively, the study found that MOGAS has great
ability to outperform AVGAS in terms of vapor lock. A sig-
nificant empirical model which provide a reasonably accurate
tool for prediction of vapor lock of fuels tested. The models
were used to predict vapor lock tendency. The poor exhibi-
tion of vapor lock tendencies among all the RON 98 blends
and RON 100 blends of AVGAS was found to be attributed
to the greater vapour pressure caused by blending of various
fuels hazard. As a consequence of non-linear blending
impacts the vapour pressure of the blends along with a
non-alcohol-admixed fuel might exceed compared to every
single mixture component. Higher distillation temperatures
were found to cause less severe vapor lock because the lower
the volatility as exhibited by RON 97, RON 98 and RON
100 fuels. It was also found that some higher levels of
front-end volatility can be tolerated. Wider boiling range of
these fuels are the contributing factors of good vapor lock
tendency of these fuels. With regard to all the vapour lock
risk, the primary goal would be the fuel temperature whilst
it draws near the carburettor. This study found that, both
experimental and statistical results are in excellent agreement
with each other.

Acknowledgement

This work was supported by Fundamental Research Grant
Scheme (FRGS) grant [FRGS/1/17/TK04/UTM/02/55, Vot
No. 4F968] from Ministry of Education, Malaysia. The
authors would like to thank all the individuals who have con-
tributed in this paper especially Mr. Mohd Zaid Bin Roslan
and Mr. Ahmad Bin Ismail.

References

[1] Federal Aviation Administration, “‘Aircraft fuel system,” USA,
2012.

[2] Nakama, K., Kusaka, J., and Daisho, Y., “Effect of Ethanol on
Knock in Spark Ignition Gasoline Engines,” SAE Int. J.
Engines-V117-3EJ, SAE Int. J. Engines-V117-3 15, 2009, doi:
https://doi.org/10.4271/2008-32-0020.

[3] D. Kelly, M. Efthymiou, An analysis of human factors in fifty
controlled flight into terrain aviation accidents from 2007 to

2017, J. Safety Res. 69 (2019) 155-165, https://doi.org/10.1016/J.
JSR.2019.03.009.

[4] Patterson, D., Morrison, K., Remondino, M., and Slopsema, T.,
“Light Aircraft Engines , The Potential And Problems For Use
Of Automotive Fuels Phase 1 - Literature Search,” Atlailtic City
Airport, New Jersey 08405, 1980.

[5] Morrison, K.M., Sung, N.W., and Patterson, D.J., “Some
Characteristics of Automotive Gasolines and their Performance
in a Light Aircraft Engine,” Atlantic City Airport, N.J. 08405,
1984.

[6] Byrnes, H.S., Cavage, W.C., and Ferrara, A.M., “Autogas in
General Aviation Aircraft,” Atlantic City Airport, N.J. 08405,
1987.

[7] Ferrara, A.M. and Wares, R., “The Performance of Alternate
Fuels in General Aviation Aircraft,” Springfield, Virginia 22161,
1988.

[8] Zemel, M., “Vapor to Liquid Ratio Test as an Indicator of
Volatility,” Atlantic City International Airport, N.J. 08405,
1992.

[9] N.P. Cheremisinoff, Polymer Characterization, Polym. Sci.
Technol. (1996).

[10] T.J. Wallington, E.W. Kaiserb, J.T. Farrellc, Automotive fuels
and internal combustion engines a chemical perspective -
Chemical Society Reviews (RSC Publishing), Chem. Soc. Rev.
35 (2006) 335-347, https://doi.org/10.1039/B410469M.

[11] ASTM International, ““ASTM International - Annual Book of
ASTM Standards,” 2009.

[12] Langton, R., Clark, C., Hewitt, M., and Richards, L., ““Aircraft
Fuel Systems,” United Kingdom, ISBN 9780470057087, 2009.

[13] Moir, I. and Seabridge, A., “Aircraft Systems Mechanical,
electrical, and avionics subsystems integration,” The Atrium,
Southern Gate, Chichester, West Sussex PO19 8SQ, England,
ISBN 9780470059968, 2008.

[14] T. Topgiil, H.S. Yiicesu, C. Cinar, A. Koca, The effects of
ethanol-unleaded gasoline blends and ignition timing on engine
performance and exhaust emissions, Renew. Energy 31 (15)
(2006) 2534-2542, https://doi.org/10.1016/j.renene.2006.01.004.

[15] M. Kog, Y. Sekmen, T. Topgiil, H.S. Yiicesu, The effects of
ethanol-unleaded gasoline blends on engine performance and
exhaust emissions in a spark-ignition engine, Renew. Energy 34
(10) (2009) 2101-2106, https://doi.org/10.1016/J.
RENENE.2009.01.018.

[16] Martyr, A.J. and PLIN, M.A., “Engine Testing - 3rd Edition,”
3rd ed., Butterworth-Heinemann, United Kingdom, 2007.

[17] T. Esch, H. Funke, P. Roosen, Safety Implications of Biofuels in
Aviation, Germany (2010).

[18] Experimental  Aircraft
Specifications EAA,” 2009.

[19] Federal Aviation Administration,
Information Bulletin Aircraft
Washington, DC, 2006.

[20] Ferrara, A.M., ““Alternate Fuels for General Aviation Aircr-aft
with Spark Ignition Engines,” Springfield, Virginia 22161, 1988.

[21] Cavage, W., Newcomb, J., and Biehl, K., “Engine Performance
Comparison Associated with Carburetor Icing During Aviation
Grade Fuel and Automotive Grade Fuel Operation,” Atlantic
City Airport, N.J. 08405, 1983.

[22] Clark, A.Q., “Aviation Gasoline : History and Future,” IASH
2007, the 10th International Conference on Stability, Handling
and Use of Liquid Fuels, IASH, Tucson, Arizona: 2007, 2007.

[23] Engelen, B., Baldini, L., Baro, J., Diestre, J.D., Elliott, N.G.,
Jansen, E.B.M., Sanchez, P.-M.M., Mikkonen, S., Mortier, M.,
Scorletti, P., Terschek, R., and Woldendorp, J., “Guidelines for
blending and handling motor gasoline containing up to 10% v/v
ethanol,” Boulevard du Souverain 165 B-1160 Brussels Belgium,
2008.

[24] Civil Aviation Authority of Malaysia, “Use of Motor Gasoline
(Mogas) In Light Piston Engine Aircraft,” Malaysia, 1987.

Association (EAA), “Avgas
“Special Airworthiness

Certification  Service,”


https://doi.org/10.1016/J.JSR.2019.03.009
https://doi.org/10.1016/J.JSR.2019.03.009
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0045
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0045
https://doi.org/10.1039/B410469M
https://doi.org/10.1016/j.renene.2006.01.004
https://doi.org/10.1016/J.RENENE.2009.01.018
https://doi.org/10.1016/J.RENENE.2009.01.018
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0085
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0085

Application of factor analysis in the determination of vapor lock tendency in aviation gasolines/motor gasoline/blends 5723

[25] T. Kumar, R. Mohsin, M.F.A. Ghafir, I. Kumar, A.M. Wash,
Concerns over use of leaded aviation gasoline (AVGAS) fuel,
Chem. Eng. Trans. 63 (2018), https://doi.org/10.3303/
CET1863031.

[26] ASTM, “‘Standard Specification for Leaded Aviation Gasolines,
D910 — 17a,” 100 Barr Harbor Drive, PO Box C700, West
Conshohocken, PA  19428-2959. United States, 2017,
doi:10.1520/D0910-17.2.

[27] Thom, M. and Atwood, D., ““Review of Certificates of Analysis
and Test Data of Aviation Gasoline for Current Ranges of Lead
Additive,” Springfield, Virginia 22161, 2011.

[28] Energy Commission, “Malaysia energy statistics 2015,” No.

12, Jalan Tun Hussein, Presint 2, 62100 Putrajaya,
Malaysia, ISBN 9788578110796, 2015, doi:10.1017/
CBO0O9781107415324.004.

[29] Atwood, D. and Rodgers, M., “Anti-Knock Performance of
Reduced Lead Aviation Gasoline in a Full-Scale Engine,”
Springfield, Virginia 22161, 2014.

[30] Lyons, J., Heiken, J., Dixit, P., Turner, J., Feinberg, N.,
Vigilante, M., and Wilson, D.D., “Reducing The Impact Of
Lead Emissions At Airports,” Sacramento, CA, St. Louis, MO,
Seattle, WA & Tampa, FL, 2016.

[31] T. Kumar, R. Mohsin, Z.A. Majid, M.F.A. Ghafir, N.K. Yusuf,
J. Kim, A.M. Wash, D.M. Sahrie, Response surface
methodology application in optimization of performance and
exhaust emissions of RON 98, aviation gasoline 100LL and the
blends in Lycoming O-320 engine, Fuel 256 (November) (2019)
1-19, https://doi.org/10.1016/j.fuel.2019.115909.

[32] T. Kumar, R. Mohsin, Z.A. Majid, M.F.A. Ghafir, J.Y. Kim, A.
M. Wash, Response Surface Methodology (RSM) in
Optimization of Performance and Exhaust Emissions of RON
97, RON 98 and RON 100 (Motor Gasoline) and AVGAS
100LL (Aviation Gasoline) in Lycoming O-320 Engine, SAE
Int. J. Engines 12 (4) (2019) 427—-454, https://doi.org/10.4271/03-
12-04-0029.

[33] Lycoming, “Operator > s Manual Lycoming O-320 Series,” 652
Oliver Street Williamsport, PA. 17701 U.S.A., 2006.

[34] Petersen Aviation, “‘Petersen Aviation Auto Fuel STC,” http://
www.autofuelstc.com/, 2018.

[35] L. Gibbs, B. Anderson, K. Barnes, G. Engeler, J. Freel, J. Horn,
M. Ingham, D. Kohler, D. Lesnini, R. MacArthur, M. Mortier,
D. Peyla, B. Taniguchi, A. Tiedemann, S. Welstand, D.
Bernhardt, K. Collini, A. Farr, J. Jones, J. Lind, C. Tom, J.
Benson, Chevron - Motor Gasolines Technical Review, ISBN
FTR-1 (1996).

[36] ASTM International, “Standard Specification for Automotive
Spark-Ignition Engine Fuel ASTM D4814—16el,” 2017,
doi:10.1520/D4814-16A.

[37] Corr, C., Jewitt, C., and Moore, K., “Chnges in Gasoline IV
The Auti Technicians Guide to Sprak Ignition Engine Fuel
Quality,” USA, 2009.

[38] Mccormick, R.L., “Review : Fuel Volatility Standards and
Spark-Ignition Vehicle Driveability,” (April), 2016, doi:10.4271/
2016-01-9072.

[39] Reddy, S., “CRC Project No . CM-138-15-1 Development of a
Thermodynamics- Based Fundamental Model for Prediction of
Gasoline / Ethanol Blend Properties and Vehicle Driveability,”
2016.

[40] ASTM International, “Standard Guide for Evaluation of New
Aviation Gasolines and New Aviation, D7826 — 16,” 2016,
doi:10.1520/D7826-16.

[41] H.G. How, Y.H. Teoh, K.H. Yu, H.G. Chuah, K.W.S. Lim,
“Impact of Gasoline RON on Engine Vibration, Knock and
Sound Level in a Single-Cylinder SI, Engine Akademia Baru” 1
(1) (2018) 73-81.

[42] A. Fahmi, M. Riduan, N. Tamaldin, A. Kamal, M. Yamin,
“Engine performance testing using variable RONO9S5 fuel brands
available in, Malaysia” 01023 (2017) 1-9.

[43] Minka, T.P., “Automatic choice of dimensionality for PCA,”
Cambridge MA, USA, 2000.

[44] A. Gomez-Rodriguez, A. Sanchez-Carmona, L. Garcia-
Hernandez, C. Cuerno-Rejado, Remotely Piloted Aircraft
Systems conceptual design methodology based on factor
analysis, Aerosp. Sci. Technol. 90 (2019) 368-387, https://doi.
org/10.1016/j.ast.2019.04.041.

[45] Steiner, J., “World university rankings-A principal component
analysis,” ArXiv Prepr. 1-15, 2006.

[46] K.L. Wuensch, Principal Components Analysis - SPSS,
Greenville, USA, 2012.

[47] A. Braun, W. Rid, Assessing driving pattern factors for the
specific energy use of electric vehicles: A factor analysis
approach from case study data of the Mitsubishi i-MiEV
minicar, Transp. Res. Part D Transp. Environ. 58 (2018) 225
238, https://doi.org/10.1016/J.TRD.2017.11.011.

[48] ASTM, “Standard Specification for Unleaded Aviation
Gasoline D7547 — 15el,” 100 Barr Harbor Drive, PO
Box C700, West Conshohocken, PA 19428-2959. United
States, 2015, doi:10.1520/D7547-11.2.

[49] ASTM International, “Standard Specification for Unleaded
Aviation Gasoline Containing a Non-hydrocarbon Component
D6227 — 17,” 2017, doi:10.1520/D6227-17.

[50] Atwood, D. and Rodgers, M., “Anti-Knock and Power
Performance Evaluation of Swift Fuels 100SF Fuel Blended
With Commercial 100 Low-Lead Aviation Gasoline in a Full-
Scale Engine,” 2015.

[51] Hjelmco, “The Unleaded Aviation Gasoline with Imprived
Environmental Qualities (Aviation Gasoline 91/96 Unleaded-
AVGAS 91/96 UL),” 1997.

[52] Atwood, D., “Full-Scale Engine Endurance Test of Swift
Enterprises UL102 Fuel,” Atlantic City International Airport,
NJ 08405, 2010.

[53] Atwood, D., “Full-Scale Engine Detonation and Power
Performance Evaluation of Swift Enterprises 702 Fuel,”
National Technical Information Service (NTIS), Springfield,
Virginia 22161., 2009.

[54] Atwood, D., Rodgers, M., and Huang, C., “Anti-Knock
Performance of Unleaded 94 Aviation Gasoline in High-
Octane Demand Full-Scale Engines,” Atlantic City
International Airport, NJ 08405, 2015.

[55] Wilkinson, R.., “Research Results Unleaded High Octane
Aviation Gasoline Final Report CRC Project No . Av-7-07,
3650 Mansell Road-Suite 140-Alpharetta,” 3650 Mansell
Road-Suite 140-Alpharetta, GA 30022, 2010.

[56] Kumar, S. and Dinesha, P., “Optimization of engine parameters
in a bio diesel engine run with honge methyl ester using response
surface methodology,” Meas. J. Int. Meas. Confed. 125
(December 2016):224-231, 2018, doi:10.1016/j.
measurement.2018.04.091.

[57] Gertler, A. and Hoekman, S.K., “Overview and Implications of
Gasoline Volatility Rule Change,” 2007.

[58] A. Bai, S. Hira, P.S. Deshpande, An Application of Factor
Analysis in the Evaluation of Country Economic Rank,
Procedia Comput. Sci. 54 (2015) 311-317, https://doi.org/
10.1016/j.procs.2015.06.036.

[59] Sanguansat, P., “Principal Component Analysis — Engineering
Applications,” InTech, Crotia, ISBN 9789535101826, 2012.
[60] Y. Xing, Analysis of the Relationship Between Economic
Development and Environmental Pollution of Chemical
Industry Based on Principal Component Analysis, Chem. Eng.
Trans. 62 (2017) 505-510, https://doi.org/10.3303/CET1762085.

[61] Beaumont, R., “An introduction to Principal Component
Analysis & Factor Analysis Using SPSS 19,” J. Geophys. Res.
(April):24, 2012.

[62] Jolliffe, I.T. and Cadima, J., “Principal component analysis : a
review and recent developments Subject Areas : Author for
correspondence :,” 2016.


https://doi.org/10.3303/CET1863031
https://doi.org/10.3303/CET1863031
https://doi.org/10.1016/j.fuel.2019.115909
https://doi.org/10.4271/03-12-04-0029
https://doi.org/10.4271/03-12-04-0029
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0175
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0205
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0205
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0205
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0205
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0205
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0210
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0210
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0210
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0210
https://doi.org/10.1016/j.ast.2019.04.041
https://doi.org/10.1016/j.ast.2019.04.041
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0230
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0230
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0230
https://doi.org/10.1016/J.TRD.2017.11.011
https://doi.org/10.1016/j.procs.2015.06.036
https://doi.org/10.1016/j.procs.2015.06.036
https://doi.org/10.3303/CET1762085

5724

A. Manickam Wash et al.

[63] R. Nadimi, G.H. Shakouri, Factor Analysis (FA) as Ranking
and an Efficient Data Reducing Approach for Decision Making
Units : SAFA Rolling & Pipe Mills Company Case Study, Appl.
Math. Sci. 5 (79) (2011) 3917-3927.

[64] J.P.K. Bernstein, M. Calamia, Dimensions of driving-related
emotions and behaviors: An exploratory factor analysis of
common self-report measures, Accid. Anal. Prev. 124 (2019) 85—
91, https://doi.org/10.1016/J.AAP.2019.01.004.

[65] Nazarov, V.., Zaslavskii, A.., Emel’yanov, V.., and
Gonopol’ska, A.., “Calculational Method For Determination
Of Carburetor Icing Rate,” 1986, doi:UDC 621.434.004.1.323.

[66] Beaumont, R., “An introduction to Principal Component
Analysis & Factor Analysis,” Using SPSS 19 and R (psych
package), 24, 2012.

[67] Gimenez, Y. and Giussani, G., “‘Searching for the core variables
in principal components analysis,” J. Probab. Stat. 26, 2017.

[68] H. Bai, K. Tan, K. Huang, Q. Guo, Low-carbon Development
of Urban Logistics Based on Principal Component Analysis —
A Case Study of Lanzhou City, Int. J. Bus. Adm. 8 (1) (2017)
73-79, https://doi.org/10.5430/ijba.v8nlp73.

[69] Yu, M., “Chapter 3 Measure the Energy Market Integration in
East Asia: A Principal Component Analysis Approach,”
(December):63-95, 2011.

[70] J. Kellow, Using principal components analysis in program
evaluation: Some practical considerations, J. Multidiscip. Eval.
5(2007) 89-107.

[71] Bollen, J., Sompel, H. Van de, Hagberg, A., and Chute, R., “A
principal component analysis of 39 scientific impact measures,”
PLoS One 4(6), 2009, doi:10.1371/journal.pone.0006022.

[72] American Petroleum Institute, “‘Determination of the Potential
Property Ranges of Mid-Level Ethanol Blends,” Washington
DC 20005, 2010.

[73] Smith, B.L. and Bruno, T.J., “Improvements in the
Measurement of Distillation Curves . 3 . Application to
Gasoline and Gasoline + Methanol Mixtures,” 297-309, 2007.

[74] Reynolds, R.E., “Fuel Specifications and Fuel Property Issues
and Their Potential Impact on the Use of Ethanol as a
Transportation Fuel,” South Bend, IN 46680-2587, 2002.

[75] G.M. Chupka, E. Christensen, L. Fouts, T.L. Alleman, M.A.
Ratcliff, R.L. McCormick, Heat of Vaporization Measurements
for Ethanol Blends Up To 50 Volume Percent in Several
Hydrocarbon Blendstocks and Implications for Knock in SI
Engines, SAE Int. J. Fuels Lubr. 8 (2) (2015), https://doi.org/
10.4271/2015-01-0763.

[76] Hsia, C.H., “Vapor Lock in Aircraft Fuel System,” China, 1993.

[77] L.C. Lee, C.-Y. Liong, O. Khairul, A.A. Jemain, Effects of
Baseline Correction Algorithms on Forensic Classification of
Paper Based on ATR-FTIR Spectrum and Principal
Component, Sci. Technol. 25 (3) (2017) 767-774.

[78] Cornich, R., “Principle Component Analysis,” Statistics :
Principal of Component Analysis, 3, 2007.

[79] S. Singh, A. Prakash, N.R. Chakraborty, C. Wheeler, P.K.
Agarwal, A. Ghosh, Trait selection by path and principal
component analysis in Jatropha curcas for enhanced oil yield,
Ind. Crop. Prod. 86 (2016) 173-179, https://doi.org/10.1016/j.
indcrop.2016.03.047.

[80] M.R. Hajmohammadi, E. Rezaei, Proposing a new algorithm
for the optimization of conduction pathways based on a
recursive localization, Appl. Therm. Eng. 151 (February)
(2019) 146153, https://doi.org/10.1016/j.
applthermaleng.2019.01.109.

[81] M. Razmara, M. Bidarvatan, M. Shahbakhti, R.D. Robinett,
Optimal exergy-based control of internal combustion engines,
Appl. Energy 183 (2016) 1389-1403, https://doi.org/10.1016/;.
apenergy.2016.09.058.

[82] M.R. Hajmohammadi, M. Ahmadian, S.S. Nourazar,
Introducing highly conductive materials into a fin for
increasing the heat transfer enhancement, Int. J. Mech. Sci.
150 (2019) 420426, https://doi.org/10.1016/j.
ijmecsci.2018.10.048.

[83] M.R. Hajmohammadi, H. Parsa, J. Najafian, Proposing an
optimal tree-like design of highly conductive material
configuration with unequal branches for maximum cooling a
heat generating piece, Int. J. Heat Mass Transf. 142 (2019),
https://doi.org/10.1016/j.ijheatmasstransfer.2019.07.072 118422.

[84] M.R. Hajmohammadi, E. Rasouli, M. Ahmadian Elmi,
Geometric optimization of a highly conductive insert intruding
an annular fin, Int. J. Heat Mass Transf. 146 (2020), https://doi.
org/10.1016/j.ijheatmasstransfer.2019.118910 118910.

[85] M.R. Hajmohammadi, M. Mohammadifar, M. Ahmadian-
Elmi, Optimal placement and sizing of heat sink attachments
on a heat-generating piece for minimization of peak
temperature, Thermochim. Acta 689 (May) (2020), https://doi.
org/10.1016/j.tca.2020.178645 178645.

[86] M.R. Hajmohammadi, S. Gholamrezaie, A. Ahmadpour, Z.
Mansoori, Effects of applying uniform and non-uniform
external magnetic fields on the optimal design of microchannel
heat sinks, Int. J. Mech. Sci. 186 (2020), https://doi.org/10.1016/
j.ijmecsci.2020.105886 105886.


http://refhub.elsevier.com/S1110-0168(21)00255-6/h0315
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0315
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0315
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0315
https://doi.org/10.1016/J.AAP.2019.01.004
https://doi.org/10.5430/ijba.v8n1p73
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0350
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0350
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0350
https://doi.org/10.4271/2015-01-0763
https://doi.org/10.4271/2015-01-0763
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0385
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0385
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0385
http://refhub.elsevier.com/S1110-0168(21)00255-6/h0385
https://doi.org/10.1016/j.indcrop.2016.03.047
https://doi.org/10.1016/j.indcrop.2016.03.047
https://doi.org/10.1016/j.applthermaleng.2019.01.109
https://doi.org/10.1016/j.applthermaleng.2019.01.109
https://doi.org/10.1016/j.apenergy.2016.09.058
https://doi.org/10.1016/j.apenergy.2016.09.058
https://doi.org/10.1016/j.ijmecsci.2018.10.048
https://doi.org/10.1016/j.ijmecsci.2018.10.048
https://doi.org/10.1016/j.ijheatmasstransfer.2019.07.072
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118910
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118910
https://doi.org/10.1016/j.tca.2020.178645
https://doi.org/10.1016/j.tca.2020.178645
https://doi.org/10.1016/j.ijmecsci.2020.105886
https://doi.org/10.1016/j.ijmecsci.2020.105886

	Application of factor analysis in the determination of vapor lock tendency in aviation gasolines/motor gasoline/blends and the compatibility as alternatives in naturally aspirated aviation engines
	1 Introduction
	2 Research methodology
	2.1 Engine test set up
	2.2 Vapor lock measurement
	2.3 Test fuels
	2.4 Test fuels preparation
	2.5 Experimental procedure
	2.6 Factor analysis (FA)
	2.7 Parameters of the study
	2.8 Kaiser’s measure of sampling adequacy (MSA)
	2.9 Varimax rotation
	2.10 First principal Component: Y1
	2.11 Deciding how many components to retain
	2.12 Communalities
	2.13 Standardisation of the variables
	2.14 Factor analysis procedure with standardized data
	2.15 Estimation of factor scores

	3 Results and discussion
	3.1 Evaluation of eigen value (λ), contribution rate of variance of the correlation matrix and extract Number of factors
	3.2 Determination of common factors as rotated component matrix
	3.3 Predicted empirical equations for the determination of vapor lock (VL) tendency of the tested fuels
	3.4 Empirical equation application to the study
	3.5 Vapor lock analysis based on the factor score and experimental results

	4 Conclusion
	Acknowledgement
	References


